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Abstract

Pancreatic cancer is relatively uncommon. Despite its relative scarcity, it is
the fourthranked cancer killer in the Western world with less than a H#%ab
survival rate. The high mort&jirate is due to the asymptomatic nature of the disease
and the advanced stage at which it is usually diagnosed. S100P is a daiaiimgy
protein that has been shown to be highly expressed in the early stages of pancreatic
cancer and has been proposs@ gotential therapeutic target via the blocking of its
interaction with its receptor RAGE, the receptor for advanced glycaticn end

products.

In this thesis, computational techniques were employed on the NMR
ensemble of S100P (PDB Accession code 10Z@)entify potential inhibitors of
the S100FRAGE interaction in the hope of identifying a series of novel leads that
could be developed into clinical candidates for the treatment of pancreatic ¢ancer.
silico studies identified putative binding sitesla¢ S100P dimeric interface capable
of accommaodating cromolyn, an aatiergy drug shown to bind to the protein both
in vitro andin vivo. Virtual screening of £ million leadlike compounds using 3D
pharmacophore models derived from the predicted binding interactions between
S100P and cromolyn, identified 9,408 Ahi
according to similarities between chemical structures28&clusters and 77
singletons.

Bi ol ogi cal screening of 17 of the dhi
stuidies, 4 of which were synthesiseehiouse, against pancreatic cancer cell lines
identified five compounds that demonstrated an equal or giegiacity to reduce
BXPG3S100Pe x pressing pancr eat iinvitrcredtiMesod met as
cromolyn. Compoun@4 in particular, showed significanp<0.05) inhibition of
invasion of these cells at a concentration of 4P0that was comparable
cromolyn at the same concentration. This compound, structurally distinct from
cromolyn, was successfully synthesised, purified and characteribed se
alongside 39 of its analogues. Biological screening of comp2diadd four of its

analogues for dirproliferative activity against BxPG and Pand pancreatic



cancer cell lines showed all five compounds significanigd(0001) inhibiting

proliferation in both celllineat a ¢ 0 n c e n telatigetta tleemottredted 1 ¢ M
control. Hence, structultg distinct compounds that show promising inhibitory

activity on the metastasis and proliferation of pancreatic cancer cells have been
identified using a structusieased drug design methodology. These compounds, with
further optimisation, could provide gd starting points as therapeutic lead

candidates for the treatment of pancreatic cancer.
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1. INTRODUCTION

Cancer is a collective term used to describe a group of diseases characterised
by uncontrolled cell growth and division, with the potential to migrate to and invade
distant tissuefl]. The Worl d Heal th Organisationoés
for Research on Cancer (IARC) estimated about 14 million new cancer cases and 8.2
million cancefrelated deaths worldwide in 2012)]. In Europe, 3.45 million new
cancer cases (excluding norelanoma skin cancexyereestimated in 2012 with
1.75 milliondeathsoccurring from the disease in thevsayeaf3]. In the US the
estimate for new cancer cases in 2014 was 1,665,540 with 585,720 deaths in the
same period4]. Data relating to cancer survihand mortality rates tend be3
years behind the current year due to the time involved in data collection, analysis,

compilation and disseminatig4].

The cost involved in cancer cdre¢he term cancer usdtenceforthrefers
collectively to all diseaseas described ifil] i and treatment is lauge financial
burden for healthcare systems glob&H3y8]. In the US, cancer care is projected to
cost $173 billion in 2020, an increase of 39% from the estimated cost of $124.54
billion in 2010[9] and according o t he UK6s Depart ment of
costs the National Health Service (NHS) £5 billion annyaldy. Lossin
productivity due to premature cangetated deaths, or from family members taking
time off work to care for sick relatives, also hasiradirect but significant economic

impact[11-13].

Many cancers have an unknown aetiology. However mutations in genes that

play key roles in tumour suppression sucip%3[14-17], BRCAlandBRCAZ2[18-
2
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20], and/or ovetexpression of protoncogene$ normal genes that have the
potential to differentiate into canepromoting genes i.e. oncogeriesave been
linked with the diseag@1-24]. These mutations can be hereditary or result from

exposure to external factors such as smoking in lung cf2ts@8].

The search for a cure for almost all types of cancer has been ongoing for
more than five decades with billions spentresearch29, 30] Yet, despite the
advances in scientific and medical knowledge, technology, and a deep and better
understanding of gnhuman body, a cure is yet to be found. Whilst there has been
progress in chemotherapy since the use of nitrogen mustard compounds as
chemotherapeutic agents in the 1981, reducing toxicity of many antiancer
drugs still remains a huge challeri§@-34]. Since cancer drugs are designed to
target rapidly dividing cancer cells, healthy cells with similar characteristics are
often susceptible to these drugs. Temporary alopecia (hair loss) is a common side
effect of chemotherapy because many-aatier drugs impair the mitotic process of

actively dividing hair follicled35].

Despite the lack of a cure, early screerjdgy 37} better screening methods
such as computed tomography (€38]), mammography39], positronemission
tomography(PET) scaning[40], medical resonance imaging (MR41]),
chemotherapy, radiotherapy, and changes in lifestyle behaviours have resulted in an
improvement in incidence rates for some cancers. For example, a decline in smoking
among men has seen a fall in lung cameeidence for this group in Europe since
the sixtied42, 43] Lung cancer accounts for the top cause of cancer deaths in the

developed world, followed by colon, breast, prostate and pancreatic cphcets
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46]. However, prognoses for lung, breast,gpate and colon cancers have improved
considerably over time when compared to prognoses for pancreatic gartér
48]. Pancreatic cancer, as will be discussed later, remains one of the most lethal

cancerg49-51].

In this thesis, work will be preseat relating to studies on one of the
proposed clinical markers for pancreatic cancer, S100P, as a therapeutic target. This
protein has been reported to be useful in the early detection of the disease but little
has been done to target it as a point ofapgr Using computational, synthetic and
biological methods, this thesis will show a medicinal chemistry approach to
identifying a lead compound against S100P using a rational stridozges drug
discovery. It is hoped that the results of this project aiitribute significantly
towards the search for a cure for pancreatic cancer and explore S100P as a

therapeutic target.
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1.1 The pancreas

The pancreafFigurel.1A) is a digestive organ and an endocrine gland
situated in the peritoneal cavity2]. It is covered by the first part of the small
intestine and surrounded in front by the stomach, liver, left kidney, spleen and aorta
(Figurel.1B). Its location in the body makes it a rather inaccessible qfgarb4}
The pancreas is divided into four parts: the head, neck, body and tail. Histologically,
almost 80% of the pancreas is made up of exocrine acinar cells and their associated
ducts, while the Islet of Langerhans, characterised by their distinctive clugtars w

the exocrine cellapake up the rest of the this ddahctioning orgarf55].

As a digestive organ, the pancreas produces enzymes and fluigghtit=o
acinar cells and ducf{52]. Theseare then secreted into the duodenuaithe ducts
where theymix with the chyme from the stomatthelp with digestion. The
endocrine function of the pancreas is carried out by cells itskbis of Langerhans.
These synthesise and secrete the hormones insulin, glyeaglosomatostatin,

which are involved in glcose metabolisi{b5].



Chaper 1: General Introduction

A
Accessory <1457 '] N :
pancreatic < 4 %h‘ﬂb‘.\« L4 LT W .
(4 ) N \ g by A
L W\‘:‘:“{i Body
TN
s ) Pancreatic
» ’ duct
Uncinate
process
B

Pancreas
Pancreatic duct
Minor papilia

Major

duodenal
papilla

Figure 1.1: The pancreasd) The pancreas is divided into four main parts: the head, neck,
body and tail. B) Location of the pancreas in the duodenal cavity relative to oreganoy.
(Images taken from http://goo.gl/ktQ6rW. Last accessed 10th October, 2015).
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1.1.1 Diseases

Both the endocrine and the exocrine components of the pancreas can be
affected by disease or tumoyB2, 55] Either component can be affected by disease
independent of the other. For example, diseases that affect exocrine cells of the
pancreas may not generally affect the endocrine cells producing hormones. The main
diseases that can afflict the pancreas are pancreatitis (acute or chronic), pancreatic

endocringumours (PETs) and pancreatic ductal adenocarcinomas (P24, $6]

1.1.1.1 Pancreatitis

The term pancreatitis means inflammation of the pan¢sa$4] This can
occur when digestive enzymes produced by the acinar cells are released in the
pancreas insteaaf their intended destination (duodenum) and they, in turn, digest
the pancreafb2]. In a 1983 meeting under the auspices of the Pancreatic Society of
Great Britain and Ireland, a group of international doctors specialising in pancreatitis

offered the flowing definition to aid in the classification of pancreatitis:

66a continuing inflammatory disease
irreversible morphological change, and typically causing pain and/or permanent

|l oss of [GBfFluncti ond6 6

In acute pancreatitis, the pancreas becomes inflamed over a short period of
time resulting in severe abdominal pain and distention, nausea and vdbgiing
Gallstones and alcohol consumption have been reported to be the main cause of
acute pancreatitidtaough in some cases the cause seems to be idiofz@hic

While this condition affects many people and has been reported to be on the rise,

o
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many of those affected only require brief hospital admission and few suffer fatality

[60].

Chronic pancreatitis has a more dismal prognosis with a higher mortality rate
compared to acute pancreat[tid]. Although alcohol consumption has been
reported to be the major contributing factor to chronic pancreatitis (in Western
countries), some cashave been attributed to genetic mutations, whilst, others have
an idiopathic aetiolog{62]. Diminished pancreatic function has been reported to be
a major sign of chronic pancreatif&3] although other diagnostic tools such as
endoscopic ultrasonographnd invasive techniques are needed to confirm the
presence of the disease. Acute pancreatitis acquired from severe alcohol abuse has
also been linked to the subsequent development of chronic panci{édlitiske
acute pancreatitis, pain is a majorttera of chronic pancreatitis and takes centre
stage in the management of the disease in addition to other measures such as use of

painkillers e.g. opiate$5] and abstinence from alcohol (if the latter is fac{62).

1.1.1.2 Pancreatic cancer

More than 95% of @ncreatic cancers are of exocrine origig, 56]
However, despite the exocrine pancreas being mainly composed of acinahes#s
are believed to make up less than 1% of the total pancreatic cancers with the vast
majority arising from thg@ancreatic dcts(also known asadenocarcinoma$66].
Pancretic ductal adenocarcinon{DAC) is the most common form, accounting for
more tharB5% ofall pancreaticancercaseg67]. Other types of cancers affecting
the exocrine pancreas include acinar cell carnmoadenosquamous carcinoma,

giant cell tumour, intraductal papillampucinous neoplasm (IPMN), mucinous
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cystadenocarcinoma, pancreatoblastoma, serous cystadenocarcinoma and solid and

pseudopapillary tumouf§8].

Advances in molecular biology techniqguesve led to a better understanding
of the cellular changes that occur leading to the development of pancreatic cancer
[69]. It is believed that invasive pancreatic ductal adenocarcinoma (PDAG)
reference to pancreatic cancer henceforth refers to PD#€gins from non
invasive precursor lesions such as mucinous cystic neoplasms (MCNSs), intraductal
papillary neoplasms (IPMNs) and pancreatic intraepithelial neoplasia (Ha@gIN)

71]. The first two lesions, MCNs and IPMNs, are fioflammatory cystic lesns

and can be distinguished from each other by the presence of an dypdatroma

in the former which is absent in the latfé2]. PanIN, which is subdivided into four
groups: PanINLA, PanIN1B, PainIN2, and PanINB, is <5 mm in diameter and is
the most common neoplastic lesions present in invasive adenocardir@nid}
IPMNSs in comparison to PanIN, are larger, >5 mndiameteyand less common in
invasive cancel74, 75] The distinct cellular and molecular changes that occur in
PanINs Figurel.2) have been suggested as a model to follow the progression of

pancreatic cancer from precursor lesions to infiltrating neopj&Sn
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Figure 1.2: Progression model for pancreatic candédre different stages of cellular changes that take place during the development of PanIN into

infiltrating cancer. (Image reproduced from Chanal [76] with permission from John Wiley and Sons, 2015).
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Unlike exocrine pancreatic adenocarcinomas, cancers of the endocrine
pancreas are less common, occurring more frequently in the young and have a much
better prognosifs6]. Pancreatic endocrine tumowasse from cells of thesletof
Langerhans and are usually associated with a lack of, or excessive, secretion of
hormone from cancer cellg7]. Although the molecular origins pancreatic
endocrine tumourare poorly understood, it is believed that genes that are mainly
associated with exocrine pancreatic cancer are not involyaghicreatic endocrine

tumours[78].

1.1.1.2.1 Pancreatic ductal adenocarcinoma (PDAt)dence and mortality rates

Pancreatic ductal adecarcinomgPDAC) is the fourth most common cause
of cancer deaths in the United Stadesl Europdehind lung, colon and breast
cancerg3, 4, 66, 79, 8Q]Unlike lung, colon, breast and prostate cancers which have
high incidence rates, PDAC has a modiesidence rate and does not feature in the
top five common cancef8, 4]. However, the mortality rate from this cancer is as
high as its incidence rate, highlighting its lethal#y. In the USA,46,420 new cases
were estimated in 2014, with 39,590 deaththe same ye§]. This was an
increase from the number estimate@@12whenmore than 43,000 new cases of
pancreatic cancevere predictedvith an estimate®7,000 deaths the sameyear
[81]. In Europe, the estimated incidence for 2012 was 103 with 104,460 deaths
(Tablel.1, [3]). Accordingto the Office for National Statistics (ONS) for the UK,
approximately 7,300 people were newly diagnosed with pancreatic cancer in

England in 2011, with around 7,000 dying from the disease in the same [g&jiod

11
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Table 1.1: Estimated numbers of neeancer cases and deaths from cancer (thousands3taagiardised rates (ASRs) (per 100,000) by sex and cancer

Europein 2012. (Table reprinted from Ferlagt al [3] with permission from Elsevier Ltd, 2015).

Incidence Mortality

Both sexes Male Female Both sexes Male Female

Cases ASR(E) Cases ASR(E) Cases ASR(E) Deaths ASR(E) Deaths ASR(E) Deaths ASR (E)
Oral cavity and pharynx 99.6 11 73.9 18.2 25.8 4.9 43.7 4.7 34.2 8.4 9.4 1.6
Oesophagus 45.9 4.7 35.1 8.4 10.8 1.8 395 3.9 30.3 7.1 902 1.4
Stomach 139.6 13.7 84.2 195 554 9.3 107.3 10.3 63.6 14.6 43.7 7
Colon and rectum 446.8 43.5 241.6 55.7 205.2 34.7 214.7 19.5 113.2 25.2 101.5 154
Liver 63.4 6.2 42.8 10 20.6 3.3 62.1 5.9 39.9 9.1 22.2 3.4
Gallbladder 29.7 2.7 11.9 2.7 17.9 2.8 20.9 1.9 7.9 1.8 13 2
Pancreas 103.8 10.1 51.9 12.1 51.8 8.3 104.5 9.9 52.6 12.2 51.9 8.1
Larynx 39.9 4.4 36 8.8 3.9 0.8 19.8 2.1 18.1 4.3 1.7 0.3
Lung 409.9 41.9 290.7 68.3 119.2 21.6 353.5 35.2 254.4 59.1 99 17.2
Melanoma of skin 100.3 111 47.2 114 53.1 11 22.2 2.3 121 2.8 10.1 1.8
Breast 463.8 94.2 131.2 231
Cervix uteri 58.3 134 24.4 4.9
Corpus uteri 98.9 19.3 23.7 3.9
Ovary 65.5 131 42.7 7.6
Prostate 416.7 96 92.2 19.3
Testis 215 5.8 1.6 0.4
Kidney 115.2 12.1 71.7 17.2 43.4 8.1 49 4.7 31.3 7.2 17.7 2.8
Bladder 151.2 144 118.3 26.9 32.9 5.3 524 4.5 395 8.5 12.9 1.8
Brain, nervous system 57.1 6.6 30.7 7.8 26.4 5.6 45 4.9 24.6 6 204 4
Thyroid 52.9 6.3 12.3 3.1 40.7 9.3 6.3 0.6 2.1 0.5 4.3 0.7
Hodgkin lymphoma 17.6 2.3 9.3 2.5 8.3 2.1 4.6 0.5 2.6 0.6 2 0.4
Non-Hodgkin lymphoma 934 9.8 495 11.9 43.9 8 37.9 35 20.3 4.6 175 2.7
Multiple myeloma 38.9 3.8 20.5 4.7 18.4 3.1 24.3 2.2 12.2 2.7 12.1 1.8
Leukaemia 82.3 8.8 46.4 11.3 35.9 6.9 53.8 5.1 29.5 6.7 24.3 3.9
All sites but normelanoma skin cancer 3439.6 355.7 1829.1 429.9 1610.5 306.3 1754.6 168 975.9 222.6 778.6 128.8

12
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Of the top five common causes of candeath, pancreatic cancer has the
worst heaeto-head prognosis, with a less than 3%¢ear survival rat¢[4], Figure
1.3). This is mainly due to the asymptomatic nature of the disease and the late stage
at the time of diagnos[83]. Risk factors for developing the disease include age,
smoking, alcohol consumipn, chronic pancreatitig84, 85]and genetic

predisposition/defect&8].

1.1.1.2.2 Diagnosis and staging

Some of the tools used to currently diagnose PDAC in the UK include
ultrasound scanning, computerised tomography (CT) scanning, magnetic resonance
imaging (MRI) scanning, endoluminal ultrasonogragByJ)S), laparoscopy,
endoscopic retrograde cholangiopancreatography (ERCP), and [86jsy
Endoscopic ultrasonograptgided fineneedle aspirational biopsy (FNAB) is also
used to aid in diagnosis and staging DA [87-89]. These methods are used in
combination to help increase the accuracy of the diagnosis. However, due to the
asymptomatic nature of the disease and a lack of adequate indicative biomarkers,
these technigues are not normally sensitive enoughtéctdbe disease in its early
stageg86]. Diagnosis often only occurs once the cancemhetsistasisetb nearby
structures such as the bile duct, mesenteric and coeliac nerves, and dufgf#num
Cancer of the head of the pancreas may sometimes |lda& abgtruction of the bile
duct leading to painless jaundice as one of the symg@bhsThe similarities
between PDAC and chronic pancreafiéi2] can make diagnosing pancreatic cancer
a challenging taskwith the latter being a high risk for the deymitrent of the cancer
[85, 93, 94] This can sometimes lead to initial misdiagnadithe cancer as chronic
pancreatitis and cause a delay to timely intervention and treatment.

13
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Oncethe cancer is detected, itfiss t almpsed an the size or the tumour,(T)
the involvement of lymph nodes (N), and metast@djsof the cancera nearby
tissues or organ$9b], Figurel.4, Tablel.2). In addition to the TNM classification,
there is also a stage groupingttban include a combination of the TNM stages at
different levelgTable1.3). The accurate staging of the cancer is crucial in order to
offer the bespossible outcome for treatment, hence the ability and sensitivity of the

diagnostic tool(s) used to detect the disease for accurate staging is vital.

14
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Figure 1.3: Five-year survival rates for selected cancers by race and stage at diagnosis, US,
20032009. Pancreatic cancer (enclosed) has the worst survival rate of all cancers shown.
(Image reproduced from Siegal al. [4] with permission from John Wiley and So2€15)
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T1 The cancer is no more
than 2cm in size

Bowel Pancreas
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The cancer has grown outside
the pancreas and into one of the

T2 The cancer is more
than 2cm in size
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The cancer has grown into the
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Figure 1.4: TNM staging of pancreatic canc@he staging is used to describe the size of the
primary tumour (T), presence of lymph nodes with cancer (N), and metastasis of the cancer
to other tissues (M). (Images taken from http://goo.gl/CPkI6f. Last acces$edcidber,

2015).
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Table 1.2: Breakdown of the TNM(Tumour, lymph Nodes, Metastasisfaging of
pancreatic cancefTable adapted from Evaes al. [95]).

Primary tumour (T) Lymph nodes (N) Distant metastasis (M)
Tis Carcinomain situ (includes
PanINs)
X Primary tumour cannot be  Regional lymph nodes Distant metastasis cannc
assessed cannot be assessed be assessed
0 No evidence of primary No regional lymph node No distant metastasis
tumour metastasis

1 Tumour limited inpancreas, Regional lymph node  Distant metastasis
2cm or less in diameter metastasis

2 Tumour limited to pancreas,
more than Zm in diameter

3 Tumour extends beyond the
pancreas but without
involvement of celiac axis ol
superior mesenteric artery

4 Tumour involves the celiac
artery (unresctable primary
tumour)

Table 1.3: Stage grouping of pancreatic cancer in combination with the TNM staging
(Table adapted from Evams al [95]).

Primary Lymph Distant
tumour (T) nodes (N) metastasis (M)
Stage 0 Tis NO MO
Stage IA T1 NO MO
Stage IB T2 NO MO
Stage IIA T3 NO MO
Stage IIB T1 N1 MO
T2 N1 MO
T3 N1 MO
Stage IlI T4 Any N MO
Stage IV Any T Any N M1

17
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1.1.1.2.3 Treatment

The type of treatment offered to combat PDAC usually depends on the stage
at which the cancer is detected. Once the cancer has been conclusively confirmed,
initial treatment is then based on whether the cancer is localised within the pancreas
(0, 1A and 1B, locally invasive (IlA, IIB and Ill) or has metastasised to distant
organs (IV)[91]. Surgery is offered akefirst line of treatment tpatients wheré¢he
cancer has not metastasi$@id, 96] Howeverbecause pancreatic cancer is usually
quite advanag at the time of diagnosanly 5-25% of patients preseng with
tumours are amenable to resecfiéd]. The three maitypes ofoperations offered
to patients are the pylorus preserving pancreaticoduodenectomy (PPPD) where the
head of the pancreas, duoden, part of the bile duct and gall bladder are removed
[97, 98} the Whipple proceduriewhich is similar to PPPD but also involves
removal of the lower part of the stomd®&®]; and total pancreatectoniya
procedure where the whole pancreas is remavedadition to the duodenum, part of
thestomach, part of the bile dugall bladder, the spleen, and surrounding lymph
nodeq100]. Radiation therapy (radiotherapy) is often offered concomitantly with

surgery for better efficady.01].

For patientsn whom the cancer is at an advanced stage, surgery is often too
late and not the route of therapy offef&d2]. For these people, their only hopeslie
with chemotherapwnd radiotherapyn the UK, airrent chemotherapeutic
interventions for pancreatic candéeclude treatment with gemcitabifi@s, 102,

103], an anticancer agent which is sometimes @dexdgside Hluorouracil (5FU,
[104], Figure 1.5). Nab-paclitaxel, the proteibound form of paclitaxelHigure 1.5)
given in combinatin with gemcitabing¢l05], is the only drug on the Cancer Drugs

18
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Fund (CDF)list in the UK for untreated metastatic pancreatic cafid@s]. This

fund was established as an additiaeaburce of funding to provide access to cancer
drugs otherwise not roumgly available on thdlational Health ServiceNHS, [106]).
However, ths drug is being withdrawn from the CDF lisécause it is deemed to be
economically unviable due to the perceived diminished benefits it offers to patients
in comparison to its high eb[106], underlining the urgent need for drugs with

better efficacyOther treatments currently under clinical tpalasesnclude the use

of gemcitabine in combination with cytotoxic compountizer than 5-U [107-

109].

Chemotherapeutic intervention tiithesemedicinesonly delays the return of
the cancer and offers patients a modest extension of lif¢sp@j with gemcitabine
and 5FU reportedly conferring only an 18% and 2% increased survival rate
respectively at 12 months in patients with advarpgaettreatic cancgi04]. The
survival rate for naipaclitaxel in combination with gemcitabine was found to be
35% after 2 monthscompared to 22%or thegemcitabineonly treatment group in
Phase Il clinical trial$111]. PDAC has a high recurrence rétat contributes to the
high mortality rate. Survival rates after resection are [d%2], and less than 5% of

people diagnosed with therazer survive beyond five yedi&7, 113]
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Figure 1.5: Chemotherapeutic agents usedreatpancreatic cancer.
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1.1.1.2.4 Current research

Recently a lot ofesearch has been carried out to develop a moldadiér
116]andgenetic profile of pancreatic adenocarcindit/, 118] Implicated genes
includeKRAS TP53, INK4A as well as abnormal or genetic mutations of the
epidermal growth factor (EGF) and transforming growth factor (fl6F)s i gnal | i ng
pathwayq69, 70, 119] Cabohydrate antigen 19 (CA199) is a tumour marker
present in pancreatic and biliary tract can¢&28] and has been used as a marker
for pancreatic cancer in the advancedstaof the diseag&21]. Its use as alinical
marker is however not encouraged it can give unreliable results given that it is
also highly expressed in pancreatitis, cirrh¢$0] and other diseases involving
bile ductg120, 122] It is for thesereasos that in 2006, the American Society of
Clinical Oncology (ASCO) adviseagainst its use for this purpode3]. Their
recommendation is to use the marker to monitor levels in people receiving

chemotherapy.

Consequently, the need arises to famdarke(s) that can identify pancreatic
cancer in its early stage to e adequie intervention fobetter prognosis. A lot of
research into PDAC is geared towards such an outcome and retteetyproteins,
LYVEL, REG1A and TFF1, present in urine were reported to be able to differentiate
between patients with, and without pancreatncer with better accuracy compared
to CA199[124]. The findings of this study offers an inexpensive,-mwasive
method for early diagnosis of the disease, which is very promising. However, it
remains to be seen how successful the results transtatalty. S100P is another

small protein that has been shown to be highly expressed in early development of
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pancreatic cancer, and has the potential to be used as a clinical marker for the disease

[114, 121, 125, 126]

1.2 S100proteins

S100 proteingre so named due to their 100% solubility in ammonium
sulphate anevere first identified in bovine brain cellgoproximately 5¢ears ago

[127]. Since then 24 human isoforms have been iden{iti2& 130].

S100 proteins aref=hand type C&-binding progins involved in signal
transduction, regulation of protein phosphorylation, enzyme activities, transcription
factors, C&" homeostasis, cell cycle progression and cell mofili8, 131] They
form the largest subgroup of th&Hand C&'-binding superfanily of proteins but
unlike other C&' binding proteins such as calmodulin, troponin C, myosin light
chains and paalbumin, S100 proteins only act as modulators and are not involved

in altering key cellular functiond.32].

The term = was first coinedy Kretsinger and Nokold4.33] when they
were desribing the carp muscle calciubinding protein parvalbumin.FEwas used
to descr i b e-hglicgooftbefmainh ¢thain ofthexparvdlbumin protein:
helices E and F and their relationship to the lolocadcium ion(Figurel.6). In B~
hand C&'-binding proteins, the [Eregion can be visualised as a clenched right hand
with the forefinger and thumb extended at an approximate right angle to each other
(Figurel.6B). The extended thumb represents the direction of the C@0Hinus
of helix F while the pointed forefinger is directed towards the-Miiminus of helix

E. The clenched fingers represent the EF loop where the calcium ion is[&88hd
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The B--hand has a heldoop-helix conformation and each hand is able to bind two

calcium ions per proteif128].

Besides the canonicaFEhand on the @erminus (with 12 amino acids)
which is common to all Ehand proteins, S100 proteins also exhibit another
fipseudo EF-hand pesent on the Nerminus (with 14 amino acidgigure 1.6¢
[134]. In S100 proteins, the-Merminal domain is made up of helices | and Il #Hd
Hi) joined by loop 1 (L) while the Gterminal domain is formed by helices IIl and
IV linked by loop 3 (Hi-L3-Hv) (Figurel.6A). This means that each S100 protein
with the exception of S100A1A35] can bind two C& ions However since S100
proteins mainly exist as homodimers or in some cases heterodimers with oth
family memberg136], each dimer is able to bind focalcium ions Calcium
bindingin the differenfoops is noidentical Figurel.6C); the Gterminushas a
higher affinity for binding calcium ions than thetBrminus[137-140]. However,
interaction with target proteins is not always calcium dependent and studies have
shown that some S100 proteins are able to bitldetio target with or withoutdund
calcium iong141, 142] Binding of calcium ions is believed to induce a
conformational change in the protein which results in exposure of a hydrophobic
binding domain that helpsith target recognition and bindifj@40]. In addition to
binding calciun ions some S100 proteins also bind other metal ions such &s Mg
Zn?* or CUF* [143, 144]and sometimes binding of these metals increase the affinity

for calcium binding138].

Most S100 proteinare believed to exert their function ioyeractng with

RAGE, the receptor for advanced glycation-@ndductg145, 146] RAGE is an
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immunoglobulin protein present in large quantities during inflammation and damage
to epithelial cell§147]. Interaction of RAGE with its ligands which include S100
proteics has been i mpl i ca {148} diabetegl¥9),z hei mer 6 s

inflammation, color{150], pancreati¢151], lung[152] and breast cancef53].

Many S100 proteinfiave been isolated and their 3D holo strucflitd-159]
and/or apo fornmmesolved exp@émentally[158, 160164]. In addition, the three
dimensional structures of some family members bound to their target proteins have
also been elucidatdd65-168]. S100 proteins are found only in vertebrates and
function both intracellularly and extracebuly [169]. Expression of S100 proteins is
tissue specifi§170] and they can be present in both normal and diseased1cdls
It is their elevated presence in diseased cells that has been the focal point of intense

research in recent yedfsl8, 172177].
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Figure 1.6: Calciumbinding S100 proteinA) Cartoon model showing the helixop-helix
domains with bound Cé& (image taken from http://goo.gl/aepDse. Last accesséd 11
October, 2015). B) lllustration of €aat the EFhand using the thumb and index fingers
(image taken from Zhoet al [178] with permission from Elsevietimited, 2015). C)
Calciumbinding affinity of S100P(highlighted in blue and reda member of th&100

family of proteins.
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1.2.1 S100P and pancreatic cancer

S100P Figurel.7) is a 95 amino acids member of the S100 protein family
first identified andsolated from human placenta in 19979, 180] Like other
members of the S100 family of proteins, S100P consists of twiwaB#s linked
together by a flexible linkdi59]. Studies have shown that the protein exists as a
homodimer, with the monomers hetiether at the dimeric interface by Ron
covalent interactiongl41]. The two EFhands (EFhand 1 and 2) lie in positionsil2
47 and 4984 respectively. The loop (positioni&) linking the canonical ERand
2 on the @&erminus has a much higher affinityrfoinding calcium ions than loop 1

(position 193 2) | i nki n g -harda onfthe Beemindishl89, 18 1H

S100P has been reported to be present in both normal and malignant tissues
[171] and it is its expression in the latter which is the sulgjeotuch research as it
is overexpressed in many cancdrdl, 172, 181, 182]ts role in normal tissues is
not clear, but a study by Sato and Hitd&83] showed that it is present during the
differentiation of human oesophageal epithelial cells implyfrag it may play a role
in this process. In tumour cells, ovexpression is believed to lead to tumour
malignancy and proliferatiof1 70, 177] increased resistance to therfp§1],
decreased survival rates in cancer patigk@4], immortalisation of keast cancer
cells[174] and decreased sensitivity to treatment with chemotherapeutic tghits
186] These actions are believed to be medi
with its receptor RAGE, the receptor for advanced glycatiorpeaductg150, 151,

187, 188]
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Figure 1.7: S100P protein homodimeh) Ball and stick and ribbon depiction of the protein.
B) Ribbon model of the protein showing the dimeric interface (enclosed in red). C)
Molecular surface. (Images generated in MOE9]).
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There has been considerable evidence implicating S1¥&ferpression in
pancreatic cancgt18, 151]and it has been proposed as a novel marker in
identifying this cancefl121, 125, 126, 19093]. A study of the salivary
transcriptome for early markeo$ pancreatic cancédentified S100P as one of the
overexpressed proteins in patients with pancreatic cdtédi. This ispromisingas
it will provide an easy and namvasive procedure for early detectiofithe cancer
in the clinic. The protein has also been shown to be highly sensitive and specific in

discriminating between chronic pancreatitis and pancreatic cftizier194]

1.3 S100P as a therapeutic target and project aims

Although much has been reported on S100P and its expression in many
tumoursthere is littleresearclpublished targeting the proteas a possible route of
therapy fompancreatic cancet the start of this project in 201lh 2006 a studiy
Arumugamet al [195] showed that S100P interacts with cromollig(ire1.8), an
antiallergy drug that is used in the treatment of astfifié], and that this
interaction inhibits cell proliferation and tumour growth by blocking the formation of
the S1I00FRAGE adduct in pancreatic cancercells They showed t hat
inhibitory effect was more significant in combination with gemcitabine than on its
own [195]. An analogue of cromolyrC50H (Figurel.8) has been reported to be
more potent than cromolyn in inhibiting S10BRAGE interaction botln vitro and
in vivo[197]. However, comolynis a verywatersoluble compoundnd ispoorly
absorbed by the gastrointestinal (Gl) tract with less than 1% oral bioavailability
[198, 199] Thisrenders it highly unsuitable as a drug candidate for cancer therapy.
Consequentlythere is a gap in the market to exploit this area in ordesrdat
pancreatic cancer.
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This project seeks to identify potential novel chemotherapeutic agents that
will act as inhibitors of SIOGRAGE adduct formation. This will be achieved using
computational and synthetic chemistry techniques to rationally desigh nove
inhibitors based on an understanding of crom@OO0P interactioridentified
compounds will be subsequently screened for activity against pancreatic cancer cell
lines. This project will use a medicinal chemistry approach incorporating computer
aided dug design (CADD) techniques (Chap®y synthetic chemistry (Chapte3s
and4), and biological screening (Chapt&rand4) technique$ these form the early
stages of a drug discovery proceSg(rel.9) i to identify the potential lead

candidates.
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Figure 1.8: Cromolynand its analogue C50H.
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Figure 1.9: Drug discovery stageé&cademia is mainly involved in (but not limited to) basic research involving tafeetification and validation,
hit finding and lead optimisation. (Image adapted fievan[200]).
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1.4 Overview of drug-target/receptor interaction

A drug can be viewed of as a compound that interacts with a biological
system to elicit a physiological resporj281]. Drugs are thus a diverse group of
compounds and can vary broadly from caffeine in a cup of coffee to keep the mind
alert, morphine to nab pain and snake venom that has the potential t{2Rill]. In
order for a drug to exert its effect, toxic or otherwise, it has to interact with a target
or receptor. A biological target is an entity within a living system whose activity is
modified by adrug or external stimuly02]. This interaction between drug and
target occurs via complementarity between the two and is held together by weak

forces such as hydrogen bonding and hydrophobic intera¢20h}

Medically, drugs are developed to filtlmerapeutic void e.g. where there is
no known cure for a disease, or to improve the efficacy of existing 208f In
order to do so, a target is first identified and validated. A drug target could be a
protein, receptor, an enzyme, ion channel, nuclear hormone receptor, membrane
transport protein or nucleic adig02]. One or more of these targets can be
implicatedin disease states, thus it is not unusual to have different drugs designed
for different targets in the same disease. For instance, in cancer therapy, alkylating
agents such as cisplatin target DNeA4] while topoisomerase inhibitors like
Topotecanlycantin, GSK) are designed to target the topoisomerase enzymes that

separate DNA strand205].

Targetvalidatondef i ni ng the target 6s[206lol e or
is part of the first stages in & drug di :

(Figurel.9). Many approaches vitro, in vivo, andin silico, are employed to
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validate a target ds r olinewtroitechnique, thetargee .
genebdbs expression is reduced and the
effect on disease is studifD7]. Examples of such an approach include antisense
technology, gene knockouts, use of ribozymes and RNA interference ([R208)
211]. In contrast, proteomic validation techniques which include the use of

antibodieqg212], aptamer$213], peptide§214], and microarrays, can be used to

cor |

modi fy a target proteinbs 4206 21%i ty withol

In vivotarget validation techniques include the use of animal models e.g.

mice and zebrafish to study the effect of gene silencing in diseas€ 21424 8]

whereas withn silico methods, computers are used to predict potential drug targets,

e.g. from the human geme[219], or to predict interactions between a potential

drug molecule and a model of a target macromolecule via computer simulation

[206]. This simulation is carried out with or without prior knowledge of the structure

of the biological targd220]. Examples oin silico drug validation techniques
includein silico gene expression analy$&21], and homology modelling which
involves building a 3D model of a target protein using information from known,

homologous proteins as templaf222, 223]

Once atarget is validated, it then becomes druggable. A druggable target is

one that has the potential to interact with dlikg chemical compounds to produce a

pharmacological effe¢24]. S100P has been validated and identified as a druggable

target[125, 150, 175, 177, 181, 185, 195, 22Z8]. It has thus passed the first stages

required of a drug discovery project i.e. target identification and validation. This

project is mainly involved in the next si
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will achieve this by usinm silico software to first identify putative pockets on the

protein, then predict the interaction of cromolyn with these podk&taolecular

simulations and docking. The predicted interactions will be used to design
pharmacophore onstraints as filters to identify
steps are part of what is known as compatded drug design (CADD), and will be

achieved using the Molecular Operating Environment (MOE) drug discovery

software suit¢189].

1.5 Computer-Aided Drug Design (CADD)

The use of computing power to solve chemical problec@mputational
chemistry, or to study biological systeinsomputational lwlogy, or to organise and
analyse biological and genomic dathioinformatics,demonstrates ghimportant

role that computers play in modediay drug discovery and development.

Computeraided drug desig(CADD) involves the use of computer power to
expedite the timand resources spent at the discovery stage by identifying
compounds with favourablproperties and potential to be successful drug candidates
[229]. To facilitate this, specialised software and algorithms have been developed
with the ability to carry out calculations to identify molecular targets, predict binding
interactions betweenrget(s) and small molecules, and estimate binding affinity
[230]. Structural databases such as the Protein Data Bank (PDB) containing 3D
experimental data of macromolecul281], the ZINC database holding millions of
compounds for virtual screenifg32], and the Cambridge Crystallography Data
centre which contains crystal structure data of small molef2®83, andprivate in

house databases provide useful soufaestarting points in most CADD projects.
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The Swiss Institute of Bioinformatics (SIB) Gt2Drug website
(www.click2drug.org has detailed listings of software, databases and web servers

used in CADD.

The role of CADD following target identification and validation is dependent
on two main factors: the availability of 3D experimental structfiteetarget,
and/or known drugs that are active on the target. If there are no experimentally
determined 3D structures of the target, a lighaded or pharmacophore search of
known compounds is adoptg@34], Figure1.10). If the experimental 3D structure
of the target macromolecule is available, a struetased drug design (SBDD)

approach is often taken to identify lead compoyaad].

In ligand-baseddrug design studies, structure/activity di@tan compounds
that bind to a targetith a known affinity is used to build 3D quantitative structure
activity relationship (QSAR) pharmacophore modelsdarch databases for
structurallyrelated canpounds on the premise that compounds with similar
structures/pharmacophores will share similar prop€ej2iés-238). A pharmacophore
is an abstract 3D representation of the geometric, steric and electronic properties of a

compound that are necessary fanget recognition and bindifg39].

Receptor or structurebaseddrug design (SBDD)which includes docking
andde novadesign, is employed where the 3D structure of a therapeutic target is
known or available. It involves docking of a ligand(s) intoliivading site of the
target and predicting the quality of fit between ligand and target which is then scored
and rankdaccording to the best fi240-242]. A SBDD approach is used in this

thesis as there is 3D experimental data available on S100P in Bhrdd®&base.
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Figure 1.10: Simplified pathways of computaided drug design(image adapted from
Veselovsky and Ivanof234]).
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1.5.1 Docking

Docking is used in SBDD for two main purposes: to predict the best pose of a
ligand at the binding site of a target macromolecule and to estimate the tightness of
fit between ligand and targg43, 244] Docking plays a key role in SBDWhere
the informaton from themacromoleculéligand complex could form the basis of
whether a ligand is progressed through to the-tgaitnisation stage or discarded.

The strength of any docking algorithm lies in its ability to predict the binding affinity
between the maomolecule and ligand complg¢245]. This ability, known

computationally as the scoring function, is a set of computed mathematical
constraints designed to predi cQ@betwbea e xpe.l
the ligand and macromolecule after doxjd246]. Whereas docking will try and

mimic as closely as possible the native conformation of the préigand complex

in the experimental structure, it is the scoring function that decides the quality of this

fit [247].

For many docking algorithms, dhe is a high success rate in reproducing the
conformational pose of the-My crystal structure but predicting the binding affinity
is not usually as successf@i8, 249] Most scoring functions are designed based on
experimental data and the accuracyhedir results reflect that of the observed
experimental datf250]. Any errors contained in the experimental data could
therefore influence the results of the scoring function. Despite this limitation,
docking algorithmsin most casesre still capablef discriminating between

potential actives and ndnnding compoundf251].
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Several docking algorithms are available, either free of charge or
commercially via drug discovery software suites. The most commonly used docking
programs, according to the number of citations in published articles between 1990
2013[230], are AutoDocK252], GOLD [253], and Glidg254]. Others include

FlexX [255], SurflexDock [256], Fitted, AutoDock Vina[257], and MOE[258].

1.5.2 Structure-based Drug Design (SBDD) on S100P

In this thesisSBDD techniquesvereemployed on the publically available
3D experimatal structures of S100P to identify lead candidates with potential to
bind to the protein (Chapter 2). Thimsachieved using pocketetection
algorithms free and commercialo identify putative binding pockets on the protein.
The Molecular Operatingrivironment (MOE) drug discovery software syit89]
was usedor docking, pharmacophore design and virtual screening studies once
putative sites have been i deckage fi ed. Chel
(www.chemaxon.comyvasused o c | ust ers o dfernotm fviierdt ufahli ts c

studies.

1.5.2.1 Algorithms used to identify putative binding pockets onS100P

Knowledge of cavities on a target macromolecule is essential before
embarking on structurkased drug design studies. These are the sites at which the
desgned small molecules will interact with the target. Most of the 3D experimental
structures of macromolecules available in the PDB database are resolved in complex
with ligands, showing the binding pocket(s). However, for those macromolecules
that are notesolved in complex with ligands, as is the case in S100P, it becomes

imperative to predict these sites prior to carrying out3BD studies.
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The four pocketletection algorithms used in this work, Fpod2&9], Site
Finder[260], PocketFinder and GQSiteFinder[261], to identify putative binding
pockets on S100P use either geomd(tFpocket, Site Finder, PockEinder) or
energybased (@SiteFinder) approaches. Geomeligsed methods use the shape of
the protein to predict potential binding sif262] while energybased methods
employ small chemical probes to study energetically favourable interactions with the

protein surfac¢263].

Fpocketds search method uses al pha spl
identify clefts and cavities on a protein sug§259]. An alpha sphere is one in
contact with four other atoms on its boundary and contains no interna[286in
Voronoi tessellation involves the division of space into regions called Voronoi cells
around a given set of centroid poif2é4]. In Fpodket, a cluster of alpha spheres is
subjected to Voronoi tessellation, pruned to remove clusters with unfavourable
characteristics such as polar groups, and then ranked according to their ability to

bind to small moleculel259].

MOEG6s Site Finder uses the same al pha
potential binding pocketSite Finder works by identifying regions of tight atomic
packing and filtering out inaccessible regions and exposed hydrophilic sf2&dgs
Spheres arénen classified as hydrophobic or hydrophilic based on their hydrogen
bonding character. Hydrophobic spheres with the most hydrophobic contacts with

the receptor are ranked as the top predicted 26t.

Q-SiteFindey an energybased pockedletection algrithm, identifies

potential binding pockets by calculating the van der Waals interaction between a
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methyl probe and the prot€iB66]. These probes are then clustered and ranked
according to their probe enerf61]. Pocketfinder, a geometrjpased algothm
developed by Lauriet al. [266] to compare against-QiteFinderjmplements the
POCKET algorithn[267] when searching for binding pockets. Potential sites are
identified when a probe of radius 3 A passes through a-thineensional grid and
undergoes proteiri sitel protein (PSP) eventhis occurs when there is an

interaction between the probe sphere and an atom followed by an alternate period of
no interaction then interactig@61]. Identified pockets are ranked by the number of

probes in the sitesistead of probe energigedin Q-SiteFinder.

1.5.2.2 Virtual screening of leadike databases

Virtual screening plays a crucial role in the rational approach to drug design
and discovery by speeding up part of the lead identification process, where, with
appropridge computing power, millions of compounds within virtual libraries can be
screened for novel bioactive hits within ho[{268]. Virtual screening does not
replace the long established hitjfitoughput screening (HTS) used in lead
identification in the phararceutical industry; it is seen as a complementary tool to
help streamline the process of lead identificafRg8-271]. This means that
thousands of compounds are filtered out via virtual screening with those that have
been predicted to be active carribdough to HTS thus eliminating/decreasing cost

and waste.

HTS is a highly automated process that uses robotics and sophisticated data
analysis methods to screen a huge collection of molecules for biological actives in

assay$272, 273] The cost involvedh putting together compound libraries and
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equipment for HTS, which analyses millions of individual compounds in a
biochemical assay, can be prohibit[2&4]. Its routine application is therefore
limited to the pharmaceutical industry and very few in aoasid who can afford the

financial resources and human expertise to run it.

Virtual libraries for virtual screening could either be accessed fremourse
databaseR75, 276] commercial vendors, or from ZINR32], a free database of
commerciallyavailable compounds for virtual screening. These databases contain
compounds that are known as leads or-ldecompounds, a term that is used to
differentiate them from drugs. Ledite compounds have properties thatkeshem
amenable to optimisation before they could become dar3g. Some leads are
marketed drugs whose structure have been modified to yield novel drugs whilst
ot hers, fApure | eadso, [2A7Thkeadsasofulilr i or t her ;
Li pi n $ebfifigéeswhichistates that for a drug to be orally active it should have a
molecular weight of less than 500, a lipophilicity (logP) value below 5, less than five
hydrogen bond donors and less than 10 hydrogen bond acde@@jrdJnlike
drugs, leadseind to exhibit weak affinities in the high micromolar to millimolar

range to their targg¢R79].

The MOE software that was used in this study comes withliead
databases that contain commercially available leads from specialist vendors. This
database,ral the ZINC leadike database, were the virtual libraries screened for

Ahitso in this study.
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1.5.2.3 Compound clustering

Given a group of heterogeneous compounds, clustering is an analysis
technique that finds similarity between individual compounds in ordeuttthem
together in a clustd280]. The premise is that compounds in a given cluster will

have more in common with each other than with others in a different cluster.

Clustering was applied in this study following virtual screening studies in
order toidentify a diverse collection of compounds that will be selected for
validation studies. ChemAxonds Library M
(LibMCS) application (Version 5.8.2, 2013, ChemAxanyw.chemaxon.com
which uses maximum common substructure subgi2®h 282]to identify common
fragments in compounds in a hierarchical manner, was employed. Compounds
sharing a usedefined maximum common substructure are hierarchically grouped
together until there are no more shared fragm@igsire1.11). Singletons are

outlier compounds that do not share common subgraphs with any of the clusters.

The above SBDD techniques will form the basis for the next Chajieh

presents a detailed methodology and results on computational studies on S100P.
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i
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Figure 1.11: Substructure hier ar c higrarysMCS foreclustedrng eatinpobngiti@l lsteuctubes are shewvn at the bottom of the
hierarchy, the next level contains maximum common substructure of initial structures, and above that on the firselénag ettt common to all

compounds. (Imagdrawn by Author, 2015).
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2. PREFACE

Despite published data on tI®g mM&1 00PG6s i
ions[141] and small peptided 38] at the outset of this project, there was limited
published information regarding the mechanism by which these molecules might
interact with theprotein. The majority of the published work used biochemical methods
such as column affinity chromatograpli®@5s, 283, 284]standard assay%72, 177,
181, 227]and microarray techniqu§d85-287]to ascertain the existence of affinity,

rather than to mbe mechanisms that gave rise to it.

As such, the following chapter details the computational tools used to identify
and investigate potential binding sites on S100P and cromolyn, a Bgawd to bind
to the proteirf195]. The resulting binding interaons between the protein and ligand
formed the basis for pharmacophore models used to screelikkeddtabases, to
identify novelfhitd molecules with potential to bind to S100P and inhibit the S100P

RAGE interaction.

45



Chapter 21in SilicoDesign of Potential S100P Inhibitors

2.1 INTRODUCTION

Since the discovery of S100P in 19979, 180] there is growing evidence of
the crucial role it plays in many cancers. In breast cancer, S100P has been reported to
immortalise human epithelial celis vitro [174], make the cancer cells more
proliferative [288], as well as confer poor survival rates to pati€28]. In prostate
cancer, S100P ow@xpression is shown to positively correlate with tumour growth,
metastasis and protection of host cells against camptotimeitined apoptosigd81). In
lung @ncer, increased expression of the protein was found to induce metastasis in non
small cell lung cancer patients, leading to increased angiog¢2@8|sA decrease in
survival rate in lung cancer patients was also observed to correlate with increaBed S10
expressionj184]. In colorectal cancer, S100P is reported to induce cancer cell growth,
proliferation and metastasis via its binding to RAG#ae receptor for advanced
glycation eneproductg150]. In pancreatic cancer, it has been shown to be highly
present in the early stages of the disga9&], and promotes growth, metastasis and
invasion of cancer cells via its interaction with RA@AB1, 177] Of all these cancers,
pancreatic cancer has the worst prognosis with no specific early markers tiy ithenti
disease in its early stage. It is this urgency to find specific markers for the disease that
S100P has been proposed as a potential clinical marker for the daticet25]which

makes it an ideaherapeutidarget against the candé®l, 192, 28].

It is not known what causes the ovxexpression of S100P in pancreatic cancer
[192] but hypomethylation of the gene has been found in many pancreatic cancer cell

lines as well as in primary tumoy287]. Whilst the protein has been associated with
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many targets, including ezrif283, 292]and S100P binding protej@l8, 293] it is its
interaction with RAGE that is believed to be instrumental in promoting cancer cell
growth, migration and invasidia50, 151, 187, 225Since interaction with RAGE

occus via the dimeric proteif294], any attempts at designing potential inhibitors
against this interaction must therefore be carried out on the protein dimer, particularly
on the dimeric interface. Dimer interfaces in proteins have been targeted in drug

disoovery studies to prevent dimerizatif#95, 296]or interaction with targgf97].
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2.2 METHODS

2.2.1 lIdentification, manipulation and analysis of experimental (3D) S100P

structures

A search of the RCSB Protein Data Bank (PDB) webE2t&1{, www.rsb.org,
accessed in October 2011) using the keywiatOO® generated results that contained
information on two structures of the protein deposited in the databaseragnckystal

structure (PDB ID1J55 [159]) and an NMR ensemble (PDB ID: 10Z[298]).

The X-ray crystal structure of S100P was extracted in its monomeric form
(Figure2.1A) and saved as a PDB file. The biologically functional homodimer was
created using the UCSF Chimera packi@$®]. In the program, the protein was
downloaded from the Protein Data Bank usisg?DB Accession Code 1J55. Under
Favourites, Model Panel, Biological Unit was selected for the program to display the
biological oligomer using the REMARK 350 BIOMT matrices in the PDB file header.

The generated dimer was saved as a PDB file.

Convesely, the NMR ensemble was extracted from the PDB website as one
huge PDB file containing 16 modeBigure2.1B). Individual models were separated by
copying the header and the 95 amino acid (aa) sequences of both chains A and B for
each model onto a WordPad document that were then saved as a Rich Text File using

the file extension .pdb.
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Figure 2.1: 3D experimental structures of S10@%).X-ray crystal structure of S100P (PDB ID:
1J55;[159]). Calcium ions are shown as green spheres and missing residb#sadb depicted
by a broken line. B) NMR ensemble of S100P (PDB ID 1098]). The sixteerconformers
of the ensemble are overlaid in different colours. (Images generated in. MOE)
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2.2.2 Identification of putative binding pockets at the dimeric interface of S100P

Four different pocketletecting algorithms Fpocket (http://bioserv.rpbs.univ
parisdiderot.fr/cgibin/fpocket[259]), PocketFinder
(http://'www.modelling.leeds.ac.uk/pocketfindg261]), Q-SiteFinder
(http://www.modelling.leeds.ac.uk/gsitefind¢261]), and Site Findej260] i were
employed to identify potential binding sites thre dimeric interface of the S100P
protein. Where the algorithm was used online, individual S100P PDB files were
uploaded to the respective servers and once potential pockets were identified, the

resulting PDB files with cavity information were saved.

With theexception of Site Findean application within the Molecular Operating
Environment (MOE2010.09) drug discovery software sailgpocketdetecton
algorithms were available to use online for free (all were accessed in October, 2011).
When Site Finder waused, the protein was prepared using the Protonation 3D wizard,
which assigned ionisation states to the macromolecule, added protons where necessary
and checked for tautomers and rotanja@®]. Default settings for the calculation of
binding pockets wer retained as follows: probe radius of 1.4 A for a hypothetical
hydrophilic hydrogen bonding atom (such as N or O), probe radius of 1.8 A for a
hypothetical hydrophobic atom (such as C), rejection of a hydrophilic sphere that has no
hydrophobic alpha sphemithin 3 A. Once prepared, potential pockets identified by
Site Finder on the protein were rendered with dummy atoms for subsequent docking

studies.
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2.2.3 Docking

Docking studies were carried out using the Dock application within
MOEZ2009.10 to investigatpotential interactions between cromolyn and S100P. Prior to
docking, the ligand was built using the Builder feature in MOE and energetically
minimised using the default Merck Molecular Force Field 94 (MMFF94x) force field
settings to optimise its 3D catinates. Both ligand and protein were prepared for
docking using the Protonate 3D tool. The binding site(s) to dock the ligand into were
restricted to those identified at the dimeric interface of the protein by the pocket

detecting algorithms previously staibed.

With the exception of sites identified by Site Finder, the dimeric binding cavities
were recreated during docking by selecting the amino acid residues identified as
belonging to the site by the cavity detection algorithm and restricting dockangut
off radius of 4.5 A from these selected residues. The dimeric interfaces for Site Finder

were rendered in MOE with dummy atoms using an identical distance restraint.

Once both protein and ligand were prepared and the binding site defined, the
ligand was docked into the binding site using the default Triangle Matcher docking
placement method. The resulting poses were ranked with the London scoring function.
Fifty poses were retained for energy minimisation in the pocket before they were
rescored usig the GeneralizeBorn Volume Integral/Weighted Surface area
(GBVI/WSA) scoring functiorf301]. Output poses are ranked according to the

GBVI/WSA binding free energyqscore).
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2.2.4 Pharmacophore design

The Pharmacophore Query Editor in MOE2009.10 was wsbdild
pharmacophore models with a set of constraints on the location and type of ligand
annotations using the default Unified scheme. Using appropriate pligtaial
complexes from docking studies as templates, points of interactions between the ligand
and S100P dimeric binding site were selected to create twophnee3D
pharmacophore queries. Both queries are the same except in the descriptors used to
define them. In the firdistringend query, the two hydrogen bond acceptors (HBAS)
were defined aanionic, whilst in the secorfitelaxed query, the same acceptors were

defined as hydrogen bond acceptors. All query distances and angles remained the same.

2.2.5 Virtual screening and clustering

Two databases were screened using the pharmacophore quenigsedasc
section2.2.4 The MOE Conformation Database within the MOE software package
which contains 3D conformations for approximately 650,000-lé&&dcompounds, and
leadlike compounds from the ZINC databd282] which had more than three million

compounds at the time of access (November, 2011).

Since the MOE database came retmyse, no further processing was applied to
the compounds prior tartually screening them. The database was screened using both
pharmacophore queries. The same Dock settings were applied during the virtual
screening. Additionally, the pharmacophores generated in s@cBgtwere used as

constraints to guide molecule selection.
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Leadlike compounds from the ZINC database were downloaded in their
SMILES (Simplified Moleculaiinput LineEntry System) formd802] before
converting them into 3D molecules using the conformational import tool in
MOE2011. 10. During the conformational i mpo
to deprotonate/protonate acids/bases; filter out reactive groups; omit compounds with a
molecular weight >600, sum of acceptor and donor atoms exceeding 12, rotatable bonds
of more than 7, chiral centres greater than 4, more than 8 rings;tamlids. The
molecules satisfying the inclusion criteria were minimised to their lowest energy
conformations using the default molecular mechanics settings within the conformational

import tool. Minimised compounds were saved in the MOE molecular database (MBD).

A similarity search using a Tanimoto Coefficient threshold of 0.7 was carried out
between the E and ZINC databases to filter out the MOE compounds that had
already been screened from the ZINC databa
Instant JChem application (ChemAxon JChem Software Suite, Version 5.8.2). The final
ZINC compound databagseith a total of 765,278 moleculesas screened using the

same Dock settings outlined in sectih@.3

Compounds that match the pharmacophostraits from the virtual screenings
of both databasdsii h iitwed e cl ustered in ChemAxono6s Li
Substructure (MCS) application (Version 5.43&)3]. Li brary MCS cluste
by matching all atom types, bond types, charge vamale rings, using the default

minimum MCS size of 9.
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226 Rescoring fAhitso generated finateon vi rtual
S100P

The three mutated amino acid residues in the NMR ensemble of S100P: A6, S85,
and T92 were mutated back to their original amino acids T6, C85, and A92 respectively
using the Protein Builder tool i n MOE. A Hi
rescoredn thefinatived protein to compare any differences or otherwise betwee® the

scores obtained from the virtual screenings.

The Rescore protocol in the Dock panel of MOE2014.08 was used to rescore
Ahitso in the native pictedtethemsitesusddénthei ndi ng
original wvirtual screening. AHiIitsoOo were re

while the placement method was set to None.
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2.3 RESULTS AND DISCUSSION

2.3.1 lIdentification, manipulation and analysis of experimental (3D) S100P

structures

Selecting the most appropriate experimental 3D structure on which to carry out
structurebased drug design (SBDD) studies is a crucial step in any drug discovery
project. In the case of S100P, there were two entries deposited in the PDBelataba
using two different methods, a high resolutiomay crystal structure, (PDB Accession
Code 1J55) and an NMR ensemble containing sixteen conformers (PDB Accession
Code 10Z0). Both methods can generate high quality structures although it has been
claimedthatX-Ray crystallography, being the older and more established method of the
two, produces structures of better qual®@4]. For proteins that crystallise readily, this

method provides an excellent choice for structure determination.

Alternatively, NMIR solution spectroscopy is ideal for studying protein folding
and dynamic$305, 306] An advantage of this technique overay crystallography is
its ability to study proteins in solution, which gives an indication of protein dynamics.
However, unlike Xray crystallography, structure determination using NMR
spectroscopy is limited to small proteins as large proteins can present overlapping peaks

in the NMR spectra that are difficult to ass[§07].
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2.3.1.1 S100P Xray structure

The X-ray crystal structure of S100P (PBD ID 1J55) was resolved at 2 A with an
R-value and fre®-value Rfree) of 0.214 and 0.267 respectivgl$p9]. The R-values
give an indication of the quality of the model. The smaller this value, the better the fit o
the model to experimental d4&06]. However, because calculation of R&alue
could be biased following refinement of the model to better fit experimental data, the
free R-value was introducefB08]. The freeR-value is similar to th&-value in
definition except it is calculated on a small subset of experimental observations that was
not used in the refinement of the mof&09]. In an ideal model, the difference between
the two values is <0.0B08]. For 1355, the difference betweenand freeR- values is
0.053. This falls within the accepted range for a model to be considefadamate
modeb of the proteir{310], thus making 1J55 an acceptable model to be used as a

SBDD studies.

The X-Ray crystal structure of S100P 1J55 has ¢alciumions tound to the
EFhands with a classical pentagonal bipyramid geonj&&9]. There are four helices
present: helix 1 (E¥18), helix 2 (L3GE40), helix 3 (A5361), and helix 4 (F~A92)
(Figure2.2). Since no electron density was observed for loop residubg 4énd C
terminus residue 95, these are absent from the final model of the protein deposited in the
PDB. The absence of these residues could impact on SBDD studies using this model, as
any efbrts to remodel the missing residues could introduce error into the system that

could compound errors in subsequent drug design studies.

56



Chapter 21in SilicoDesign of Potential S100P Inhibitors

S100P 1J55 was deposited in the PDB in its monomeric form. However, the
authors provided information in the accompagyPDB Header fain silico generation
of the biologically relevant dimeric form of the protein. The S100P dimer is formed by
hydrophobic interactions related by a crystallograpHicl@ axis and hydrogen bonding
between hydrophilic residu¢sb59]. Threehydrophobic contacts are present at the
dimeric interface all involving the 1¢&nd 4/4helices. The first contact is provided by
residues L4, A7, M10, 111, and V14 in helices 1 a@avith hydrogen bonding from E3
and D13 stabilising the contact; thecend contact comes from residues F71, 175, A79
and H86 in the 4/helices, with hydrogen bonding between S72 and S83 reinforcing
contact. This second hydrophobic contact also extends into the hydrophobic core of the
protein which is formed by residues&F77, V78 and 181. The third and final contact
involves interactions between L4, M10, 112, and F15 of helice@with V78, T82 and
H86 of helices 4/MFigure2.3). These residues involved in these hydrophobic contacts
on the S100P dimeric interface will be crucial in putative binding pockets identified on

the protein for subsequent SBDD studies.
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Figure 2.2: Monomeric Xray crystal structure of S100P (1J55) showing helicdsahd the
calcium ions (blue spheregReprinted from Zhangt al [159] with permission from Elsevier
Limited, 2015)
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Figure 2.3: Hydrophobic contacts at the dimeric interface of two subunits of AJ)6bhe first

contact between helices @B) The second contact between heliceQ474 Third contact
between helices 1 and& he residues forming the hydrophobic contacts are shown in ball and
stick representation. Segments from each subunit of the protein are depicted in pink and green
respectively. (Reprinted from Zhaegal. [159] with permission from Elsevier Limited, 26}
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2.3.1.2 S100P NMR ensemble

Unlike the crystal structure, structures of the NMR ensemble of S100P (PDB ID
10Z0) were determined in the absence ot Gy triple resonance NMR spectroscopy
[298]. Triple resonance NMR spectroscopy uses three types of atontet intid, °N
and®®C 1 to assign resonances to atoms forming the backbone of proteins especially
those proteins enriched withC and'®N [311]. Instead of defining a single set of atomic
coordinates, NMR spectroscopy uses restraints that cover a raalfgavafd distances
and anglegto thoroughly explore all regions of conformational space that a protein
could adop{306, 312] Hence an ensemble of viable structures, as opposed to a single
definitive model, are generated via this method. A huge advaotaging NMR
spectroscopy to determine protein structure is its ability to provide information on the
average structure of the protein as well as its dynamics in so]8fi8h In addition, the
NMR model revealed the intrinsically disordered regionsli@(® i.e. residues 4&l

[314] that were not resolved in therdy model of the protein.

In comparison to Xay crystallography, quality assessment of NMR structures is
more complicated as there is no associ&edfreeR value by which to gauge the
acairacy of the generated models. Instead, from the initially generated conformers, a
subgroup with the least residual error valutbe ensemblas selected to represent the
NMR structure of the proteif805]. Calculation of the pairwise root mean square
deviation (RMSD) ofthe @ at oms or heav yeehsamble members at o ms
gives an indication of the precisicamd quality of the NMR datd305, 307] Lower
RMSD values signify a better overall fit to the experimental [B&]. A mean RMSD
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valueof 1.0AforGU atoms is comparable to a precisi
X-ray crystal structurf807]. Precision is defined as the reproducibility of the

experiment.

Fifty conformers were initially calculated for 10Z0O and from these, 16 member
with the lowest energy and least restraint violations were selected to form the final
ensemblg298]. The structure deemed most representative of the ensemble was
conformer 15. Mean RMSD values for this member were 1.35 A and 0.89 A for
backbone atoms oésidues of 0 and 386 respectively, and 2.01 A and 1.39 A fo
heavy atoms of-80 and 386 respectivelyj298]. These values indicate that models in

10Z0 are suitable templates to use for SBDD studies.

A second way of assessing the quality of NMRicttires is to look at the
geometric quality of the models. Since the quality of NMR structures is dependent on
the force fields and refinement procedures used during optimisation of the models, it is
critical that the resulting models contain minimal esraith respect to their geometry
[306]. Ramachandran plots provide valuable information on the stereochemical quality
of a protein by mapping the distribution o
four regions of the plot: favoured, additionallyoalled, generously allowed and
disallowed[306, 315] In MOE, three different colours are used to represent the
distribution of torsion angles of different residues in the four quadrant of the

Ramachandran ploE{gure2.4). Small green squares represent residues with sterically
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hindered sidechain atoms that are clustered in the core region. Yellow squares represent

residues in the allowed region and @rd are marked as red crosses.

Ramachandran assessment of each of the conformers in thelOZO ensemble
show a number of residues that lie outside of the allowed regions of tisiRiot
(Appendix).For conformer 15, the most representative model in the ensemble, most of
the amino acids fall within the favoured regions. There are however 13 ouFiguse(

2.4, Table2.1). Eight of the 13 residues that demonstrate unusual stereochemistry are
located in the CGa-binding regio{141]. However, itis not known if the absence of

C&* in the NMRderived structure of S100P is responsible for the unusual conformation
of these residues in the Ramachandran plot. These residues were found in the favoured

regions in the Ramachandran plot of 1J5ig(re2.4B).
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Table 2.1: Ramachandran data for confor mer 15 of
angles.Residues involve in Cabinding are highlighted in blue. Residues absent in thayX
crystal structure 1J55 are shown in red. (Data obtained from MOE).

Model Chain Residue Psi Phi
15 A S21 -68.5 122.3
A T25 127.2 96.5

A Q26 86.2 -56.5

A K49 -44.1 -159.4

A D50 -72.3 19.2

A Ab3 -71.3 41.4

A H86 9.9 -54.0

B T25 156.7 81.6

B K49 101.1 146.3

B K51 5.6 46.6

B D62 -34.7 -31.1

B D66 -41.4 -161.7

B A67 -39.0 169.3
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64



Chapter 21in SilicoDesign of Potential S100P Irdiiors

The S100P structures ihe NMR ensemble were resolved as dimers in contrast
to the crystal structure. There were three mutations in the ensemble members: residue 6
(TA A), residue 85 (@ S) and residue 92 @AT). It is not known why these mutations
are present but the initial teapes the authors used in their calculation of the NMR

ensemble have similar mutations in the same posifiictl 161]

Despite these mutations, the geometric data and RSMD values for the NMR
ensemble point to it being a good template for SBDD work. ibwever important to
note that the engroduct of both Xray diffraction studies and NMR spectroscopy is a
model that is based on observed experimental data. This model could be a good or bad
model depending on the accuracy of the experimental dataioh wkvas determined
from, as well as other factors during the modelling and refining of thg iR If
there are uncertainties and/or errors present in the data or in the model, which is then
used as a template for subsequent SBDD studies, thisleadldo amplification of
original errors resulting in inaccurate results. Given that independBatyX
crystallographieand NMR specbscopyderived models of S100felded similar
models of the protejrgives confidence that both are accurate represenseof the true
nature of the protein, and that the models are good ones. However, since the protein was
not fully represented in the crystal structure due to missing flexible regions, and since
the model was monomeric, 1J55 was deemed undesirableraplate for SBDD
studies. The NMR ensemble of S100P was therefore advanced for farsiieo drug
design studies. Nevertheless, information from th@ycrystal structure was used as a

guide in SBDD studies carried out using the NMR structures.

65



Chapter 21in SilicoDesign of Potential S100P Irdiiors

2.3.2 Identification of putative dimeric bindings sites on S100P

2.3.2.1 Potential binding sites on 10Z0

With the exception of the calcium idnnding regions observed when calcium
ionswere cacrystallised in the Xay crystal structure of S100P (1J55), there is nectir
experimental evidence for smatlolecule binding sites on the S100P protein.

Identifying putative binding pockets where small molecules can bind and hence disrupt
the interaction between S100P and RAGE was therefore a critical step in the progression
of the project. Understanding the nature of these potential binding cavities will play a

central role in the rational design of a therapeagienttargeting S100P.

The use of a number of independent georetngl energybased cavity
detection algorithmsotidentify potential binding pockets on S100P was done in order to
increase confidence in the results generated and to ensure that the final binding site(s)
selected were determined by consensus, thus eliminating the potential for bias present in
any singé algorithm. This is additionally important given that the podetécting
programs used were not developed using NMR structures. This is largely due to the
lower numbers of NMR structures, when compared-RRay crystal structures,
available in the PDBAs of May 18" 2015, of the 10,060 protein structures in the PDB
archive, 90662 (~90%) were determined byray crystallography, 897 (9.5%) by
NMR and the rest by other methods such as electron microscopsimaticangle Xray
scattering.This does nbdetract from the use of NMR structures in drug discovery as
high quality NMR structures, where available, have been shown to be good templates

for drug design studig804, 316]
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Given that an NMR structure was used in this research, and to counteract
criticism that the tools used to identify putative binding cavities were not suitable for
such structures it was imperative that all conformers in the NMR ensemble were
subjected to both energgnd geometrpased pockesearching programs in order to
demorstrate that similar pockets were identified by both methods, and that an objective
consensus could be reached with respect to the most appropriate pocket at the S100P

dimeric interface for further study.

Four cavitydetection algorithms were investigatesipart of this research:
PocketFinder, QSiteFinder, Fpocket and Site Find€hese four tools use either
energybased Q-SiteFinde) or geometrybased PocketFinder, Fpocket and Site
Finde) methods to determine potential binding sites on macromolednladarge
scale validation study Fpocket and Site Finder were found to successfully predict the
expected binding site for a group of diverse high qualiyaXcrystal structure protein
ligand complexes in their top five predicted pockets with a success rate of more than
80%[262]. When QSiteFinder was used to predict binding sites in protein structures
without a cecomplexed ligand, the expected pocket was predicted in the top three sites
for 86% of the proteins studi¢@61]. In contrastPocketFinder, a geometrpased
pocketdetecting algorithm developed to compare the performance of the dreesegy
algorithm, wadound to be less successful tharB@@eFinder in prediaag putative
binding sites, but performed better than LIGSIBE7], the pocketletecting algorithm

it was based of261]. All four algorithms demonstrate a high success rate in predicting
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the correct site in their top 5 predictions, and as such were credible tools withtehi

identify putative binding sites on S100P.

Both Q SiteFinder and Pock&tinder programmes returned the ten largest
pockets detected for each S100P conformer in the NMR ensehaltie 2.2 and?2.3).
Although the same number of pockets were returned by both programmes, they were
ranked differently and thus, pocket 1 for conformer 1 i8it@Finder does not
correspond to pocket 1 for the same conformer in Pdeketer. That said, some of the
pocketsdentified by PockeFinder were subsets of those identified bgifeFinder

(discussed below).

The volumes observed for putative binding pockets is not constant. Individual
pocket volumes differed between the programmes used because each algorithim uses
different method to calculate pocket volumes. In addition, the volumes between similar
pockets on different conformers of the ensemble will also differ. This is due to the
variation in protein conformation that is representative of the dynamic nattime of
protein in solution. Developers of-QiteFinder and Pockétinder used different
parameters to calculate site voluf@é1l]. In general, volumes estimated by Q
SiteFinder on all conformers of 10Z0 werd 3times bigger than those estimated by
PocketFinder. QSiteFinder however was reported to have a higher accuracy and
precision rate than PockEtnder in predicting binding sites, with predicted sites

mapping accurately onto ligand coording&1].
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Table 2.2: Potential binding pockets and their estimated volumes identified-8iteBinder for each of the S100P conformers in the
10Z0 ensemblePockets on the dimeric interface &ighlighted in yellow.

Predicted site volumes (A3)

S100P
NMR
ensemble  Protein

Conformer volume (A3) 1 2 3 4 5 6 7 8 9 10
1 18546 346 331 297 236 228 129 167 163 129 124
18536 366 238 252 252 190 214 170 153 172 129

3 18591 469 358 326 270 179 179 174 163 136 103

4 18610 341 259 271 207 211 216 165 119 130 116

5 18456 327 252 220 279 206 180 153 147 135 110

6 18495 456 324 235 300 258 206 217 141 128 114

7 18608 313 204 203 181 194 170 171 154 146 127

8 18619 321 296 251 255 178 198 144 149 157 163

9 18559 487 459 340 269 152 156 107 135 115 110

10 18618 783 275 254 195 180 184 141 114 130 116

11 18503 388 217 220 149 148 134 131 125 116 129
12 18500 371 356 297 240 237 200 185 136 148 102
13 18556 381 253 353 324 207 155 199 164 108 109
14 18641 255 308 177 189 166 185 161 124 115 145
15 18566 349 321 285 190 176 202 182 198 167 110
16 18474 509 386 289 254 224 133 122 106 106 126
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Table 2.3: Potential binding pockets and thestimated volumes identified by Poclkénder for each of the S100P conformers in the
10Z0 ensembleéPockets on the dimeric interface are highlighted in yellow.

Predicted site volumes (A3)

S100P NMR Protein
ensemble conformer volume (A3) 1 2 3 4 5 6 7 8 9 10
1 18546 67 51 44 28 22 21 24 20 20 16
2 18536 101 67 56 52 54 44 38 29 30 25
3 18591 58 54 51 36 27 24 23 20 15 14
4 18610 77 66 47 51 44 40 35 37 28 20
5 18456 88 59 54 49 47 37 31 25 23 24
6 18495 148 79 70 55 44 38 35 20 17 15
7 18608 86 63 70 41 38 35 19 19 17 17
8 18619 75 44 42 38 24 20 22 18 17 16
9 18559 71 62 58 39 35 31 28 25 23 17
10 18618 65 62 34 32 21 20 20 14 17 13
11 18503 90 72 61 51 46 41 39 40 35 26
12 18500 65 58 58 55 49 45 36 34 32 29
13 18556 105 82 56 52 54 48 33 33 26 24
14 18641 86 76 67 40 26 19 18 16 14 15
15 18566 70 68 47 47 48 50 39 30 28 25
16 18474 65 65 59 55 50 34 34 23 17 14
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Similar to PockeFinder, both Fpocket and Site Finder employ geometric
approaches to search for putative binding pockets. Geometric petieeting programs
use the geometry of the protein surface to compute potential bindin{f288e 265,

318, 319]

In contrast to @5iteFinder and Pockétinder, where 10 pockets were identified
for each conformer of 10Z0, Fpocket identified between seven and 12 pockets in total
(Table2.4). Despite this disparity in the number of pockets identifieglachconformer,
some pockets identified by Fpocket were similar to those previously identified by both

Q-SiteFinder and Pockétinder (as discussed below).

The output for putative sites identified by Simder was different to the three
pocketdetecting algorithms discussed above. In addition to the residues involved in the
identified sites, the program also returned the number of alpha spheres inwiedite
is indicated as Size ihable2.5. The number of hydrophobic and sidechain contact
atoms in the receptor are indicated under Hyd and Side ragbgcin upgrades of
MOE, sites were ranked according to their propensity for ligand binding (PLB) i.e.

druggability Table2.5B, [320]).
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Table 2.4: Potential binding pockets identified by Fpocket for each of the S100P conformers in the 10Z0 NMR ersmkéts.on the dimeric
interface are highlighted in yellow.

Real volume approximation (A3)
S100P  No. of pockets Pocket Pocket Pocket Pocket Pocket Pocket Pocket Pocket Pocket Pocket Pocket Pocket

Protein detected 0 1 2 3 4 5 6 7 8 9 10 11
1 9 603 592 573 462 226 131 163 249 550
8 272 256 179 405 541 427 135 101
3 8 877 740 659 663 384 413 149 548
4 10 727 665 751 672 209 483 140 712 613 433
5 9 919 271 213 115 228 467 159 427 90
6 7 875 876 160 161 547 151 633
7 11 1196 504 317 556 497 286 179 323 131 310 571
8 8 994 508 477 483 587 156 607 84
9 8 489 575 288 401 168 410 92 431
10 7 9241 958 561 416 300 166 149
11 8 884 247 613 305 218 267 146 78
12 10 808 240 217 608 319 619 134 639 128 313
13 10 309 199 490 378 550 258 473 165 96 112
14 6 714 954 160 314 147 139
15 7 958 447 302 198 653 341 880
16 12 232 310 473 373 461 458 330 630 273 203 120 312
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Table 2.5: Pocket s

i denti fied

by t wo di fferent ver si AnMOE2010.09.MB)E 6 s

MOEZ2011.10Pockets on the dimeric interface are highlighted in yellow.

A
Site Size* Hy d Side® Residues
1 101 22 82 1: (H86 K91 T92 K95) 2: (112 F15 S16 S19 G20 S21 E22 Q26 D70 F71)
2 77 19 64 1: (112 F15 S16 S19 S21 Q26 F71) 2: (H86 K87 Y88 F89)
3 106 11 81 1: (M1 E5 A6 M8 G9 M10 112 D13 S16) 2: (181 T82 S85 H86 F89 T92)
4 47 8 32 2: (K30 K49 D50 K51 D52 A5%/54 D55)
5 55 6 40 1: (L41 P42 G43 F44 A84 S85 E90 K91) 2: (M1 T2 E5)
*Number of contributing spheres
Number of hydrophobic points
ANumber of sidechain contact atoms
B
Site Size PLB Hyd Side Residues
1 85 1.20 10 66 1: (M1 E5 A6 M8 G9 112) 2: (181 T82 S85 H86 F89 T92)
2 90 0.81 21 74 1: (H86K91 T92 K95) 2: (112 F15 S16 S19 G20 S21 E22 Q26 F71)
3 74 0.23 19 62 1: (112 F15 S16 S19 S21 Q26 F71) 2: (H86 F89)
4 34 -0.72 3 27 1: (M1 A6 G9 M10 112 D13 S16) 2: (H86 F89)
5 55 -1.52 6 40 1: (L41 P42 G43 F44 A84 S85 E90 K91) 2: (M1 T2 E5)

Propensity for ligand binding score
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Pockets at the dimeric interface identified by each of the algorithms on all
conformers of 10Z0O were comparable, e.g. pocket 3 from R&okeéer on conformer
15 is a subset of pocket 1 on the same conformer fré@it€pinder(Figure2.5). The
same is true for two pockets identified by Site Finder on the same conformer. In MOE
2010.09, Site Finder predicted two sites that were subsets of pockets idantfigéd
by Q-SiteFinder(Figure2.5). These sites were ranked first and third respectively

according to their ability to bind small drlige moleales or PLB scorg320].
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Q-SiteFinder
Pocket 1
Pocket 8

Figure 2.5: Overlap between pockets identified byS@eFinder, Site Finder, PockEinder and=pocket on the dimeric interface of conformer 15
of the NMR ensemble of S100RIl pockets shown here identified by Fpocket, Site Finder and Pétkder are subsets of pockets 1 and 8
identified by QSiteFinder on conformer 15 of 10Z0.
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2.3.2.2 Binding sites on the dimeric interface of 10Z0

It has been shown that the biological function of S100P is dependent upon
dimerization[284, 292, 321, 322Hence, it was hypothesised that crdynexerted its
effect on S1I00RAGE interaction by binding at or near to the homodimeric interface,
thus preventing the protein interacting effectively with its receptor. The significance of
the dimeric interface was highlighted in a recent report tr@avst residues that form
part of the dimer interface of S100Pesidues 834, and residues P41 as important
in binding to RAGH294]. Consequently, only putative sites identified at the dimeric
interface of the S100P 10Z0O NMR ensemble were examingeltail in subsequent

docking and virtual screening studies.

The pocketdetecton algorithms identified two cavities at the dimeric interface
for each conformer in the NMR ensemldae on each side of the protein. However,
whilst there were similaritiesdiween these pockets identified for a given conformer,
none were identical e.g., pockets identified by Site Finder at the dimeric interface of
conformer 15 were not identical with respect to either size or amino acid composition
(Table2.5). This lack of symmetry at the dimeric interface of members of the NMR
ensemble of S100P is in contrast to a recent publicatid®tebymutchet al [323] who
identified two symmetrical pocke on an NMR ensemble of S100P that they resolved
using the coordinates of 1J55, the crystal structure of S100P. Manipulation of the
monomeric form of the protein will result in symmetrical dimeric interfaces given that
this manipulation is a simple supesttion of the monomer. S100P is a dynamic protein,
and modelling a dynamic structure on a static structure has the potential to introduce
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flaws into the system. The NMR ensemb{@ZOis direct experimental evidence

against the symmetric nature of the SR@bmeric binding site.

However, a second report published by the same &894 identified residues
E5, D13, F44, Y88 and F89 as playing a vital role in SIRAISE binding. These
residues were also identified in the dimeric interface of some of thefsoidentified in
this study. In addition, residues that form the hydrophobic core that is exposed upon
C&* binding to S100P141] were also present in sites identified at the dimer interface
in this study. This hydrophobic core, formed mainly by ressdiel5, F71, and F74
[159], has been reported to be important in target interaction in §1686P284] Al
this evidence points to the S100P NMR ensemble as a valid template in drug design

studies.

2.3.2.3 Potential binding sites on the Xray crystal structure of S100P (1J55)

The functional dimer form of 1J55 was generated by the UCSF Chimera package
[299] using the atomic coordinates included in the PDB file of the protein. A
symmetrical dimer resulted with four bound calcium idfigiire2.6). Thegenerated
dimerformed was an exact and opposite mirror image of the original monomer. Given
that this symmetry was not observed in any of the structures of the NMR ensemble,
there is gossibility that the dimeric interface created using the coordinates of 1J55
could have some limitations and have introduced some errors into the system. Moreover,
when the resolved dimer was investigated for potential binding sites usiamginder,

identified pockets had smaller volumes compared to those of the NMR conformers
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(Figure2.7). These pockets were too small to accommodate crorekmovn
inhibitor of the S100ARAGE interaction, and the ligand to be used for molecular
docking[195]. The volume of cromolyn is 375%Acalculated from

http://mwww.molinspiration.com/cgbin/properties).

Sequenc®nly superposition of the0 at o ms 5anbnorhehwith Ghairs
A of conformer 15 of 10Z0O, the most representative of the NMR ensemble, using the
Protein Superpose tool in MOE gave a RMSD of 3.7Fi8ure2.8). Structural
superposition of the two models using the Flexible structure Alignment by Changing
AFPs (Aligned Fragment Pairs) with Twists (FATCABR4] however resulted in a
RMSD of 2.73 A. Although these values may seem high for modiéhe same protein
(and suggest significantly different structures), this apparent discrepancy could be due to
several factors. Regions of variability (traffight colour coded irFigure2.8) are those
in the flexible loop regions. These regions have Eghalues in the Xray model,
demonstrating the uncertainty in the location of these atoms in the crystal lattice. In
addition, the superposition wasly carried out over 88 residues as 1J55 has part of its
linker region missing as well as the last terminal residue in its model. Also of note is the
position of helix 2 and length of helix 4 in the apo and"@aund states of the protein.
Molecular dymmics MD) simulations have been used to show a change in the relative
position of this helix in ap&100P and Ca-bound S100P325]. The length of helix 4
is believed to be extended by six residues updti iidading compared to the apo state

[298]. All these factors could contribute to the high RMSD value.
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Figure 2.6: The dimerised structure of 1J55 (Chain A cyan, Chain B red) generated by the
USCF Chimera softwar@99] showing four bound calcium ions (green spheresy and cyan
spheres represent water molecules from the crystal structure.
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Figure 2.7: Putative binding pockets (magenta spheres) on the dimestisecture of 1J55

predicted by GBiteFinder.The largest predicted pocket (arrow) has a volume of £28hich

is far too small to accommodate cromolyn (375. A
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1 1 1 e

Tag Chain 1
MET-THR—GLU-LEU—GLU-ALA-ALA-MET—GLY-MET-ILE-ILE-ASP-VAL—-PHE-SER—ARG-TYR—SER—GLY-SER—GLU—GLY—SER—THR—GLN—THR—LEU-THR-LYS—GLY—GLU-LEU-LY5—VAL-LEU-MET—GLU-LY5—GLU-LEU—PRO—GLY—-PHE—LEU—GLN—-SER—GLY—-LY5|

—
MET THR GLU LEU GLU ALA ALA MET GLY MET ILE ILE ASP VAL PHE SER ARG TYR SER GLY SER GLU GLY SER THR GLN THR LEU THR LYS GLY GLU LEU LYS VAL LEU MET GLU LYS GLU LEU PRO GLY PHE LEU GLMN SER GLY LYS
MET—THR—GLU—LEU—GLU—THR—}\IJ\—MET—GLY—MET—ILE—ILE—ﬂSP—\H\L—PHE—SER—ARG—TYR—SER—GLY—SER—GLLI—GLY—SER—THR—GLN—THR—LEU—THR—LVS—GLY—GLU—LEU—LVS—\H\L—LEU—MET—GLU—LYS—GLLI—LEU—PRD—GLV—PHE—LEU{ GLN SER @GLY LYS

1:5100P_1.pdb.A

SILIEGETD g S100P_1.pdb B
3:1J55.pdb A

2D 1:1J55.pdb.A CA CA

1 1 1

o
o

Tag Chain 50
1:5100P_1.pdb.A —ASP—LYS—ASP—ALA-VAL—ASP—LY5—LEU-LEU—-LYS—ASP—LEU—ASP—ALA—ASN—GLY—ASP—ALA—GLN—VAL—ASP—PHE—SER—GLU—PHE—ILE—VAL—PHE—VAL—ALA-ALA-ILE-THR—SER—ALA—SER—HI5S—LYS—TYR—PHE—GLU-LYS—THR—GLY-LEU-LYS

2:5100P_1.pdb.B  ASP LYS ASP ALA VAL ASP LYS LEU LEU LYS ASP LEU ASP ALA ASN GLY ASP ALA GLN VAL ASP PHE SER GLU PHE ILE VAL PHE VAL ALA ALA ILE THR SER ALA SER HIS LYS TYR PHE GLU LYS THR GLY LEU LYS
ASPLYS }ASP—AL&—VAL—}\SP—LYS—LEU—LEU—LVS—ASP—LEU—ﬁSP—ALA—ﬁuSN—GLV—ASP—&LA—GLN—Vﬁul—ASP—PHE—SER—GLU—PHE—ILE—Vﬁul—PHE—VAL—AU;—ALA—ILE—THR—SER—&LA—[VS—HIS—LVS—TVR—PHE—GLU—LVS—AU&—GLV—LEU-{ LYS
v

S$100P_1.pdb
3:1J55. pdb A
155.pdb 1:1J55 pdb.A

1J55 with Chain A of c 0A) iCartoom enodel bf5 o f t

Figure 2.8: Superposition of @ at oms of
monomeric 1J55 (cyan) with bound L4green spheres) superposed with Chain A of conformer 15 (red). B) RMSD bar graphs of the

superposed atoms. Green colours indicate high conformation similarity while red indicate low similarity in backbone dmmformat

81



Chapter 21in SilicoDesign of Potential S100P Inhibitors

2.3.3 Molecular docking of cromolyn to the S100P dimeric interface

Initial dockings studies were focused on sites located at the dimer interface that
had a volume close to or larger than the calculated ligand volunyeoelget 1 of
conformers 9 and 19 able2.6). However, in spite of their volume, docking cromolyn
to these pockets showed that only part of the ligaasi found to fit into the cavity, with
the remainder protruding into solveRidgure2.9). Closer examination of the S100P
conformers showed that feome of them there was more than one potential binding site
at the dimer interface, and sites that had been identified as separate sites by the pocket
detection algorithms were actually close enough to be thought of as two lobes of a larger
binding pocke(Figure2.10). The pocketetectionalgorithms work by identifying
regions of tight atomic packing (Fpocket, Site Finder), or by using a probe déance
radius (PockeFinder), or clusters with favourable binding energySifFinder). It is
thus feasible that two pockets that are close to each other but are separated by a few
atoms that do not fall withi mapuavesitt gor i t h
will be identified as two separate sites instead of one. Where these pockets exist, they

were combined to form the larger cavity and the dockings experiments repeated.

Analysis of all conformers in the 10Z0O NMR ensemble showed thatooray
member, conformer 15, was able to yield a combined cavity at the dimeric interface that
was of sufficiently large volume to accommodate cromolyn, and that this occurred for
only one of the two cavities at the dimeric interface in the structure. Tlessteés,

Pockets 1 and 8 ihable2.6, were also identified by the other pockitecton
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algorithms on the same conforn{@able2.7). As such, only this conformer was carried

forwards for docking studies.
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Table 2.6: Volumes of potential binding pockets identified at the dimer interface of conformers 10ZO (highlighted in yellow) by Q
SiteFinder.

1070 Predicted site volumes (A3)

conformer 1 2 3 4 5 6 7 8 9 10
1 346 331 297 236 228 129 167 163 129 124
366 238 252 252 190 214 170 153 172 129

3 469 358 326 270 179 179 174 163 136 103

4 341 259 271 207 211 216 165 119 130 116

5 327 252 220 279 206 180 153 147 135 110

6 456 324 235 300 258 206 217 141 128 114

7 313 204 203 181 194 170 171 154 146 127

8 321 296 251 255 178 198 144 149 157 163

9 487 459 340 269 152 156 107 135 115 110
10 783 275 254 195 180 184 141 114 130 116
11 388 217 220 149 148 134 131 125 116 129
12 371 356 297 240 237 200 185 136 148 102
13 381 253 353 324 207 155 199 164 108 109
14 255 308 177 189 166 185 161 124 115 145
15 349 321 285 190 176 202 182 198 167 110
16 509 386 289 254 224 133 122 106 106 126
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Figure 2.9: Docked cromolyn in the first predicted pocket of conformer 9 of the S100P 10Z0O
NMR ensembleOnly part of the ligand is docked to the protein with the rest protruding into the

solvent.
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Figure 2.10: Two pockets (cyan and brown) at the dimeric interface of conformer 15 of 10Z0.
These were initially identified by @iteFinder as distinct individual pockets which, upon closer
inspection were obsergteo overlap with one another. As a result, they were combined as one

large pocket that was used to dock cromolyn.
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Table 2.7: Pocketddentified by Site Finder, Pock&inder and Fpocket on the dimeric interface of conformer 15 of the NMR ensemble
of S100P were also identified by-&teFinder.

Amino acid residues at the dimeric interface of conformer 15

Pocket
. . 3) . .
Algorithm  Pocket size (A" Chain A Chain B
Q-SiteFinder 1 349 M1 T2E5A6 M8 G9I12 F71 S72 175 F44 V78 A79 A80 181 T82 S83 A84 S85 H86 K87 Y88 F89 K91 T92 G93 L94 K!
8 198 G911 112 D13 F15 S16 S19 S21 Q26 F71 S72 F74 175 '"T82 H86
Site Finder 2 77* M1 ES5 A6 M8 G9 M10 112 D13 S16 I81 T82 S85 H86 F89 T92
(MOE .
2010.09) 3 106* 112 F15 S16 S19 S21 Q26 F71 H86 L87 Y88 F89
2 76  T82S83 H86 T92 112 F15 F71 175
Pocket
Finder 3 67 M1 E5 G9 112 T82 S85 H86 T92
5 26 T2L4E5M8 111 V14 E40 L41 F74 V78 181
2 302 MI1E5G9I12 S85 H86 F89 T92
Fpocket
4 653 112 F15 S16 S19 S21 Q26 F71 H86 F89

*Number of contributing spheres
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Docking studies of cromolyn into conformer 15 of 10Z0O reveplestible
binding interactions between the protein and ligand at the dimeric interface. Visual
analyses of the ligand poses showed that in most cases, the first ranked ligand pose did
not have e optimal binding interactions with the protein. Indeed, the ligand pose which
was subsequently used to design pharmacophore queries was rédhked dBthe 36
poses returned. The observed interactions between the ligand and protein involved three
resdues of Chain B: F89, T82 and T92. There was hydrophobic contact between F89
with the chromone moiety of the ligand while both threonine residues were involved in
hydrogen bonding interaction with both carboxylate oxygens at one end of the ligand

(Figure2.11).

The predicted involvement of F89 in binding interactions with the ligand is
significant as this residue has been reported to provide impoy@iradinobic contact
that is crucial in target recognition in S100A1 and S1[B#5, 327] S100P shares a
sequence identity of approximately 50% and 44% with S1Q@84] and S1006159]
respectively. Thus, evidence ofnt@eacnivohyv
cromolyn is a credible starting point when designing potential inhibitors against S100P
as blocking this hydrophobic contact with small molecules could have the potential to

inhibit S100P binding to its target, RAGE.
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Figure 2.11: Predicted binding interactions between S100P and the ligand crorAplocked
cromolyn (ball and stick in green) iheoverlapped sites at the dimeric interface of conformer
15 of S100P 10ZO NMR ensemble (shown here with the molesuldaceand residues
forming the binding sites). B) Predicted binding interactions between cromolyn and S100P.

89



Chapter 21in SilicoDesign of Potential S100P Inhibito

2.3.4 Pharmacophore generationyirtual screening and hit clustering

From the observed binding interaction between cromolyn and SEFIflR&
2.11), a threepoint pharmacophore modehs derived comprising of an aromatic centre
(Aro), and two anionic acceptors (Ani&Acdyigure2.12). These features represent the
hydrophobic contadetween F89 and the chromone moiety of cromolyn, and the
hydrogen bonding between one carboxylate group of the ligand and T82 and T92. This
was deemed dstringend pharmacophore query due to the anionic requirement applied
to both hydrogen bond accepfore at ur es. Thi s means that Ahi
pharmacophoric constraints cannot only be hydrogen bond acceptors, but must also be
anionic. This stringency was evidenced fro

MOE database of ledike compounds wascreened with this query.

Out of the 653,214 compounds in the dat
0.008% of total compound3#ble2.8). Asexped d, most of these fAhit
fundamental requirement for fulfilling the anionic constraint of the pharmacophore
query Figure2.13). The average molecular weight of hit compounds was 389 compared
to 468 for cromolyn. Al Ahitso possess ri

demonstrating the diversity in their structures.
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Figure 2.12 Pharmacophore model derived from the predicted binding interactions between S100P and crismohe.three
pharmacophore features represented by spheres in S100P (with molecular surface). B) Angles between the pharmacop®pre points.

Distances (in A) between pharmacophore features.
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Table 2.8: AHI t so obtained when t he MOE dat abase
pharmacophore quenfi Hi t s6 sorted according to their C
descriptordg weight, number of rings, LogP, total polar surface area (TPSA)phbrs and H

Acceptorsi were calculated using the Descriptor feature in MOE.

Molecule 1D Rings M\?vlgig;:? ' LogP TSPA Do|_r|10rs Acclgptors
Akos LT-1098 X 2900 §) 2 340.21 4.48 65.97 0 1
Akos LT-1098 X 46447) 2 271.32 3.23 65.97 0 1
Art-Chem UZI1/61881828) 4 332.31 2.56 119.19 2 3
Asinex ASN 037915839 4 405.43 5.08 83.73 0 3
Asinex BAS 0201172710) 4 441.85 3.86 139.76 1 3
Asinex BAS 023800391(1) 3 408.46 4.36 103.71 1 4
Biofocus 144 5936 _7270_ 663812 4 376.44 3.03 78.26 0 2
Biofocus 144_5940_7270_66843) 4 406.46 3.02 87.49 0 3
Chem T&IBOBM0003527 14) 4 377.33 1.49 127.17 1 5
Chem T&I UZ1/4036985 15) 2 342.44 3.56 69.23 1 1
Chembridge 524133d.6) 3 433.45 2.57 166.33 1 4
Chembridge 53116764.7) 3 403.42 2.62 157.10 2 4
Chembridge 5862836d.8) 3 440.27 5.38 90.82 1 3
Chembridge5640941 19) 3 368.39 4.48 103.18 1 3
Chembridge 668867 20) 3 430.85 5.02 120.25 1 4
Chembridge 689745Q1) 4 414.37 4.15 126.07 0 2
Chembridge 72305529) 3 434.21 3.75 115.84 1 4
Chembridge 72668128) 3 413.79 3.41 115.84 1 4
Chembridger 356270 24) 6 439.40 3.73 123.33 0 2
Chembridge 7778804£5%) 3 389.36 4.20 118.59 1 2
Chembridge 79269426) 3 359.37 2.13 110.84 1 3
Chemdiv 18051431 @7) 4 398.40 4.21 112.33 1 4
Chemdiv 60498009 @8) 5 439.49 6.00 90.17 2 2
Chemstar CHS 24014529) 3 404.36 7.21 136.64 1 2
Comgenex CGX3084890 80) 2 358.42 2.80 96.28 1 3
Enamine T0508103 B1) 2 335.34 451 117.41 2 3
Enamine T050%138 (32) 3 412.24 2.20 113.94 2 3
Enamine T0514139 B3) 3 431.84 1.65 141.18 2 5
FCHC 29368 34) 4 383.39 6.79 97.19 1 3
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Table 28cont . : AHIi tso obtained when the MOE dat
phar macophore query. AHIi t so0 sorted according
included at the bottom for comparison. Molecular descrigtaxgight, number of rings, LogP
total polar surface area (TPSA),-bbnors and HAcceptorsi were calculated using the

Descriptor feature in MOECromolyn is included at the bottom for comparison.

Molecule ID Rings M\(/)\/I;(;L;:? ' LogP  TSPA Do|_r|1-ors Acczp-)tors
InterBioScreenSTOCK5S92825 385) 3 432.45 3.42 151.45 2 6
InterBioScreen STOCK382963 86) 4 386.39 2.10 112.30 1 4
InterBioScreen STOCK539098 37) 4 419.46 2.37 114.26 1 4
InterBioScreen STOCK552328 88) 3 372.40 2.58 104.76 1 3
InterBioScreen STOCK564425 89) 3 365.37 2.67 122.72 3 3
InterBioScreen STOCK585135 40) 3 424.52 1.88 110.18 0 4
InterBioScreen STOCK5%8564 41) 4 396.38 1.92 109.11 0 3
InterBioScreen STOCK587979 42) 3 386.41 2.19 145.55 0 3
InterBioScreen STOCK588540 43) 3 373.43 2.65 114.65 0 4
Labotest LT0010379344) 3 347.35 3.87 92.70 2 2
Labotest LTO078649546) 2 372.38 3.98 127.41 1 2
Life Chemicals F3070048 @6) 3 387.44 2.97 102.26 1 4
Lithuania 100848547) 3 439.51 5.25 91.26 0 4
Maybridge HTS 054854@8) 3 327.32 1.97 99.72 2 3
Maybridge S 1106740) 3 346.41 3.84 93.95 1 3
Otava 70187700750) 3 409.42 2.54 120.28 2 4
Peakdale 3002075%) 4 314.32 3.49 70.84 0 2
Pharmeks PHAR1031632) 5 395.40 3.79 102.01 2 4
E’Srér)meton Biomolecular OSSK_55286! 5 383.41 0.96 150.82 > 3
E’Srlllr)meton Biomolecular OSSK_56230! 4 409 42 4.87 98.33 2 5
Scientific Exchange ®93770 b5) 2 326.36 2.17 105.91 1 3
Specs AE641/0110401256) 3 428.30 3.71 119.17 0 3
Specs AH487/1514804757) 5 401.42 4.83 88.16 0 2
AVERAGE 3 389 3 111 1 3
Cromolyn (4) 4 466 -1.08 171.55 1 9
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27 39 49

Figure 2.13 Some of the Ahitso i d&osifiodd tthreesm tithe t MOE weakealmasa.i c bec
pharmacophore quethat wasused to identify them was also labelled as anionic.
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The second firelaxedo pharmacophore quer
interactions between conformer 15 and cromolyn has the same geometric constraints as
the fistringento pharmacophore query but di
features were defined &88A and an aromatic centre. Screening the MOE database with
this fArel axedo pharmacophore query resulte
demonstrating the rigidity the anionic feature conferred on the first pharmacophore.

There wer eromtheBI9CIldadh i Keo dat abase giving a t
from both databases. Clustering of these 0
defined as a-&tom maximum common substruct{iB®3] produced 299 clusters

altogether with 77 singleton3dble2.9).

2.3.4.1 Hit selection for biological screening

Due to budgetary constraints and compound availability, only a small number of
Ahits o waearfoebiojpgical testiagsTde first set of 13 compounds purchased
(Figure2l49came from the 52 Ahitso obtained fro
database using thfstringend pharmacophore query and were pragmatically selected
with respect to their price and availabiligey Organcis_ 12T 0223%8) identified in a
previous saen by Kirton (unpublished) alongside two of its analogt8a&nd58b),
andcompound?, one of the fAhitso i dable8Wwareed f r om
synthesised Hinouse (discussed @hapter3). Hence,a total of 17 hit compounds were
subsequently tested against S1@3Pressing andon-S100P expressing pancreatic

cancer cellsChapter3).
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The second set of compounds purchased for testing came from members of
individual clustes from the less stringent screening of the MOE database. To ensure
diversity, 52 compounds with the b&score from each cluster were procurédle

2.10, Figure2.15).
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Table 2.9: Tot al number of @Ahitsod and clusters obt
databases of ledike compounds with a-Boint lesgistringend pharmacophore query.

Total # of TOta}I # c_)f Clusters Singletons
Database compounds ihi
MOE 653,214 4,619 129 24
ZINC 765,278 4,789 170 53
Total 1,418,492 9,408 299 77
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Ho-§—©—NH 0 07 "N"So gy = NP
o} 0 CHs SN o
o O 0
H3C cl CHs
16 22 © 36 43

Y 0-CHs ~
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HNEN d N 58a
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Figure 214 The first set of compounds from the MO
subjected to biological screening against pancreatic cancer €eltgpound58 and two of its
analoguesh8a and 58b, and compound’, were synthesised -dmouse making a total of 17

compounds that were subsequently subjected to biological screening.
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Table 2.10: iHIi t so

Aistringento

purchased

from the

phar macophore

Vi

rtual

scre

g u Blolegularadestriptwsh j ect i v

weight, number of rings, LogP, total polar surface area (TPSA)phbrs and HAcceptorsi

were calculated using the Descriptor feature in MOE.

Molecular H- H-
Molecule 1D Rings weight LogP TPSA donors acceptors
LT-1074 X 2785 9@59) 3 251.3 3.02 66.49 2 1
LT-1167 X 603 60) 3 309.2 2.58 55.88 5 0
LT-1167 X 815 61) 3 356.3 1.36 108.48 4 1
Chembridge 637640%2) 4 375.4 4.19 66.46 3 1
Chembridge 66569358) 3 416.9 5.20  103.18 3 1
Chembridge 79486744) 3 284.3 2.14 59.81 3 2
Chembridge 7967236%) 3 292.3 2.57 59.81 4 1
Chembridge 797192®6) 5 407.4 410  110.67 6 3
Chembridge 798857%7) 2 3814 1.00 131.93 3 1
Chembridge 799361%8) 4 362.4 3.02 96.45 3 1
ASN 0634699269) 2 264.3 1.29 91.94 3 0
ASN 0674779970) 4 387.4 1.68 105.37 6 1
BAS 0024334771) 2 294.3 3.51 107.09 3 1
BAS 0294303472 4 432.6 5.77 58.33 0 0
BAS 03609804 73) 3 398.4 0.95 98.73 5 1
Bionet 10G910 (74) 2 323.7 4.08 53.02 4 3
Bionet 8M521S {5 4 3134 2.37 107.56 2 1
PHARO5877676) 2 3131 3.49 90.37 4 1
PHARO087402 17) 4 346.4 3.64 91.08 4 1
STOCK1S56176 {8) 3 398.9 5.45 61.53 5 1
STOCK1S87136 {9) 2 278.3 1.54 67.98 4 0
STOCK2S82643 80) 2 251.3 -0.35 111.08 5 0
STOCK3S05798 81) 2 238.3 -2.47 96.43 1 0
STOCK3S50234 82) 2 365.4 3.07 109.28 5 2
STOCK3S56652 83) 3 326.4 2.59 100.29 7 0
STOCK3S76708 84) 2 307.3 1.21 80.10 2 0
STOCK3S82963 85) 4 386.4 2.10 112.30 2 1
STOCK5S26863 86) 2 304.3 -0.01 118.64 2 0
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Table 2.10 cont:;

AHIi t so

purchased

from

t he

Vi

rtual

less stringent pharmacophore query and objective selection criteria. Molecular desicriptors

weight, number of rings, LogP, total polar surface area (TPSA)phbrs and HAcceptosT

were calculated using the Descriptor feature in MOE.

Molecular H- H-
Molecule ID Rings weight LogP TPSA donors acceptors
STOCK5S43994 87) 2 275.2 -1.10 114.26 4 1
STOCK5S58409 88) 2 261.3 1.69 88.28 3 2
STOCK5S74616 B89) 3 4255 1.95 116.17 3 0
STOCK5S79215 00) 3 4135 1.75 106.94 4 1
STOCK5S88609 Q1) 3 359.4 2.35 114.65 3 0
STOCK5S92145 02) 3 343.4 2.48 105.42 6 2
STOCK5S59895 03) 4 389.5 0.18 101.63 5 0
STOCK5S33478 94) 5 395.5 3.05 74.04 4 0
F20090120 @5) 3 371.4 1.25 104.27 4 0
F05320705 96) 4 388.5 4.49 61.20 3 0
F25160310 @7) 3 346.4 1.40 78.38 5 1
AE-848/1142254598) 4 372.4 3.13 106.37 5 1
A0-623/1465307099) 2 299.3 1.25 118.08 5 0
AK-968/15610255100) 2 345.4 3.80 82.12 7 1
A0-080/43378361101) 2 370.4 3.96 87.69 2 1
AQ-405/42300151102 6 379.4 6.42 62.05 6 1
Peakdale 100192003 4 418.5 3.86 69.16 1 0
Peakdale 100256204 2 290.3 -0.10 78.27 2 0
Peakdale 1003002770
(105) > 235.2 -0.89 114.06 5 5
HTS 01757 106) 3 383.45 3.72 8244 6 0
HTS 08111 @07 2 292.32 1.10 93.21 5 4
KM 07099 (08 4 359.39 2.84 95.18 2 1
SEW 00462109 3 324.82 2.91 64.70 4 0
SPB 03404110 3 362.80 3.84 90.47 5 0
AVERAGE 3 341.74 2.39 90.95 1 4
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Figure 2.15:
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Figure 2.15c ont . : Structure of #Ahitso purchased

using the less stringent pharmacophore query and objective selection criteria.
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2342 Rescoring Ahitsodo generatedihabmveodortua
S100P

The NMR ensemble of S100P which was used in this project as a template for

structurebased drug design studies has three mutations: T6A, C85S and A92T. To

assess the Iimpact of these mutations on th
studies,the3 purchased Ahitso were rescored in t
and theirSscore compared to their origifds c o r e . Except for three
96,99and104 al |l t he ot her SBdorestsimitartotieosewbtainedd n e g a

in theoriginal 10Z0 conformer 15gure2.16). The positiveSscore for these three

Ahitso could be indicative ofroteindtisavour abl e
possible that there may be some penaities. high binding energy for potential

clashes with the protein surface, although there is no evidence of such clashes from
observation of the c¢ompo kFigukLy). Ingomparsenct i on
Ahitso | i Kéeand8lseemeduorshow favourable interaction with the native

protein than the mutated conformer 15 of the NMR ensemble. While the pharmacophore

was a useful constraint in the virtual screening, the interaction of the protein and these
Ahitso go e s e dhamacaphbrictpding. cdrrélatian between the

predicted binding affinity and the actual activity from biological screening can only be

made once all the compounds are screened and these two factors are compared.
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Figure 2.16: ComparisonoSs cor e of t he
and theSscore obtained from using then a t S100B @@ew).
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=S (old) =S (new)

5 ¢ g 99 100 101 102 103 104 105 106 10/ 108 109 1

Figure 2.16cont.: Comparisondds cor e of the 52 purchased Ahitso obtained from
(old) and theSscore obtained from using thien a t S100B @ew).
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104
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Q acidic  + sidechain donor O metal complex ©H arene-H

O basic  =~* backbone acceptor - solvent contact @+ arene-cation
O greasy = backbone donor == metalfion contact

"y proximity ligand O receptor

= contour exposure exposure

Figure 2.17: Predicted binding interaction between compog&}®9 and14wi t h fAnat i ve

S100PAIl I t hree AhSsttod ehavdhemo sietsicwe ed i n the Ar
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2.4 CONCLUSION

Publically available 3D experimental structures of S100P, 1J55 and 10Z0
were analysed for suitability for use in structbeesed drug design (SBDD) studies.
The NMR ensemble 10Z0O was selected over thray<crystal structure because it
represented the bimgjically active dimeric form of S100P compared to theX
crystal structure. In addition, all the residues were resolved albeit with three

mutations.

Using computational methods, it was found that only one conformer
(conformer 15) of the NMR ensemble®100P was suitable for use as template for
SBDD studies. Both geometriand energabased pockedetecton algorithms
identified potential cavities at the dimeric interface of this conformer adequate to
accommodate cromolyn during docking studies. Ushigpoved interactions
between ligand and protein as a template, a pharmacophore query was designed and
used as a constraint for subsequent virtual screening studies. Seventeen compounds
from the generated fAhitso for msthatwlli ver se
be screened against pancreatic cancer cells (Ct@ptethe hope of identifying a

potential lead therapeutic candidate against this lethal cancer.

Despite the mutations present in the NMR structures, there was little
difference between theredictedo i ndi ng af finities of #Ahits
S100P NMR conformeratdh e finati veo protein, again c

the NMR ensemble as a templateifosilico drug design studies.
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3. PREFACE

Having identified virtual screening fAhi
the S100P dimeric interface (Chap2efSection2.3.4), two compound$ 7 and58
(Figure3.1) i were synthdsed, characterised and subjected to biological screening
against the pancreatic cancer cell lines Bx3&hd Pand.. This chapter details the
syntheses and biological evaluation of these two hit compounds. In addition to the two
synthesised compounds, thielogical evaluation of 13 commercially available
compounds identified during the virtual scréBigure2.14) is also reported in this

chapter.

Biological screening of thehitso was carried out in collaboration with Dr
Tatjana Crnogoradurcevic at Barts Cancer Centre, Queen Mary, Universitynoélan.
The biological screening, and the initial evaluation of the data, was carried out by Nasir

Mahmoud [328] interpretation of the results was carried out by the author.

The results from the syntheses and biological screening are discussed in Sections
3.2and3.3respectively. The experimtl details of the syntheses are given at the end

of this chapter in Sectiod.5.
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3.1 INTRODUCTION

The synthesis of two compounds identified bywhial screening studies in
Chapter2, that were prohibitively expensivé)(and unavailable for purchadssj are
described below. Compourrds a dibenzyl derividve while 58is a substituted benzoic
acid (benzoxazu2-yl)ethyl ester. In addition, two analoguesb&f(58aand58Db, Figure

3.1) were also synthesised.

In total, the syntheses of the above four compounds are discussed in this chapter.
Viable synthetic routes and identification of readily available starting materials
(RASMs) were identified using retrosynthetic disconnection approg8ies330]
Once readily available starting materials were determined, published synthetic routes
were identified using Reaxys®, (version 1.7.8; www.elsevier.com/reaxys), which were
followed and adapted where applicable. Where there were no published records for

synthetic routedpgical synthetic routes were designed and implemented.

The four synthesised compounds were combined with tliifis® purchased
from the virtual screening stigs (ChapteR), to give 17 compounds in total. These
compounds are structurally and/or chemically dissimilar to cromolyn, the compound
with limited bioavailabilitypreviously reported to inhibit S100P binding to RAGE
[195]. Hence, if any of the compounds demonstrate inhibition of cell proliferation and/or
cell invasion in the biological assays theyl ygrovide novel starting points for drug

discovery investigations
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The 17 compounds were assessed for biological activity in separate screening
studies that examined cell proliferation and cell invasion in two pancreatic cancér cells

S100PRexpressing BxP& and Pand which does not produce S100P.
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Figure 3.1: Structure of cromolyn4d) and the two Ahitso fr7om t he
and58) together with the analogues8aand58b) of compounds8. The known inhibitor of the

S100RPRAGE interaction, mmolyn, is shown for comparison purposes.
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3.2 RESULTS AND DISCUSSION

3.2.1 Synthesis of 4({[(2-methoxyphenyl)methyl]amino}methyl)benzoic acid:
compound 7

Retrosynthetic analysis was applied to identify potential precursors to compound
7. Following functional grap conversioa(FGI) of the amino linker to the imine, and
the carboxylic acid group to the estére IG=N or the NC bond could be disconnected

in the direction okithera or b (Schemed.1).

O e &= U0 2 (0L
~ OH (ONQ
| o J

9 % oN o S @
o L. 2R oA
O

(0]
(i) (i) (ii)

(iv)

Scheme3.1. Possible disconnections on compourtd identify starting materials.

The respectiveynthetic equivalents for synthon¥ &nd (ii), and {i) and (v) are an

amine and an aldehyde respectively. The first attempt at synthesising the target molecule
7 was carried out via route The corresponding synthetic equivalents for this

disconnetion were 4(aminomethyl)benzoater (i), after functional group

interconversiorand 2methoxybenzaldehyde faii (Schemes.2).
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7 ~
FGI
™
o
N
O\
M @)
\O o
o0
® N
Synthons
O\
(i) (M o
o
o HoN
Synthetic equivalent/RASMs O\
@)

Scheme3.2: Retrosynthetic analysis on compountb identify simple precursor molecules via
route a(TM: target molecule, FGI: functional groumterconversion, RASMs: readily available

starting materials).
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2-Methoxybenzaldehyde was condensed wilainomethyl)benzoate, the
corresponding methyl ester of{@minomethyl)benzoic acida a nucleophilic addition
reaction at the carbonyl centreitivthe subsequent elimination of a water molecule.
The nucleophilic nitrogen of the amine group dfdninomethyl)benzoate attacks the
electrophilic carbon of the aldehyde to form a carbinolamine interme&eabeihes.3)
[331]. Dehydration of this intermediate generates the irikieas a pale yellow oil in
95% yield. As this was a slow and reversible reaction, anhydrous Mg&Oadded to
fimop um the water byproduct formed thus driving the synthesis in the direction of the
required product. The structure of the imine was confirmed by the presence of the imine

proton as a singlet downfield @B.8 ppm in théH-NMR (Section3.5.2.
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Scheme3.3: Mechanism for the formation of the imidé1via a carbinolamine intermediate.
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The isolated imind11was reduced using sodium borohydride to give the
corresponding aminkél2as pale yellowish oil in 70% crude yiel8dheme3.4). The
amine was confirmed on proton NMR by the absence of the imine praiidh&ppm
and the presence of both pairs of methylene protons on either side of the amine group as
singlets at13.74 and 3.61 ppm (Secti@5.2.). CompoundL12could be synthesised
from 6 in a onepot reductive amination reaction where the aldehyde is ceadesith
the amine to form the imine, which is subsequently reduced using a reducing agent.
However the use of sodium borohydridége reducing agent used hgegeunsuitable in

this case as it would have also reduced the aldehyde to its corresponadivai. alc

The final step in the synthesis of the target compauindolved functional
group interconversion; the ester groupgl@®2was hydrolysed under basic conditions to
give the desired acidas a pale yellow solid with a yield of 71f#6m the final reation
step(Schemed.5 and3.6). The absence of the carbon peak and the three methyl proton
peaks of the ester from botfC and'H-NMR spectra respectively, and the presence of a
broad OH peak at 3368 cheonfirmed the formation of the acid product (Section

3.5.2..

The second routle (Scheme8.1) was not employed as r@d succeeded in

generating the target compound
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o
. -
\N NaBH,4 @A”
O HsO' O
12 o

111 O 70% yield 1

Scheme3.4: Reduction of the imin&l11to the corresponding amidd.2

~o ~o
N NaOH/H,0 N
H — H oH
O\
112 O 7 O

Scheme3.5: Base hydrolysis of compourd 2to give the required acid
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COZ COzMe
111
step 2
~
step 3 N
H
C02 COzMe
112

Scheme3.6: Summary of steps involved in the synthesis of compaund
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3.2.2 Synthesis of 2(6-nitro -3-0xo0-3,4-dihydro-2H-1,4-benzoxazin2-yl)ethyl 4-

iodobenzoate:compound 58 and analogues

Retrosynthetic analysis of(®-nitro-3-oxo-3,4-dihydro-2H-1,4-benzoxazir2-
ylh)ethyl 4-iodobenzoate58) identified two main synthongY and i) from the
disconnection of the ester borfsichemes.7). The synthetic equivalents for)(and ¢i)
were an acyl chloride and an alcohol respectively, which react in an addition elimination
resulting in a substitution reaction tariothe ester compouri&B. Further retrosynthetic
analysis on the alcohafl3identified two additional bonds that can be logically
disconnected; the amide bond between the carbonyl group and the amine, and the bond
between C8 and the ether oxyg@nsuitale synthetic equivalerior synthon ii) is
found in 2amina4-nitrophenol. The synthetic equivalent for the remaining synthon
(viii ) with the two electropositive carbon centre§Hsromoo-butyrolactongScheme
3.8). The presence of a carbonyl group and a bromine atom in this compound ensures
that the carbons directly attached to them are electron deficient, thus providing an

appropriate synthetic equivalent.

Having identified these starting materials, it was simplptit together a
synthetic route to get to the target molecule i.e. synthesis of the aléaBpbgéfore
reacting this with the acyl chloride to obtain the target moléa8il@he use of the acyl
chloride instead of the corresponding carboxylic acidhénsecond step proceeds via an

irreversible reaction. This is advantageous in driving the synthesis to comjB&&jn
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113

Scheme3.7: Retrosynthetic analysis on compoub8 to identify readily available starting

materials CompoundlL13was synthesised first prior to synthesising the target molecule.
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Scheme3.8: Retrosynthetic analysis on compoutitBto identify readily available starting materials (RASMs).
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The alcoholl13(Scheme8.8) was synthesised by adapting the method of
Frechette and Beach [33%}Bromo-o-butyrolactone was reacted witranino4-
nitrophenol in anhydrous tetrahydrofuran to affaéf8in 72% crude yield as a brigled
solid after workup. The reaction was carried out under reflux conditions, and is believed
to proceed via attack of the nucleophilic oxygen of tarno4-nitrophenol on the
el ect r on-cadberfcentra obtimetcanbiyl compound, formed by the departing
bromine[333]. Close proximity of the carbonyl and aromatic amine groups leads to
formation of the intermediatel3a(Scheme3.9) with subsequent rirgpening of the
tetrahydrofuran ring giving the benzoxazine crude product as afiedcgolid in 72%
yield. Recrystallisation from ethyl acetate gaugas yellow fluffy crystals with a
melting point of 169170 °C awl a final yield of 56%. The structure of the product was
confirmed by*H-NMR by the presence of tlehiral GH proton of the morpholinone

ring atli 4.85which isabsent in either of the starting materi§®ection3.5.3.
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Scheme3.9: Synthesis of compourtil3 (Adapted fronfrechette and Beach [333]
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To obtain the required compouBb8, the intermediaté13was reacted with
4-iodobenzoyl chloride in an acylation reaction to form the ester. This reaction was
initially attempted in dichloromethane (DCM) but solubility issues with the alcohol
resulted in incomplete reactions with no product isolated. When tetrahydrofuran
(THF) was subktituted for DCM, the reaction proceeded to completion but the crude
product contained a mixture of the acid chloride, the required ester product and
impurities. The ester product was recovered via column purification, in a final yield
of 8%. The chloro ahtert-butyl analoguess8aand58b respectively) were obtained
in a similar manner, with yields of 5 and 36% respectively after column purification
(Table3.1). The crude products of boi8 and58awere dark sticky brown and
cream solids respectively, wherdgb was a brown oil. Column chromatography
using diethyl ether as eluent affordes] 58aand58b as a pale yellow, a greenish
yellow and a cream solid respectively with narrow melting points rafigdse3.1).

All products were characteed by*H- and'*C-NMR, IR and LGMS (Sections
3.5.4 3.5.4.1and3.5.4.9. All three compounds exhibited the characteristic C=0
stretch of the ester functional group at around 1708 icnaddition to the C=0
stretch of the amide around 1680 tim infra-red spectra (Sectior®s5.4 3.5.4.1

and3.5.4.2.
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L

Table 3.1: Yields and melting points of compoubfland analogue$8aand58b).

Gy

O~ 'N
N 2
Compound R Yield (%) Melting point (°C)
58 I 8 188190
58a Cl 5 218220
58b t-Bu 36 88-90
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33 Bl OLOGI CAL EVALUATI ON OF fAHI TSO

Purchased compounds and those synthesisleduse were screened for
activity against BxPE3 (ATCC°CRL-1 6 8 7 E) alnATCE &RLel 4 6 9 E)
human pancreatic cancer cglgnerican Type Culture Collectiod eddington,
Middlesex, UK) BXxPG3 cells have beereported to express endogenous S100P
[121, 177, 334]the therapeutic target protein for which this research aims to design
inhibitors against its interaction with RAGE. Alternatively, Pdncells are non
S100P expressing cells77, 334] making them an ideal S100fgative control.

The use of an S106fegative control should help explain if any observed activity
against these cells is S10@#tated or not. The presence or absence of endogenous

S100P in both cell types has been previousported121, 177, 192, 290]

Proliferation studies were carried out usthgMTS (3-(4,5-dimethylthiazol
2-yl)-5-(3-carboxymethoxypheny2-(4-sulfophenylj2H-tetrazolium) colorimetric
assay. MTS is based on the presence of mitochondrial dehydrogeags®es in
metabolically active viable cells that reduce the salt to a soluble coloured formazan
dye product which is then read spectrophotometri¢@Bp]. Although specifically
designed to measure metabolic activity, results from an MTS assay arensesneti
correctly or incorrectly used to indirectly infer the proliferative activity of cells, as
less active cells are more likely to be less proliferative. The assay is also used loosely
to describe cell viability, although it has been argued that a mulibldifferent
assays that also measure other properties such as cytotoxicity from the same
experimental well give an overall pictusécell viability than a single ass$§$36,

337]
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3.3.1 Effect of cromolyn (4), siS100P on proliferation and invasion of

pancreatic cancer cells

Prior to testing the anproliferative effect of the screening compounds on
pancreatic cancer cells, it was found that silencing the S100P gene in3BodliS

has little to no effect on their proliferatioRigure3.2, [328]).

This result is however in contrast to findings published by Arumugfaath
[177] who reported that S100P stimulates pancreatic cancer cell proliferation and
suvival. Their work showed a correlation between high levels of S100P and
pancreatic cancer cell proliferation, survival, migration, and invasion inibeitro
andin vivomodels. The effect of knoettown S100P on the proliferation of BXxFRC
Is marginal(Figure3.2) after 72 h compared to control, and reastent at 24 and

48 h[328], implying that proliferation of these cells may be independent 0081
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Figure 3.2: Effect of knockdown S100P in BxP@ cell proliferation.BxPCG3 cells were
stably transfected with netarget control siRNA or siS100P. Cells were plated at an equal
density and cultured from 244 h before cell numbers were determined using the MTS
assay. Results are expressed as meSEM. Cell viability wasexpressed as a percentage
for each treatment group relative to the negative control (1% v/v DMSO in culture media)
according to the following equation: Growth (%) = @isample)/Oyycontrol) x 100.P-

value was determined relative to control usingpaired ttest. None of the differences were
significant.
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Interestingly, cromolyn4), the small antallergy molecule that has been
reported to bind to S100P and inhibit its interaction with RAGES, 334], was also
found to have little effect on the proliferation of BxB&ells at concentrations up to
1 mM [328]. An effect is only observed at higher concentratiofrd mM, although
this was not statistically significaffigure3.3). On its own, cromolyn4) does not
exert a significant effect on the proliferation of these cells. An increase in anti
proliferative activity is only observed in comhbiion with gemcitabingl95], the

current therapeutic agent used in the treatment of pancreatic cancer.

Knockeddown S100P was found to significantly reduce invasion of BRPC
cells compared to contraFigure3.4). This effect is in agreement with published
data that indicate that pancreatic, breast, colon and prostate cancer metastasis is

mediated via an S106elated mechanisfd77, 181, 182, 226,89, 338]

No antiproliferative or antinvasive effects were observed in Pdncells

following treatment with cromolyn (data not shown).
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Figure 3.3: Anti-proliferative effect of cromolyr(4) on BxPG3 cells. Cells (1.0 x 18
cells/well) were cultured in the presence or absence of cromolyn and cell proliferation was
analysed usinghe MTS assay after 24, 48 and 72 h. Results are expressed as I8Edh

Cell viability was expressed as a percentage for each treatment group relative to the negative
control (1% v/iv DMSO in culture media) according to the following equation: Growth (%) =
ODasoo(sample)/ODRuo(control) x 100. None of the differences wergnificant[328].
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Figure 3.4: Effect of S100P on BxPG invasion.A) BXxPC-3 cells stably transfected with
control siRNA or S100P siRNA were placed in seifiee culture media and added into the
upper compartment of an invasion chamber. After 48 h, cells in the upper chamber were
removed and cells that had invaded oriite lower surface of the membrane were s@in

using Giemsa stain. Cells in three different areas were counted for invasion studies. Results
are expressed as meanSEM (*** p<0.001).B) Nontarget control siRNA. C) siS100P.
Photographs of representative nteanes for cells after Giemsa staining viewed at x10

objective leng328].
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3.3.2 Effect of screening compounds on proliferation and invasion of

pancreatic cancer cells

Of the 17 compounds examined, seven compouhalsl€3.2) were
investigated for effect on both amroliferative (BxPC3 and Pand) and ant
invasive (BxPGC3) properties. As no invasion was observed for Facells, the
compounds were natreened for antnvasive effects on these cells. A summary of
the data for the compounds investigated on B8RI! line for antiinvasive effects,
and on both Pant and BxPGC3 cell lines for antproliferative effects is presented in

Table 3.2.

All compounds were tested for airtvasion activity against BxRG.
However, four compound3d (58, 58aand58b), were not tested for arpiroliferative
activity on the same cell lines, while seven (compouhds, 22, 26, 38, 39, 40)
were not tested on Pailccells for the same activity éble3.2). Of the seven
compounds screened for both antrasive and ar{proliferative properties, five
compoundsl7, 18, 20, 24, 43, showed activity against invasion of BxPBZells
(Figure3d5) . At 1 0Tpramd2vhad & sighificant effect relative to their
respective controlgp€0.05,Figure3.5). Interestingly, compoun&4 had an effect at
100 €M that i s c ddpapthersante coaceritratidigured.5D9.1 y n  (
At 500 &M al | fadawnsideralyie animvase effectij<d @01)
compared to controls. This effect however may be attributed to the high
concentration of these compoundsieh could be detrimental to the survival of the

cells.
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Table 3.2: Screening compounds tested against the proliferation and invasion of pancreatic

cancer.
Invasion Proliferation

Compound BxPC-3 BxPC-3 Pancl
7 Tested ND? ND?
16 Tested Tested ND?
17 Tested Tested Tested
18 Tested Tested Tested
20 Tested Tested Tested
22 Tested Tested ND?
23 Tested Tested Tested
24 Tested Tested Tested
26 Tested Tested ND*?
36 Tested Tested Tested
38 Tested Tested ND?
39 Tested Tested ND?!
40 Tested Tested ND?
43 Tested Tested Tested
58 Tested ND? Tested
58a Tested ND? Tested
58b Tested ND? Tested

IND: Not determinedDue to time constraints, some compounds were not tested on either or both cells for
anti-proliferative activity.
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Figure 3.5: Effect of compounds screened on invasion of B¥@P@ancreatic cancer cells.
A) Compoundl?7. B) Compoundl8. C) Compoun0. D) Compound4. E) Compoundt3.

Compounds were added to sertmree medium in the upper compartment of an invasion

chamber along with the BxR& cells

(2.5 x 16cells/well), media with FBS (10% v/v) was

added to lower chamber. After 48 hours, cells in the upper chamber were removetisand c

that had invaded onto the lower surface of the membrane were stained Giemsa stain and

cells in 5 different fields were counted for invasion studies. Results are expressed as the
mean + SEM. P value of <0.05 (*), <0.01(**) and <0.001(***) was deterohiredative to

control using 2Vay ANOVA.
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Similar to cromolyn, many of the compounds examined did not show an
effect on the proliferation of BXxRG cells. Compound$8, 20 and26 had an effect
at500eM, al though the cel |l s daltheestpme posits ap p e a
for both compound20 and26 (Figure3.6). Again, similar to the response of the
cells for the invasion assay at this concentratiogure3.5), it is not known if the
effect observed here is due to the cells dying from being too stressed after being

exposed to an environment of such hagimpoundconcentration.

Of the compounds examined for activity on the proliferation of Pacells,
five compounds showeah effect at 508 M(Figure 3.7). Compoundl8 exerted a
similar effect on the proliferation of both cells at 0M. C o ng8hy theted-
butyl analogue of compourliB, showed a significant concentration dependent effect
on proliferation of Pand cells at 100 and 5G(M (p<0.05 and 0.001 respectively)
compared to control, although the cells seem to be recoverardgime EFigure

3.7E).

The lack of antproliferative effect from these compourmsPanel cells is
not surprising as they are designed to interaitt S100P. However, the lack of
difference between their afgroliferative effects on both cell lines is further
evidence that S100P may not play a role in pancreatic cancer cell proliferation,

contrary to published repor$51, 177]
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Figure 3.6: Effect of compounds screened on proliferation of Bx@¢ells.A) Compound

18. B) Compound20. C) Compound26. Cells (1.0 x 16 cells/well) were cultured in the
presence or absence of screening compounds and cell proliferation analysed using the MTS
assay after 24, 48, and 72 h. Results are expressed as the meanP\&itiM. of <0.05 (*),
<0.001(**) and <0.001(***) relative to @ntrol using 2Way ANOVA. Cell viability was
expressed as a percentage for each treatment group relative to the negative control (1% v/v
DMSO in culture media) according to the following equation: Growth (%) z@dample)/
ODago(control) x 100.
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Figure 3.7: Effect of compounds screened on proliferation of Pamrells. A) Compound

18. B) Compound0. C) Compound6. D) Compound8. E) Compound8h. Cells (1.0 x

103 cells/well) were cultured in the presence or absence of screening compounds and cell
proliferation analysed using the MTS assay after 24, 48, and 72 h. Results are expressed as
the mean + SEMP value of <0.05 (*), <0.001(**) and <0.001(***) relative tordrol using

2-Way ANOVA. Cell viability was expressed as a percentage for each treatment group
relative to the negative control (1% DMSO v/v in culture media) according to the following
equation: Growth (%) = Olgy(sample)/ODyycontrol) x 100.
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The effet of the screened compounds on proliferation of both cell lines
indicates that the mechanism by which these compounds are exerting their effect on
the cells is not mediated by S100P. If the mechanism were Sigj@#ndent, it is
expected that compounds tlt'emonstrated an inhibition to the invasive ability of
BxC-3 cells would also demonstrate a similar inhibitive effect on the proliferative
capability of these cells. In contrast, no effect on both migration and proliferation
would be observed with the SIBnegative cell line, Pant. This effect was not
observed for any of the compounds examined. Since most of the compounds showed
a comparable effect on proliferation of BxBells to that of cromolyrj, it could
be that proliferation of these cellsiiglependent of S100P, but more work needs to
be performed to conclusively confirm this observation as it is contrary to current

published data.

However, five compounds were identified that show activity against the
invasion of BXPG3 cells consistent witthe experimental findings that S100P is
involved in metastatic disease progres$iofv, 181, 226] These five compounds,
17,18, 20, 24, and43, will serve as good templates on which to design anti

metastatic compounds against pancreatic cancer.
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3.4 CONCLUSION

Four compounds/, 58 (its analogues8aand58b), were synthesised, isolated
and characterised. They formed part of the 17 compounds from the virtual screening
studies that were screened for activity against the invasion and proliferation of

pancreatic cancer cells.

Biological evaluation of the 17 hit compounds has identified five compounds
that show promise with respect to inhibiting the invasion potential of BXE€lls.
Since these cells secrete endogenous S100P, this inhibitory effemtisipg as
there is scope to further exploit these compounds to increase potency against this
novel therapeutic target. One such compound of interest is comgduAt100
eM, it demonstrated an inhibitory effect comparable to that of cromd)yat(the
same concentration. As this was one of the compounds originally purchased, the aim
will be to synthesise, purify, characterised and retest it against these cells for

reproducibility (Chapted).

The results from the proliferation assay studies are inconclusive as to the
involvement of S100P in pancreatic cancer cell proliferation. Since compounds that
show inhibitory activity against invasion of BxPcells did ot reproduce similar
effects on proliferation of the same cells, or the opposite results orlRafs, it is
difficult to conclude that proliferation in pancreatic cancer is Sifi@Riated based

on these results, despite literature evidence to theacgintbl, 177]
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3.5 EXPERIMENTAL
3.5.1 General methodology: Synthesis and Instrumentation

Reagents for the chemical synthesis unless specified were purchased from
SigmaAldrich (Gillingham, Dorset, UK) and were used without further purification.
All solvents were purchased from Fisher Scienfificughborough, UK)Where
necessary, solvents veedried using activated 3 A (methanol, ethanol,

dichloromethane) and 4 A (diethyl ether) molecular sieves.

H-NMR and**C-NMR spectra were recorded on a JEOL ECA/54/SSS (400
or 600 MHz) spectrometer using (TMS) as internal standard. Deuterated solvents
used for compound analysis are indicatetth individual compound daté&Raw
NMR data were processed with ACD/NMR Procegstademic Edition Version
12.01 (Advanced Chemistry Development, Inc., Toronto, Canada,
www.acdlabs.com, 2014). Chemical shifts are given in ppm relative to
tetramethyldane and] values (where given) are in Hz. Spectral splitting patterns are
given as siglet (s), doublet (d), doublet of doublets (dd), triplet (t), quadruplet (q),

quartet of quartets (gqq), multiplet overlapped (m), broad (br).

Infrared spectra were recordedSnimitar 800 FTIR spectrometer (Varian
Inc.), Nicolet 6700 FFIR Smart iTR (Tlermo Scientific) spectrometasing a
GoldenGatd™ Diamond ATR adapter, or using a Perkin ElmerIRIFIR
Spectrometer Frontier (Version 10.03.07), with samples prepared as thin films on the

universal ATR sampling accessory.
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Liquid chromatographiymass spctrometry (LEMS) was determined using
a Varian 1200L Quadrupole LC/MS/MS system equipped with Electrospray
lonisation (ESI) (Agilent Technologies, USA) and using a Varian Pursuit 50 mm x
4.6 mm 5 micron pore size C18 reverse phase column. Samplesuwertear flow
rate of 0.25 mL/min for 20 minutes using water/formic acid (0.1% v/v):
acetonitrile/formic acid (0.1% v/v) mobile phases. The gradient at which the samples

were ran is as follows:

0:00 minutes: 80% formic acid and water/formic acid and adeiteni
10:00 minutes: 10% formic acid and water/formic acid acetonitrile
16:00 minutes: 10% formic acid and water/formic acid acetonitrile
16:30 minutes: 80% formic acid and water/formic acid acetonitrile
20:00 minutes: 80% formic acid and water/formic aétonitrile

The Mass Spectrometer acquires both positive and negative ions from masses 50 Da

to 1000 Da.

Thin-layer chromatography (TLC) was carried out using Machélagel 60
i (250 em thick) fl exi bl ecogten Wwithligdseent s he e
indicator UVks4(TLC-sheets POLYGRANM SIL G/UVzs4, Fisher, Loughborough,
UK). Dichloromethane (DCM) was used as the mobile phase unless otherwise stated.
Column chromatography for compourtts 55aand55b was carried out using
silica gel (highpurity grade, pore size 6%, 230-400mesh particle size, 463 m
particle size, for flash chromatography, SigAldrich, Gillingham, Dorset, UKin a
30 cm long column using diethyl ether {8} as eluent. Samples were doaded by
dissolving in eithedichloromethane (DCM58 and58b)) or chloroform 58a)

before adsorbing unto silica gel.
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Melting points (M.p.) were measured in open capillaries using a Griffin
melting point apparatus and are uncorrected. Where known, melting points from
published liteature are shown nekt that determined for eacdompoundn this

study.

All structures, unless otherwise specified, were generated and named using

ChemDraw Ultra 14. (PerkinElmer, Massachusetts, US).
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3.5.2 Synthesis of Methyl 4{[(E)-[(2-
methoxyphenyl)methylidene]amino]methyl}benzoate (111JAdapted
from Mohameckt al [339))

o)
O N
Han . N/\©\
CO,Me MgSO,4, DCM CO,Me
111
C17H17NO;
Mol. Wt: 283.33

Methyl (4-aminomethyl)benzoate was obtained from its hydrochloride salt by
stirring the salt with sodium carbonate in water and extracting the ester in diethyl
ether.The extracted benzoate (0.21 g, 1.3 mmag)Llwas reacted with-2
methoxybenzaldehyde (0.17 g, 1.3 mmol, 1 eq) in dry DCM (3 mL) in the presence
of a drying agent (anhydrous MgQOThe reaction mixture was stirred overnight for
a total reaction time of 22 h. The flask contents were filtered thr&uGOs and the
solvent removed under vacuum to affdtll as a yellow oil which was used in the
next step without further purification. Yield 0.34 g, 95%:NMR (600 MHz,

DMSO-ds) d (ppm) 8.80 (1 H, s, 1 HC=N), 7.897.92 (2 H, mpara-Ar-H), 7.85 (1
H,dd,J = 7.7, 1.7 Hz, AiH), 7.41- 7.45 (3 H, m, Dara-Ar-H, Ar-H), 7.08 (1 H, d,
J =8.5 Hz, AFH), 6.94- 6.98 (1 H, m, AiH), 4.82 (2 H, s, Cb), 3.83 (3 H, s, CH
ester), 3.81 (3 H, s, GHther) 23C-NMR (150 MHz, DMSO-ds) d (ppm) 166.69
(C=Oester), 159.08 (C=N), 158.19 (CO ether), 146.09C}r132.96 (ArCH),

129.83 para-Ar-CH), 128.60 (AfC), 128.54 fara-Ar-CH), 127.19 (AfCH),
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124.29 (AFC), 121.10 (AfCH), 112.41 (AfCH), 64.32 (CH), 56.20 (CH ether),

52.58 (CH ester).

3.5.2.1 Reduction of111to Methyl 4-({[(2-

methoxyphenyl)methyllJamino}methyl) benzoate (112).
(Adapted from Blackburn and Tayl{840])

~0 ~o

N

N NaBH, N

- H

CO,Me  MeOH CO,Me
111 112
C47H1gNO3
Mol. Wt: 285.34

The imine111(0.3 g, 1.1 mmol, 1 eq) was reduced to the amine under a
nitrogen atmosphere using sodium borohydride (0.05 g, 1.3 mmol, 1.1 eq). Briefly,
the imine was added to methanol (5 mL) and stirred at room temperature before
cooling to 0 °C in an ice bath. Sodiurohydride (NaBH) was added in aliquots
and the mixture stirred for another 0.5 h. After this time methanol was removed
under vacuum and the residue diluted witfCE30 mL) and saturated NaHG (30
mL). The organic layer was extracted with@&{2 x 2 mL). The combined organic
layers were dried over MgSCthe mixture was filtered and the solvent remoived
vacuoto give the amind12as a pale yellowish oil, yield 0.23 g, 70%.-NMR
(600 MHz, DMSO-ds) d (ppm) 7.86- 7.89 (2 H, d,J = 8.0 Hz,para-Ar-H), 7.46 (2

H, d,J =8.0 Hz,paraAr-H), 7.30 (1 H, dJ = 7.3 Hz, ArH), 7.18 (1 Hm, Ar-H),
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6.91 (1 H, dJ = 8.3 Hz, ArH), 6.88 (1 Hm, Ar-H), 3.81 (3 H, s, Chlester), 3.74
(2 H, s, CH), 3.72 (3 H, s, Chlether), 3.61 (2 H, CH). 3C-NMR (150 MHz,
DMSO-ds) d (ppm) 166.76 (C=0 ester), 157.51 (CO ether), 147.45@Hr129.58
(para-Ar-CH), 129.17 (A¥CH), 128.80 (A+C), 128.53 para-Ar-CH), 128.41 (Ar
CH), 128.27 (AfC), 120.61 (A*CH), 110.94 (AfCH), 61.07 (CH), 55.71 (CH),

52.50 (CH), 47.2 (CHs ester).

3.5.2.2 Hydrolysis of 112to 4-({[(2-
Methoxyphenyl)methyllamino}methyl)benzoic acid (7)

(@) \O
N/\©\ 1. NaOH/MeOH/THE N/\©\
H = H
CO,Me 2. HCl
112 . CO,H
C16H17NO3
Mol. Wt: 271.32

The aminel12(0.22 g, 0.78 mmol) was stirred under reflux in MeOH/THF
mixture (1:1 v/v) and NaOH (1 M, 1.5 mL) for 1.5 h, then left overnight at room
temperature whilst stirring. After a total reaction time ob24, the reaction was
guenched with déonised water (2 mL) and the organic solvents removed under
vacuum. HCI (1 M) was added to the concentrated residue to adjust the pH. A
precipitate was formed at pH 7 which was filtered off, using a Hirsch funnel, to
afford 7 as a pale yellow solid, yield 0.15 g, 71%. M.p. 1192 °C.*H-NMR (600
MHz, MeOH-ds) d (ppm) 7.95- 7.99 (2 H, m, par#r-H), 7.43 (2 H, d,J = 8.3 Hz,

paraAr-H), 7.40 (1 H, ddJ = 7.6, 1.7 Hz, AvH), 7.31 (1 H, ddJ = 7.6, 1.7 Hz, Ar
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H), 7.05 (1 H, dJ = 8.3 Hz, ArH), 6.98 (1 H, td) = 7.4, 1.0 Hz, ArH), 4.18 (2 H,
s, CH), 4.13 (2 H, s, Cb), 3.86 (3 H, s, Ch). *C-NMR (150 MHz, MeOH-ds) d
(ppm) 172.57 (C=0 acid), 158.05 (CO ether), 138.37-C)r 133.70 (AC), 131.23
(Ar-CH), 131.15 (ArCH), 129.67 (par&r-CH), 129.00 (par#r-CH), 120.63 (Ar
CH), 119.67 (A+C), 110.69 (A*CH), 54.72 (CH), 50.42 (CH), 46.20 (CH). IR
vmax/cmt: 3368.08 (OH stretch), 2920.39 (CH stretch), 2850.51 (CH stretch),
2188.30, 1716.84 (C=0 stretchi.93 (NH bend)LC-MS (ESI) foundm/z[M +

H]*: 272, GeH17NOs requires 271.
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3.5.3 Synthesis of 2(2-Hydroxyethyl)-6-nitro -3,4-dihydro-2H-1,4-benzoxazin
3-one (113. (Adapted from Frechette and Bed883])

OH
T o<W
K,COy, THF
NO, 113
C10H10N20s5
Mol. Wt: 238.20

2-Amino-4-nitrophenol (3.00 g, 19.48 mmol, 1 eq) and potassium carbonate
(4.03 g, 29.22 mmol, 1.5 eq) were stirred in anhydrous tetrahydrofuran (THF, 40
mL) at room temperature (r.t.) for 50 minutes under a nitrogen gas atmosphere.
Bromo-o-butyrolactong3.86 g, 23.38 mmol, 1.2 eq) was added dropwise and the
resulting mixture heated under reflux for 5.5 h. The reaction was quenched with 80
mL ice-cold deionised water and the solvent removed under vacuum. The agueous
portion was cooled on ice before filiteg off the solid to afford 13as a brickred
solid. Recrystallisation from ethyl acetate gave fluffy yellow crystals, yield 2.61 g
(56%). M.p. 169170 °C (lit. 173 °J333]); Rr 0.81 (ethyl acetate: cyclohexane:
ethanoic acid, 5:4:1 v/vV/V}H-NMR (600 MHz, DMSO-ds) d (ppm) 11.01 (1 H, br.
s., NH), 7.81 (1 H, dd] = 8.3, 2.3 Hz, AH), 7.70 (1 H, dJ = 2.3 Hz, ArH), 7.14
(1 H, d,J = 8.3 Hz, ArH), 4.85 (1 H, ddJ = 9.2, 4.6 Hz, CH), 4.65 (1 H,4,=5.5
Hz, OH), 3.45 3.62 (2 H, m, Cl), 1.79- 2.03 (2 H, m, CH). 3C-NMR (150
MHz, MeOH-ds) d (ppm) 166.97 (C=0 amide), 148.29 (&30), 142.81 (Ar

CNOy), 127.55 (AFCNH), 119.36 (AfCH), 116.83 (AfCH), 110.78 (AfCH), 74.33
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(aliphaticCHO), 56.75 (aliphati€CH,), 33.46 (aliphati€CHy). IR Vmax/cm™: 3596

(OH stretch), 3187 (CH stretch), 3118 (CH stretch), 3047 (CH stretch), 2955 (CH
stretch), 2882 (CH stretch), 1696 (C=0 amide), 1605 (C=C aromatic stretch), 1516
(NO2 asymmetrical stretch), 1491 (Hend), 1394 (N@symmetrical stretch), 1331

(C-O stetch). LGMS (ESI) foundm/z[M T H]*: 237, GoH10N20s requires 238.

3.5.4 Synthesis of 2(6-Nitro -3-oxo-3,4-dihydro -2H-1,4-benzoxazin2-yl)ethyl
4-iodobenzoate (58)(Adapted from Berret al [341])

apoey O*W@W

92 Ei,N, DVMAP, THF N02

I

113 58

C47H13IN2Og
Mol. Wt: 468.20

Compoundl13(1.0 g, 4.2 mmol, 1 eq), triethylamine (1.4 mL, 0.4 g/mL, 5.0
mmol, 1.2 eq) and-dimethylaminopyridine (DMAP, 0.30 g, 2.1 mmol, 0.5 eq) were
stirred under a nitrogen atmosphere in anhydrous tetrafuyeln (THF, 120 mL) at
room temperature for at least 30 minutes. The mixture was then cooled in an ice bath
to 0°C and 4iodobenzoyl chloride (1.12 g, 4.20 mmol, 1 eq) was added, in portions,
with stirring, to the mixture. The mixture was then heatetkumneflux for a total
reaction time of 5 h. After completion of the reaction as judged by TLC, the reaction

mixture was poured into a flask containing 100 mL deionisedatd H.O. The
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aqueous phase was extracted with DCM three times (2x 30 mL, 1x 20rhd.)
combined organic phases were washed with 10% HCI (2.74 M, 40 mL) to remove
the triethylamine base, followed by saturated sodium hydrogen carbonate (MaHCO
40 mL). The extracted organic layer was dried over anhydrous magnesium sulphate
(MgSQy), filtered, and the solvent removed under vacuum to a8k a sticky

brown solid. Column chromatography (diethyl ether) afforded the pure ester as a
pale yellow solid, yield 0.15 g, 8%. M.p. 1880 °C;R: 0.43(diethyl ether)H-

NMR (600 MHz, DMSO-ds) d (ppm) 11.10 (1 H, s, NH), 7.867.89 (2 H, mpara-
Ar-H), 7.79 (1 H, dd) = 8.7, 2.8 Hz, AH), 7.67 (1 H, d,J) = 2.3 Hz, ArH), 7.63-

7.68 (2 H, mpara-Ar-H), 7.10 (1 H, dJ = 8.9 Hz, ArH), 5.03 (1 H, ddJ = 7.6,

4.6 Hz, CH), 4.42 (2 H, f] = 6.3Hz, CH aliphatic), 2.24 2.39 (2 H, m, Ch). 13C-

NMR (150 MHz, DMSO-ds) d (ppm) 174.53 (C=0 amide), 165.72 (C=0 ester),
154.57 (AFCO), 145.67 (CN@), 138.26 para-Ar-CH), 131.41 para-Ar-CH),

129.01 (AFC), 127.81 (AfC), 119.67 (AfCH), 117.34Ar-CH), 111.17 (AfCH),

101.12 (AFl), 74.56 (CH), 61.19 (CHaliphatic), 30.07 (Chlaliphatic).IR Vmaxd/cn

1: 3607 (NH stretch), 3257 (CH stretch), 3088 (CH stretch), 1704 (C=0 ester), 1673
(C=0 amide), 1633, 1606 (C=C aromatic stretch), 1588, 808 asymmetrical
stretch) 1495 (CH bend), 1473, 139(NO. symmetrical stretch). LBAS (ESI)

foundm/z[M T H]: 467 G7H13IN2Oe requires 468.
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L

3.5.4.1 Synthesis of 2(6-Nitro -3-0x0-3,4-dihydro-2H-1,4-benzoxazin2-yl)ethyl

4-chlorobenzoate (58a)

X0, @@

O Et;N, DMAP, THF

I

113 58a

C47H43CIN,Og
Mol. Wt: 376.75

Compoundl13(0.52 g, 2.2 mmol, 1 eq), & (0.4 mL, 0.7 g/mL, 2.6 mmol,

1.2 eq), DMAP (0.1 g, 1.1 mmol, 0.5 eqj¢cHlorobenzoyl chloride (0.38 g, 0.28
mL, 2.2 mmol, 1 eq). Procedure identical to the synthesis of comg&u@blumn
chromatography (diethyl ether) afford&8aas a greeniskellow solid, yield0.042
g, 5%. M.p. 21820°C; R:0.82 (diethyl ether}:H-NMR (600 MHz, DMSO-ds) d
(ppm) 11.09 (1 H, s, NH), 7.887.93 (2 H, mpara-Ar-H), 7.80 (1 H, ddJ = 8.9,
2.75 Hz, AFH), 7.67 (1 H, dJ = 2.8 Hz, ArH), 7.53- 7.58 (2 H, mpara-Ar-H),
7.11 (1 H, dJ = 8.9 Hz, ArH), 5.04 (1 H, ddJ = 7.6, 4.47 Hz, CH}.43 (2 H, t.J
= 6.2 Hz, CH aliphatic), 2.25 2.40 (2 H, m, CHaliphatic).3C-NMR (150 MHz,
DMSO-ds) d (ppm) 165.69 (C=0 amide), 165.31 (C=0 ester), 148.66CAY),
142.52 (CNQ), 138.85 para-Ar-CH), 131.59 para-Ar-CH), 129.44 (AfC), 128.92
(Ar-C), 128.24 (A¢C), 119.74 (AfCH), 117.37 (AfCH), 111.15 (AfCH), 74.57
(CH), 61.23 (CH aliphatic), 30.07 (CHaliphatic).IR vmax/cm™: 3275 (NH stretch),
1716 (C=0 ester), 1687 (C=0 amide), 1524 f€ymmetrical stretch), 1488 (GH
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bend), 137&NO. symmetrical stretch). C-MS (ESI) foundm/z[M i H]": 375,

C17H13CIN20g requires 376.

3.5.4.2 Synthesis of 2(6-Nitro -3-0x0-3,4-dihydro-2H-1,4-benzoxazin2-yl)ethyl
4-tert-butylbenzoate (58b

t-Bu
HO 0 5 cl
L, S toee!
N Et;N, DMAP, THF °© 05 N NO
113 58b
C21H22N206
Mol. Wt: 398.42

Compoundl13(0.5 g, 2.1 mmol, 1 eq), &4 (0.35 mL, 0.73 g/mL, 2.5
mmol, 1.2 eq), DMAP (0.13 g, 1.1 mmol, 0.5 eg}ed-butylbenzoyl chloride (0.41
g, 0.41 mL, 2.1 mmol, 1 eq). Procedure identical to the synthesis of comp&und
Column chromatogrdyy (diethyl ether) afforde@8b as a pale brown solid, yield
0.31 g, 37%. M.p. 880°C; R 0.82 (diethyl ether) 0.84H-NMR (600 MHz,
DMSO-ds) d (ppm) 11.11 (1 H, s, NH), 7.817.84 (2 H, mpara-Ar-H), 7.78 (1 H,
dd,J =8.9, 2.8 Hz, AfH), 7.66 (1 H, dJ = 2.8 Hz, ArH), 7.47- 7.50 (2 H, m.
para-Ar-H), 7.11 (1 H, d,J = 8.9 Hz, ArH), 5.03 (1 H, dd)) = 7.6, 4.47 Hz, CH),
4.41 (2 H, tJ = 6.2 Hz, CH aliphatic), 2.25 2.38 (2 H, m, CHaliphatic), 1.29 (9
H, s, CH). 2*C-NMR (150 MHz, DMSO-ds) d (ppm) 166.06 (C=0 ester), 165.68
(C=0 amide), 156.91 (A€), 148.65 (AfCO), 142.49 (CN@), 129.63 para-Ar-

CH), 128.21 (AfC), 127.35 (AfC), 126.03 para-Ar-CH), 119.70 (AfCH), 117.34
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(Ar-CH), 111.13 (AfCH), 74.59 (CH), 600 (Ch aliphatic), 35.37 (&Bu), 31.33
(CHz), 30.20 (CH aliphatic).IR vmax/'cmt: 3251 (NH stretch), 1700 (C=0 ester),
1685 (C=0 amide), 1500, asymmetrical stretchL365(NO. symmetrical

stretch) LC-MS (ESI) foundm/z[M T H]": 396, C21H22N206 requires 398.
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Chapter 4: Synthesis and Screening of ChemBridge 7356270 (24) and Analog

4. PREFACE

ChemBridge 735627®4) was one compound from the initial screening studies
that showed promising inhibitory activity against the invasion of the S&RpRessing
pancreatic cancer cells BxPX At 100e M, the compound exerdean effect on BXPG
cells that is comparable to the proposed SIRBAISE interaction inhibitor cromolyn at

the same concentratigrigure 3.50 pg. 135).

L2
150+ HO,C

P A B3 o

S 1~ B3 100mM
£ 100 2 . B3 s500mM
‘0

o

>

c

— 50+

o

(@)

**k%
O T T
Compound 24 Cromolyn

Figure 3.5D Effect of compoun@4 on the invasion of BxP@ cells.At 100eM, compound24
showed a significant effect on the invasion of these cells relative to thieeaded control. This
effect is comparable to that of cromolyn at the same concentrati0.05; ***P<0.001.
(Mahmoud [328).

154



Chapter 4: Synthesis and Screening of ChemBridge 7356270 (24) and Analog

Compound24 showed a weak but significant effepk(.001) on proliferation of
BxPGC-3 cells at the highest concentration of 300 after exposure to the compound for
24 h Chapter3). This antiproliferation effect was not observed on arcells on
exposure for 24 .hHrhe effect of cromolyn on proliferation of BxP-were not
reproducible by Mahmouf828] and in earliework carried out in Dr Crnogorac
Jurcevicdés | aboratory (unpublished results
(QMUL). Work by the same laboratory also found that siS100P had little efietbie
proliferation of BXPG3 (Chapte) casting doubt on the role of S100P in the
proliferation of pancreatic cancer cdlB28]. It could therefore be possible that
inhibition of S100P could affect pancreatic cancer cell atign/invasion and survival

without significantly affecting proliferation.

In this chapter, the design, synthesis and characterisation of ChemBridge
7356270 24) and its analogues will be discussed. Two synthetic routes to the target
compound are presat, followed by biological screening studies of five analogues,
including compoun@4, against pancreatic cancer cells. Preliminary findings from chick
chorioallantioc membrane (CAM) assay studies, used to assess the effect of the

compounds on angiogengsige also presented.

The experimental work detailing the synteeand biological screening, and
analytical data pertaining to the analogues synthesised form thedttain of the

chapter.

155



Chapter 4: Synthesis a@treening of ChemBridge 7356270 (24) and Analogues

4.1 INTRODUCTION

The discovery of compour2éf as a potential lead candidate for a therapeutic
agent against pancreatic cancer is promising. Given the lethality of this cancer, any
compound that shows even marginal potency againsitbas® opens up many
possibilities for further optimisation on the chemical structure in order to improve its

therapeutic effect.

Structurally, compoun@4 is quite distinct from cromolyrdj and its analogue
C5-OH (5) (Figure4.1), sharing a maximum common substructure Tanimoto similarity
coefficient of 0.17 and 0.16 with both compounds respect[2&§, 342] Compounds!
and5 have been reported to inhibit the growth and invasion of pancreatic cancer cells
via disruption of the S106RAGE interactio{195, 197] This structural diversity
betweer24 and4 and5 bodes well in the search for novel inhibitors of S100P as it
ensureexploitation of the chemical space that could be targeted in pancreatic cancer

therapy.

Although compoun@4is commercially available, this will be first time, to the
best knowledge of this author, that its synthesis, purification and characterisation ar
discussed. The approach used to design synthetic routes for the compound will be
shown. Th e invimoragivty asdvéllsas four of its analogues, against target

specific and nosspecific pancreatic cancer cells will also be discussed.
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o) o)
HO |O OI OH
OH

24 Cromolyn (4)
0] O
0] 0]
o O\/Y\/O @]
OH
C50H (5)

Figure 4.1: Compound24 is structurally different from cromolyrd) and its analogue C50H
(5), the two compounds shown to bind to S100¥5, 197]
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4.2 RESULTS AND DISCUSSION

4.2.1 Strategy for the synthesis of compound 24

Retrosynthetic analysis &i(9-nitro-12,14dioxo-9,10-dihydro-9,10
[3,4]epipyrroloanthraced 3-yl)benzoic acid24) identified four synthonsx), (x), (xi)
and ii) (Schemet.1). Disconnection of the two O=0 bonds on the pyrrolidin2,5
dione moiety led to-&minobenzoic acid being identified as the appropagtehetic
equivalent for synthonx), and 9nitroanthracenenaleic anhydride cycloadduct as the
synthetic equivalent foxj. Further disconnection of the cycloadduct resulted in maleic
anhydride and 9itroanthracene as the corresponding synthetic elguitsafor the
generated synthongif and &ii) respectively $chemet.1). Having determined the
simplest readily available starting materials (RASkdsthe target molecul24, two
synthetic routea andb were identified using Reax§§version 1.7.8; Elsevier; 2012,
www.elsevier.com/reaxy$chemet.2). Both routes involve the reaction of maleic
anhydride either with ethyl aminobenzoate initially, followed hyitBoanthracene
(routea) or alternatively with Sitrotoanthracene initially, followed by the
aminobenzoic acid (routd). The first stepf routea involves an addition/elimination
reaction to yield the intermediatd 5, which will subsequently react with 9
nitroanthracene in a Diélalder cycloaddition to givR4. Alternatively, routeb starts
with the Diel§ Alder cycloaddition reaction b&een maleic anhydride and 9
nitroanthracene to form the cycloaddad® (Schemet.2). The final step in this route
involves a simultaneous addition/elimination reaction with the amine to form the target

compound?24 (Section4.2.3.
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Synthons

o) o © @
HO,C HOJ\©/ N o~ ‘
- - CHL
ey (ix) )
O,N
24 Il Il

RASMs HOJ\©/NH2 éi
|

©)
(0] O e}
Synthons v

® ®
(xi) (xii)
I f
e LT
RASMs U

Scheme4.1l: Retrosynthetic analysis on target molecule (T2M)to identify readily available

starting materials (RASMs).

159



Chapter 4: Synthesis and Screening of Chembridge 7356270 (24) and Analogues

route a route b
L O
COEL O HOC N HO,C NH,  § /
> O ‘.
2. FGI

IO

119

1 24
oﬁfo

NO,

Schemed.2: Overview of the synthetic routes identified &% (FGI: functional group interconversipn
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4.2.2 Route a

In the first approacliSchemet.3), the ethyl ester of-d@minobenzoic acid was
reacted with maleic anhydride to obtditd The acidl14was then dehydrated to give
the maleimidel15 Using the ester instead of the acid in the first step circumvented
solubility problems encountered in subsequent steps wiaemrBbenzoic acid was
used as the initial reagent. The first synthetic step was carried out at room temperature to
yield theintermediate product14and the second under simple reflux conditions to give
intermediatel 15 Yields for intermediate$14and115were reproducible, and the
intermediates were not purified prior to the next synthetic step being carried out
(Schemet.3). The next stage of the synthesis involved heating the maleirhBiender
reflux with 9-nitroanthracene in a Diélélder cycloaddition, to give the este

cycloadductl16 of the target compound.

Dielsi Alder synthesis is an important [4+2] cycloaddition reaction that is
commonly employed to generate new cycloadducts by reacting a diene, a compound
with two conjugated carbon double bonds, ircissconformation, with a dienophile
[343-346]. The reaction was initially described by Otto Diels and Kurt Alder in 1928
[347], for which they were awarded a Nobel Prize in 198& Diel$ Alder reaction has
been widely applied in synthesis to give highly regiosele@nd stereogenic
compound$348-350]. Its simplicity has made it an ideal and important route for
forming new unsaturated smmembered rings and the use of catalysts has seen the

production of highly enantioselective produ@51-353].
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The first attemt at synthesising the target compow@ddria the Diel$ Alder
reaction was carried out by adapting the method of Bbwh [354] but was not
successful. In this method, the maleimidé&was reacted with-8itroanthracene under
reflux in xylene but no product was isolated. Microwasisted synthesis with and
without solvent proved ineffective. Both toluene and xylene, the twepotar solvents
used, are poor microwave energy absorf#s5] and could not therefore attain a high
enough temperature required to facilitate the reaction. It was hoped that the use of
microwaveassisted synthesis using such solvents would allow the direct transfer of
microwave energy to the reactants thusvaithg the reaction to occur. The use of silica
gel in Dield Alder reactions using microwave energy has been previously reported with
moderate yield§356, 357] However, when the Didlélder reaction betweehl5and
9-nitroanthracene was carried out withcsi gel using the microwave, no product was

isolated, the starting diene was recovered suggesting no reaction had occurred.
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CO,Et
EtO,C NH O 2
2 2 OUO CO2H
> | HN
acetone, r.t.
O
114
NaOAc
ACzo
O
EtOzc/@N OOO 0 CO,Et
NO,
. ~
116

Schemed.3: First synthetic route (route a) for compow
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While 9-nitroanthracene has been cited in literature for many DAédier
reactiongd358-360], the poor reactivity between this diene and the maleidi&eould
be attributed to the formerds poor electro
of the nitro group on the system. Electronithdrawing group®n position C9 of
anthracene hae been reported to slow the rate of the Diglder reaction361]. It is
also possible that the bullkyraryl group ofl15was sterically interfering with the
system of the diene. Similar interactions betwertho-substituents of thBl-aryl group
and tle " system have begireviouslyreported to have a stabilising or destabilising
effect on the systen362]. Absence of the electron withdrawing effect of the nitro
group was evident when anthracene was used as the diene. Anthracene reacted well with
115under reflux conditions to give the anthracemaleimide cycloadduct estél7
(Schemet.4). Hydrolysis of the ester to the acid did not go to completion, but gave a
mixture of both the acid and ester. No attempts were made to separate the two as a

simpler route to forming the target compound (rdytbad been identified.

O
@ CO,Et ~ EtOZC/©\N
Eﬁ“ @ O ]
O 115

Scheme4.4: Reaction of anthracene withl5 to give the anthracermaleimide cycloadduct
esterll?.
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4.2.3 Routeb

A second approach to generate the target compeascemployed after the first
attempt Schemed.3) failed to generate the required prod24t In the second route,
maleic anhydride was first reactedth 9-nitroanthracene under reflux as described by
Wade [363]to give the DielsAlder cycloadducii19(Schemel.5). The successful
reaction between ateic anhydride and-Aitroanthracene demonstrates the possibility
that failure of the latter to react with the dienophilé (routea, Schemet.3) could be
due to the steric inference of tNearyl groupof the dienophilevi t h systene of the
dienein addition to the possiblkelectron withdrawing effect of the nitro groopthe

dieneon the” system.

The cycloadduct produdtl9was confirmed as the desired intermediate by the
appearance of three distinct signals for the three chemically different protonskh the
NMR as a result of the formation of a newm@mbered ring (Sectioh5.2.). Since
these signals were different from the singlet observed for the olefinic protons of maleic
anhydride, their appearance in feNMR spectrum served as a benchmark in

confirming the success or othse of the DielsAlder cycloaddition reaction.

In the final step of this route, the cycloaddult®was reacted directly with-3
aminobenzoic acid in glacial acetic af3$4] to give the desired produ2 as a white
solidin 80% yield Gchemet.5). *H- and'3C-NMR, IR and LGMS analyses alll

confirmed the product as compou2dl(Section4.5.2.1.).
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NH,

—_—
glacial AcOH

80%

119

Schemed.5: Synthesis of compouri2# via route b.

4.2.4 Analogues of compound 24

Once the target compound was confirmed as compaduteb was
employed to synthesismaa | ogues by varying three main g

target compoundHigure4.2).

Figure 4.2: General structure of analogues of compo2that were synthesised by varying the
X, R and Rgroups.
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In the first instance, analogues were synthesised usmigdnthracené€X = NO») as

the diene in the Dieid\lder reaction. The substituents on traine Schemet.2) were

varied between positions 3 and 4 of the phenyl @rho-substituted amines were not
considered for synthesis because of the potential interaction betwesthtihe

substituent on thBl-a r vy | phenyl ring and the ~ system
dihydroanthracene group if the latter adopts a conformation perpendicular to the

succinimide group362]. In addition, docking studies showed thabatio substituent

on theN-phenylring could prevent that part of the compound from interacting with the
Asmal |l er put atHgwel3)sA tdtabod19 arfalogBek WeheFsagised

with X = NO; (24a249, andmeta andpara-substituted amines in addition to

compound24 (Table4.1, Sectiord.5.2.1.).

The next set of analogues were synthesised using anthracene (X = H) as the
diene replacing-9itroanthracene. Each analogue synthesised with the nitro group had a
corresponding analogue without the grotipkfle4.2, Section4.5.2.2.). Twenty
compunds were synthesised from the anthrageateic anhydride cycloaddudZ1-
1219 bringing to 40 the total number of analogues synthesised including compéund
It was not surprising to find some of the synthesised anthranateac anhydride
derivedanaloguesl?], 121d 121e 121j,121n,121n,121p, 121 and121rin the
literature[365-368] as this cycloadduct is commonly encountered in many DAédier
reactiongd369-371]. These analogues were previously synthesised to study their
photoativatability ([365], 121e 121n 121p, 121q 121r) or their inclusion behaviour

([366], 121, 121d 121e 121n) but not for their biological activity.
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Figure 4.3: Ortho-substituted analogue of compoudd A) Modelling of the interaction of thertho-substituted analogue of compou2wl

(in green) shows the effect oftho- substitution preventing interaction with the putative binding pockets of S100P (arrows). B) Predicted
interaction of compoun@4, the carboxylic acid group in tmeetaposition, with putative binding pockets of S100P (arrows).
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Table 4.1: Analogues of compoun@4 where X = NQ. Yields (from the Diel$ Alder step)
melting point(M.p.) and compound appearance are shown.

R
X o R'\@\
(0] 0]
i NH,
—_— —_—
xylene g. AcOH

Compound R R' Yield* (%) M.p.(°C)  Appearance

24 COH H 80 271-272 white crystals

24a CO.Et H 84 202203  white flakes

24b F H 81 241-243 cream flakes

24c Cl H 82 230232 cream solid

24d NO> H 93 240242 pale yellow powder
24e H H 72 110112 cream flakes, static
24fA CHs H 91 209211  cream powder
24gA MeO H 72 262265  brown solid

24hA MezN H 97 213215  cream powder
24iA CN H 97 310311  cream powder

24 H COH 80 344-345 cream flakes

24k H COEt 78 255256 white flakes

24 H F 88 223225 cream solid

24m H Cl 91 270273 cream flakes, static
24n H NO> 78 316318 fluffy cream powder
240A H CHs 75 258262  white solid

24pA H MeO 85 249250 grey-purple solid
249A H Me:N 74 265266 light grey powder
24r H I 84 305308 white crystalline powder
24s H t-Bu 82 238240 cream solid

A C o mp osymhdsisedby Kulikowska [372]andGrewal [373 aspart of their final year project for the
degree of Master of Pharmacy, University of Hertfordshire. *Yields shown are from the reaction of
maleicanthracenadductand the amine.
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Table 4.2: Analogues of compoun@4 where X = H.Yields (from the Diel$ Alder step)

melting point and compound appearance are shown.

R
el
NH,
_—
g. AcOH
120
121-121s
Compound R R' Yield* (%) Mp (°C) Appearance
121 COH H 95 285288 white solid
121a CO.Et H 96 205207 pale pink powder
121b F H 87 228230 white flakes
121c Cl H 92 238240 cream flakes
121d NO> H 95 282-285 white powder
121e H H 83 211-215 white solid
121A CHs H 61 199200 cream solid
1219A MeO H 91 200201 sandcoloured solid
121hA Me;N H 93 228230 cream solid
121iA CN H 99 262-264 white solid
121 H COH 86 354355 white powder
121k H COEt 92 220222 white powder
121 H F 96 250-253 pinkish solid
121m H Cl 94 275278 fluffy white powder
121n H NO> 83 294-295 cream crystals
1210A H CHs 94 220222 white powder
121pA H MeO 87 240-243 light purple solid
1219A H Me:N 96 243245 light purplepowder
121r H I 89 303307 white solid
121s H t-Bu 93 268271 white solid

A C o mp osymhdsisedby Kulikowska [372 andGrewal [373 aspart of their final year project for the
degree of Master of Pharmacy, University of Hertfordshire. *Yields shown are from the reaction of
maleicanthracenadductand the amine.
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Similar to compoun@4, analogues with the X = NGubstituen{Table4.1)
exhibited three distinct signals upfield in th#i#=NMR spectra due to asymmetry from
the nitro group, which coupled to one another. Where defined, the first signal appeared
as a doublet of doubledd)i n t he r e-876@pm with ceupliBg cén8tants of
~ 9.0 and 3.0 HZThis signal comes from pton H, of the succinimide moietyKigure
4.4) and is split into a doublet of doublets by protonsaihd H respectively (Section
4.5.2.1.). The largel coupling constant)(~ 9.0 Hz) comes from the adjacent vicinal
proton H of the succinimide moiety whose signal, a doublet, lies downfield batweg =
4.4-4.6 ppm. Proton Hof 9,10dihydroanthrancene appears as a doublet when the peak
i's def i ned,-51gppm vdth socauplictg cinstéant 3.0 Hz from proton
Hb. These coupling constant values are comparable to those reported for&imilar

substituted DielsAlder anthraceneycloadduct$360].

Anthracenederived analogued21-1219, where X = H, in comparison to the
corresponding nitro derivatives, only had two proton peaks from protpasd+H,
(Figure4.4) on their'tH-NMR spectra from the newly formed smembered ring of the
Dielsi Alder cycloadduct (Sectiof.5.2.9 due to symmetry. These signals are in
agreement with similar anthracemleic anhydridealerivatives published in the
literature[365, 366, 369, 370, 374Both peaks appear as multiplets, with the first peak
occurring b ed.54ppenThisisigral oBigindtds from protonsoH the
succinimide moiety. The secotq8anscomesa l l i es

from protons H of the newly formed 5,2dihydroanthracene cycloadduct. No coupling
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constats were available for these signals as they appeared as multiplets (Section

4.5.2.2.).

In the'3C-NMR spectra of the-itroanthracene analogues}249, the two
succinimide carbonyl carbon atoms appear
ppm, whereas in the anthracesherived analogued 21-1219, they are appear as a
single signal in the same regidoe to symmetrySection4.5.2.2.). In compound24-
24s there are 18 aromatic carbon signals (6 carbon signals per aromatic ring}ih the
NMR spectra. In comparison, compourddd-121sexhibited12 carbon signals (6 from
the N-substituted phenyl ring and 6 from the aromatic anthracene rings) if3eir

NMR spectra due to symmetry.

R’ R'
O
R R
N
Hp
O
a
NO,
24-24s 121-121s

Figure 4.4: Signals from H H, and H. Three distinct signals were observed for protogsHs

and H in theH-NMR spectra of all analogues with X = N@ompound<4-249, while only

two distinct signals were observed for the corresponding analogues where X = H (compounds
121-1213.
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Infrared (IR) analysis of all the nitro analogues (X =aIN&%-249 show distinct
sharp NQ peaks at around 1550 &nfasymmetric stretctgnd 1340 (+50) crh
(symmetric stretch). Melting points for the analogues varied, 24X = NO,, R = H,
Ra =H)andits corresponding analogi2lj( X = H, R 2H)rddagrdin@g = CO
the highest melting points betwe2s4-355 °C [Table4.1 and4.2respectively). Both
compounds arpara substituted and exhibited a citerable difference, greater than
50 °C, in their melting points compared to theta substituted isomers. This difference
is not surprising as the presence of symmetry in organic compounds has been reported to
correlate with high melting poin{875, 3®]. The high melting point in symmetrical
molecules is believed to be due to the more compact arrangement of the molecules in
the crystal lattice which in turn requires higher energy to digBut, 377] Indeed, of
the 32 analogues synthesised that Hatbpara- andmetaisomers, all but three of the
para-isomers24b, 24g, and121d have higher melting points than their corresponding
meta substituted counterparts. It is not known what is responsible for this disparity in
the melting points of the the isomers, but cases whareta or ortho- substituted
isomers have a higher melting point than tipaira-substituted hee been reported

[378].

Although most of the analogues are not easily ionisable, except for those with
acidc groups such as compowsi24, 24j, 121and121j, liquid chromatographynass
spectrometry (LEMS) analysis was still able to pick up the molecibdn, either in

negative or positive mode. In the NS spectra of intermediatdd9and120, annvz

173



Chapter 4: Synthesis and®ening of ChemBridge 7356270 (24) and Analogues

of + 31 was observeir both(Sedions4.5.2.1and4.5.2.3. These compounds were

dissolved in methanol and th&z indicates formation of a metharatiduct.

4.2.5 Analogue synthesis for highthroughput biological screening

The rationale behind the syntiesf the above analogues was to create a library
of compounds similar to compou@d that could be used in highroughput biological
screening. By varying the R and Rqg groups
in position 3 or 4 on biologicalctivity could be compared and contrasted for further
studies such as during structiretivity relationship (SAR) studies. By replacing the
carboxylic acid group i24 with groups such as H, GEt, Cl, F, MeO, CN, N@ I, t-
Bu, and MeN, a variety of graps with different physicochemical properties to the acid
are sampled. For example, replacing thel@@roup with a CHgroup removes the
potential for hydrogen bonding and potential ionic interactions between the compound
and the target protein. Howevérne presence of the hydrophobic £ioup could
enhance hydrophobic interactions with a lipophilic region of the protein that would
otherwise not have been possible with the acid group. Substitutionptrtagoosition
provides a series of compounds tbaitild be compared with theimeta substituent
counterparts, to assess whether substituent position on the phenyl ring impacts on
biological activity. For SAR purposes, thara-substituted substituents synthesised lie
in different quadrants of the Craodpt (Figure4.5) compared to thearboxylicacid
group. The Craig pld879]is a twaedimensional map that correlates two
physicochemical properties, the Hammett su
hydrophobi ci t parasubstimtedagrowps n a phenylfifGpe Hammett
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Ssubstituent constant provides a measure of
s ub st i 4value pravides its hydrophobicity relative to hydrog@ol]. This

information is useful as a guide to synthesising more compounds based on biological

activity and calculation of which properties may need improving. Sixteen of the

analogues synthesise2i{-24s 121+1219 have substituents which are included in the

Craig plot (highlighted irfFigure4.5) which should aid in future SAR calculations.

By synthesising analogues with different substituents and physioacal
properties, it is hoped that highroughput biological screening will facilitate the
process of identifying which groups of compounds could be progressed for further

optimisation studies in the search for a therapeutic agent against pancreadic can
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Figure 4.5: Craig plot showingi

Craig plot. These

and

para-duhstiged phenyl substituengixteen
of the synthesised analoguesii24s 12111219 have substituents which are included in the

substituents

carboxylic acid group (circled in red). (Graph adapted fRatrick [201].
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4.2.6 Selecting analogues fobiological screening

Five compounds i ncl Qdveresglecteth, Gomithe 40t 0 c o mp
synthesised, for biological screening against pancreatic cancerrigllse@.6, Table
4.3). Compound4ais the ester analogue ?4, and has a similar molecular weight to
cromolyn; compoun@4eon the ¢her hand lacks a substituent on the phenyl ring, and
was selected to examine the absence of the carboxylic acid group on biological activity.
Compound?4j, thepara-substituted analogue &%, is selected to examine the effect of
substituent position oniddogical activity, and compount21, which lacks a N@group,

was selected to assess whether this group is necessary for activity.
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Table 4.3: Physicochemical properties of cromolyn and compounds seléateliological
screeningMW: Molecular Weight, tPSA: total Polar Surface Area, Log S: aqueous solubility,

clog P: octaneivater partition coefficient, pKa: acid dissociation constant. Properties calculated
in MOE

Compound MW tPSA Log S clog P pKa
Cromolyn 468.37 165.89 -4.24 1.48 2.58
24 440.41 126.49 -5.21 2.80 3.84
24a 468.13 115.49 -5.93 3.74 -
24e 396.40 89.19 -5.26 2.74 -

24j 440.41 126.49 -5.34 2.80 3.71
121 395.41 74.68 -4.66 3.10 3.87

24
i 3-COH [ 3.CO.H i 3-CO,H .
+3-CO,Et o + 4.COH i NO,
24a 24e 24j 121
OH

O H/QNO OhNO HO
o) ‘ O ‘ Q ‘ o
L0 ;L O ;L O

Figure 4.6: Compounds selected for biological screenidighlighted in red are the differences
bet ween anal oguef4d and fAhito compound
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4.3 BIOLOGICAL SCREENING
4.3.1 Growth of pancreatic cancer cells

The response of pancreatic cancer &¥BC-3 and Pand (Figure4.7) in
growth culture medium was assessed prior to screening the effect of con2daandl
analogues against them. A study of the growth of both cell lines for optimal cell
proliferation studies was carried out using-gh5-dimethylthiazoi2-yl)-5-(3-
carboxymethoxypheny2-(4-sulfophenyl}2H-tetrazolium (MTS)based assay
(Promega, Soutmapton, UK). This assay exploits the presence of a mitochondrial
dehydrogenase enzyme in metabolically active viable cells that reduces the salt to a
coloured soluble formazan dye product which is then determined spectrophotometrically
[335]. In short, a gh absorbance reading corresponds to a higher metabolic activity,
which can also be interpreted as an increase in cell numbers. This will be discussed

further in the sections below.

It was found that both cell lines grow optimally when seeded at a dendity
10* cells/well in 96well plates Figure4.8). At this density, the cells grew exponentially
for a period of 120 hours (5 days) before reachimpiateau and entering the death phase
around day 7Higure4.8). Furthermore, at a density of 1 x*I@lls/well, most of the
cells were attached overnight (~23 hothigjure4.9). These cells are adherent cell lines
and as such need to attach to grow. For screening purposes, seeding ‘atdlls/hell
seemed to provide the best seeding density for attachment during the exponential growth

phase. The growth characteristics of tetls when seeded at 1 x*idlIs/well are
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similar to that at 1 x Hxells/well. However, due to the lower cell number per surface
area per well, the cells at the former density took longer to attach and divide compared
to the latter [Figure4.9), which is most likely due to the limited ceédl-cell interaction

and signalling at the lower concentration. At a density of 1>cé&ls/well, both BxP3

and Pand cells showed a rapid decline in cell number (i.e. meiabotivity) possibly

due to cell death caused by the cells competing for limited nutrients glL180growth
medium, lack of growing area that they require for adherence as well as exposure to a
cocktail of byproducts/metabolites/intracellular enzynexsreted by the other growing

or dead cellsKigure4.8 and5).

In conjunction with the MTS assay, the CytoTONEE Homogeneous
Membrane Integrity Assay (Promega, Southampton, UK) was used to determine
viability of both cell lines during their growtlowever, the results obtained were found
to be, inconclusive. This assay relies on the release of the enzyme lactate dehydrogenase
(LDH) from compromised cell membranes of dead cells into the culture medium which
is then measured fluorometrica[l380]. The presence of foetal bovine serum (FBS,

10% v/v) in the growth medium has been reported to interfere with this particular assay
due to endogenous LDH in FB331, 382]yielding a high signato-noise ratio. In this
study, the signalo-noise ratio was stihigh even after accounting for background noise
from mediaonly controls. As the assay was carried out in multiplex with the MTS
assay, which performed satisfactorily in the presence of FBS, lowering the serum

concentration to optimise it for LDH releasteidies would require assessing the
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response of the cells to such conditions which would be counter to the serum

concentration for optimal cell growth as recommended by the vendor.

In addition to possible serum interference, phenol red present imecoiadia
has also been reported to interfere with the LDH ag&&8). Indeed, many papers have
reported carrying out LDH studies using seffree/reduced serum and phenol-fesk
culture mediunj384-386]. This is an avenue that could be pursued in fufursing this

assay to determine the cytotoxicity of the compounds screened.
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x4

x10

x20

Figure 4.7. Pancreatic cancer cells Bx/BCand Pand adhered at the bottom of76 cnf

flasks. Cells were cultured in complete growth medium supplemented with FBS (10% v/v),
Penicillin/Streptomycin (200 U) solution, anddlutamine (2 mM). Images taken with a
GXCAM-9 digital microscope @nount camera (GT Vision, Suffolk, UK) mounted on an

Olympus &KX41 microscope at different magnifications.
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Figure 4.8: Batch growth curve for pancreatic cancer cells over a period of two wagks.

BxPGC3 cells. B) Pand cells. Cells were plated in 96ell platesat a density of 1000, 10,000

and 100,000 cells/wel{(100 €M) in complete cell culture growth medium. Samples were
assessed using the MTS reagent (Promega) acco
reading absorbance at 492 nm using a Multiskan Ascent 96/384 plate reader (Thermo

Scientific).
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108 cells/well

10* cells/well |

10° cells/well

Figure 4.9: Representative images of attachment of pancreatic cancer cells 48 h after seeding in
96-well plates for batch growth curve studiddter reading MTS absorbance for proliferation
studies, cells were washed with Phosphate Buffered Saline (PBS), fixed with paraformaldehyde
(3.7% wilv) at room temperature for 15 minutes followed by another wash with PBS. After
fixation they were permeaiskd with Triton %100 (0.01% v/v) for 15 minutes, washed with

PBS before staining the cytoplasm and nuclei with M@aiynwald (0.25% v/v) and Giemsa
(0.4% vl/v) stains respectively. Images taken with a GXCRMigital microscope @nount
camera (GT Vision, &folk, UK) mounted on an Olympus CKX41 microscope at x20
magnification (objective lens).
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4.3.2 Effect of cromolyn (4), compounds 24, 24a, 24e, 24j and 121 on pancreatic

cancer cells

4.3.2.1 Proliferation studies

Cromolyn @) has been reported to inhibit proliferatiof pancreatic cancer cells
by binding to S100P cells in both vitro andin vivo models[195, 334, 387]To
determine this effect, pancreatic cancer cells B8Rd Pand were incubated wit4
at different concentrations and the effect on proliferaissessed using the MTS assay.
Compound4 was found to have no meaningful statistical effect on tbkf@ration of
both these celines at low concentrations (1, 10 and 08) compared to the ro
treatment controlp>0.05,Figure4.10). At the high concentration of 10@0/, there
was a significant effect on proliferation of both cell linps(.05) although, on closer
observation, this effect seems to be constant over the 72 h period. This effect could be a
result of general toxicity of the compound to the cells from such a high concentration
rather than a specific afgroliferative effect. Thse findings are similar to results by
Mahmoud [328)ut contrary to those of Arumugash al [195]. The latter group
observed no effect on the proliferation of Pdncells from4, but Panel cells
transfected with S100P were found to be inhibited bytdmpound at 100M after 48
h. In the same work, they also reported #hathibited proliferation of BXPE3 cells at
10 and 10@&M (p =0.002 an<0.001 respectively). Since the current studies were not
carried out in exactly the same way as Arumugaed. 6 s wor k, 1t i s not

discrepancies observed herein are due to disparate methodologies.
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Figure 4.10: Effect of cromolyn 4) on proliferation of pancreatic cancer cells BxBCA) and

Panel (B). Cells were seeded overnight (1 x*i&lls/well in 100¢L) in 96-well plates in

glitamine (2 mM) and

viv)

complete medium supplemented with FBS (10%

Penicillin/Streptomycin (200 U) solution. Cromolyn was added to the wells and cell

proliferationassessed using the MTS assay after 24, 48, and 72 h. Results are expressed as mean

+ SEM of three independent experiments with n = 12. P value of <0.05(*) was determined

relative to control using-BVay ANOVA. Posttest comparisons were made using Bonfarron

test at 95% confidence interval.
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In Arumugametal 6 s prol i ferati owel Hatesaladersity t hey
of 1 x 1@ cells/well, compared to 1 x t@ells/well used in the present study, and they
measured the effectdfo n t h e c mtion aftey 48i199)].|I0thdr than the
differences in seeding density, the discrepancies in the efféarothese cells between

this work and Arumugametal 6 s i s somet hing that warrant s

When compoun@4 was screened for arproliferation properties on BXRG
cells, there was a significant inhibition of growth relative to control at all three
concentrations (1, 10 and 16M) after 72 h p<0.0001 Figure4.11). However, a
similar effect was also observed on the Parells, casting doubt upon a solely S100P
mediated effect. Compouridla, which has an ester group in place of the carboxyl
group, had anore pronounced antiroliferative effect on BXxP@ cells after 24 h
compared to compourithh (Figure4.12A). This initial decrease in cell metabolic
adivity may be due to exposure of the cells to a foreign stimulus resulting in a lower
proliferative ability. After 48 h, the cells appear to be recovering albeit only slightly
compared to the control. A degsependent decrease in proliferation was obseiared
all three concentrations (1, 10 and B0®) after 72 h with the highest effect seen at 100
€M. This concentratiordependent effect &4awas absent on Paticcells, although
the compound stilinterestinglyexerted an effect on proliferation at ditee

concentrations (1, 10 and 16M) relative to control Eigure4.13A).
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Figure 4.11: Effect of compoun@4 on proliferation of pancreatic cancer cells BxBCA) and

Panel (B). Cells were seeded overnight (1 x*I&lls/well in 100¢L) in 96-well plates in

complete medium supplemented with FBS (10% v/v);glitamine (2 mM) and
Penicilin/Streptomycin (200 U) solution. CompourZ# was added to the wells and cell
proliferation assessed using the MTS assay after 24, 48, and 72 h. Results are expressed as mean
+ SEM of three independent experiments with n = 12. P value of <0.0001 (***§ wa
determined relative to control usingVay ANOVA. Positest comparisons were made using

Bonferroni test at 95% confidence interval.
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A similar dosedependent effect on proliferation of BxFGvas seen wit@4e
after 72 h Figure4.12B). This analogue lacks a substituent on the phenyl ring when
compared t@4 and24a Interestingly, the effect on proliferation of Pahcells closely
resembled that exerted Byla, the ester analogue. At 24 h, the gmbliferative effect
on Panel cells was striking but the cells seem to be recovering after 72 h albeit

marginally relative to controKigure4.13B).

The regioisomer of compourgdl, compound4j, with the carboxyl group in the
paraposition produced a more pronounced-@ntiliferative effect on BXP& cells at 1
and Mcdmpared t@4where the acid group is in tineetaposition Figure4.12C).
Although still viable, as assessed by trypan blue counting, no metabolic activity was
observed fortheBxP@ cel | s at 1 ¢ Mjthe mmosepotenfirthibitor, mak i
at this concentration in comparison24, 24aand24e Similar effects were aerved on
the proliferation of Pand cells calling into question whether the mechanism by which

this compound is acting is S100fRediated Figure4.13C).

Compoundl21, which laclsthe NG group, inhibited proliferation of BXPG
cells at | ow concentrat i oFigwe4l2D).Agardg 10 ¢ M,
similar to compound24, 24a 24eand24j, inhibition was also observed against Ranc

cells Figure4.13D).
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Figure 4.12: Effect of hit compounds on proliferation of BxPEcells.A) Compound24a. B) Compound?4e. C) Compound4j. D)
Compoundl21 Cellswere seeded overnight (1 x“1©e | | s/ we | | iwell plat@sn ceniplete mediunBsBpplemented with

FBS (10% v/v), kglutamine (2 mM) and Penicillin/Streptomycin (200 U) solution. Compounds were added to the wells and cell
proliferation assessedsing the MTS assay after 24, 48, and 72 h. Results are expressed as mean + SEM of three independent
experiments with n = 12. P value of <0.0001 (****) was determined relative to control uaigy?ANOVA. Posttest comparisons

were made using Bonferronisteat 95% confidence interval
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Figure 4.13: Effect of hit compounds on proliferation of Patccells.A) Compound24a. B) Compound24e. C) Compound24j. D)
Compoundl21 Cells were seeded overnight (118" cells/well in 100¢L) in 96-well plates in complete medium supplemented with
FBS (10% v/v), Lglutamine (2 mM) and Penicillin/Streptomycin (200 U) solution. Compounds were added to the wells and cell
proliferation assessed using the MTS assay afterd84,and 72 h. Results are expressed as me&EM of three independent
experiments with n = 12. P value of <0.0001 (****) was determined relative to control udivigy?2ANOVA. Posttest comparisons

were made using Bonferroni test at 95% confidence irlterva
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Despite the effect of these compounds on the proliferation of Paslis, which
casts doubt on an S100Rediated effect on BXR@ cells, it is encouraging that the
compounds are exerting some gniliferative effects at low concentrations of 1 and 10
€M relative to control. What will be interesting to see is how the cells respond to the
compounds at nanomolar concentrations, a task that was not carried out in this study due
to time limitations, as this would provide an opportunity to further optimese tio
improve their potency. Ideally, high potency is desired for a drug candidate at low
concentrations in order to avoid unwanted and potentially adverse side effects. Low
concentration dosing could also be beneficial to solubility and stability of the
compounds, important properties that are useful further down the drug development and

formulation stagef388].

There were some solubility issues in the aqudiased culture media for
compound®4a, 24eand24j at 100 and 1006M (Figure4.14). Although soluble in
dimethyl sulfoxide (DMSO), a precipitate was observed for all three compounds at 100
and 100&M once they were added wells containing the cells in culture media. These
precipitates sometimes resulted in erroneously high MTS absorbance readiegs, for
compound24a at 100eM for Panel cells Figure4.13B). To identify the source of the
abnormally high MTS readings at these concentrations, the compounds were added to
culture medigboth RPMI and DMEM])n the absence of cells in 9%ell plates before
adding the MTSeagent and reading the absorbance. As suspected, there were high
absorbance readings after addition of the MTS reagent to these three compounds in

culture mediumKigure4.15). Visual analysis of images @#j taken before and after
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addition of the MTS reagent showed what appeared to be salt deposits on the crystals of
the compound, suggesting formation of a campietween the reagent and the

compound Figure4.15B and C). Since these solubility issues were only encountered at
high concentrations (100 and 106/), these concentration values will be omitted in

future studies.
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1000 eM 100eM

Figure 4.14: Precipitation of compounds (red arrows) when added to BXR€lls (white
arrows) in RPMI1640 culture medium in 9%ell plates.A) 24a B) 24e C) 24j. Images taken
with a GXCAM-9 digital microscope @ount camera (GT Vision, Suffolk, UK) mounted on an
Olympus CKX41 microscope at x4 magnification (objective lens).
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A

Figure 4.15. Solubility issues encountered with compouds, 24e and 24j. A) Absorbance
reading for the compounds in RPI#640 culture medium (in the absence of cells) following the
addition of the MTS reagent. B) Compou2dj in RPMI-1640 medium before addition of the
MTS reagent (x40). C) Compouridj in RPMI-1640 after addition of MTS reagent showing

24j crystals in complex with reagent (arrows) (x40).
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