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Abstract

The developed world is currently in the grip ofa@esity epidemic. As a result, there
is much ongoing research into the development okféective anti-obesity agent.
Peptide YY (PYY) is a 36 amino acid gastro-intestimormone released post-
prandially by L-cells in the gastro-intestinal trac proportion to the calorie content
of a meal. The predominant form of the hormone ébimcirculation is the truncated
PYY(3-36). Administration of PYY(3-36) at physioliegl doses to humans has been
shown to reduce food intake. However, due to entignd@gradation these effects are
short lived, reducing the hormone’s utility as anti-@besity pharmaceutical agent. A
series of analogues of PYY(3-36) were designeceeittith amino acid substitutions
in specific parts of the peptide sequence and/éh whemical modifications to the
native sequence with the aim of increasing restgtaio enzymatic activity whilst
retaining or even enhancing the peptide’s bioagtivihe analogues were tested for
resistance to degradation by different proteolginzymes in comparison to natural
PYY(3-36). Their affinity to the Y2 receptor, forhich PYY(3-36) is a natural
agonist was then investigated. Finally, the effemtsperipheral administration of
selected analogues on food intake in overnighethstice were investigated. These
studies suggest that PYY(3-36) analogues may lsefuluapproach for the treatment

of obesity, but further development work is reqdire
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1 General

Introduction



1.1 Obesity

Obesity is a major world health problem. An indivéd is classed as overweight if
their Body Mass Index (BMI) is greater than 25.@ abese if their BMI is greater
than 30. The World Health Organisation (WHO) prigethat by 2015, 2.3 billion
adults will be overweight and 700 million will bébese worldwide (World Health
Organization, 2009). Historically thought of as medse affecting only Western
countries, in particular the United States of Aro&rithere is clear evidence of obesity
levels increasing across the globe, including meof the world’s poorest countries.
Weight gain occurs when energy intake exceeds grexgenditure. The thrifty gene
hypothesis, first posited in the 1960’s by Jame®INproposed that humans are
preconditioned to put on weight to protect agaiststrvation (Watve and Yajnik,
2007). Whilst this would have been advantageousrinenvironment of limited
resources when an individual may not have knownrgvkieeir next meal was coming
from, in the modern developed world in which foal abundant, the hypothesis
suggests it has resulted in excess consumptiombegdhe norm. The fostering of a
“fast food” culture in many modern societies compads this problem. The
convenience and relative cheapness of these highficafoods promote excessive
energy intake. Coupled with the reduced energy mdipgre observed in societies
with low levels of physical work and mechanisedns@ort, this has easily led to
widespread weight gain and obesity.

People who are overweight or obese are at a graakeof suffering from serious
medical conditions such as diabetes, cardiovascdisease, strokes and some
cancers. Many patients suffer from a combinatiodifi€rent disorders and are often
described as having metabolic syndrome. Accordinthé WHO a person is said to

have metabolic syndrome if they have type 2 diahetepaired glucose tolerance or
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are insulin resistant plus they also meet at leastof the following criteria; they
have hypertension, elevated plasma triglycerideeltgvreduced high density
cholesterol concentration, microalbuminuria or alBjveater than 30 (Groop, 2000).
Obesity can also have serious psychological effegith subjects often suffering
from depression and low self esteem.

The obesity epidemic is thus placing a strain oaltheare systems across the world.
In the UK it was estimated that the annual costhi® NHS in England alone of
treating obesity and its associated disorders whg billion in 2007 and could
potentially reach £9.7 billion by 2050 (Swanton02p Additionally it is estimated
that 18 million sick days are lost annually to UKsinesses as a result of obesity
related problems (Foresight, 2006).

There would thus be significant health and econobeaefits to the successful
prevention or treatment of obesity. For many yedrsalth professionals and
governments have expounded the benefits of a healtifiestyle incorporating
increased exercise and improved diet. To date,dtiigational strategy has proven
unsuccessful; obesity rates have continued to liemntifying novel therapeutics to
reduce food intake and limit weight gain is thusnajor focus for academic and

industrial research.

1.2 Treatments for obesity

1.2.1 Bariatric Surgery

Gastro-intestinal surgery, in the form of gastr@nding or gastric and intestinal
bypass successfully treats obesity. Gastric bandinipe less invasive option and
involves the placement of a constrictive band adotlve top portion of the stomach.

This creates a small pouch in the upper regiomefstomach which can only hold a
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small amount of food. Patients thus feel ‘full’ nay eaten only small portions of
food. NHS guidelines only recommend gastric bandarghose patients with a BMI
in excess of 40 or with a BMI between 35 and 40 also have a co-morbidity that
poses a serious health risk, such as diabetesofidiinstitute for Health and Clinical
Excellence, 2006). Studies have shown that patieittsa BMI of 30 — 35 fitted with

a gastric band experienced more prolonged weigst llan patients with comparable
BMI values who underwent non-surgical therapieB{@n et al., 2006). Subsequent
investigations also showed effective weight losowang gastric band surgery in
patients with a BMI greater than 50, the so cakeger obese. Four years after
surgery, an average excess weight loss of 60% wperted (Fielding, 2003).
However, to remain effective a gastric band regupest operative readjustment at
regular intervals to maintain optimal restrictidrf@od intake (O'Brien et al., 2006).
Gastric bypass surgery is a more invasive and fibrereiskier procedure. There are a
number of different forms of this surgery with thst commonly performed in the
USA being the Roux-en-Y Gastric Bypass (Salibalgt2®09). It is estimated that
120 thousand people underwent this particular ¢ioeran the USA in 2007 (Couzin,
2008). The procedure has two elements to it. lirstlsmall gastric pouch is created
at the top of the stomach that restricts the pasierapacity for food. Secondly, a so
called Roux limb is created which connects thisghodirectly with the jejunum, thus
bypassing a considerable section of the smalltinee¢Saliba et al., 2009). Average
weight loss following Roux-en-Y Gastric Bypass e®n reported to be 66% of a
patient’'s excess weight (Balsiger et al., 2000)tidity it was thought that this
profound weight loss was due to the combinationedficed gastric volume coupled
with reduction in nutrient and calorie absorption the intestine. However, the

recorded weight loss following gastric bypass swygexceeded that for gastric
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banding, which suggests that restriction of volunas not the primary cause of the
weight loss (Morinigo et al., 2006). It was alssadivered that the gut adapts
following surgery so as to protect against malgbson of nutrients (le Roux and
Bloom, 2005). Studies have since shown that theldesf some gut derived hormones
are altered following gastric bypass surgery. Ghril a known orexigenic peptide
that is produced in the stomach. Circulating lewatks increased by fasting and drop
following food intake (Chandarana et al., 2011)ve3al studies reported that gastric
bypass patients have lower circulating levels ofelih than patients who had
achieved the equivalent weight loss by diet alét@vever, other studies have shown
either no change in ghrelin levels or, in some gaan increase (Saliba et al., 2009).
The effect of gastric bypass surgery on circulatigbrelin levels remains
inconclusive, with some suggesting that the disamejes between studies may be due
to the different surgical techniques employed {&alkt al., 2009). Ghrelin is a so
called “hunger hormone” which increases food intaf@lowing peripheral
administration in animals and man (Cummings andh8bia, 2003). The theoretical
reduced circulating levels of ghrelin may therefooatribute to the reduced appetite
of these patients. In contrast, Peptide YY (PYYamsanorexigenic peptide released
postprandially by L-cells in the distal gut (le Roand Bloom, 2005). Circulating
levels of PYY are higher in gastric bypass patiectsnpared with subjects of
comparable weight (le Roux and Bloom, 2005). PYY ieleased from
enteroendocrine L cells in the gut and is processefbrm PYY(3-36), the major
circulating form (Chandarana et al., 2011). Penighadministration of PYY(3-36)
inhibits appetite in animals and man (Morinigo let2006). The elevated PYY levels
observed following gastric bypass are thus likelyehhance the feeling of satiety in

these patients and so lead to reduced food intake.
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Growing evidence demonstrates that gastric bypagges/ can also have profound
benefits for patients who suffer from type 2 di&setand that this effect may be at
least partly independent of its effects on bodyghti(Hayes et al., 2011). Studies
have reported remission levels of 76.8% of typeabetes in post-operative subjects.
The number increases to 85.4% when those patiehts sSmowed improvement in
their diabetes are included (Buchwald et al., 200Re improvements in glucose
homeostasis are observed within a week of the tparan many cases, often before
there has been significant weight loss (Hayes.e@ll1). Glucagon-like peptide-1
(GLP-1) is another hormone released post-prandmaflyhe L-cell. The active forms
of GLP-1 inhibit appetite and promote insulin releavhen peripherally administered
in animals and man (Saliba et al., 2009). CircnptGLP-1 levels are also increased
following gastric bypass (Vidal et al., 2009). AsL®51 is an incretin, it is
hypothesised that this may be the mechanism byhwvhipass surgery increases
insulin secretion and facilitates the remissionliabetes.

Despite the well reported benefits of these surgacacedures, drawbacks remain.
Patients must follow a difficult post-operative irag. Typically, patients can only
consume fluids for at least one week after the atpmr. They then move onto purees
for another four weeks before slowly progressingpanore solid food types (British
Obesity Surgery Patient Organisation, 2011a).

There also exists a small risk of mortality follogisurgery. A systematic review of
bariatric surgery mortality rates published in 20@ported a total mortality rate of
0.28% in the first 30 days following surgery an83% in the first 2 years (Buchwald
et al.,, 2004). There are a number of other postadwe complications, including

vomiting, diarrhoea, anastomotic complicationspreeand infection.
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There is also a significant cost implication toshesurgeries. In the UK the cost per
operation has been estimated at £5000 - £7000 detrig banding and £8000 -
£14000 for gastric bypass (British Obesity SurgBatient Organisation, 2011b).
These costs restrict the number of operationsdaatbe performed under the NHS
and prove prohibitive to many people seeking pevatatment. Other resources are
also limited; there are insufficient operating tines or qualified surgeons to
realistically treat all of the obese patients whould qualify for surgery. However,
there is a need to take into account the long teeaith economics, particularly the
costs of not performing these surgeries and hatoniyind the treatment of obesity

related disorders.

1.2.2 Pharmaceutical therapies

Using a drug to treat obesity would be much simpded would avoid the
inconvenience, costs and risks of surgery. Suchoduyst would have huge market
potential, and much effort has therefore focusetherdevelopment of an anti-obesity
pharmacotherapy. Despite this effort, only a re&dyi small number of therapies have
made it onto the market and none have acquirekblmter status.

There is currently only one prescription anti-obesnedication approved for use in
the UK(National Institute for Health and Clinicaké&ellence, 2006). Orlistat was
launched in 1998 by Roche under the trade namec&knwith worldwide sales in
2005 totalling $450million (Melnikova and Wages, 0B). Orlistat works by
inhibiting pancreatic lipase, and thus the breakd@md absorption by the gut of
approximately 30% of dietary fats (Lean and Mull2@07). It has been demonstrated
to produce an additional weight loss of approxityat®? when compared with

patients attempting weight loss through changeshéir diet (Cooke and Bloom,
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2006). Orlistat can improve glycaemic control ipéy2 diabetics and also reduce the
risk of overweight and obese individuals with inmedi glucose tolerance developing
type-2 diabetes (Lean and Mullan, 2007). Howeverdhare several unwanted side
effects associated with the use of Orlistat, intigdfaecal urgency and oily stools
(Drew et al., 2007). There is also the potential fioee unwanted reduction in
absorption of the fat soluble vitamins A, D and BEdw et al., 2007; Cooke and
Bloom, 2006). Approval was granted by the U.S. Feodl Drug Administration
(FDA) in 2007 and the European Medicines Agency /&N 2009 for the over the
counter sale of Alli, a low dosage form of Orlisfmbduced by GlaxoSmithKline
(Steffen et al., 2010).

Until relatively recently other obesity drugs weéieensed for use in the UK and the
rest of the EU. Rimonabant acts as an antagonisieodannabinoid-1 receptor (CB1),
which was identified and cloned during investigatianto the effects of cannabis
usage (Foster-Schubert and Cummings, 2006). Otieeafell reported side effects of
cannabis use is an increase in appetite. |deatidic of ligands for this receptor led
to the development of several antagonists, of whHiRimonabant was the lead
compound (Foster-Schubert and Cummings, 2006). Majals with Rimonabant
were carried out in both Europe and the USA (Piysuret al., 2006). In all, modest
yet significant weight losses were recorded in cangon with placebo groups. In
2006 the use of Rimonabant for the treatment ofitpevas approved in Europe
despite concerns that patients might develop pdggieal problems (Cooke and
Bloom, 2006; Lean and Mullan, 2007). However, bseaof these concerns the drug
was never approved for use in the USA, and in 20668EMA suspended its use due
to the risk of users developing serious psychigtricblems and suicidal impulses

(European Medicines Agency, 2008).
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Sibutramine was approved by the FDA in 1997 andBN&A in 1999, and recorded
sales of $230million in 2005 (Melnikova and Wag@§06). Sibutramine is a
serotonin and noradrenalin reuptake inhibitor #ra@tances post-prandial satiety and
attenuates the fall in metabolic rate that occuth weight loss (Smith and Goulder,
2001). It is structurally linked to amphetaminesichhwere once widely used as
weight loss agents before being banned in the ¥9@6tause of the associated side
effects, which include hypertension, cardiac vadpalthy and the potential for
dependence (Astrup, 2010; Cooke and Bloom, 200blutiamine elicited weight loss
of around 5% more than in a placebo group (Fin@022. Sibutramine usage also
helped maintain weight loss compared with subjastsgned to a placebo. Over a two
year period, placebo patients regained nearly 80% e initial weight loss despite
adhering to an improved diet and exercise regimeereas those subjects who
continued to take Sibutramine retained 85% of ttvesight loss (Finer, 2002).
Sibutramine was initially reported to lack the seveide-effects of amphetamines, but
does increase heart rate and hypertension (Coo#teBkoom, 2006). These side
effects were hypothesised to lead to adverse caadoular effects, and in 2009, data
from the Sibutramine Cardiovascular Outcome Tr&CQUT) showed an increased
risk of non-fatal cardiovascular episodes from 8#dmine usage when compared to
placebo groups (Haehling et al., 2007). As a resnl2010 both the FDA and the
EMA recommended it be withdrawn from the marketr(ipean Medicines Agency,
2010; U.S. Food and Drug Administration, 2010).

Despite the limited success thus far of anti-ogediugs there continues to be
extensive research in this field. Such is the cemplature of the human energy
homeostasis system that there exist these mangretitf pathways for scientists to

investigate and target. There are many drugs irpibeline, at various stages of the
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drug development process. A major difficulty istthiae signalling molecules that
regulate appetite often have other physiologicks,omaking the specific targeting of
food intake extremely challenging, and increashegrisk of side effects.

Another difficulty is that body weight regulatios & homeostatic process that has
evolved to preserve nutritional status under camust of limited food availability.
Even if a particular anorectic pathway can be ssgfcdly and specifically targeted to
reduce food intake and body weight, compensatorgngés in other appetite-
regulating pathways may limit the efficacy of tlapproach. This may explain the
modest weight loss reported with previously devetbtherapies.

It is thus important to understand the physiologiceechanisms regulating food
intake and body weight in order to develop antisityeagents.

The neuronal and hormonal systems involved in éigellation of energy homeostasis
work through both long and short term control medtias, regulating food intake
and energy expenditure in response to, for exangugose tissue mass or acute

nutritional status, respectively.

1.3 Long term regulation of energy homeostasis

1.3.1 Insulin

Insulin is produced by the [-cells of the IsletsLahgerhans in the pancreas. It is
released in response to an increase in blood gtutmeels following food intake
(Taubes, 2009). Insulin is an anabolic signal.ulinsstimulates the uptake of glucose
by muscle and liver cells where it is then storedjlgcogen for use by the body as a
source of energy for periods of sudden and stremamtivity (Berg, et al., 2002).

Insulin also prevents the use of fat tissue asna@ngy source by inhibiting the release

25



of the hormone glucagon. A 29 amino acid peptidenome, glucagon is released into
circulation following a decrease in blood glucoswvels and stimulates hepatic
glucose release via two different mechanisms (Jemd) Zhang, 2003). The first is
glycogenolysis which is the process by which glyamogs broken down into glucose.
The second mechanism is gluconeogenesis wherelbgsgus generated from non-
carbohydrate sources. Other roles for glucagoninvitie body include the regulation
of plasma lipid levels and food intake (Habeggealgt2010).

There are several disorders linked to abnormaldfehe body’s insulin system. The
most widely recognised is diabetes mellitus, theneagiven to any condition
characterized by hyperglycaemia (World Health Omzgtion, 1999). The two most
common forms of the disease are type 1 and typaliztks mellitus. Type 1 diabetics
are unable to produce sufficient insulin due toosmmune destruction of their
pancreatic [3-cells (World Health Organization, 199%ey are required to regularly
check their blood glucose levels and administergerous insulin accordingly.
Failure to do so adequately can lead to high leskldood sugar which over the long
term can cause organ damage and death (van Belbd.,eR011). Conversely,
overdosing with insulin can cause blood glucoselketo fall, putting the patient at
risk of hypoglycaemic coma. The cause of type beles is still unknown but several
risk factors have been identified (van Belle et20.11). There is currently no cure for
the condition, though many different avenues incigd-cell transplantation, vaccine
development and the inhibition of the actions afcglgon are being investigated as
potential treatments (van Belle et al., 2011).

Type 2 diabetes is the most prevalent form of deand is characterised by insulin
resistance (Taubes, 2009). Sufferers are still bjEoduce their own insulin but the

body becomes relatively unresponsive to its actiditse exact cause of type 2
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diabetes is also unknown, but it is strongly assed with obesity (Taubes, 2009). It
has been suggested that their insulin resistanceaised by overloading or
inflammation of the body’s fat cells leading to r@ékdown in the mechanisms which
mediate the actions of insulin (Taubes, 2009). T2peiabetics are encouraged to
make lifestyle changes to help manage the condittdmas been shown that regular
exercise and dietary improvements increases insdmsitivity and so help lower
blood glucose. If these changes are made earlygbnthey reduce the incidence of
at-risk patients going on to develop type 2 diabelie 2011, a group from Newcastle
University reported the results of a study in whackmall group of type 2 diabetics
were placed on a restricted (600 kcal/day) diet3faveeks. At the end of this period
the patients were found to have normalised betafwattion and insulin sensitivity,
thus giving rise to the hope that type 2 diabetmglcc be a potentially reversible
condition for many sufferers (Lim et al., 2011).

As type 2 diabetics are still able to produce imstihere is a greater potential to
develop effective treatments than with type 1 diebe

Those treatments currently on the market can lesiélad into three classes according
to their action. The first are insulin secretagayudich stimulate release of insulin
by the pancreas. Sulfonylureas were the first sicshpounds used to treat diabetes,
although they have now been superseded by secomdag@n compounds. Common
side effects from these treatments include weiglmh g@nd hypoglycaemia (Rendell,
2004). Some of the newest diabetes treatmentseomé#rket and in clinical trials are
drugs based on natural incretins (hormones withm body that promote insulin
release). One such endogenous incretin is Gluchg®npeptide-1 (GLP-1)

(discussed in more detail in sections 1.2.1 and3),.&and two drugs based on its

27



structure, Exenatide and Liraglutide, have beenaygul for use in the treatment of
type 2 diabetes (Nachnani et al., 2010; Parks asgBaugh, 2010).

The second class of anti-diabetic drugs are inssdinsitizers which increase the
sensitivity of peripheral tissue to the effectarsulin (Lu et al., 2011). One example
is Metformin, one of the biggest selling drugs e ffield and the first line drug of

choice for overweight and obese patients as weggim is not an associated side
effect of its use (Rendell, 2004). Avandia, anotimsulin sensitizer and one of the
Thiazolidinedione group of compounds was also Heaprescribed for diabetes

treatment until it was recommended for removal fribre European market in 2010
amid concerns over cardiovascular risks.

The final class of anti-diabetic treatment has mead effect on insulin levels or

action but instead slows the rate of glucose alisorito the bloodstream. Examples
of this type of treatment are Miglitol and Acarbq8an de Laar et al., 2005). They
have the effect of artificially lowering blood sugkevels, enabling endogenous
insulin to have an affect even if the body has betpudevelop a resistance to it.
However as levels of insulin resistance increabis type of drug becomes less
useful. Reported side effects of their use inclfldailence, diarrhoea and stomach
pains (Van de Laar et al., 2005).

In addition to these drugs, many type 2 diabeties mescribed insulin itself as a
treatment for their diabetes, often in combinatrath other treatments (Swinnen et
al., 2009). Although these patients have insulgistance, administering exogenous
insulin at supra-physiological levels can activéteir insulin-responsive signalling

pathways, at least to some limited degree (Swirateh, 2009).
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1.3.2 Leptin

Leptin was identified following studies on two s$trm of mutant mice that were
extremely obese (Friedman, 2009). The mutant geses labelled asb anddb and
the similarities in phenotypes between the twoirsdrauggested that the genes were
involved in the same physiological process. Furthedies led to the proposal that the
ob gene encoded an as yet unknown substance thatetfiood intake whilst thdb
gene encoded its receptor (Friedman, 2009).

Cloning of themutant gene led to identification of tbb gene and the discovery that
it was expressed by adipose tissue. The gene vealicfgd to encode a 167 amino
acid protein which later became known as leptine(finan and Halaas, 1998). This
was subsequently found to circulate in the plash@raumber of mammals, including
humans. Circulating leptin levels increase withpade tissue mass and decrease
when adipose tissue is lost (Oswal and Yeo, 2009.leptin receptor is expressed in
regions of the hypothalamus known to be involvedrnergy homeostasis (Scott et al.,
2011). Central or peripheral leptin administraticeduces food intake and body
weight in both wild type andb/ob mice (Friedman, 2009). Leptin was thus
hypothesised to act as an adipose tissue derivedome that operated in a negative
feedback loop to help maintain levels of adipossu by influencing the neuronal
mechanisms that control food intake and energywopsion (Oswal and Yeo, 2010).
As adipose tissue mass increases, leptin levelsa@ising a reduction in food intake
to help reduce adiposity.

This led to the hope that leptin had therapeutityuin the treatment of obesity
(Friedman, 2009). However, it was subsequentlyadised that most obese humans
already had high circulating levels of plasma lepand were relatively leptin

insensitive, meaning that supra-physiological dadfdeptin were required to reduce
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food intake (Heymsfield, et al., 1999). These fmgd suggested that obese humans
were resistant to the effects of leptin and led esota hypothesise that the
development of this resistance was a primary catisbesity (Friedman and Halaas,
1998). This theory has been challenged, with othesposing that leptin resistance is
a consequence, rather than the cause, of obegith @ al., 1998). The mechanism
behind leptin resistance is not fully understood. fAt tissue increases rapidly with
sustained over-eating so the levels of plasmareptrease in response. This has
been suggested to lead to the saturation of thenlepsponsive circuits in the
hypothalamus, causing an unknown disturbance inetpiin pathway that leads to a
reduced effect. This then results in a compensatmngase in leptin secretion which
drives a cycle of chronic weight gain (Oswal and)Y2010). It has been shown in
rats that chronic leptin infusion eventually caubssin resistance. It has also been
proposed that leptin resistance is caused by &doean in the transport of leptin into
the hypothalamus via the blood brain barrier (Osavad Yeo, 2010). This followed
studies that showed that diet induced obese micel@@ed resistance to peripherally
administered leptin but retained sensitivity to tcalty administered leptin. Further
studies have suggested that these defects in ft@ Eansport mechanism are a
consequence of obesity rather than a cause.

As leptin is secreted by adipose tissue and has bleewn to reduce food intake it
was widely believed that its physiological role what of a satiety signal. However,
subsequent studies and the discovery of leptistaaste mean that it is now thought
of as a starvation signal, with its main purposerdtain sufficient fat stores in
readiness for periods of inadequate food supplyw@Dand Yeo, 2010). This would
be a vital in an evolutionary context for organistimgt live in an insecure nutritional

environment but for the many humans living in a Maxhere high calorie food is
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readily available, it is less important, and mayualty play a role in driving the
development of obesity.

Although the majority of obese humans have higbutating levels of leptin, a small
number do not. These humans have leptin signatlefgcts similar to those in the
ob/ob mouse, and display a similar phenotype. It hashb&®wn that in these
individuals, leptin treatment has a beneficial effien body weight (Friedman, 2009).
There exist in humans other conditions associatéla w levels of plasma leptin
and which have been shown to be receptive to Igptiatment. Lipodystrophy is
characterised by complete or partial absence aohabadipose tissue depots. It can be
caused by mutations of the genes that regulateoseliissue development or by
alterations in the immune system, as is the catie seime HIV patients. This results
in lipids being deposited in other organs, paradyl the liver, and the subsequent
development of insulin resistance. As leptin is remd by adipose tissue,
lipodystrophic patients have extremely low lepgrdls. It has been found that leptin
treatment prevents lipid deposition in the livedawrrects insulin resistance in these
patients (Friedman, 2009).

Loss of leptin signalling in animals or man resutisinfertility. It is thought that
leptin acts as a signal to the reproductive axet tufficient energy stores are
available to support reproduction; low leptin lesssignal that it is likely a period of
limited nutritional availability, and hence repratdion should be delayed.
Hypothalamic amenorrhea is a condition charactérlse suspension of the female
menstrual cycle. It can result from weight losgjdglly caused by periods of extreme
exercise or an eating disorder. The resulting gndaiicit leads to disruption in the
secretion of gonadotropin-releasing hormone andsithypothesised that this

disruption is caused by a decrease in circulategin levels. In accord with this,
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recombinant leptin administration to patients wittypothalamic amenorrhea
improved reproductive function in just a few monthsen in subjects who had not
menstruated for several years (Welt, et al., 2004).

Although the phenomenon of leptin resistance prsvéime development of solely
leptin based therapies for the treatment of obediyelopment work has continued
on leptin combinatorial treatments. Perhaps thetrmposmising of these was until
recently the combination of amylin with leptin. Ahmyis a 37 amino acid peptide
hormone that is secreted with insulin from the peatic 3-cells, and which helps to
regulate glucose and energy homeostasis (Roth, @088). Studies into the effects of
peripheral administration of the amylin analoguanplintide (produced by Amylin
Pharmaceuticals) in obese subjects found it caagerhge weight loss of 8% over a
24 week period. In the same study a similar resal$ achieved with those people
receiving metreleptin (an analogue of human leptieatment. However, when the
two therapies were combined a significantly greaterage weight loss of 12.7% was
recorded, without weight loss plateauing before ¢he of the study (Roth et al.,
2008). The exclusivity of this enhancing effect leptin was tested by combining
leptin with other known anorexigenic peptides PYNdaGLP-1. The weight loss
recorded with these combination therapies was sogjraat as observed with the
amylin/leptin treatment. It has therefore been sgtgd by Amylin Pharmaceuticals
that amylin enhances central leptin signalling tkaisually diminished in the obese
state (Turek, et al., 2010). However, clinicallgian the combination of pramlintide

and metreleptin have very recently been abandonglase 2.
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1.4 The central nervous system centres controlling engy homeostasis

Both long and short term signals of the body’s itiotral state are integrated by the
Central Nervous System (CNS). Most regions of thenband the neurons within
them in the CNS are protected from exposure to gewlous signals and potentially
toxic exogenous substances by the blood brainera{fdBB) (Norsted et al., 2008).

The BBB is a specialised vascular structure thavgmts diffusion of all but the

smallest lipophilic molecules into the CNS (Prideaé, 2008). Larger hydrophilic

molecules such as peptides and proteins usuallyireegselective transport

mechanisms (Norsted et al., 2008). However, thgigt eegions of the CNS where
the BBB is incomplete. These regions are refermed circumventricular organs
(CVO), and allow the brain to directly sample pbepally circulating signals (Price

et al., 2008).

The hypothalamus and the brainstem are the two regions of the brain responsible
for the regulation of energy homeostasis, and botttain circumventricular organs —
the median eminence and the area postrema resggctivallowing the sampling of

circulating signals of the nutritional state (Preteal., 2008).

1.4.1 The hypothalamus

The hypothalamus is centrally located near the béslee brain below the thalamus.
In humans the hypothalamus is about the size oflamond and is extensively

connected to the pituitary gland (Cone et al., 20@Xunctions as a link between the
nervous and endocrine systems and plays a rol@imder of metabolic processes. It
has long been recognised as being involved in twral of appetite (Arora and

Anubhuti, 2006). Initial studies concluded that thteral hypothalamic area was the

“hunger centre” and the ventromedial hypothalamas & “satiety centre” (Suzuki et
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al., 2010). It has since been discovered that aoeumf different hypothalamic nuclei

and neuronal circuits are involved in appetite fagon (Figure 1.1).

1.4.2 The arcuate nucleus

The arcuate nucleus is located at the base of ypetimalamus and is critical to the
regulation of energy homeostasis (Cone et al., 2B@etthoud and Morrison, 2008).
It contains two distinct populations of neurons evhare responsive to the hormone
leptin, which, as described above, acts as a panapblsignal of adipose tissue mass.
Within the ventromedial section of the nucleus laaated a population of neurons
that express the orexigenic peptides neuropepti@dPY) and agouti-related peptide
(AgRP). Another neuronal population in the ventredal section of the nucleus
express the protein pro-opiomelanocortin (POMC)pracursor of the anorectic

neuropeptide alpha- melanocyte-stimulating hormeAdSH) (Suzuki et al., 2010).
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Hypothalamus
DMH

Arcuate nucleus

Figure 1.1 A schematic diagram showing the nucleinal regions of the brainstem

involved in energy homeostasis.

A simplified representation of how different aredghe brain are linked for the regulation of ajiteet
Abbreviations: PVN, paraventricular nucleus; VMHmiromedial nucleus of hypothalamus; LHA,
lateral hypothalamic area; DMH, dorsomedial hyplathmc nucleus; AP, area postrema; NTS, nucleus

of tractus solitarius; DMV, dorsal motor nucleusvafjus.

1.4.3 NPY
NPY is a 36 residue peptide and a member of théoFPfamily of peptides which
also includes Pancreatic Polypeptide (PP) and &eptly (PYY). All three PP fold

peptides have a C-terminal amide moiety and coeslepvoline residues in positions

35



2, 5 and 8 which help to maintain their characteriBP fold, hairpin like structure
(Nygaard et al., 2006). They mediate their effatésa family of G-protein coupled
receptors called the Y receptors. Thus far, fivpasate Y receptors have been
identified; Y1, Y2, Y4, Ys and Ys (Wraith et al., 2000). The existence of aréceptor
has been proposed based upon binding studies bas yet to be successfully cloned
(Lee and Miller, 1998). With the exception o§,¥ound only in rat and rabbit tissue,
the Y receptors are expressed in various humaness@Nraith et al., 2000). The PP
fold peptides each have different affinities foriwas Y receptors. NPY has high
affinities for all of the Y receptors with the ext®n of the Y, receptor (Wraith et al.,
2000).

Central administration of NPY into rats potentlydgrowerfully increases food intake,
and chronic administration causes prolonged hy@giahand the development of
obesity (Arora and Anubhuti, 2006). HypothalamicYWéene expression is higher in
the leptin deficientob/ob mice than in wild type controls, suggesting thattile
inhibits NPY expression (Erickson et al., 1996).alrcord with this, NPY knockout
ob/ob mice are less obese thalb/ob mice due to reduced food intake and increased
energy expenditure (Erickson et al., 1996).

NPY knockout mice display no profound changes iedieg behaviour or body
weight. It was originally thought that AgRP sigmadi might compensate for the lack
of NPY in this model.

NPY is thought to mediate its orexigenic effects thie Y, and Y receptors (Turnbull
et al., 2002). However, studies with selective &hd Ys receptor agonists and
antagonists have thus far given contrasting resiilie Ys receptor was believed to
the most important facilitator of NPY induced fasgli Central administration of the

NPY analogue [AIE, Aib*)NPY, a Ys agonist, significantly increases food intake in
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rats (Cabrele et al., 2000). However a number atliess with non-peptidic ¥
antagonists have shown no significant reductiofoad intake (Turnbull et al., 2002,
Della-Zuana et al., 2004). Further to this, réceptor knock out mice display normal
feeding and growth patterns, and counter-intuiyivavelop mild late-onset obesity.
The importance of the (Yreceptor in the orexigenic action of NPY was caonéd by
the observation that Y1 knockout mice consumed flesd than wild type controls,
following central administration of NPY (Kanatariad., 2000).

NPY is also implicated in a number of other physgital functions, including
anxiety, memory, vasoconstriction and the reguhatb alcohol consumption (Arora

and Anubhuti, 2006).

1.4.4 AgRP
AgRP is a 132 amino acid peptide that was discaverd 997 and quickly identified
as a mediator of energy homeostasis. Like NPY, AgiRRpression is inhibited by
leptin. However, unlike NPY, which is widely expsesl in the brain and peripheral
tissues, AgRP expression is much more limited; iwitthe brain, AgRP is only
synthesised within the arcuate nucleus (Arora andbAuti, 2006).

Chronic central administration of AgRP in rats sases daily food intake and
adipose tissue mass, and causes a decrease iry engrgnditure independent of
effects on food intake (Small et al., 2001).

Mice bred to over-express AgRP are hyperphagicexhibit severe obesity (linytska
and Argyropoulos, 2008). However, like NPY knockoute, AQRP knockout mice
display no profound changes in feeding behavioubaody weight (linytska and
Argyropoulos, 2008). NPY/AgRP double knockouts alaok a profound energy

homeostasis phenotype, suggesting that these sigmalnot required to compensate
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for the loss of one another. However, post-embxy@tlation of AQRP neurons in
mice has been shown to reduce food intake (Bewi@k.£2005). This suggests that
although developmental processes can compensatiddoss of NPY and AgRP
early in life, this neuronal population is vitaltime physiological regulation of energy
homeostasis in adult animals. However, it doesreatal the relative importance of
the signalling factors expressed by these neurons.

AgRP works as a potent and selective antagonisthef melanocortin-3-receptor
(MC3R) and melanocortin-4-receptor (MC4R), whichibits the binding of the
anorexigenic POMC produet-MSH to these receptors (Rossi et al., 1998). Recen
evidence also suggests AgRP can act as an invgosgesaiin another melanocortin-

independent pathway (Arora and Anubhuti, 2006).

1.45 POMC

POMC is a functionally inert precursor protein thamdergoes tissue specific
translation to yield a number of different biologliy active molecules (Pritchard et
al., 2002). The POMC derived peptides, which ineladirenocorticotropin (ACTH),
3-endorphin and-, 3- andy-melanocyte stimulating hormones (MSH), have a wide
range of functions within the body that are largelgdiated through melanocortin
receptors (MCR) (Coll et al., 2005). Of the fiveeidified MCR’s, only the MC3R
and MCA4R are thought to be involved in energy hastesis (Pritchard et al., 2002).
MCA4R is densely expressed in those regions of fip@thalamus known to control
appetite. Mice deficient in MC4R are obese dueypelhphagia, as are mice bred to
over express AgRP, the natural antagonist of MC#Rtghard et al., 2002).
Mutations of the POMC gene in both humans and mesailt in a phenotype of

hyperphagia and obesity, and also cause glucoomttideficiency and altered
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pigmentation due to the role of POMC products i lypothalamo-pituitary-adrenal
axis and in skin and hair colouration (Coll et 2005). Fasting down regulates, and
over feeding increases hypothalamic POMC expressiorodents. This effect is
believed to be partially mediated by leptin, as RONevels are significantly
decreased iwb/ob anddb/db mice, and increased by leptin administration (Ratd
etal., 2002).

These results support involvement of the melanatsstistem, and most importantly
the MC4R in appetite regulation. In humans it hagrbfound that mutations in
MC4R are the most common monogenetic cause of huiesity, being found in up
to 4% of adults with severe childhood-onset obgsitsiung et al., 2005).

Of the POMC translational producisMSH is thought to be the primary ligand for
MCA4R. Intracerebroventricular administration @MSH decreases food intake in
rodents (Hsiung et al., 2005). This inhibitory effes blocked by the administration of
AgRP, further emphasising the dynamic relationshgiween AgRP and POMC
neurons in the hypothalamus (Arora and Anubhut)620

Aside froma-MSH, desacetyt-MSH and 3-MSH have been shown to bind to MC4R
suggesting a role for these and possibly other PQM6@ved peptides in energy

homeostasis (Hsiung et al., 2005).

1.4.6 Other hypothalamic regions

In addition to the arcuate nucleus, a number oémttypothalamic regions play an
important role in energy homeostasis. The parawemdr nucleus (PVN) is a site of
convergence of number of different neuronal progest including NPY/AgRP and

POMC neurons from the arcuate nucleus. The PVNyiates nutritional signals with
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the regulation of the thyroid and hypothalamic-jpéry-adrenal axes (Arora and
Anubhuti, 2006).

The dorsomedial hypothalamic nucleus (DMH) is thdup act as an integration
centre for information sent from other hypothalamigclei due to its extensive
network of neuronal connections (Arora and Anuh2Q06).

The ventromedial nucleus of hypothalamus (VMH) isoaa major site via which
leptin mediates its effects. Ablation of the VMHsudts in hyperphagia, and it is
considered to be an important satiety centre (Aamch Anubhuti, 2006).

The lateral hypothalamic area (LHA) contains gliceensitive neurons that respond
to states of hypoglycaemia by inducing hyperphalgialso expresses the orexigenic
neuropeptides orexin and melanin-concentrating baen(MCH). Ablation of the
LHA results in hypophagia, and it is therefore ¢desed a feeding centre (Arora and

Anubhuti, 2006).

1.4.7 The brainstem

The brainstem is the region of the brain that cotswthe cerebrum to the spinal cord
and is linked extensively to the hypothalamus (Meat al., 2004). The vagus nerve,
the longest of the cranial nerves, extends frombifagnstem to the neck, chest and
abdomen. The brainstem receives gut-derived neurdlhormonal signals via this

nerve, which plays an important role in controllimglividual meal size. Rats that

have their connections between the brain stemlafbtebrain severed are unable to

compensate for decreases in meal frequency (Nebay,, 2004).
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1.4.8 The nucleus tractus solitarius (NTS)

The NTS is the site of extensive neuronal connastimetween the brainstem and the
hypothalamus. The NTS has been found to contairsedgiopulations of the Y
receptors Yand Ys; (Arora and Anubhuti, 2006). NPY is expressed byraes within
the NTS and in rats its levels rise before andftdlbwing a meal (Yoshihara, et al.,
1996). There is also evidence of a melanocortimay within the NTS that is
independent of that found in the arcuate nuclebgs& neurons express POMC and
extend into the VMH and spinal cord (Ellacott anon€, 2004). The leptin receptor
Ob-R was found to be expressed within the NTS, esigag it is a target for leptin,

and plays a role in its appetite-inhibiting effects

1.4.9 The area postrema (AP)

The AP is a sensory circumventricular organ whidbmas for direct sampling of the
circulation. Neurons within the AP express a numbérdifferent receptors for
peptides and hormones involved in energy homeastékese include the1YY, and

Y 4 receptors, the receptor for the orexigenic gastocmone ghrelin and for the

anorexigenic gut hormones GLP-1 and cholecystoKiaiice et al., 2008).

1.4.10 The dorsal motor nucleus of vagus (DMV)

The DMV is largely made up of vagal preganglionieurons that project onto
postganglionic neurons in the gastrointestinalttrdbese consist of both excitatory
and inhibitory pathways and exert an influence astigc motility, gastric secretion,
pancreatic secretion and liver gluconeogenesisz(€trwal., 2007; Niedringhaus et al.,

2008).
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1.5 Gut hormones

The gastro-intestinal tract is the largest endecargan in the body and is responsible
for the secretion of over 20 regulatory hormond®e physiological role of the gut is
to digest and absorb nutrients. These regulatorynbnes act in concert with the
CNS to optimize this process. Many of these horradreve well characterised roles
in the regulation of gut motility and secretion,daare known to act upon, for
example, smooth muscle and the peripheral nervgatera. Whereas leptin and
insulin serve as long term regulators of the boahwigritional state, many of the gut
derived hormones respond acutely to individual syeahd therefore act as short term

regulators, conveying feelings of hunger or sat{€igure 1.2).
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Figure 1.2 A schematic diagram showing how the difirent gut derived hormones

influence energy homeostasis via the CNS.

Abbreviations: NPY, neuropeptide Y; AgRP, agoutated peptide; POMC, pro-opiomelanocortin;
PP, pancreatic polypeptide; PYY, peptide YY; GLRytlicagon-like peptide-1; OXM, oxyntomodulin;
CCK, cholecystokinin.

1.5.1 Ghrelin

Ghrelin was originally isolated from rat stomachthe endogenous ligand for the
growth hormone secretagogue receptor (GHS-R) (Kaojeh al., 1999). It is a 28
amino acid peptide with a unique acylation of theii8® residue with an octanoyl

group and which is highly conserved across specasand human forms differ by
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just two amino acids (Chollet et al., 2009; Wrehak, 2001). The stomach is the
primary site of ghrelin secretion but other aredsghe gastro-intestinal tract also
contain ghrelin secreting cells. Acylation of theeri8€ residue occurs post
translationally and is driven by the enzyme ghr@hacyltransferase (GOAT)
(Barnett et al., 2010). Acyl and desacyl ghrelia bBoth found in the circulation but
the octanoyl group is required for binding to thél$R and may also facilitate
ghrelin transfer across the blood brain barriethé@ligh initially discovered as a
stimulator of growth hormone release, the role lofegn in the regulation of feeding
soon became apparent (Chollet et al., 2009).

Circulating ghrelin levels were found to be raisgaring periods of fasting and
decreased post-prandially, suggesting a role foelghas an initiator of feeding
(Chaudhri et al., 2006). Acute central or periphataministration of ghrelin increased
food intake in rodents. Chronic administration dfrgin to rats was shown to
significantly increase food intake and to lead toesity (Wren, et al.,, 2001).
Intravenous administration of ghrelin in humans wsaksequently shown to increase
the amount of food consumed in a free choice b(¥f&en, et al., 2001). Studies with
ghrelin and GHS-R knockout mice have challengedirtigortance of ghrelin in the
maintenance of energy homeostasis. Both strainmioé were found to display
similar phenotypes to wild type mice as regardsifodake, body size and growth
rate. However, later studies have suggested thatldks of ghrelin signalling is
associated with resistance to diet induced obesitygther these results are due to the
strain or age of the mice is unclear (Murphy andoit, 2006). It may be that in the
absence of ghrelin, compensatory pathways developaintain the process of meal

initiation and energy homeostasis.
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Ghrelin mediates its orexigenic effects by activgtNPY/AgRP neurons within the
arcuate nucleus, in opposition to leptin which Iniisi these neurons. While ghrelin
and leptin modulate food intake via shared pathwinese appears to be no feedback
by which they regulate the levels of one anothdoKket al., 2007). Ghrelin may
activate NPY/AgRP neurons directly, but there soatvidence that it may work via
vagal pathways.

Ghrelin levels are low in the obese and rise foll@wveight loss, suggesting they
may be regulated to limit weight gain in the obesate (Chaudhri et al., 2006).
Ghrelin may rise with weight loss to preserve éatels and thus to increase survival
chances during periods of famine

Since its discovery, the ghrelin system has beerstibject of extensive research as a
possible therapy for obesity. Synthetic GHS-R amtésgs have been developed
which reduce food intake in both lean and obese rfihollet et al., 2009). However,
so far clinical trials of GHS-R antagonists havevan unsuccessful in the treatment
of obesity. As ghrelin is the only hormone known dontain an octanoyl group,
inhibition of the GOAT enzyme has emerged as amqibeential therapeutic avenue.
Chronic peripheral administration of a GOAT antagbto mice reduced circulating
ghrelin levels and blunted the high fat diet indli@eeight gain observed in control
animals (Barnett et al., 2010). Conversely, ghraind other GHS-R agonists may
prove beneficial in the treatment of disorders absarised by anorexia, such as
kidney disease, HIV and some cancers. Ghrelin as@@ food intake in cancer
patients with appetite loss and malnourished dslpstients (Neary, et al.,, 2004;

Wynne, et al., 2005a).
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1.5.2 Cholecystokinin (CCK)

Cholescystokinin (CCK) was the first gut hormonepiicated in the control of
appetite. As early as 1973 it was reported thagerous administration of CCK to
rats inhibited food intake (Moran, 2000). This Isasce been proven in other species,
including humans (Wynne et al., 2004). There amumber of biologically active
forms of CCK found in circulation, but all sharetbtommon C-terminal heptapeptide
which contains a sulphated Tyrosine residue (Cnawled Corwin, 1994). CCK is
produced by I-cells in the small intestine andaséxl post-prandially, stimulating the
release of digestive enzymes and bile, increasmgstinal motility and inhibiting
gastric emptying (Chaudhri et al., 2006).

CCK mediates its effects via two distinct G-protewupled receptors; CCK-1 and
CCK-2 (Wynne et al., 2004). Both receptors are esped in multiple sites within the
brain and gut, but it is the receptors expressedherafferent vagus nerve that are
critical to the effects of CCK on feeding (Chaudleti al., 2006). Antagonist
experiments confirmed that these effects are medliirough the CCK-1 receptor.
Administration of a CCK-1 receptor antagonist tésreesults in a dose dependent
increase in food intake, suggesting a physiologiol# for CCK-1 receptor signalling
in food intake (Lo et al., 2010). In contrast, akGZ receptor antagonist had no effect
on food intake (Lo et al., 2010). Otsuka Long Evaokushima Fatty (OLETF) rats
lack CCK-1 receptors and are hyperphagic and ofidsephy and Bloom, 2006).
However, CCK-1 receptor knockout mice display ndrnaily food intake,
suggesting that CCK may not be crucial for conimgllappetite in some species, or
that the activation of developmental pathways aanpensate for its loss (Moran and
Kinzig, 2004). It is a matter of debate whether CKdiates its effect on food intake

through endocrine, paracrine and/or neurocrineoasti\Wynne et al., 2004). This
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follows reports that the physiological levels ofcalating CCK are insufficient to
activate the necessary vagal circuits.

The effects of CCK are short lived; when administiejust 30 minutes prior to
feeding, no anorectic effect was observed (Arord Anubhuti, 2006). Continuous
administration of CCK to rodents inhibited foodakeé for 24 hours, after which this
effect ceased (Murphy and Bloom, 2006). Intermtttpre-prandial injections did
reduce subsequent meal size but were compensatedyf@n increase in meal
frequency (Murphy and Bloom, 2006). This suggelstea CCK may not be a useful

target for drugs to alter long term energy homesista

1.5.3 Glucagon-like peptide-1 (GLP-1)

Preproglucagon is a large precursor protein pradlutg@ancreatie. cells, the L-cells
of the small intestine and within the CNS (Stardgyal., 2004). It undergoes tissue
specific enzymatic cleavage to yield a number ofdgjically active peptides, some of
which are implicated in the regulation of appetit€LP-1 is generated by
preproglucagon processing in the small intestin€, ia released into the circulation
after a meal (Wynne et al.,, 2004). A number ofetght forms are present in the
circulation, with the most predominant being GLR7t36) amide (Murphy and
Bloom, 2006). GLP-1 is highly conserved acrossed#ht species, suggesting an
important physiological role. The primary role oL&1 within the body is as an
incretin; and central and peripheral administrabdGLP-1 potently increases insulin
secretion (Murphy and Bloom, 2006). In additionit®incretin effects, GLP-1 has
also been shown to inhibit glucagon release, gastmptying, gastrointestinal fat

absorption and appetite (Arora and Anubhuti, 2006).
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GLP-1 exerts these effects through the GLP-1 recd@LP-1R). This is a G-protein
coupled receptor found in the gut and CNS (Knuadeal., 2007).

Administration of GLP-1 (7-36) amide intracerebrotrecularly or directly into the
PVN inhibits food intake in rats. Chronic intradereventricular administration
reduces weight gain in rats (Flint et al., 1998)humans, intravenous administration
of GLP-1 (7-36) amide reduces food intake in betiml and obese volunteers (Flint et
al., 1998).

It has also been reported that obese humans haws forculating levels of GLP-1
and that weight loss subsequently increases GLEvgld. This suggests that a
reduction in GLP-1 secretion could promote obeditpwever, other studies have
disputed these findings (Chaudhri et al., 2006).

The discovery that obese humans were sensitivendoeffects of exogenously
administered GLP-1 led to hope that a GLP-1 bakethpy could be developed for
the treatment of metabolic disorders such as opesitl type-2 diabetes. However,
GLP-1 (7-36) amide has a relatively short circulgthalf life of approximately two
minutes (Chaudhri et al., 2006). This is predomilyasiue to the action of the enzyme
dipeptidyl peptidase IV (DPP-1V), which cleaves thst two N-terminal amino acids
from GLP-1 (7-36) amide; the resulting peptide, GLF-36) amide, has been found
to act as an antagonist, rather than an agonigh®GLP-1R (Stanley et al., 2004).
The circulating half-life of GLP-1 is extended t0 fninutes in DPP-IV deficient rats
(Chaudhri et al., 2006).

The development of GLP-1 based therapies has #iuslfowed two main avenues;
the development of DPP-1V resistant analogues tla@dise of DPP-IV inhibitors.

The venom of the Gila monster lizard contains a Ibemmof biologically active

peptides. One of these peptides, exendin-4, hassegfdence homology with GLP-1
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(7-36) amide and is a potent GLP-1R agonist (Gdlka#.£1993). It is also resistant to
degradation by DPP-IV due to the nature of its Maiaal dipeptide sequence.
Because of its potent incretin effects, exendinr4exenatide was developed as a
therapy to improve glycaemic control in type-2 @its. Marketed as Byetta,
exenatide is licensed for use in the USA and Eum@pen injectable treatment for
type-2 diabetes (Nachnani et al., 2010). Alongsidebeneficial effects on glycaemic
control, treatment with exenatide also elicits dased food intake and moderate
weight loss. However, recent studies in rats hawggested that there may be an
increased risk of developing pancreatitis assodiadgth exenatide treatment
(Nachnani et al., 2010).

Liraglutide is a synthetic analogue of GLP-1 inaogiing a palmitoyl functional
group that aids binding of the peptide to albummnthe circulation. The resulting
albumin-peptide conjugate is resistant to degradatby DPP-IV, and has a
circulating half life of up to 13 hours (Cummingsat, 2010). Liraglutide, marketed
as Victoza, was licensed for use in Europe in 28@® USA in 2010 as a once daily
injectable treatment for type-2 diabetes (Parks Radebraugh, 2010). As with
exenatide, patients taking Victoza experienced maidewneight loss and a reduction
in hyperglycaemia (Cummings et al., 2010). Concdrage been raised over the
safety of liraglutide. An FDA review in 2010 highhted the risk of developing
cancer of the thyroid C-cells, after studies irsrahd mice showed an increase in
occurrence of benign adenomas and malignant canasofollowing prolonged
exposure to liraglutide (Parks and Rosebraugh, R@®éncern was also raised over
the risk of developing pancreatitis as it has ailatmmechanism of action to

exenatide.
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Other GLP-1 analogues are in clinical developmardiuding Taspoglutide which
has amino-isobutyric acid (Aib) substitutions inot@mino acid positions prone to
enzymatic cleavage. The bulky side chain of Aibfeo steric hindrance to these
positions, making the molecule resistant to enzigndegradation whilst also
stabilizing the peptide’s conformation to improwzeptor binding. Taspoglutide has
a plasma half life of 9 hours in rats (Sebokovaakt 2010). When taken in
combination with Metformin, Taspoglutide improvestlp glycaemic control and
body weight in type 2 diabetics that were not besdpquately controlled by
treatment with Metformin alone (Nauck et al., 2009)

A number of different DPP-IV inhibitors are eithierclinical development, or have
been approved for release and are currently omtn&et for the treatment of type-2
diabetes. Sitagliptin and vildagliptin are the mestablished of those currently
available (White, 2008). Although they produce thesired effects on glycaemic
control, neither significantly reduces body weiglhturphy and Bloom, 2007). This
may be because inhibition of DPP-IV causes onlyagest increase in circulating
GLP-1 levels. DPP-IV is implicated in the enzymatiegradation of a number of
other biologically active peptides, which may blated to the reported side effects of
DPP-1V inhibitors, which include nasopharyngitigadaches and dizziness (White,
2008). The gut hormone PYY is cleaved to its artardorm, PYY(3-36), by DPP-
IV, so DPP-IV inhibitors may increase levels of amrectic hormone only to reduce
the levels of another, limiting effects on appesitel body weight (Mentlein, 1999).

In the light of the difficulties facing the develmgnt of peptide based therapeutics,
non-peptidic GLP-1R agonists have become an aiteacobncept. Several different
lead compounds have been developed, including ‘coimgb 2' and ‘Boc5’. These

compounds are said to be allosteric ligands whicdd bo GLP-1R at sites distinct
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from the binding site of the natural ligand (Koeleal., 2010). Allosteric ligands may
act as an agonist themselves and/or enhance theah#igand’s affinity for the
receptor. However, there have been no clinicalstrid these molecules reported to

date.

1.5.4 Oxyntomodulin (OXM)

Oxyntomodulin (OXM) is another post-translationabguct of preproglucagon and is
released by the L-cells of the distal small intestiollowing food intake in proportion
to the calorie content of the meal (Wynne et @06). It is 37 amino acids long and
contains the entire 29 amino acid sequence of gtutavith the remaining 8 amino
acids extending the C-terminal end. This changstrincture reduces the affinity of
the molecule for the glucagon receptor and incieasaffinity for the GLP-1R.
Intracerebroventricular, direct PVN or peripheramanistration of OXM reduces
food intake in rats, and peripheral administratieduces food intake in rats and mice
(Chaudhri et al., 2006). Chronic peripheral adntiation of OXM in rats
significantly reduced body weight gain comparedsatine controls and to pair fed
saline controls (Dakin et al.,, 2004). As the caomtake of the pair fed and
oxyntomodulin groups were very similar, this expent suggests in addition to
reducing food intake, OXM also increases energ\epgfure.

Pre-prandial intravenous administration of OXM irtealthy humans significantly
decreased food intake by 19% at a buffet meal (€ateal., 2003). Repeated pre-
prandial sub-cutaneous injection of OXM three timesday over 4 weeks to
overweight and obese subjects was shown to proglu@verage weight loss of 2.4%
of body weight, compared to 0.5% in a saline tr@atentrol group (Wynne, et al.,

2005b). In a separate study, OXM was shown to asgeenergy expenditure in obese
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humans, further enhancing its potential as an @esity therapeutic (Wynne et al.,
2006). In particular its more limited incretin effecompared to GLP-1 makes it a
potential treatment for those obese subjects withype-2 diabetes.

However, the mechanisms by which OXM facilitatesahorectic effects are not yet
fully understood. OXM has been shown to bind tohbtite GLP-1 and glucagon
receptors, but with less affinity than the natuigdnds. However, the anorectic effect
of OXM is comparable to that of GLP-1, which suggethat it may in part act
through a separate pathway (Stanley et al., 2@0@®natively, the pharmokinetics or
tissue availability of OXM may increase its anoreetctivity out of proportion to its
receptor affinity. Administration of the known GLHR antagonist exendin (9-39)
directly into the arcuate nucleus reduced the anioreeffect of peripherally
administered OXM but not GLP-1 (Murphy and Bloor®08). These results suggest
that although the GLP-1R is present in the arcoatteus, there may also exist an as
yet unidentified OXM specific receptor that is alantagonised by exendin (9-39).
However, OXM does not reduce food intake in GLPKtRckout mice (Chaudhri et
al., 2006). It may be that the presence of specdaeptor-associated proteins are
required to mediate the differential effects of GLRand OXM via the GLP-1R,
perhaps similarly to the effect of receptor-acyamodifying proteins on the
adrenomedullin/calcitonin gene-related peptide pare Downstream of the receptor
involved, OXM may work in part by suppressing ghredecretion. OXM infusion
reduced pre-prandial levels of ghrelin in ratsdeling an overnight fast, and OXM

reduces circulating ghrelin levels in rats via flypothalamus (Patterson et al., 2009).
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1.5.5 Pancreatic polypeptide (PP)

Pancreatic Polypeptide (PP) is a member of theoRFfdmily of peptides, which also
includes NPY and PYY. PP is 36 amino acids longiarte least conserved of these
peptides between species. It is produced predoriynianthe endocrine pancreas and
is released in response to food intake at levapgtional to the calorie content of
the meal (Batterham, et al.,, 2003a). It functions delaying gastric emptying,
suppressing the release of ghrelin and increasagglvtone. It is also believed to
increase energy expenditure, thus helping to prenststate of negative energy
balance (Chaudhri et al., 2006).

The role of PP in appetite regulation has been knfmwover 30 years. In 1977 it was
discovered that the genetically ob@&béob mice lacked the pancreatic cells needed to
produce PP, and that twice daily peripheral adrnretion of bovine PP to these mice
reduced food intake and body weight gain (Stantegl.e 2004). Later studies with
normal mice confirmed this potent inhibitory effexstd showed that it lasted for 24
hours after administration (Wynne et al., 2004 anBgenic mice that over express PP
are lean and display reduced food intake compargdwild type mice (Asakawa et
al., 2003).

Intravenous administration of PP reduced ad libifowd intake two hours later by
22% in healthy human volunteers. This effect wastadned over a 24 hour period
resulting in a cumulative reduction in daily foaatake of 25% (Batterham, et al.,
2003a).

Prader-Willi syndrome is a genetic disorder chamased by hyperphagia and obesity
from an early age (Jin, 2011). Sufferers of Pratfdli- syndrome have low basal and
postprandial levels of PP and intravenous infussérPP to Prader-Willi patients

significantly reduces their food intake (Balasubammam et al., 2006). It has been
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reported that non-syndromic obese humans alsoteaieed circulating levels of PP,
whilst anorexic subjects have elevated levels, suggesting PP may have a causal
influence on the development of obesity (Chaudhai.e 2006).

As a member of the PP fold family, PP binds to@protein-coupled Y receptors. It
has been found to have greatest affinity for theeteptor (Balasubramaniam et al.,
2006). Due to the nature of the N-terminal regibnhe PP sequence, it is unable to
cross the blood brain barrier. However, the Y4 pgmeis highly expressed in the area
postrema of the brainstem, a circumventricular oygad it is thus believed that PP
facilitates its anorectic effect via the ¥eceptors in this region (Kojima et al., 2007).
PP has been shown to have conflicting effects al fimtake depending upon the
route of administration. Central administrationR# in rats increased food intake and
stimulated gastric emptying. These inimical effetiay be due to different sites of
receptor activation, or may reflect pharmacologieakels of PP binding to thesY
receptor. Studies showed the orexigenic effecteatral PP was blunted insXknock
out mice, but not by ¥ antisense oligonucleotides, leaving the issue saived

(Wynne et al., 2004).

1.5.6 Peptide YY (PYY)

PYY is also a member of the PP fold family of pdps and is named for the presence
of tyrosine (Y) residues at both terminals of itsi@o acid sequence. PYY is

synthesised by intestinal L-cells and is widely regsed throughout the

gastrointestinal tract, although it is most densekpressed in the distal gut

(Batterham and Bloom, 2003). Following food intak&YY is released into the

circulation in proportion to the calorie contenttbe meal (Batterham and Bloom,
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2003). It delays gastric emptying and inhibits Igjakider and pancreatic enzyme
secretion.

Once it is released into the circulation, PYY umdes rapid enzymatic cleavage by
DPP-IV to yield the predominant circulating formY¥Y(3-36) (Batterham and
Bloom, 2003). Unlike GLP-1, PYY(3-36) retains bigical activity after this
enzymatic degradation. As a member of the PP faidilf, PYY binds to the Y
receptors. PYY(1-36) has been shown to have giteatésity for the Y; and ¥
receptors but PYY(3-36) is a selective agonisttfe Y, receptor (Batterham and
Bloom, 2003).

It was reported in 2002 that intraperitoneal adstration of PYY(3-36) acutely
reduced food intake in rats, and that intermitteenen day administration reduced
cumulative food intake and reduced weight gainaits r(Batterham et al., 2002). A
number of independent research groups originailgdato reproduce these results,
with some actually recording an increase in foothka (Chaudhri et al., 2006).
However, subsequently a number of these researbbgesfound PYY(3-36) to have
an anorectic effect. It has been suggested thaettscrepancies may be due to the
effects of stress masking the anorectic effect®¥¥(3-36) (Abbott et al., 2006).
PYY knockout mice are hyperphagic and develop dpesuggesting a physiological
role for PYY in appetite (Boey et al., 2006).

In humans it was reported that intravenous admatisn of PYY(3-36) to healthy
volunteers, 2 hours prior to being given access baiffet lunch, reduced food intake
by 36% compared with saline controls. Food intales wecorded for 24 hours after
infusion and the PYY(3-36) group showed a 34% deswdn total daily food intake
(Batterham et al., 2002). The, ¥eceptor mediates the effects of PYY(3-36) on food

intake; Y, knockout mice are immune to the anorectic effectperipheral PYY(3-

55



36) administration (Batterham and Bloom, 2003).sltproposed that PYY(3-36)
facilitates its anorectic effect by freely crossthg blood brain barrier into the arcuate
nucleus and binding to the,Yeceptors which are highly expressed there. Direct
injection of PYY(3-36) into the arcuate nucleus uees food intake in rats (
Batterham et al., 2002). The arcuatgr¥ceptors act as presynaptic inhibitors which
suppress NPY/AgRP neurons, which in turn disineiBOMC neurons and increases
their activity (le Roux and Bloom, 2005). Howevek Y (3-36) reduces food intake in
POMC and MC4 receptor deficient mice, suggestirgyrttelanocortin system is not
necessary for the actions of PYY(3-36) (Chaudhriakt 2006). There is also
evidence that PYY(3-36) may act through vagal dlgitapathways to reduce food
intake. Like PP, PYY has also been shown to haymsipg effects on food intake
depending upon the route of administration. When miagtered
intracerebroventricularly, PYY(3-36) increases fomdake in mice. It has been
suggested that this orexigenic effect is the resuttharmacological levels of PYY(3-
36) binding to Y and Y; receptors, for which PYY(3-36) retains a degreafbhity.
Both Y; and Y5 receptors are thought to mediate the orexigeniecesf of NPY
(Wynne et al., 2004).

PYY(3-36) may represent a potential therapeutilmadar the treatment of obesity.
Obese humans have been reported to have lowendalgvels of PYY than lean
humans, suggesting that reduced levels of PYY new ltausal factor for obesity.
However, this finding has been challenged by a remab other researchers. Obese
humans retain sensitivity to the effects of exogeshpadministered PYY(3-36). At a
buffet lunch, 2 hours after receiving an intravenmfusion of PYY(3-36), the obese

group had a 30% decrease in food intake, compardd34% decrease in the lean
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group. The fact that obesity did not appear to baracterised by PYY resistance
suggests that PYY has utility as an anti-obesitdioceion (Batterham, et al., 2003b).
However, there are difficulties in using PYY(3-39 a drug to reduce appetite and
body weight. The circulating half life of PYY(3-3& very short, thus to be used as
an effective drug, PYY(3-36) would need to be adst@red on a regular basis or in
high doses. However, it has been reported that radtration of supra-physiological
doses of PYY(3-36) causes nausea suggesting it basy a narrow therapeutic
window (Murphy and Bloom, 2006). There is also thessibility of patients
developing tachyphylaxis to its effects.

A number of hormones have been shown to elicitectar effects. Co-administration
of these hormones may result in an additive or esygrergistic inhibitory effect on
food intake. By combining different hormones, ityraso be possible to reduce the
doses of individual hormones and thus potentiatigluce related side effects.
Consequently, a number of groups have investigtiteceffects of co-administering
PYY with other known anorexigenic hormones. Thee@ffon food intake of co-
administration of PYY(3-36) and GLP-1(7-36) amidasatested in both rodents and
humans (Neary et al., 2005). It was reported tha @YY (3-36) and GLP-1(7-36)
amide treatment resulted in an enhanced inhibieffgct on food intake when
compared to the effect of single peptide infusiorhumans and in lean and obese
mice. Similarly co-administration of PYY(3-36) withe long acting GLP-1R agonist
exendin-4 had an increased anorectic effect cordparth the individual treatments.
The reduction in food intake for the combinatioeatment was greater than the
effects of the two single treatments added togethaggesting that PYY(3-36) and
GLP-1(7-36) amide may operate in a synergistic reanfiNeary et al., 2005).

Although PYY and GLP-1 are co-secreted by the Iscef the small intestine, they
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then act through independent mechanisms. The pgthmadiating this synergistic
effect are as yet unclear.

It was then hypothesised that that the combinatbRYY(3-36) and PP may also
show enhanced inhibition of food intake, as both \@a different Y receptors.
However, in human studies, volunteers treated vitth PP and PYY(3-36)
consumed more food than those receiving PP aloear{Net al., 2008). In mice the
combination treatment led to a statistically ingigant decrease in food intake
compared to the single treatments (Neary et al8R0

It has been reported by Amylin Pharmaceuticals that combination therapy of
amylin and PYY(3-36) resulted in a synergistic retchn in food intake compared
with treatment with either peptide alone (Rothlet2007). This has been proposed to
be due to amylin induced signalling in the areatngosa positively influencing
upstream PYY(3-36) signalling in the arcuate nusleu

The effects of PYY(3-36) on food intake are shoréd. Fasting, or a reduction in
body weight causes a drop in the circulating leegleptin which elicits a subsequent
increase in appetite, which may oppose any long@ngeffects of PYY(3-36). It was
thus suggested that co-administration of leptinhiextend the anorectic effects of
PYY (3-36) (Unniappan and Kieffer, 2008). This conation did prolong the
anorectic effects of PYY(3-36) in ad libitum fedsabut not in 24 hour fasted rats,
suggesting that decreased circulating leptin isthetonly factor behind the short
lived effects of PYY(3-36).

Another possible approach to producing a succe$3YiM(3-36) based therapeutic
would be to increase its selectivity for the antoedr, receptor over other Y
receptors. The C-terminal tyrosine residue of P¥Ythought to be essential for

binding as an alanine scan of PYY(3-36) found (A>®)PYY(3-36) had a complete

58



loss of affinity for the ¥ receptor (Pedersen et al., 2009). A number of BY3R)
analogues have been produced with altered aromidicchain functionalities of the
tyrosin€® residue. Analogues with the hydroxyl group repthd®y an amino or
halogen functionality, retained affinity for the, Yeceptor but had greatly increased
selectivity for the ¥ over the Y receptor (Pedersen et al., 2009).

Pegylation is the process by which a polyethyldgeay (PEG) group is attached to a
peptide, usually in an attempt to improve its poyeas a drug within the body. The
large size of the PEG group hinders enzymatic diegi@n and slows renal clearance
(Elinav et al.,, 2009). The chemical nature of thEGPgroup greatly increases
solubility and stabilises the drug over a greater gand temperature range. PEG
displays minimal toxicity and is expelled from tbedy intact either through the
kidneys or in faeces, depending upon the size efREG unit. PEG is therefore
approved by the FDA for use as a vehicle or baseHarmaceuticals, cosmetics and
foods (Harris and Chess, 2003).

A number of studies have been conducted on peglylR¢Y and Y. agonists.
PYY(24-36)-L31 has been shown to be a selective agonist. Studies were
performed on a series of C and N-terminal pegylatedieine analogues of PYY(24-
36)-L31 (DeCarr et al., 2007). It was found that &-terminal pegylation was
detrimental to receptor binding, but that all Nat@ral pegylations decreased, Y
affinity by less than a factor of 10. In the subhsmy feeding studies, PEG20-
PYY(24-36)-L31 was shown to induce a greater radandn food intake than native
PYY(3-36) in mice (DeCarr et al., 2007). Anotheogp developed a pegylated form
of PYY(3-36) in which the PEG moiety was attachedhe N-terminal of PYY(3-36)
via an FMS linker that would be spontaneously ataly hydrolysed under

physiological conditions to yield the free pepti@&hechter et al., 2005). The group
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had previously shown that irreversibly bound PE®A0¢{(3-36) was biologically
inactive. Feeding studies in mice with the revdysiibund PEG40-PYY(3-36) found
it had a circulating half life of 24 hours and thiatesulted in a reduction in food
intake comparable to that seen with continuoussiofu of PYY(3-36), the effects of
which only last for a few days (Shechter et al.0®0 These results support the
concept of pegylation as a means of improving Pé¥ea drug delivery.

To improve the utility of peptide based drugs, @ynbe necessary to change the route
of entry into the body. One alternative to intrames or subcutaneous injection is to
administer the peptide orally so that it can beodied into the circulation in the small
intestine thus mimicking its physiological reled8eglinger et al., 2008). The main
drawback to this strategy is that peptides do eatily survive the acidic conditions
and proteolytic enzymes found in the stomach. Ndwveg formulation technology
(details not supplied) were used to develop a fofnPYY(3-36) suitable for oral
administration. Oral administration of this molexzuésults in a rapid, dose dependent
increase in plasma concentrations of PYY(3-36) a@anduppression of ghrelin
secretion (Beglinger et al., 2008). No informatwas supplied regarding subsequent
effects on feeding behaviour, but this study dertrates that a peptide can be
successfully delivered into the circulation vial@dministration.

Another possible route of entry for peptide drugishrough the nasal mucosa, which
acts as an absorptive surface for the transfereptigles into the circulation. Nasal
administration can also potentially facilitate diretransfer into the CNS. An
intranasal formulation of PYY(3-36) was used in2avteek study in obese subjects
(Gantz et al., 2007). The study showed no sigmfiegeight loss at low doses and a
high drop out rate at high doses caused by intoteraf the adverse events including

nausea and vomiting. It is possible that the faikar promote weight loss at low doses
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was the result of PYY(3-36) binding to centra) Mceptors following the theoretical
transfer of PYY(3-36) directly into the CNS via thasal mucosa. It may also be that
the sharp but short-lived rise in circulating PY¥38) was insufficient to chronically

reduce appetite and body weight.

1.6 Gut hormones as obesity therapeutics

Current anti-obesity therapies are insufficienstem the obesity epidemic. There is
thus much academic and industrial research internpiad anti-obesity agents. Gut
hormone systems offer a promising pharmaceutiagleta As these hormones are
released daily, it seems less likely that a patremild develop tachyphylaxis to their
effects. They may also be less likely to cause sffects. Gut hormones are
endogenous peripheral factors evolutionarily “desdj to influence central appetite-
control circuits. A drug based on gut hormones wotlierefore target specific

neuronal pathways and may therefore be less likebause side effects. In contrast,
agents such as Sibutramine have sympatho-mimetgeesfects because of their non-
specific targeting of neurotransmitter systems.

Using a small molecule agonist for a gut hormoreepéor would have advantages
over the use of the peptide hormone itself. Suclecubes are more likely to be orally

active and so could be used in tablet form as agpts requiring injection. However,

designing small molecules so that they will acagenists for gut hormone receptors
is inherently difficult. The receptors often hawde interaction sites and the amino
acids important for receptor binding in the peptadm be dispersed throughout the
sequence (Murphy and Bloom, 2007).

It therefore seems logical to modify the hormondenale itself, rather than trying to

design a small molecule mimetic. Several modifiegptmle hormones are in

widespread clinical use in injectable form e.g. iffied forms of vasopressin for
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diabetes insipidus, and of somatostatin for newdoerine tumours. Such modified

hormones are synthetically produced using chenecdiniques.

1.7 Peptide chemistry

Natural peptides can be extracted from tissue antthe past, many peptides were
characterised and obtained for experimental anch @lieical use in this manner.
Subsequent developments in peptide chemistry mdéait peptides needed for
experimental work could be made by chemical meangarticular, this was the only
way of obtaining unnatural sequences. In recentrsyethe development of
recombinant DNA technology has provided the optdmproducing natural peptides
and proteins of a hundred amino acids or more usialpgical methods. However,
chemical synthesis is still the most important andely used method for producing
peptides, in particular those without more com@egondary structures.

Peptide chemistry can be said to date back to ¢igénhing of the 28 Century with
the synthesis of the first peptide bond by Fislien the first half of the century
peptides were synthesised using classical orgdm@mistry methods. This strategy is
now referred to as solution phase peptide synthesiall of the reagents are held
within the liquid phase. Coupling reactions are egatly performed in an organic
solvent. Upon completion of the reaction, the aEsicompound is separated from
unused reagents and by-products via a series i@otxins and phase separations with
different organic solvents and aqueous solutiorte process is cumbersome, time
consuming and requires a high level of skill. Thetkesis of simple peptides can still
take many days to complete, whilst longer sequeoardake months due to the need

to perform multiple purification steps on intermatei products. However, solution
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phase synthesis methods are still applied comnigramathe large scale production
of certain peptides.

In 1963 the biochemist Bruce Merrifield reportedew method for the synthesis of
peptides that he named Solid Phase Peptide Systf®&RPS) (Merrifield, 1963). His
approach was to build a peptide chain in a steppiiseess whilst it was anchored at
the carboxyl terminus via a covalent bond to amludde solid support. Merrifield
initially reported the synthesis of a model tetyapmie (H-Leu-Ala-Gly-Val-OH)
which was identical to a sample produced usingdhassical solution method. He
later reported the successful solid phase synthekidradykinin that had full
biological activity (Merrifield, 1964). Crucially Kirrifield reported a production time
of 8 days and a final yield of 68%.

Merrifield’s method was initially met with widesgaé scepticism within the scientific
community but in time became accepted as the mifisieat way to synthesise
peptides, in particular those with long sequences.

The method involved the use of an insoluble bubpsipolymer resin onto which the
peptide is anchored through the carboxyl grouphef €-terminal amino acid. The
peptide is then built up via the coupling of théseguent residue to the freemino
group of this amino acid. Theamino group of the new amino acid is masked with a
temporary protecting group which is not affectedtbg conditions of the coupling
reaction, but which can subsequently be selectixetyoved to allow addition of the
next residue in the sequence.

Any amino acid containing a reactive side chaindse¢éo have an additional
protecting group present. This needs to be staitlemy during the coupling reaction

but also during the reaction to remove the temgaxeamino protecting group. Once
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the peptide has been fully assembled, the sidenghvatecting groups are removed

and the peptide simultaneously cleaved from thia (€sgure 1.3)
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Figure 1.3 The mechanism behind the principle of diol phase peptide synthesis

(SPPS)

X = temporarya-amino protecting group; R = amino acid side chain= temporary side chain

protecting group; n = number of amino acids infibptide sequence.
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The main advantages of this method are that thedgepan easily be separated from
all soluble reagents by simple filtration insteddtime consuming extractions and

separations. Washes can be performed quickly asitieand excesses of reagents
can be incorporated to speed reactions up, ascdreyalso be easily removed at the
end of the synthetic process. As the peptide ifi@med to the solid support, loss of
peptide is greatly reduced. Finally, Merrifield wa@sck to realise the potential for his

methods to be amendable to automated synthesisifigldr 1963).

There are some drawbacks to this method. Incomgletplings and incompletely

blocked side reactions cause undesired productsd¢omulate on the resin. These
affect the purity and yield of the resulting crupeptide, and have to be removed
using one or more of the available purification hoeis.

The basic principles of Merrifield’s method remainthe core of modern day solid

phase peptide synthesis, but it has evolved oveye#ds and now exists in two

distinct forms.

1.7.1 Boc/Bzl (Merrifield) SPPS

This version of SPPS is very similar to the origimeethod pioneered by Merrifield
and works on the principle of increasing acidity tbhe removal of thex-amino
protecting group, and for release of the final mepaind removal of the side chain
protecting groups. The tertiary butoxycarbonyl (Bgcoup (Figure 1.4) is used to
protect thea-amino group of the amino acid residues and is vatidy treatment
with trifluoroacetic acid (TFA). This imparts a pidbgee charge on the exposed
amino group and a neutralisation step is therefoggquired following each
deprotection. A variety of TFA stable, benzyl basednpounds are used to protect

the reactive amino acid side chain groups. Finptigde release is brought about with

65



the very strong acid, anhydrous hydrogen fluortd€)( However, HF is highly toxic

and its use requires skill. Glass is not stabléHto and specialised HF resistant
equipment is therefore required. Another drawbatk Boc SPPS is the effect that
repeated exposure to harsh acidic conditions hatemnesin bound peptide. Certain
peptide bonds are more sensitive than others tgpldvand a number of by products
are often produced following Boc SPPS of some deptiln addition, the principle of

Boc SPPS is reliant on the selectivity of the algisis reactions. However, these
reactions were not always precisely selective, ltieguin the accumulation of

impurities on the resin, or loss of product dugtemature cleavage of the peptide-
resin linker. As soon as these limitations wereogatsed, work began on devising

alternative methods of SPPS.

@)
Ck4 0 AA
HaC o AA
O
Chs
tertiary butoxycarbonyl (Boc) 9-fluorenylmethyloxycarbonyl (Fmoc)

Figure 1.4 The chemical structures of the Boc and rRoc a-amino protecting

groups.

AA = position at which the protecting group attashe the amino acid.
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1.7.2 Fmoc/tBu SPPS

In 1970 Louis Carpino reported the development néa& amino protecting group, 9-
fluorenylmethyloxycarbony{Fmoc) that was completely stable to acidic coodsi
but was readily cleaved in mild basic conditiongr@no and Han, 1972). His study
reported the successful synthesis and subsequprttéetion of a number of Fmoc
protected amino acids and also the synthesis oédémoc dipeptides using solution
phase methods.

It was not until 1978 that two independent reseayaups reported the successful
application of Fmoc protected amino acids in sofpilase peptide synthesis
(Meienhofer et al., 1979; Atherton et al., 1978)ptlB employed an orthogonal
protecting strategy whereby reactive amino acic silain groups were protected
with tertiary butyl based structures that were dahlile. Removal of the Fmoc group
was performed using the secondary amine piperidindgasic substance in the
presence of which the other protecting groups &edrésin linker were completely
stable.

Final removal of the peptide from the resin togetiwéh the remaining protecting
groups was facilitated by treatment with TFA. Thee wf a less harsh acid than that
used with the Merrifield method meant that the wéege reaction could be performed
using standard laboratory glassware.

In the thirty years that followed, Fmoc SPPS grempopularity and, aided by a
decrease in the cost of commercially available Fatected amino acids, is how
the synthesis method of choice in the majority eptle laboratories. In 1992 the
Association of Biomolecular Core Facilities (ABR¢9nducted a study in which they
asked their associate peptide facilities to syntleethe same peptide using their

individual method of choice and submit a crude danfpr analysis (Smith et al.,
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1992). Of the samples submitted exactly half waepared by Boc SPPS and the
other half by Fmoc SPPS. Although it was feasilblesynthesise the sequence in
guestion by either method, on average those fasiliconducting Fmoc SPPS
achieved greater success than those using Boc $R$.the Fmoc crude samples
contained at least 25% of the desired productpblyt 56% of the Boc samples did.

All of the peptides in the studies described irs ttiesis are synthesised using the
Fmoc strategy, and all subsequent peptide chemistoymation will thus relate to

this strategy.

1.7.3 Resins

Polystyrene based resins cross linked with 1 — &#tydbenzene are still the most
commonly employed solid supports in SPPS. It wastlos same structure that
Merrifield conducted his first successful synthesdishe tetrapeptide H-Leu-Ala-Gly-
Val-OH (Merrifield, 1963). The nature of the polymmatrix is such that 99% of the
coupling sites on each resin bead lie within thedb@nd not on the surface (Amblard
et al., 2006). Therefore to achieve optimum perntigalbor reagents to access the
growing peptide chain, as well as accommodatingribesasing size of the peptide,
the resin has to sufficiently swell in the solveirtswhich reactions are performed.
Polystyrene based resins display a good degree weéllisg in both
dimethylformamide (DMF) and patrticularly dichlorothane (DCM), but as the
common peptide synthesis reagents are more sdhulplelar solvents it is DMF that
has become the primary solvent in Fmoc SPPS. DClHtilisutilised in specific
reactions and also to perform certain wash cydésohols and aqueous solutions
have been found to be inadequate for most SPP®qguoes as they lack the desired

resin swelling properties (Amblard et al., 2006 the presence of alcohols,
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polystyrene based resins shrink and this propestyaw utilised as a means of
adequately washing away unused reagents by altggnat swelling wash with a
shrinking wash. The most commonly used alcohoth is iso-propanol.

In later years, alternative polymer supports wereetbped. The most commonly used
was a polystyrene—polyethylene glycol (PEG) hyhvitereby PEG molecules were
grafted onto the polystyrene matrix. PEG imparts/drophilic character to the resin
support which increases its swelling propertie®sgia wider range of solvents. This,
together with a decrease in the loading capaciakaPEG based hybrid resins useful
for the synthesis of long and difficult sequenddeyabiochem, 2010). Disadvantages
of using these resins include their high cost depgropensity for PEG leaching to
occur during cleavage owing to the lability of tbend between the PEG and
polystyrene molecules. Recently, a number of dfiempure PEG based resins have
become commercially available that claim to overeorthese disadvantages
(Novabiochem, 2010).

The peptide is attached to the polymeric suppamuth a linker molecule. The
nature of the linker determines both the requiiedl fcleavage conditions and also
the functionality of the C-terminal residue. Theotwnost common C-terminal
functional groups are the free acid (COOH) and an(@ONH). In 1973 Wang
devised a TFA labile resin for the production obtected peptides in Boc SPPS
(Wang, 1973). This polystyrene based resin hasl&koxybenzyl alcohol linker and is
now the standard resin in many peptide laboratdoeghe production of peptide
acids in Fmoc SPPS. Other commonly used resinghé&production of peptide acids
are 2-chlorotrityl chloride resin and Super AcichSidve Resin (SASRIN). The linker
group in both only requires a low concentrationTBA to be cleaved, so these resins

are used for the production of protected peptideésawhereby the peptide is released
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from the resin, but all amino acid and N-terminadtpcting groups are retained. This
approach is necessary when reactions with the r@itat carboxylic acid group are
required.

The most frequently used resins for producing plepéimides are Rink amide resin,
Ramage amide resin and 4-Alkoxy-2,6-dimethoxybesrmyhe (PAL) resin. Sieber
developed an acid sensitive, peptide amide yieldesyn that can be used for the
production of protected peptide amides (Figure 1.5)

For peptide acids and amides there exist a numbeoramercially available PEG
based resins that carry these same linkers. Thekele TentaGel resins supplied by
Rapp Polymere (Tibingen, Germany) and NovaSyn sesipplied by Novabiochem

(Nottingham, UK).
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Figure 1.5 The chemical structures of the most comomly used resin linker

compounds for the synthesis of peptide acids and ades.

Peptides can be produced with a number of othesri@ihal functionalities such as

alcohols, aldehydes and alkyl esters. There ar@a®ed resins for the production of

these peptides that are often compatible with stahdlFA cleavage methods.

Alternatively, 2-chlorotrityl chloride and SASRINegins can be used and specific
cleavage conditions applied to produce the degirectionality (Mergler, 1999).

The attachment of the first amino acid to the rasicarried out under a variety of

conditions dependent upon the nature of the rdémn.the production of a peptide

amide, attachment to the resin of the first residses the same conditions as for all
subsequent amino acid couplings. Thus there isesdl o perform a separate resin

loading reaction and the base resin can be purdhadeulk and used directly in an
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automated process. When a peptide acid is requioadjng of the 2-Chlorotrityl
resin is a relatively straightforward procedurediving the use of an excess of amino
acid in solution in the presence of a base andngifor up to 4 hours. For the
alkoxybenzyl based resins such as Wang resin,hatigiet of the first amino acid is a
more problematic and inconsistent procedure (CimanVehite, 2000). It is necessary
to form an activated species of the amino acid rptm loading. The activation
procedure utilised serves to increase the riskpaherization. This is a particularly
problem with the amino acids histidine (His) andteyne (Cys). With peptides that
contain a C-terminal His or Cys residue, many labmres will choose to use a 2-
Chlorotrityl based resin as the epimerizations levare much lower than with
alkoxybenzyl based resins. Due to the specificitythee loading reaction and the
problems associated with it, many choose not td tbha resin themselves and instead
purchase alkoxybenzyl based resins that are poetbaith the relevant Fmoc amino

acids.

1.7.4 Fmoc deprotection

The most common method for removing the Fmoc gfoum a resin bound peptide
is to wash the resin with a solution of 20-50% pgliee in DMF. Piperidine
deprotonates the fluorene ring of Fmoc, which Igademoval of the molecule from
the peptide as dibenzofulvene and carbon dioxitle.dibenzofulvene intermediate is
then scavenged by piperidine to form an adduct shraingly absorbs UV radiation
(Figure 1.6).

This property enables the monitoring of Fmoc degmtdbn reactions by certain
automated peptide synthesisers which have builyVh monitoring systems. This

measures the UV absorbance of a sample of the téetiom solution during the
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deprotection reaction. If the UV absorbance readsi@bove a preset level, the
assumption is made that this is due to the presancéhe solution of the
dibenzofulvene-piperidine adduct, and thus the aleption reaction is not yet
complete. The reaction is then repeated until theabdsorbance reading falls below
the preset level and the deprotection is consideoedplete. In comparison, those
conducting manual syntheses, or who do not havesado such synthesisers, at least
two consecutive washes, of between 2 and 30 minatesperformed as standard to

ensure effective deprotection.

. (0} NHwvv Peptide
C \H/
H ~—
(H
[NJ

Piperidine

B _NH~Peptide
— Y
Co,
i + HP
N HoNPeptide [NJ

dibenzofulvene-piperidine adduct

NHwv Peptide

Figure 1.6 The reaction mechanism of Fmoc group reaval by piperidine.

There are a variety of chemical tests that candmelucted on a sample of resin to

help the chemist determine whether the Fmoc degtiote reaction has been
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successful.The most commonly used of these is the Kaiser fEsis involves
washing a sample of resin in iso-propanol and thdding three drops each of
ninhydrin in butan-1-ol, phenol in butan-1-ol angrigine. The sample is then heated
to 100°C for 5 minutes; the resin beads turn bidese a-amino groups are present.
The colour results from the formation of the chr@mare molecule Ruhemann’s
Purple (Bottom et al., 1978). As the chromophorefoisned by the reaction of
ninhydrin with primary amines, a blue colour is seen when the amino acid being
tested is proline. As proline is a secondary amameprange/brown colour is usually
recorded. The resin beads will not change colotingnevent of a negative result. This
same test can also be applied to the monitoringesubsequent coupling reaction.
For some long and difficult peptides, piperidines teeen shown to be ineffective in
completely removing the Fmoc group, even when loradgprotection times and
higher piperidine concentrations are used. In tlvases it is often beneficial to use a
stronger base such as 1,8-diazabicyclo[5.4.0]ufdese (DBU) (Figure 1.7), which
has been shown to improve the synthesis of, fomgka amyloidp protein (1-42)
which is known to be a difficult sequence to systbe (Tickler et al., 2001).

In contrast, certain sequences can contain amiias #tat are sensitive to piperidine

and as such require the use of a milder base suckneethylpiperidine (Figure 1.7).
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Figure 1.7 Chemical structures of alternative basisubstances to piperidine for

the removal of Fmoc groups.

There are a number of different side reactions ttat occur during Fmoc
deprotection. Certain C-terminal dipeptide sequsre susceptible to base catalysed
diketopiperazine formation (Chan and White, 2000)this process the N-terminal
amino group of the penultimate amino acid cleabhesrésin ester linkage, releasing a
cyclic dipeptide and leading to a loss of yield.eTiteaction is more likely to occur
when the dipeptide contains proline (Pro) and glgqiGly) residues and the resin is
alkoxybenzyl based. It is therefore recommendet ttitgl based resins are used for
C-terminal proline and glycine peptides, as thekieul trityl group hinders
diketopiperazine formation. Alternatively, the sedoand third amino acids can be
coupled together as a dipeptide.

In basic conditions aspartic acid (Asp) residues @one to aspartimide formation.
This is a sequence dependent reaction, with ceAapixxx sequences more prone
than others. The problem occurs when dheitrogen of the xxx residue reacts with
the protected Asp side chain group in a base adlyeaction. This forms the cyclic
aspartimide compound and leads to subsequent fods aspartic acid protecting

group. Aspartimides readily undergo ring openiractions that subsequently produce
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a number of different products, most commonly dhend aspartyl isomers and, in
the presence of piperidine, tleeand 3 piperidide adducts (Mergler, et al., 2003b)
(Figure 1.8). The most likely xxx residues to faatke aspartimide formation are
glycine, aspartic acid, asparagine and serine (Meret al., 2003a). The use of strong
bases such as DBU exacerbate aspartimide formatsodpes prolonged exposure to
basic conditions, meaning that longer sequencemare susceptible to higher levels

of aspartimide derived impurities.
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Figure 1.8 The reaction mechanisms behind aspartide formation and the

subsequent conversion to aspartyl and piperidide ipurities.

Abbreviation: Asp, aspartic acid.



There are a number of different strategies to ammecaspartimide formation. One is
to use an alternative aspartic acid side chaireptioiy group other than the standard
t-butyl ester (OtBu) group. Studies have demoredrahat employing the bulkier 3-
methylpent-3yl ester (OMpe) protecting group greatiduced aspartimide formation
when compared with t-butyl (Mergler, et al., 200@gure 1.9). The only drawback

to this is the relatively high cost of this Fmoaidative compared to the standard

derivative.
CH,
CHe H.C : CH,
HEC _C Hg
0) 0)
t-butyl ester (OtBu) 3-methylpent-3yl ester (OMpe)

Figure 1.9 The chemical structures of two aspartiacid protecting groups

As stated above, Asp—Gly sequences are particybaoiye to aspartimide formation,
but using the dipeptide building block Fmoc-Asp(ODmb)Gly-OH greatly

reduces aspartimide formation in Asp-Gly containseguences. It contains the
group, 2,4-dimethoxybenzyl (Dmb) on theamino group of the glycine residue
(Figure 1.10). Its presence hinders aspartimidam&tion due to its bulky nature; it is
stable to Fmoc deprotection and amino acid couptimigditions and is completely
removed during TFA cleavage. Again, the cost otcphasing this derivative is high,

thus preventing its routine use by all in the field
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O_CH3
HyC—O

Fmoc- Asp(OtBu)-(Dmb)Gly-OH
Figure 1.10 The chemical structure of a dipeptidedr use in the reduction of

aspartimide formation in Asp-Gly containing sequenes

Abbreviations: Fmoc, 9-fluorenylmethyloxycarbongp, aspartic acid; Dmb, 2,4-dimethoxybenzyl;
Gly, glycine.

Finally, specific additives in the deprotection id@n can also help to suppress
aspartimide formation. The addition of 1-hydroxybetniazole (HOBt) has been

reported to be particularly effective in this role.

1.7.5 Coupling

A solid phase peptide coupling reaction involves teaction of the resin bound
amino group with the carboxylic acid of the nextdénprotected amino acid in the
sequence. A molar excess of amino acid, relativhecscale of the synthesis, can be
used to drive the reaction to completion, as anysad reagent is subsequently
washed away. In classic organic chemistry, it loag been established that amide
bond formation requires activation of the carboxycid group to drive the reaction.

However, the commonly used activating methods gmwic chemistry are deemed

79



too harsh for peptide synthesis, due to the geioeraf over activated intermediate
products that can facilitate multiple side reaci¢ghan and White, 2000). A number
of milder activation strategies have thus been s#lispecifically for use in peptide
synthesis. In the initial SPPS of his tetrapeptitgrrifield employed N, N'-
dicyclohexylcarbodiimide (DCC) as an activating rigeforming the symmetric
anhydride of the protected amino acid (Merrifiel@63). This method of activation is
still widely used today, but has its limitationsv@ molar equivalents of the protected
amino acid and one equivalent of DCC are needegkm@rate one equivalent of the
symmetric anhydride (Pennington and Dunn, 19945 liest to form the anhydride
20-30 minutes prior to it being added to the pepbdund resin, which increases the
synthesis time per amino acid cycle. Activationgeeds more rapidly in the apolar
solvent DCM as opposed to the polar solvent DMFweMer, some reagents are
insoluble in DCM, meaning that a compromise habdaeached whereby a certain
concentration of DMF is present in the activati@aation. A by product of the
activation process is dicyclohexylurea, and althotigs is inert during the coupling
reaction, it is also insoluble. This usually regsithat the reaction mixture be filtered
prior to being added to the resin (Pennington aodr) 1994). This problem can be
overcome by the use of other carbodiimides suctiiaspropylcarbodiimide (DIC),
which produces a completely soluble urea.

Carbodiimides can also be used in combination with triazole based compounds
HOBt and 1-hydroxy-7-azabenzotriazole (HOAt) toiaie amino acids. In this
process the OBt or OAt active ester form of theramacid is produced. This form of
activated amino acid has been reported to improupling reactions by reducing the
amount of racemization that occurs (Pennington &nthn, 1994). Activation

proceeds smoothly in both DCM and DMF, and as whiéh symmetrical anhydride
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method, is best occurring 20-30 minutes prior tditamh to the resin. If DIC is the
carbodiimide species being used then there is stoaf precipitate forming during
activation. Several automated peptide synthesismiets are thus able to perform
HOBt/DIC mediated couplings.

As solid phase peptide synthesis evolved, so aa&ss of coupling reagents became
available. The aminium and phosphonium class ofplog reagents were first
reported in the 1970’s and have now become populanany peptide laboratories.
The main advantage with these reagents is thatdtieation reaction can take place
in situ with no need for separate pre-activation. This dpag the coupling cycle,
with reactions generally complete within 30 minutésctivation. These reagents all
share some degree of structural homology with HQiBt, also contain either an
aminium or phosphonium salt which in the preserica tertiary base such as N,N-
diisopropylethylamine (DIPEA) will convert a proted amino acid to its OXt ester.
The most commonly used reagents within this classB&nzotriazole-1-yl-oxy-tris-
pyrrolidino-phosphonium hexafluorophosphate (PyBQR|1H-Benzotriazole-1-yl)-
1,1,3,3-tetramethylaminium hexafluorophosphate (HB&nd 2-(1H-Benzotriazole-
1-yl)-1,1,3,3-tetramethylaminium tetrafluoroboraféBTU), all of which generate
OBt active esters. All are widely available, regdsoluble in DMF and stable in
solution for a number of days, making them compatiith automated synthesisers.
Reagents that generate the more reactive OAt eseeralso available. The most
effective of these is O-(7-Azabenzotriazol-1-yl)NYN’,N’-tetramethyluronium
hexafluorophosphate (HATU), but its high cost preseits widespread use as a
standard coupling reagent (Albericio, F. and, 199%tead, it is utilised for specific

coupling reactions that are known to be difficiigure 1.11).
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Figure 1.11 The chemical structures of the most comonly used amino acid

activating agents
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With the exception of PyBOP, all of these reaganéscapable of reacting with amino
groups, meaning that a potential side reaction nduriheir use is N-terminal

guanidation of the peptide chain (Gausepohl etl&892). To prevent this, a slightly

lower molar excess of coupling reagent compared witotected amino acid is

employed. In theory this ensures that all of thaptiog reagent will be exhausted
during the activation process.

Aminium and phosphonium reagents are reported toease the propensity for

certain amino acids to racemize during couplinge Timost susceptible residues are
cysteine and histidine (Chan and White, 2000). He tase of cysteine, many
recommend the use of carbodiimides for activatisnogposed to aminium and
phosphonium reagents. An alternative option isnidude HOBt in the activation

reaction as this can help to suppress the racaomzat susceptible amino acids.

1.7.6 Difficulties in peptide synthesis

During elongation the peptide chain can form seaopndtructures such gissheets,
or can aggregate with other peptide chains or thighpolymer support on which they
are anchored (Mutter, 1985). These interactiondeaah to difficulties in thei-amino
deprotection and/or coupling reactions. These probl are entirely sequence
dependent, but are most commonly experienced wijlnences containing clusters of
hydrophobic amino acids. In the most extreme casggegation is such that the resin
bed is seen to shrink in size, making further cmggsl very difficult (Chan and White,
2000).

A number of different techniques have been develofme help overcome these
difficulties. The simplest technique is to cap amyeacted amine groups at the end of

each coupling step with a small reactive group saslacetyl. This will prevent the
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generation of single amino acid deletion impuritidsother method is to use a PEG
based resin instead of the standard polystyrenedsgport. The benefits of this are
twofold. Firstly, the presence of the PEG group witrease the swelling properties
of the resin, thus making theamino group readily accessible. Secondly, PEGdase
resins generally have lower loading values thanstl@dard resins, and individual
peptide chains are therefore spaced further apdraee less prone to intermolecular
interactions.

Other techniques that can be employed are to usera effective activating reagent
such as HATU and to increase coupling times. Irhlmatses this can also lead to an
increase in undesirable side reactions occurring.

In recent years a number of “secondary amino asicbgates” have been developed
to improve the synthesis of difficult peptides lyppressing aggregation. Insertion of
the temporary protecting groups, 2-hydroxy-4-mett@azyl (Hmb) and Dmb, onto
the backbone of the peptide chain helps to dissapbondary structure formation, due
to their bulky nature (Novabiochem, 2010). The @cting groups are attached to the
a-nitrogen of an Fmoc protected amino acid and cannigorporated as a single
residue or within a dipeptide. In the case of timgls residues, coupling times have
been found to be sluggish. The Hmb/Dmb group isastd from the peptide chain
during the final cleavage reaction, leaving behhmenative peptide sequence.

A peptide sequence rich in proline residues isna#ijuresistant to aggregation due to
the rigidity conferred on the peptide chain by tlyelic structure of proline. In 1992,
Mutter developed pseudoproline dipeptides whichhad in a temporary oxazolidine
“proline like” structure and so can be incorporatetd peptide sequences containing

little or no proline residues to confer the samgragation disrupting properties
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(Mutter et al., 1995). The temporary structure themaks down upon cleavage with

TFA, returning the peptide to its natural configwa (Figure 1.12).
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Resin bound peptide with pseudoproline insertion
R'=H (Ser), R'= CH; (Thr), R = any amino acid side chain
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., :
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The native sequence is regenerated upon cleavage with TFA

Figure 1.12 The chemical structure and mechanisms ehind the use of

pseudoproline dipeptides

Abreviations: Ser, serine; Thr, threonine; TFAfltoroacetic acid.
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Pseudoprolines have also been shown to aid inyththesis of resin bound cyclic
peptides whereby two residues within the same g@eptchain are linked
(Novabiochem, 2010). The nature of the oxazolidimecture means that the carboxyl
amino acid of the dipeptide must be either serinéghoeonine. Pseudoprolines can
therefore only be used in sequences containingretththese two residues. Although,
in theory there is no restriction on the identifytioe second amino acid within the
dipeptide, in practice many pseusoprolines arggabtommercially available.

In 2006 a new class of aggregate disrupting digeptiwere reported. Isoacyl
dipeptides are similar to pseudoprolines in thainseor threonine residues form a
dipeptide with another Fmoc protected amino acid e an alternative, temporary
structure (Novabiochem, 2010). In this case the ¢amino acid is acylated to the
serine/threonine through ifshydroxyl side chain. The unusedamino group of the
serine/threonine is protected with a Boc group. |&=pg the amide bond with an
ester bond radically alters the confirmation of theptide chain, creating a
depsipeptide which helps to disrupt aggregationlikenwith pseudoprolines, the
depsipeptide confirmation is stable to TFA cleavagd has been found to be more
soluble than the native sequence. By retainingeh®orary structure post-cleavage,
the improvement in solubility should in theory alie purification of the peptide.
Once purified, the depsipeptide is converted to tla¢éive peptide sequence by

exposure to pH7.4, at which spontaneous convewmiours (Figure 1.13).

1.7.7 Peptide modifications
Solid phase peptide synthesis began as a mearficodrdly synthesising naturally
occurring peptide sequences, and subsequentlyyfihesising analogues of these

peptides with amino acid substitutions. However thethods employed in SPPS
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make it amenable to the synthesis of a wide rargghemically modified peptides

that are unlikely to be found in nature.
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Pephde

1. Purification
2.pH74

R (@]
Peptid N
plide, N
N Nwn Peptide
ol ol
(o]
kO R

Native peptide sequence is regencrated following exposure to pH7.4
Figure 1.13 The chemical structure, and mechanismsehind the use, of isoacyl
dipeptides

Abbreviations: Boc, tertiary butyloxycarbonyl; Seerine; Thr, threonine; TFA, trifluoroacetic acid.
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The most straightforward modifications are thosat #xtend the N-terminal of the
peptide with functional groups not usually ass@datith peptides. With the peptide
bound to the resin and all reactive amino acid sitkn groups fully protected, the
exposedo-amino group is the only reaction site availableteNninal modifications
can range from simple acetylation, which couplesdimall acetyl group to the amino
group which blocks the amino functionality of thepgide. The reaction usually takes
less than 30 minutes to complete and is fully cdibfmwith automated synthesisers.
Extension of the N-terminal with larger compounsisiliso possible using a number of
long chain fatty acids, such as palmitic and myriatid, which are routinely coupled
to peptides for use in biological studies (Lumleeret al., 2005).

A wide range of labelling compounds can also beptalito peptides via the N-
terminal. The most common of these is biotin, whiedlps the peptide bind to
streptavidin and avidin for subsequent use in lgiclal assays. Chromogenic labels
which emit at specific wavelengths are useful tdotghose working with peptides in
enzymology, immunology and histochemistry. In thedg of proteolytic enzymes,
such labels are utilised to help detect sites dfyeratic cleavage. The enzyme
substrate is “double labelled”, with a fluorophgreup in one position of the peptide
and a quencher molecule in another. Whilst the igeptemains intact the
fluorescence of the fluorophore is suppressed bydgtiencher via a process called
Fluorescence Resonance Energy Transfer (FRET). rfayneatic cleavage which
separates the two labels will result in a suddereise in fluorescence.

Spacer molecules are often employed between lailpaptide to prevent steric
hindrance during coupling of the often bulky lalmeblecule. Common spacers in

peptide chemistry are the straight chain hydroaarbhmn-standard amino acifs
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alanine and aminohexanoic acid. Recently, the rgdeophilic compound 8-Amino-
3,6-Dioxa-Octanoic Acid (AEEAc) has become a popalternative spacer molecule
as it helps increase the solubility of these lauepeptides.

When modification of a specific amino acid side inhgroup rather than the N-
terminal amino group is required, the strategy dhagonal protecting groups is
applied. This involves protecting the amino acidbe modified with a functional
group that can be removed in conditions that ad¢aim the integrity of both the resin
linker and all of the other protecting groups. Tisisnost frequently applied to lysine
residues as the side chain functionality is as grimary amine which can be
modified in exactly the same way as the N-termifilere are a number of different
lysine protecting groups available, each with thewn specific deprotection
conditions (Figure 1.14). An example is 4-methitiytr (Mtt), a very acid labile
protecting group that can be removed by 1-2% TFApacentration at which all
standard protecting groups are theoretically stablewever, deprotection occurs
slowly and requires repeated washes with the THAtiso. The process can take up
to an hour to complete and the degree of deprotectnnot be easily quantified.
Alternatively, 1-(4, 4-dimethyl-2, 6-dioxocyclohéxylidene)ethyl (Dde) is an amine
protecting group that was introduced in 1993. licisaved with 2-5% hydrazine
hydrate in DMF and the reaction is usually compietel0 — 15 minutes. As it is
completely orthogonal to the standard protectiraugs, the deprotection reaction can
be readily followed by High Performance Liquid Cmatography (HPLC) and mass
spectrometry. It was later reported that Dde wasm@rto migration to other amino
groups during piperidine mediated Fmoc deproteciiNovabiochem, 2010). To
overcome this, the bulkier 1-(4, 4-dimethyl-2, @xbcyclohex-1-ylidene)-3-

methylbutyl (ivDde) protecting group was developéethis was proven to be
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considerably more stable to piperidine than Ddes Dide and ivDde derivatives are
significantly more expensive than the Mtt derivatiand deprotection can only be
carried out once the peptide has been fully asssmnbk the Fmoc group is not stable
to hydrazine treatment.

Allyloxycarbonyl (Aloc) is a protecting group thas stable to both TFA and
piperidine, but can be cleaved by reaction witlalladium(0) catalyst in the presence
of acetic acid and N-methylmorpholine in DCM. Draagks are that the deprotection
reaction can take up to 2 hours, and the palladiatalyst has a short shelf life once
exposed to air. However, the derivative is chedipan both the Mtt and Dde/ivDde
versions and the mild deprotection conditions emstire stability of all other
protecting groups.

Sometimes modification of a peptide requires exposof a carboxyl group as
opposed to an amine. In this instance, selectipeatiection of either an aspartic acid
or glutamic acid residue can be carried out. Bathina acids are commercially
available with side chain protecting groups tha eomplementary to the required
deprotection strategy of the previously mentionedna protecting groups (Figure
1.14). Of these, 2-phenylisopropyl ester (OPipjeisioved by treatment with 1-2%
TFA, 4{N-[4, 4-dimethyl-2, 6-dioxo-cyclohexyliden&rmethylbutyl]-
amino}benzyloxy (ODmab) is removed with 2-5% hydnezhydrate, and allyl ester
(OAll) is cleaved by exposure to palladium(0) cgsal

A lactam bridge is an intramolecular bond betwdenamine group of a lysine and
carboxyl group of an aspartic acid or glutamic aesidue that alters or restrains the
conformation of the peptide. Such bridges can lbmdd on the resin by selectively
deprotecting the two residues to be linked. If bbdve complimentary protecting

groups then the deprotection can be performed samebusly. Successful lactam
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bridge formation is sequence dependent as it relps the two bridge forming
functional groups being in close proximity on thesin bound peptide. If the two
groups are too far apart on the resin, there igitheof either intermolecular lactam
bridge formation or reaction of the functional gosuvith the reagents being used to

facilitate lactam formation.

CH3 O 0 CH3

CHs
O HsC _ HsC
— CHs
0 0

4-methyltrityl (Mtt) 1-(4. 4-dimethyl-2, 6- 1-(4. 4-dimethyl-2, 6-
dioxocyclchex- 1-ylidene)ethyl dicxccyclohex-1-ylidene)-3-
(Dde) methylbutyl (ivDde)
@) — @)
HQC/\/ \ﬂ/ 0 HZC/\/ ~
@)

Allylexycarbonyl (Alac) 2-phenylisopropyl ester (OPip) Allyl ester (OAII)

o CH,
—, H CH,
< > N~
0

4{N-[4. 4-dimethyl-2, 6-dicxc-cyclchexylidene)
-3-methylbutyl]-aminc } benzyloxy (ODmab)

Figurel.14 The chemical structures of alternative mtecting groups for lysine,

aspartic acid and glutamic acid Fmoc amino acids

A second class of intramolecular bond commonly fednm peptides are disulphide

bridges between the thiol side chain groups of eigst residues. The reaction
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conditions for disulphide bridge formation are spec¢o sulphydryl groups, meaning
that they can be formed on fully deprotected p@gticdften during the purification
stage (Pennington and Dunn, 1994). Disulphide lridgmation is therefore usually
more straightforward than lactam formation.

It may be that the carboxyl group required for nficdtion is that at the C-terminal of
the peptide. In this case it is necessary to rentbgepeptide from the resin but to
retain all of the amino acid protecting groups. Theptide must therefore be
synthesised on an acid sensitive resin such asoPettityl chloride or SASRIN. The
fully protected peptide can then be obtained eitherepeated washes with 1-2%
TFA or with 1 — 4 hour treatment with 1,1,1,3,3,8xdfluoro-2-propanol (HFIP)
(Mergler, 1999). The TFA method requires that emakh is neutralised with pyridine
to prevent prolonged exposure to TFA. This leadsht formation of pyridinium
trifluoroacetate which has to be completely removedextraction or precipitation.
Conversely some standard protecting groups aretisen® HFIP and to ensure that
they are retained during cleavage, the HFIP conagom and reaction times must be

carefully controlled.

1.7.8 Cleavage

Once the synthesis of the peptide is completenéxé step in the process is to remove
the peptide from the resin and remove the protgagimoups from the amino acids.

Standard resin linkers such as Wang, Rink and Raraag all cleaved by treatment
with TFA at concentrations of 80% or higher. As heen previously mentioned,

other resin linkers such as 2-chlorotrityl and SA$Ran be cleaved using much
milder conditions. At the higher TFA concentratioral standard amino acid

protecting groups will also be cleaved. Once remdofrem the amino acid, the
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protecting group is released into solution as dllgigeactive cation that can modify
other amino acids in the sequence (Pennington amthD1994). To overcome this,
scavenger compounds are included in the cleavalgésoto remove the reactive
cation species. A number of different scavengees rautinely used in peptide
chemistry, with each one effective at removing ipalar cations. It is therefore
possible to tailor a cleavage solution for eachtidepbased upon the amino acids in
its sequence. However, more commonly chemistssatdi catch all cleavage cocktalil
that can be used for the vast majority of peptis\gsthesised. The most frequently
used cocktail is solution K that consists of 82.3%A, 5% phenol, 5% D, 5%
thioanisole and 2.5% 1,2-ethanedithiol (EDT). Daetheir unpleasant odour some
users omit both thioanisole and EDT and replacenthwith the less odorous
triisopropylsilane (TIS). It is also necessary émpove these two scavengers from the
cleavage solution if the peptide contains residtlest are sensitive to thiol
compounds.

The dry peptide resin is suspended in the cleasalygion, usually at a concentration
of 10 — 25mL per gram of resin, and agitated gei@yme laboratories choose to start
the cleavage reaction in an ice bath.

The reaction is left to mix for a minimum of 2 heubut the actual cleavage time is
sequence dependent. Certain amino acid deprotecamntions proceed more slowly
than others, with arginine side chain protectioaugsthe slowest. It may thus be
necessary to extend the cleavage time for sequetw#sining multiple arginine
residues for up to 24 hours (Chan and White, 2000).

Once the reaction is complete, the resin is fitemevay and the peptide that remains
in an acidic solution can either be directly préeaf@d or concentrated under vacuum

before precipitation. Concentrating the solutiofpbéo speed up the subsequent work
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up. However, cysteine residues are sensitive tactimeentration conditions as they
are prone to reattachment of their protecting grdegcipitation of the peptide is
commonly facilitated with the addition of cold dgt or tertiary butyl methyl ether.
This suspension is usually refrigerated overniditte peptide is then isolated by
filtration before being washed with fresh etherréanove any residual TFA and
scavengers, and then being dried to a powder Hibles

Several side reactions, other than reaction with ghotecting group cations that
reduces the purity of the resulting crude peptide occur during the cleavage
process. If the peptide contains methionine residtieey can undergo acid catalysed
oxidation to methionine sulphoxide (Chan and Wh#@Q0), although this reaction
can be reversed with the addition of reducing agenbr to the end of the cleavage
reaction.

N-terminal glutamine residues also undergo acidlgs¢d modification, irreversibly
forming pyroglutamic acid (Chan and White, 2000).this case the crude material
will contain an impurity that is impossible to segi& from the target peptide.
Peptides containing N-terminal glutamine are theeefusually acetylated or

synthesised with pyroglutamic acid as the finaides.

1.7.9 Purification

For all but the shortest sequences, the qualithefcrude peptide material produced
from cleavage is seldom good enough for its desretluse. The process of purifying
the peptide is therefore as important as the psooésynthesising it. A variety of
different techniques have traditionally been emptbyn the purification of peptides
including ion-exchange chromatography, countereurdéstribution and gel-filtration

chromatography (Miller and Rivier, 1996). Howevttte development of HPLC has
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led to this becoming the standard method of purgypeptides in most laboratories.
The specific form of HPLC traditionally used is eese phase HPLC, in which the
stationary phase is either octyl (C8) or octadd&A8) modified silica which is
tightly packed under pressure into a column of wayyiameter and length. The C8
or C18 group confers a hydrophobic nature on tlagiostery phase to which the
peptide binds. To help suppress any hydrophilicrattaristics in the peptide and
hence increase binding, the mobile phase is génerédw pH solution so as to force
the protonation of any carboxyl groups which alseatains anions that act as counter
ions to any basic amino acids (Miller and Rivie89@). The most commonly used
buffering compound that meets these requiremerttglisoroacetic acid.

The sample is loaded onto the column in a suitablation and the HPLC system
then begins to pump the mobile phase under higbhspre through the column. To
begin with, the mobile phase is usually a fully @gus solution of the buffer which
will flush any salts and loading solvent off thelwwan. Unless the peptide is very
short and/or hydrophilic it should remain boundhe stationary phase in the column.
The system will then run a gradient whereby theaoig content of the mobile phase
is gradually increased. The most commonly usedesolior peptide purification is
acetonitrile, although iso-propanol is an alten®tioption. As the organic
concentration increases, the peptides within tmepsa will begin to display greater
affinity for the mobile phase and so begin to elinten the column. The chemical
differences between the components of the sampbnrtieat they will likely each
have different affinities for the two phases at gayticular solvent concentration.
This causes them to elute from the column at diffetimes during the gradient.
Within the HPLC system is a UV detector that opesait wavelengths of 200-220nm,

the absorption wavelength range of the peptide hdhaht et al.,, 2007). Peptides
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containing a number of aromatic components, sughr@gcted peptides, can also be
detected at longer wavelengths such as 254nm.

Depending upon the size of column and the capa¢itiie solution pumping system,
HPLC systems are used for different tasks. At tmalkest scale they are used as
analytic tools to produce a representative chrograta of the peptide sample. As
they increase in size, the systems can begin tdl@darger amounts of material and
so are used to purify the peptide. In this caseeah component elutes from the
column and is detected, the eluent is collectefdactions. Each fraction can then be
analysed and those containing the desired prod@uncbe retained. These fractions can
then be combined either for lyophilisation or farther processing.

There are now a wide range of different columns atadionery phase materials
available to the peptide chemist to enable thematlor the purification of any
particular peptide.

In some peptide laboratories a second chromatogrdapbhnique called Flash
Chromatography is used alongside reverse phase HPhS is complementary to
HPLC in that is uses the same buffer solutionsthadsame stationery phase material.
The difference is that Flash Chromatography opsratelower pressures and the
particles of the stationery phase are generallgelathan those found in HPLC
columns. This means that resolution is not as foglflash Chromatography, but also
means material that would damage the HPLC revenssegcolumn can be loaded
without damage to the Flash Chromatography colurhis makes it an excellent tool
for the initial purification of crude peptide sarap] thus preserving the lifetime of the
more expensive HPLC column. Flash Chromatograplagignts are also generally

shorter than HPLC gradients, which helps to redwaall solvent consumption and
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to speed purification. Typical Flash Chromatogragngdients are 20 — 30 minutes
long compared with typical HPLC gradients of overhaur.

The final analytical tool routinely used in the tieation and characterisation of
peptides is mass spectrometry. There are a numbaelifferent types of mass
spectrometers available depending upon the desietdod of sample ionization and
subsequent mass analysis. The most common typed faueptide laboratories are
Matrix Assisted Laser Desorption-lonization (MALD&nd Electrospray lonization
(ESI) mass spectrometers (Wysocki et al., 2005).MALDI mass spectrometry, the
peptide sample is crystallised onto the sampleeplatjether with a small organic
matrix compound such as sinapinic acicwaryano-4-hydroxycinnamic acid (CHCA)
(Wysocki et al., 2005). The matrix compound corgaan aromatic ring structure that
absorbs radiation at the wavelength of the lasat it used to ionize the sample
(Moore, 1997).

In ESI mass spectrometry, the peptide sample redaoted as a solution which is
passed through a high voltage needle. The chameatan is then sprayed from the
tip of the needle through an electrostatic fieldichhevaporates the carrier solvent,
creating an ionized sample for analysis (Wysoclalet2005).

There are a number of different methods for anafysample masses. The most
common method used in tandem with MALDI and ESltime of flight (TOF)
analysis. In TOF analysis, the ions are acceleralauag a flight tube of fixed length
using a small voltage gradient. The flight timeaafion is proportional to its mass-to-
charge ratio rYz), which allows ions of different masses within te@mple to be
resolved (Wysocki et al., 2005).

With MALDI mass spectrometry, usually only the sifayly charged ion, (M+H) is

generated, where M is the molecular weight of thptipe being analysed and H is a

97



proton. Meanwhile, ESI generates a range of chaspeties (M+z/z), making the

interpretation of the resultant spectra less dtitfogward.

1.8 Aims
| intend to utilise some of the described SPPSriegeies to produce analogues of the

gut derived anorectic hormone PYY(3-36) and ingzdé the effects of these
analogues botm vitro andin vivo. The aim is to produce a PYY(3-36) analogue that
has a greater effect in reducing food intake thenendogenous peptide. This can be
achieved by increasing the stability of the peptmlenzymatic degradation and/or by
increasing the affinity of the peptide to the Meceptor, to which PYY(3-36) is a
natural agonist.

Should such an analogue be produced, then it qoatientially be developed as an

anti-obesity therapeutic.
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2.1 Introduction

As described in Chapter 1, Peptide YY (PYY) is anmane released by the L-cells of
the small intestine in response to food intakeRdeix and Bloom, 2005). The major
circulating form of the peptide is PYY(3-36), forchby the action of the proteolytic
enzyme dipeptidyl peptidase IV (DPP 1V), which clea the N-terminal dipeptide,
Tyr-Pro from the parent sequence (Mentlein, 199@mninistration of PYY(3-36) at
physiological doses has been shown to reduce fotake in both lean and obese
humans (Batterham, et al., 2003b). Thus, extensisearch has been conducted with
the aim of harnessing the anorectic effects of PB¥3§) and using it in an anti-
obesity therapeutic. To date, although severalaghies based on PYY(3-36) have
made it to the clinical trial phase, none havergatle it onto the market (Cooke and
Bloom, 2006).

The anorectic effects of PYY(3-36) are short livéde body naturally processes such
hormones through enzymatic degradation, allowirg slgnal that the hormone is
conveying to be turned off. Compensating for thig &administering supra
physiological doses leads to nausea (Murphy andorB)o2006). Therefore,
chemically modifying the sequence and/or structoiePYY(3-36) to increase its
efficacy as an anti-obesity agent is an attractipgon. Somatostatin analogues, for
example, have a longer half-life than somatostatiial are regularly used in the
treatment of acromegaly and neuroendocrine tum@etit and EI-Modir, 2011). To
succeed in producing PYY(3-36) analogues that haweeased efficacy in reducing
food intake, there are two options. One is to iaseethe resistance of the peptide to
the actions of proteolytic enzymes, thus extendimg circulating half life of the

analogue. The second option is to increase thdangraffinity to the Y, receptor. An

100



analogue of PYY(3-36) that fulfilled both of thesgteria, could prove to be effective
in combating the rising obesity epidemic. Curngntbeptide drugs are usually
administered either intravenously or subcutanequmly oral administration of a gut
derived peptide drug would be preferable; it cooédabsorbed into the circulation
from the small intestine, thus mimicking its physgical release (Beglinger et al.,
2008). Also, oral administration would be more cement and palatable to patients
than administration via injection. Unfortunateliietgastro-intestinal tract efficiently

breaks down proteins through the actions of a nurobdifferent protease enzymes.

2.1.1 Sites of proteolytic enzyme degradation within PYY3-36)

The sequence of PYY(3-36) contains a pair of basnno acids in positions 25
(arginine) and 26 (histidine) that are conserveds different species. Basic amino
acids are a common site of degradation by proteodrizymes (Stoller and Shields,
1989). Many small peptide hormones within the baig synthesised as larger
precursor molecules which undergo post-translaticleavage by enzymes to release
the active peptide. Within the sequence of the s, it is common for the
hormone sequence to be flanked by pairs of basicaatids at which processing by

enzymes take place (Stoller and Shields, 1989).

2.1.2 N-terminal modifications of PYY(3-36)

Modifications to the N-terminal of PYY(3-36) havedn shown to effect its efficacy
both beneficially and detrimentally, depending upbe nature of the modification.
Acetylation of the N-terminal of PYY(3-36) has besimown to greatly reduce the

potency of the peptide, but studies with PEG medifPYY(3-36) have shown
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promising results (Shechter et al., 2005). It appéaat the size of the PEG molecule

is important to the preservation of activity.

2.1.3 Binding of PYY(3-36) to the Y, receptor

As a member of the PP fold family of peptides, P3-86) binds to the NPY Y
family of G-protein coupled receptors (Wraith et, aP000). The C-terminal
pentapeptide of the PP fold peptides is highly eored between peptides and species
(Table 2.1) and has been shown to play a crucialinothe binding of these peptides

to the Y receptors (Beck-Sickinger et al., 1994jd?sen et al., 2009).

Table 2.1 The C-terminal pentapeptide sequences dhe PP fold family of
peptides.

Abbreviations; NPY, neuropeptide Y; PP, pancreptiypeptide; PYY, peptide YY.

Peptide | 32 33 34 35 36 C-termina|

NPY Threonine| Arginine | GlutamingArginine | Tyrosine | NH

PP Threonine| Arginine | Proline Arginine | Tyrosine | NH

PYY Threonine| Arginine | GlutamingArginine | Tyrosine | NH

The PP fold family peptides have different affiegifor the Y receptors. NPY binds
with greatest affinity to the iYand Ys receptors, PP has greatest affinity with the Y
receptor and PYY(3-36) has greatest affinity foe th receptor, through which it
mediates its anorectic effects (Wraith et al., 2000e specificity displayed by the PP
fold peptides for particular Y receptors must be tluthe difference in the sequences

outside of the C-terminal pentapeptide.
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2.1.4 The hairpin like structure of PYY(3-36)

'H NMR studies have determined that PYY(3-36) adeptsairpin like structure in
aqueous solution (Nygaard et al., 2006). This dtarsstic shape is caused in part by
the presence of proline residues in positions 58&mydrophobic leucine and tyrosine
residues in positions 17, 20, 24 and 27, and agldiamic acid residues in positions
15 and 16. This all serves to bring the N-termiaadl C-terminal regions in close
proximity to each other (Figure 2.1). Both of the@sgions were thought to play an
important role in binding to the Y receptors, buibsequent studies suggest that whilst

this is true for the Yreceptor, it is less so for the Yeceptor (Nygaard et al., 2006).

Figure 2.1 The “hairpin like” structure of PYY(3-36) as determined by'*H NMR

studies (Nygaard et al.,2006)
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2.2 Hypothesis and aims

2.2.1 Hypothesis
Analogues of PYY(3-36) with positional substitutsoar structural modifications can

be successfully produced using solid phase peptidthesis (SPPS) techniques.

2.2.2 Aims
1. To produce analogues of PYY(3-36) containing unr@tiamino acid
substitutions in positions 25 and 26 of the seqeenc
2. To produce N-terminal pegylated analogues of PY3§3-
3. To produce analogues of PYY(3-36) containing natuamino acid
substitutions in the positions 30, 31 and 32 ofshguence.
4. To produce analogues of PYY(3-36) that containas<xilinkage between the

amino acids in position 4 and 29 of the sequence.

2.3 Materials and methods
2.3.1 Position 25 and 26 PYY(3-36) analogues

2.3.1.1Peptide design

Unnatural amino acids, that were structural anasgaf the endogenous residues,
were chosen so as to retain the structure of thieenpeptide as much as possible. In
doing so, it is hoped that bioactivity is not compised. For the position 25

substitutes, unnatural amino acids were selectgdstiare structural and/or functional
homology with the native arginine residue. Thedess selected for position 26 are
either isomers, or methylated imidazole ring anaésgof the native histidine residue

(Table 2.2 and Figure 2.2).

104



Table 2.2 The peptide sequences of ten PYY(3-36)aogues containing substitutions with unnatural anmo acids in positions 25 and 26.

IP codes were assigned to facilitate subsequelidioal testing. Residues highlighted in red asththat differ from the endogenous

sequence.

Name Code N 3 4 5| 6] 7| B| 9 10| 11| 12| 13| 14| 15| 16 17| 18| 19 20| 21| 22{ 23| 24 25 26| 27| 28| 29( 30| 31| 32| 33| 34| 35| 36|C

“ PYY(3-36) PYY(3-36)|H Il |Lws|Pro |Glo [Als |Pro |Gly [Glu |Asp|Ala |22r |Pro |Gle |Glu [Lew [Asn |Arg | Tvr | Twr|Ala |S2r |Lev [Arg Hisz Twr|Leu |Asn|Lew (Val |Thr|Are (Glo |Arg | Twe |NH.
(Homoarg)“PYY(3-36) i H Il= |Lws |Pro |Gle [Ala |Pro (Gly |Gle |Asp |Ala [22r |Pro [Glu |Gle [Leu |Asn [Arg | Tvr [ Twr|Ala (32r |Leu (Homoarg His Tyr |Lau [Asn |Lew (Val |Thr [Arz [Glo |Arg | T |WH,
(D-Ar=)“PYY(3-36) IP2 H Iz |Lys |Pro |Gle |Ala |Pro |Gly [Gle |Asp [Ala |Ser |Pro |Glu |Glu [Lev |Asn [Ars [ Tvr|Twr|Ala |Ser |Lev |D-Arg Hiz Tyr|Lew [Asn|Lew [Val |Thr [Arz |Gln [Ars | Twr |WH;
(Arg(Me)svmm ) PYY(3-36) P3 H Il= |Lws |Pro |Gle [Ala |Pro (Gly |Gle |Asp |Ala [32r |Pro [Glu |Gle [Leu |Asn [Arg |Tvr | Twr|Ala [B2r Lo (Arg(Me)z symm |His Tyr |Lau [Asn |Lew (Val |Thr [Arz [Glo |Arg | T |WH,
(ArgMle)yazvmm)  PYV(3-36 IP4 H Il= |Lys |Pro |Gle |Ala |Pro |Gly [Gle [Asp [Ala (Ser |Pro |Gle |Gle |Lew |Asn [Ars [ Tyr | Twr|Ala |Ser |Lap |Arg(Me)z asymm| Hiz Tyr|Lew [Asn|Lew [Val |Thr [Arz |Gln [Ars | Twr |WH,
(Cit)*PYY(3-36) Ps |H Il |Lys|Pro |Gls |Ala [Pro |Gly |Glu |Asp |Ala [Ser |Pro |Glu |Glu |Lew [Asn |Arg | Tyr |Tyr|Ala [Ber |Lau |Cit His Tyr|Les |Asn |Leu (Val [Thr|Arz [Gln |Arg | Ty [NH,
(D-Cit*PYY(3-36) IP6 H Iz |Lws |Pro |Gle |Als |Pro |Gly [Gle [Asp [Ala |Ser |Pro |Glu |Gle |Lew |Asn [Ars | Twr | Twr|Ala |Ser |Lew |D-Cit Hiz Tyr|Lew [Asn|Lew [Val |Thr [Arz |Gln [Ars | Twr |WH,
(His(1-Me)"“PYY(3-36) P7 H Il= |Lys|Pro |Gle [Ala |Pro [Gly |Gle |Asp |Ala [32r |Pro |Glu |Glu [Leu |Asn |Arg | Tvr | Twr|Ala |Ber (Lep |Are Hiz(1-Me) |Tvr|Leu [Asn [Leu |Val | Thr|Are |Gln [Ars | Twr [WH,
(His(3-Me))**BYY(3-36) P8 |H Il |Lws|Pro |Glo [Als |Pro |Gly [Glu |Asp|Ala |22r |Pro |Gle |Glu [Lew [Asn |Arg | Tvr | Twr|Ala |S2r |Lev [Arg Hiz(3-Me) | Tvr |Lev [Asn|Lev |Val |Thr|Are |Gln |Arg | Twe |MH,
(D-His)*PYY(3-36) Py |H Il |Lys|Pro |Gls [Ala [Pro |Gly |Glu |Asp |Ala [Ser |Pro |Glu |Glu |Lew [Asn |Arg | Tyr | Tyr|Ala [Ser |Leu |Arsz D-His= Tyr|Les |Asn |Leu (Val [Thr|Arz [Gln |Arg | Ty [NH,
(Phe-Guy PYY(3-36) IF10 |H Il |Lwz|Pro |Glo (Al |Pro |Gly [Glu |Asp|Ala |22r |Pro |[Gle |Glu [Lew [Asn |Arg | Tvr|Twr|Ala |82r |Lev [Phe-Gu Hisz Twr|Leu |Asn|Leu (Val |Thr|Arg (Glo |Arg | Twe |NH,
* Biotinyl-PYY(3-36) IP11 |Biotin|Ilz= |Ly: |Pro |Glv |Ala (Pro |Gly |Glu |Asp |Ala |Ser |Pro (Glu |Gle |Lew [Asn [Arg | Twr |Twr|Ala [S8er |Leuv (Arz Hiz Tyr|Lev |Asn |Lew (Val |Thr|Arg (Gln |Arg | Ty |NH,

#PYY(3-36) human was synthesised at the same tmesk as a standard in subsequent studies.

®This analogue was synthesised at the same tinofential use in a fluorescence receptor bindisgyas
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Figure 2.2 The chemical structures of the amino ads used in positions 25 and 26

of PYY(3-36)analogues.



2.3.1.2Peptide synthesis

All peptides were synthesised on a Symphony meltj@ptide synthesiser (Protein
Technologies, Tucson, Arizona, USA) using standkrdoc/tBu chemistry. The
amino acids used were Fmoc-Ala-OH, Fmoc-Arg(Pbf);®¥hoc-D-Arg(Pmc)-OH,
Fmoc-Arg(Me}-OH (symmetrical), Fmoc-Arg(MeOH (asymmetrical) Fmoc-
Asn(Trt)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Cit-OH, Fmoedit-OH, Fmoc-
GIn(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoadfil-Trt)-OH, Fmoc-
His(1-Me)-OH, Fmoc-His(3-Me)-OH, Fmoc-Homoarg(Pn@ij, Fmoc-lle-OH,
Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-Pro-OH, Fmoc{&)-OH, Fmoc-
Thr(tBu)-OH, Fmoc-Tyr(tBu)-OH and Fmoc-Val-OH pueded from Bachem AG
(Bubendorf, Switzerland) and Fmoc-Phe(4-guanidin@®H purchased from lIris
Biotech (Marktredwitz, Germany). The resin used wasyclic amide linker resin
(loading of 0.63mmol/g) also purchased from Back#dm

All peptides were synthesised at a scale of 0.05m@xcept for PYY(3-36) at
0.1mmol and Biotinyl-PYY(3-36) at 0.6mmol) using ulde couplings for all
residues. Each amino acid was added sequentiathyetgrowing peptide chain from
the C to the N terminus applying 2-(1H-Benzotrigzibtyl)-1,1,3,3-
tetramethylaminium tetrafluoroborate (TBTU), 1-hgklybenzotriazole (HOBLt) (both
Severn Biotech Ltd, Kidderminster, UK) and N,N-djgopylethylamine (DIPEA)
(Apollo Scientific, Stockport, UK) as coupling reags. Removal of the Fmoc
protecting group was carried out with 20% piperd{Romil, Cambridge, UK) in N-
methyl pyrrolidone (NMP) (M56 Chemicals, RuncornK)Ufollowed by sequential
washes with dimethylformamide (DMF) (Apollo Scidit. All amino acid

derivatives (8-fold excess), TBTU and HOBt (7.8df@xcess), and DIPEA (16-fold
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excess) were dissolved in DMF. All solvents usedewaf peptide synthesis grade
quality.

For Biotinyl-PYY(3-36), the biotin moiety was cogol manually due to its poor
solubility in DMF and the potential for slow coumlj. D-(+)-Biotin (Alfa Aesar,
Lancaster, UK) was dissolved in 1:1 solution of Dt dimethylsulphoxide (Sigma
Aldrich, Poole, UK) together with O-(7-Azabenzonad1-yl)-N,N,N’",N’-
tetramethyluronium hexafluorophosphate (HATU) (Nmeahem, Nottingham, UK)
and DIPEA. The coupling reaction took 2 hours tonptete and was monitored by
Kaiser test. This involved taking a sample of rdsom the reaction, washing it with
iso-propanol, before adding 3 drops each, of thetisas; 42.5M phenol in butan-1-
ol, 0.28M ninhydrin in butan-1-ol and pyridine. Thesin was then heated to 100°C
for 5 minutes, the presence of a blue colour tosthiation or any of the resin beads
indicated that the coupling was incomplete. No g¢eato the colour of the solution or

beads indicated that the coupling was complete.

2.3.1.3Preparation of solution K

To prepare 100mL of solution K, 7.5g of Phenol @AResar) was dissolved in 5mL
of water. Thioanisole (5mL) and 1,2-ethanedithdl5(nL) (both Alfa Aesar) were
added and the solution made up to a final volumd@fimL with the addition of

trifluoroacetic acid (TFA) (Romil).

2.3.1.4Peptide cleavage

The peptides were cleaved from the resin with diam@lous deprotection using

solution K (10mL/g of resin) at room temperature2&: h.
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The cleavage mixture was filtered through a poyogitsinter funnel into a round
bottom flask. The resin was washed with TFA, theetenitrile (Avantor, Deventer,
Netherlands) and filtered again. The solvent was tlemoved on a rotary evaporator
connected to a high vacuum pump. When all the sbtlhad been evaporated, the
peptide was precipitated with the addition of icddcdiethyl ether (Avantor). The
precipitates were stored atGtovernight and were collected by filtration throug
porosity 3 sinter funnel, washed with ice-cold diétether, and allowed to dry at
room temperature. The crude peptides were dissalved mixture of 0.1%TFA in

60%acetonitrile/water and lyophilized overnightQ®5, 6 mbar).

2.3.1.5Characterisation of crude peptides

Peptides were characterised by reverse phase Highforfance Liquid

Chromatography (HPLC) (Gilson, Middleton, WisconsiySA) using an analytical
C-18 column (Vydac 218TP54, 250 x 4.6mm, 5 um plartsize, and 300 A pore
size) and a linear AB gradient of 0-100% for B ovér min at a flow rate of
1mL/min, where eluent A was 0.1% TFA/water and etug was 0.1% TFA in 60%
acetonitrile/water. Mass was confirmed using a Kaohf’robe Matrix Assisted Laser

Desorption lonisation Mass Spectrometer (MALDI-MBJatos, Manchester, UK).

2.3.1.6Purification of peptides

Peptides were purified by reverse phase HPLC (Yai@xford, UK) using a C-18
column (Vydac 218TP101550, 250 x 50 mm, 10-15 pntighe size and 308 pore
size). A linear AB gradient program of 0-40% B imdh followed by 40-90% B in 70

min at a flow rate of 120mL/min was applied. Eluéntvas 0.1% TFA/water and
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eluent B was 0.1% TFA in 60% acetonitrile/water.eTtollected fractions were
analysed by MALDI MS and analytical reverse phasd €. The relevant fractions
were then pooled together and lyophilized overn{ghi’C, 6 mbar).

In the case of peptides (GRPYY(3-36) and Biotinyl-PYY(3-36)a second stage of
purification was required. This involved the useaoflifferent AB solvent system,
where eluent A was 0.2% Triethylamine (TEA) andX0.Qrthophosphoric acid (both
VWR, Leicestershire, UK) in 10% acetonitrile/waserd eluent B was 0.2% TEA and

0.3% Orthophosphoric acid in 60% acetonitrile/watdre pH of the system was 2.3.

2.3.1.7Quality Control (QC)

Full QC was performed on all purified peptides edidated QC personnel. Purity
was determined by reverse phase HPLC (Series 26€kinP Elmer, Waltham,

Massachusetts, USA) using a C18 column (Vydac 258TR50 x 4.6mm, 5 pum
particle size, and 300 A pore size) and a lineargh@ient of 0-100% for B over 40
min at a flow rate of 1mL/min. The purity was deténed in two separate buffer
systems. In the first, eluent A was 0.1% TFA/wated eluent B was 0.1% TFA in
60% acetonitrile/water. For the second system,n¢ldewas 0.2% TEA and 0.3%
Orthophosphoric acid in 10% acetonitrile/water atdent B was 0.2% TEA and
0.3% Orthophosphoric acid in 60% acetonitrile/walidre molecular weights of the
peptides were detected by MALDI mass spectromé€ratps). Amino acid analysis
was performed using a Beckman 6300 amino acid aealiHigh Wycombe, UK),

following hydrolysis overnight in 6M hydrochlorica (P & R Labpack, St Helens,

UK).
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2.3.2 N-terminal pegylated analogues of PYY(3-36)

2.3.2.1Peptide design
The following set of analogues were designed to ttes effects of adding relatively
small PEG molecules to the N-terminal of PYY(3-3Bhe peptide sequences and

structure of the PEG molecules are shown in Taldefd Figure 2.3.
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Table 2.3 The peptide sequences of three N-termimalpegylated PYY(3-36) analogues

The numerical codes assigned to the analoguestaraal Bachem identification numbers and will sedifor identification purposes in

subsequent biological studies. Residues highligimedd are those that differ from the endogen@agisnce.

Name Cade N 2 3| 4 & & 7| & 9| 10| 11| 12| 13| 14| 15| 16| 17| 18| 19| 20| 21| 21| 23| 14| 25| 26| 27| 28| 29| 30| 31| 32| 33| 34| 35| 36|C

PYY(3-36) PYY(3-36) |H Il= |Lw: |Pro |Gle |Als (Pro |Gly |Gle |Asp |Als (22r |Pro |Gle |Gle [Leo [Asn|Arg | Twr | Twr [Ala |32r |Lew |Arg [His |Tyr|Lev |Asn |Lew [Val | Thr | Arz |Gln |Arg [ Twr |NH,
AEEAc-PYY(3-36) 4075004 |H |AEEAc|lle |Lw: |Pro (Glo (Ala |Pro |Gly |Glu [Asp |Ala [S2r |Pro |Gle |Gle |Lev [Asn|Arg |Twr |Twr|Ala |Ser |Lev |Arg |His |Twr|Lev |Asn|Levw |Val | The|Arg |Gla |Arg | T |MH:
Aminoethyl-PEGS-carbonyl-PYY(3-36) | 4075005 |H |PECG4 |H= |Lw:|Pre |Gle |[Ala |Pro |Gly |Gle |Asp|Ala |S2r |Pro |Gle |Gle |Lev |Asn |Arg | Twr | Twr|Ala |32r |Lev |Arg (His [Twr|Lev [Asn [Lew [Val |Thr [Arg |Gla [Arg | Twr |WH,
Aminosthyl PEG6-carbonyl- PYY(3-36) | 40785006 [E |PECS |T= |Lus |Pro |Glo |Ala |Pro |Glv |Gls |Asp|Als |Ser [Pro |Gl |Gls [Len |Asn |Ace | Tve | Twr [Ata {Ser |Lov |Are |His |Twr|Lew |Asn |Len |Val | The | Acz |Glo [ Ace | Toe [N,




HzN\/\O/\/O\)kOH

8-amino-3-6-dioxa-octanoic-acid (AEEAc) (4075004)

HoN 0] (0] OH
N N I NP N \/\“/
O
aminoethyl-PEG4-carboxylic acid (4075005)
H,N o) o) o) OH
\/\o/\/ \/\o/\/ \/\o/\/ \/\ﬂ/
(0]

aminoethyl-PEG6-carboxylic acid (40740006)

Figure 2.3 The chemical structures of the PEG moledes to be coupled to the N-terminal of three PYY(36) analogues

The internal Bachem identification codes are inetlitb cross reference the PEG molecule with tlevagit analogue
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2.3.2.2Peptide synthesis

All peptides were synthesised as per the methoslsrithed in section 2.3.1.2. Fmoc-
Leu-OH and Fmoc-GIn(Trt)-OH were purchased from &lmechem. The resin used
was tricyclic amide linker resin (loading of 0.66mifg) (Bachem AG).

All peptides were synthesised at a scale of 0.1mrwolino acids (4-fold excess),
TBTU (Bachem AG) and HOBt (3.9-fold excess) and EAP(Romil) (8-fold excess)
were dissolved in DMF (Romil).

For the N-terminal PEG modifications, AEEAc wasacluced as Fmoc-AEEAc-OH
(Bachem AG) via an automated process on the Synypdymthesiser, as per the other
amino acids. Final Fmoc group removal was alsooperéd on the synthesiser using a
solution of 20% piperidine in DMF. The remaining ®Enolecules were coupled as
Fmoc-NH-PEG3-COOH and Fmoc-NH-PEG5-COOH respedtiv8loth reagents
were purchased from Novabiochem; the discrepamgigse PEG numbering system
are due to the different nomenclature protocolN@tabiochem. The PEG molecules
were manually coupled with TBTU and DIPEA, and ntorad by Kaiser test as
described in section 2.3.1.2 in case of slow cogptimes. In each case, the N-
terminal Fmoc protecting group was then removedh @aisolution of 20% piperidine

in DMF, in a reaction monitored by Kaiser test.

2.3.2.3Peptide cleavage

Peptides were cleaved as per the methods desdanilsedtion 2.3.1.4.
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2.3.2.4Characterisation of crude peptides
Crude peptides were characterised as per the ngitescribed in section 2.3.1.5
using a Voyager DE Matrix Assisted Laser Desorgtamsation mass spectrometer

(MALDI-MS) (Applied Biosystems, Warrington, UK).

2.3.2.5Purification of peptides

Peptides were purified as per the methods deschibgekction 2.3.1.6.

2.3.3 Position 30, 31 and 32 analogues of PYY(3-36)

2.3.3.1Peptide design

In human PYY(3-36) the amino acids in positions 3D,and 32 are leucine, valine
and threonine respectively. Natural amino acid$h wiructural similarities to these
amino acids were chosen to replace them in theognat. The sequences of these

analogues are shown in Table 2.4.
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Table 2.4 The peptide sequences of eight analogu#dYY(3-36) with amino substitutions in positions30, 31 and 32

IP codes have been assigned for ease of use iacgudod biological studies. Residues highlightegkthare those that differ from the

endogenous sequence.

Name Code N 4] & & 7 & 9 10) 11| 12 13| 14] 15| 16| 17| 18| 19| 20| 21| 2| 23| 24| 25| 16| 27) 28| 29| 30| 31| 31| 33| M| 35 M| C

PYY(3-36) PYY(336)|H |He |Lys |Pro [Glu |Ata [Pro |Gly |Gle [Asp |Ata [Ser |Pro |Gl [Glu |Lew [Aen | Are | Tye[Tyr |Ata [Ser |Low |Ars [His |Tyr|Leo |fen|Len [Val |The [Ace|Gin |Ace |Tor |,
(Ala)*PY¥(3-36) P12 |H |H= |Lws|Pre |Glo |Ala |Pro (Gly |Glu [Azp|Ala (%2 (Pro |Glu (Glu |Lau |Asn |Arg | Twr [Twr|Ala |82 (Lo |Arg [His |Twr|Leu [Asn|Ala |Val |Thre |Arg |Gln [Arg | Towr |MH.
(L=} PVY(3-36) P13 (H (e |[Lws|Pro|Gle |Ala |Pro |Gly |Gle |Asp|Ala |Ber |Pro |Glu [Glu [Lew [Asn [Ars [ Twr | Twr|Ala [S2r |Lew |Ars |His |Twr|Lev |Asn|Ile |Wal [Thr [Arg [Gln [Arg | Twr | NH,
(Valy* BYY(3-36) P14 (H (I |[Lws|Pro|Gle |Ala |Pro |Gly |Gle |Asp|Ala [Ber |Pro |Gle [Gle [Lew [Asn [Arg [ Twr | Twr|Ala [82r |Lew |Arg |His |Twvr|Lev |Asn|Val |Wal [Thr [Arg (Gln [Arg | Twr | NH,
(Ala) ' PY¥(3-36) P15 |H |H= |Lws|Pre (Glo |Ala |Pro (Gly |Glo [Azp|Ala (S22 (Pro |Glu (Glu |Lau |Asn |Arg |Twr [Twr|Ala |Ser (Lo |Arg [His |Twr|Leu [Asn|Lev |Ala |Thre |Arg |Glo [Arg | Towr |MH.
(U='PYY(3-36) | IP16 |H |He |Lvs|Pro|Glu |Ata |Pro [Gly [Giv |Asp|Als |Ser |Pro [Glu |Gt |Lew |Asn |Are | Tve|Tvr|Ata [Ser |Lew |Are |His |Tvr|Les [Aen|Les |Ne [The |Ace [Gin |Are | Toe |vE,
(Leu)'PYY(3-36)| P17 |H |He |Ly:|Pro|Glo |Ala [Pro |Gly |Gle [Asp|Ata [Ser |Pro |Gl [Glu |Lew [Aen|Are |Tyr|Tyr |Ata |Ser |Low |Ars [His |Tyr|Leo |An|Len [Low |The [Ace|Gin |Ace |Tor |vE,
(Lew)'PYYV(3-36)| P18 [H I |Lws|Pro |Gle |Als |Pro |Glv [Gle |Asp|Als (32 |Pro |Glo |Glu [Les [Asn |Are | Twr [ Twe|Ala |32 |Les [Are |His |Twr|Leo [Asn|Les |Val |Lew |Are |Gla |Acz | Tvr |[NH,
(5=r PYV(3-36) P18 (H ([H= [Lws|Pro |Gle [Ala [Pro |Gly |Glo |Asp|Ala |B2r |Pro (Gle (Gle [Lew [Asn [Arg |[Twr | Twr|Ala |82r |Leo |Arg |His |Twr|Lep |Asn|Lev [Val [Ser |Arz |Gln |Arg |Twe |NH:




2.3.3.2Peptide synthesis
All peptides were synthesised as per the methodsribed in section 2.3.1.2. The

resin used was tricyclic amide linker resin (logdaf 0.61mmol/g)(Bachem AG).

2.3.3.3Peptide cleavage

Peptides were cleaved as per the methods desdanilsedtion 2.3.1.4.

2.3.3.4Characterisation of crude peptides

Crude peptides were characterised as per the ngetlestribed in section 2.3.1.5.

2.3.3.5Purification of peptides

Peptides were purified as per the methods deschibgekction 2.3.1.6.

2.3.4 Position 4 and 29 cross linked analogues of PYY($B

2.3.4.1Peptide design

Cross-linkages between amino acid side chainsaeandifferent forms, with one of
the most common being a lactam bridge, usually éatinetween the basic side chain
of a lysine residue and the acidic side chain ofagpartic acid or glutamic acid
residue. The human sequence of PYY contains adys#sidue close to the N-
terminal at position 4 and an asparagine residosgedo the C-terminal at position 29.
As asparagine is the amidated form of aspartic, acidstituting it for an acidic amino

acid should not drastically alter the structuré¢hef peptide.



Table 2.5 The peptide sequences of five PYY(3-3&)aogues containing cross linking bridges betweemano acids in positions 4 and 29
Dap = a,R-diaminopropionic acid and is an analogue ofnlgsicontaining three less carbons in its side chamctional group. Residues
highlighted in red are those that differ from thelegenous sequence. Disulphide and lactam bridgeshawn as red horizontal lines between

residues in positions 4 and 29.

Name Code N 3 4 5| & 7| & % 10| 11) 12| 13| 14| 15| 16| 17| 18| 19| 20| 21| 22| 23| 24| 25| 26| 27| 28| 29| 30| 31| 3| 33| 34| 35| 36|C

PYY(3-36) PYY(3-303|H |Ile [Lys |Pro |Gl |Ala |Pro [Gly [Gh [4Asp [4la [Ser (Pro |Gl |Gha |Leu |&sn |&rg |Tyr |Tyr |4la [Ser |Len [Axg [His |Tyr |Len [fsn |Len |Wal |Thr |Arg [Gn |Arxg [Tyr [HH
I .

[Cys, Cys -PTT(3-36) (disulplude bridge) 12741} H |l [Cys |Prn |Glu ‘Ala ‘Pm ‘Gly |G]u |Asp |Ala ‘Ser ‘Pm ‘G]u |G]u |Leu Asn |z ‘Tyr‘Tyr |.!Lla |Ser |Leu ‘Arg His Tyr‘Leu |Cys Len |Wal [The |Azg [Gln [Azg |Tye (HH
! !

(Cyelo(Lys —Asp ), Asp )-P¥V(3-36) H |l [Lys |Pm |Glu ‘Ala ‘Pm ‘Gly |G]J.1 |£'Lsp |Ala ‘Ser ‘Pm ‘G]u |G]J.1 |Lefu Asn |Lrg ‘Tyr‘Tyr |J'Lla |Ser |Leu ‘Arg His Tyr‘]'_eu |Axp Len (Val |Thr |&rg [Gln (Arg |Tyr |HH
. .

Cyela(Lys =G ), Gha )-PY¥(3-38) 4060994 (H [Ile |Lys |Pm |G]u ‘Ala ‘Pm ‘Gly |Gh.1 |}'&sp |Ala ‘Ser ‘Pm ‘G]u |Gh.1 |Lefu Asn [Arg ‘Tyr‘Tyr |A1a |Ser |Leu ‘Arg His Tyr‘Leu |Glu Len |Val |Thr |Arg |GIn |Arg |Tyr |HH
: :

(Cyclo(Dap'—bsp 1, Dap’, 4sp -PYT(3-38) H |l [Dap |Pm |G]u ‘Ala ‘Pm ‘Gly |Gh.1 |}'&sp |Ala ‘Ser ‘Pm ‘G]u |Gh.1 |Lefu Asn |Arg ‘Tyr‘Tyr |A1a |Ser |Leu ‘Arg His Tyr‘Leu |Asp Len (Val |Thr |&rz [Gln [Arg |Tyr |HH
! !

[Cyela{Dap'—Gh ], Dap', Gh )-FTY(3-38) H |l [Dap |Pm |G1u ‘Ala ‘Pm ‘Gly |G1u |Asp |A1a ‘Ser ‘Pm ‘G]u |G1u |Leu Asm |drg ‘Tyr‘Tyr |m.a |Ser |Leu ‘Ar\g His Tyr‘Leu |Clu Len |Val |Thr |irg |[Gln [drg [Ty |NE




The PYY(3-36) analogues described in Table 2.5 whk¥signed to contain cross
linkages between different amino acid residueaitions 4 and 29.

To help assess the feasibility of forming a croskimng bridge between positions 4
and 29, an analogue containing a disulphide briskye/een cysteine residues in these

positions was also synthesised.
2.3.4.2Peptide synthesis - (Cys Cys™)-PYY(3-36) (disulphide bridge)

The peptide was synthesised as per the methodsilskeben section 2.3.2.2. The
amino acids in positions 4 and 29 were both coupk&moc-Cys(Trt)-OH (Bachem
AG). The resin used was tricyclic amide linker nedoading of 0.61mmol/g) and was

purchased from Bachem AG.

2.3.4.3Peptide cleavage - (Cy's Cys’®)-PYY(3-36) (disulphide bridge)
The peptide was cleaved as per the methods deddnbsection 2.3.1.4. Due to the
presence of cysteine residues in the sequencefiltteed peptide solution was

directly precipitated into diethyl ether.

2.3.4.4Characterisation of crude peptide - (Cy§ Cys)-PYY(3-36) (disulphide
bridge)

The crude peptide was characterised as per theodsettescribed in section 2.3.1.5.

In addition, an Ellmans test was performed on allssample of crude material. This

involved dissolving the peptide in 200puL of Scithiobis(2-nitrobenzoic acid) in

0.1M disodium hydrogen phosphate (both Sigma Aljrié\ positive result indicates

the presence of sulphydryl groups in the peptide.



2.3.4.5Disulphide bridge formation - (Cys', Cys™)-PYY(3-36) (disulphide
bridge)
The crude peptide was dissolved in 3mL of TFA arldted with 30mL of 0.1%
TFA/acetonitrile/water. This solution was filtereshd added to 1.1L of 1.0M Urea
solution (VWR). The pH of the solution was measut@aonfirm it was pH7 and a
sample was then analysed by reverse phase HPLC.
A 0.01M solution of potassium ferricyanide {Ke(CN)]) (BDH, Poole, UK) was
added to the peptide solution in a drop wise maangl the yellow/green colour was
retained. The solution was again analysed by HPIOG@ Eft to mix at room
temperature for 1 hour. After this time had elapssedample of the solution was
analysed by HPLC as a co-injection with a sampl¢hefreaction solution at pH7.
Further K[Fe(CN)] solution was added to the reaction and it was ft@af another
hour. At this point the reaction was stopped whe tddition of 50% acetic acid
(Romil) and the pH reached 4.
To this solution, 80mL of acetonitrile was addedl d@ne reaction mixture was then
loaded onto a Companion Combi Flash Chromatogragpisgem (Teledyne Isco,
Lincoln, USA) using a C-18 40g column (Daiso, 50 pm particle s A pore
size). A linear AB gradient program of 10-35% Blimin followed by 35-100% B in
40 min at a flow rate of 40mL/min was applied. Eué was 0.1% TFA/water and
eluent B was 0.1% TFA in 60% acetonitrile/water.
The collected fractions were identified by MALDI M&hd analytical reverse phase
HPLC. The relevant fractions were then pooled togieaind lyophilised overnight (-

50°C, 6 mbar).
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2.3.4.6Purification of peptide -(Cys', Cys%)-PYY(3-36) (disulphide bridge)

The peptide was purified as per the methods de=stiib section 2.3.1.6 using a C-18
column (Daiso Bid®250 x 21.2mm, 10um particle size and ,ﬁqn'bre size). A second
purification step was carried out using a gradmgoggram of 10-50% in 4 min and 50-

100% in 70 min.

2.3.4.7Peptide synthesis - (Cyclo(Lys-Asp?®), Asp™)-PYY(3-36)

The peptide was synthesised as per the methodsilskben section 2.3.2.2. The
synthesiser used was a 433A single peptide syst@refipplied Biosystems). The
residues in positions 4 and 29 were introduced rmscHLys(Mtt)-OH and Fmoc-
Asp(OPip)-OH respectively (both Bachem AG). Theafiresidue was introduced as
Boc-lle-OH.0.5HO (Novabiochem). The resin used was tricyclic amidker resin
(loading of 0.61mmol/g) (Bachem AG).

Removal of the Fmoc protecting group was carrietwath 20% piperidine in N-
methyl pyrrolidone (NMP) (M56 Chemicals) followed/ sequential washes with
NMP. All amino acid derivatives (10-fold excessBTIU and HOBt (9-fold excess)
and DIPEA (20-fold excess) were dissolved in NMP.

Upon completion of the automated synthesis, a samptesin was cleaved in TFA
for 2 % hours. The solution was filtered, dilutedhwacetonitrile/water and analysed
by HPLC and MALDI MS. A second sample of resin waken and a Kaiser test
performed as described in section 2.3.1.2 to aontine presence of all protecting

groups.
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2.3.4.8Cyclisation of resin bound peptide - (Cyclo(Ly$-Asp?®), Asp™)-PYY(3-

36)

The amino acids in positions 4 and 29 were selelgtideprotected by performing
repeated washes (9 x 5min) with a solution of 19A/T%% triisopropylsilane (TIS)
(Sigma Aldrich) in dichloromethane (DCM) (Avantot)pon completion of these
washes a Kaiser test as described in section 2. ®8ds performed to confirm removal
of the protecting groups.

Lactam bridge formation was achieved by reactirg rissin bound peptide with a
solution of 1 molar equivalent of 1-hydroxy-7-azabetriazole (HOAt) (Genscript,
Piscataway, USA) and 1.5 molar equivalents of gispylcarbodiimide (DIC)
(Sigma Aldrich) in DMF for 15 hours. A Kaiser tesas performed and the reaction

was repeated until complete according to a Kaessr t

2.3.4.9Peptide cleavage - (Cyclo(Lys-Asp?®), Asp®™)-PYY/(3-36)

The peptide was cleaved as per the methods deddnitsection 2.3.1.4.

2.3.4.10 Characterisation of crude peptide - (Cyclo(Ly&-Asp™), Asp®)-
PYY(3-36)

The crude peptide was characterised as per theodwetiescribed in section 2.3.1.5.

A second C-18 column was used for characterisgbamso Bio, 250 x 4.6mm, 5 um

particle size, and 200 A pore size).

2.3.4.11 Purification of peptide - (Cyclo(Lys*—Asp™), Asp®™)-PYY(3-36)
The peptide was loaded onto a Companion Combi Fldsbmatography system with

a C-18 40gcolumn (Daiso, 50 um particle size, 200 A pore )size linear AB

122



gradient program of 10-85% B in 22 min at a floweraf 40mL/min. Eluent A was
0.1% TFA/water and eluent B was 0.1% TFA in 60%@uérile/water. The collected
fractions were identified by MALDI MS and analytic&verse phase HPLC with a
Daiso column. The relevant fractions were then @ddlogether and lyophilised

overnight (-56C, 6 mbar).

2.3.4.12 Peptide synthesis - (Cyclo(Ly5-Glu?®), Glu*®)-PYY/(3-36)
The peptide was synthesised as per the methodslbm section 2.3.4.7. Residue

29 was introduced as Fmoc-Glu(Opip)-OH (Bachem AG).

2.3.4.13 Peptide synthesis - (Cyclo(Dap-Asp™), Dap’, Asp™)-PYY (3-36)

The peptide was synthesised as per the methodsilskeben section 2.3.2.2. The
residues in positions 4 and 29 were introducednascFDap(Mtt)-OH (Novabiochem)
and Fmoc-Asp(Opip)-OH (Bachem AG) respectively, leththe final residue was
introduced as Boc-lle-OH.0.58 (Novabiochem). The resin used was tricyclic amide
linker resin (loading of 0.55mmol/g) (Bachem AGhelpeptide was synthesised at a

scale of 0.05mmol.

2.3.4.14 Cyclisation of resin bound peptide - (Cyclo(Dap-Asp®®), Dap’,
Asp®®)-PYY(3-36)

The resin bound peptide was cyclised as per thbadstdescribed in section 2.3.4.8

2.3.4.15 Peptide cleavage - (Cyclo(Ddp-Asp™), Dap’, Asp™)-PYY (3-36)

The peptide was cleaved as per the methods dedcénisection 2.3.1.4.
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2.3.4.16 Characterisation of crude peptide - (Cyclo(Daf-Asp®™), Dap’,
Asp®®)-PYY(3-36)

The crude peptide was characterised as per theongettescribed in section 2.3.1.5.

2.3.4.17 Peptide synthesis - (Cyclo(Dap-Glu?®), Dap®, Glu*)-PYY(3-36)
The peptide was synthesised as per the methodsilmbsen section 2.3.4.13. The

residue in position 29 was introduced as Fmoc-GRigPOH (Bachem AG).

2.3.4.18 Peptide synthesis I - (Cyclo(Ly$-Glu?®), Glu?®)-PYY (3-36)
The peptide was synthesised as per the methodsilmbsen section 2.3.4.12. The
resin used was TentaGel R RAM (loading of 0.2mmdRppp Polymere (Tibingen,

Germany). The peptide was synthesised at a sc@l®@5mmol.

2.3.4.19 Cyclisation of resin bound peptide — (Cyclo(Ly$-GIu?®), Glu®)-
PYY(3-36)

The resin bound peptide was cyclised as per thbadstdescribed in section 2.3.4.8.

2.3.4.20 Peptide cleavage - (Cyclo(Lys-Glu?®), GIu?®)-PYY/(3-36)

The peptide was cleaved as per the methods dedénisection 2.3.1.4.

2.3.4.21 Characterisation of crude peptide - (Cyclo(Ly$-GIu?®), Glu?9)-

PYY(3-36)

The crude peptide was characterised as per theongettescribed in section 2.3.1.5.
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2.3.4.22 Peptide synthesis IlI - (Cyclo(Ly$—GIu?®), Glu®)-PYY(3-36)

The peptide was synthesised as per the methodsilmibsen section 2.3.4.13. The
residues in positions 4 and 29 were introduced rmscHLys(Mtt)-OH and Fmoc-
Glu(Opip)-OH respectively (Bachem AG). The peptidas synthesised in two
different reaction channels on the synthesiseroria of the reaction channels, the
amino acids in positions 22 and 23 were introduagedhe pseudoproline dipeptide
Fmoc-Ala-Ser(Psi(Me,Me)pro)-OH (Novabiochem). Tlesin used was TentaGel R
RAM (loading of 0.19mmol/g) (Rapp Polymere). Thept@e was synthesised at a
scale of 2 x 0.05mmol and upon completion of théomated synthesis the two

reaction vessels were kept separate

2.3.4.23 Cyclisation of the resin bound peptide - (Cyclo(Ly5-Glu?®), Glu9)-
PYY(3-36)

The resin bound peptide was cyclised as per thladstdescribed in section 2.3.4.8.

Lactam bridge formation was achieved by reactirggplptide resins with a solution

of 0.98 molar equivalents of TBTU and 2 molar eaigwnts of DIPEA for 4 hours.

2.3.4.24 Peptide synthesis IV - (Cyclo(Ly$-Glu?®), GIu®®)-PYY(3-36)

The peptide was synthesised as per the methodsilskeben section 2.3.2.2. The
residues in positions 4 and 29 were introduced rascH.ys(Aloc)-OH and Fmoc-

Glu(allyl ester)-OH respectively (Bachem AG) whilse final residue was introduced
as Boc-lle-OH (Bachem AG). The resin used was Xamghlinker resin (loading of

0.53mmol/g) (Bachem AG). Also synthesised was thetide (Glu}*-PYY(3-36) in

which both Ly8and GI§° residues were introduced as the standard Fmocatiegs.
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Upon completion, samples of both resins were cl@avd FA for 2 %2 hours, filtered,

diluted and analysed by HPLC and MALDI MS as ddxaxtiin section 2.3.1.5.

2.3.4.25 Partial deprotection of resin bound peptide - (Cyab(Lys'—Glu®),
Glu®)-PYY(3-36)

Selective deprotection of the Aloc and allyl esiestecting groups was achieved by
dissolving 0.4eq of Tetrakis(triphenylphosphinelgpdium(0) and 24eq Phenylsilane
(both Sigma Aldrich) in DCM, adding it to the resamd mixing for 2 hours. The
reagents were removed by filtration and the resashed repeatedly with DCM and
then 0.03M sodium diethyldithiocarbamate trihydré&gma Aldrich) in DMF to
remove any remaining palladium catalyst. Successfuioval of both protecting
groups was confirmed by Kaiser test as describegdtion 2.3.1.2, and by cleaving a
sample of resin in reagent K for 2 ¥ hours, fitgriand precipitating into diethyl
ether. The precipitate was immediately isolatedshea with diethyl ether and dried
under vacuum before being dissolved in 0.1%TFAcet@nitrile/water. This solution

was analysed by HPLC and MALDI MS as describecketion 2.3.1.5.

2.3.4.26 Cleavage of partially protected peptide - (Cyclo(Lg'—-GIu?),
Glu®)-PYY(3-36)

The partially protected peptide was cleaved by wasthe resin with 10mL/g of 2%

TFA in DCM for 3 minutes. After this time, the raswas filtered and the filtrate

collected in a flask to which 1.01 molar equivatefitelative to TFA) of ice cold

DIPEA was added to neutralise. This process wasategd a further six times and the

filtrates combined. The resin was then washed tegBawith DCM until the pH of

the filtrate reached 7. Each DCM wash was neuadliand added to the cleavage
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filtrate solution. This solution was then extractidee times with water and then
three times with saturated sodium chloride solutidme organic layer was dried with
sodium sulphate (BDH) and filtered before beingasarirated on a rotary evaporator.
The resultant residue was precipitated with thdtemhdof ice cold diethyl ether. The

precipitate was stored af@ overnight and was collected by filtration, waslheéth

ice-cold diethyl ether, and allowed to dry at rotmmperature.

2.3.4.27 Characterisation of partially protected peptide - Cyclo(Lys*—
Glu®), Glu®)-PYY(3-36)

The patrtially protected peptide was characteriseger the methods described in

section 2.3.1.5. Eluent B was 0.1% TFA in 95% auétite/water. Mass was

confirmed using a Voyager Matrix Assisted Laser d@pson/lonisation mass

spectrometer MALDI-MS.

2.3.4.28 Cyclisation of partially protected peptide - (CycldLys’—GIu?),
Glu?®)-PYY(3-36)

The partially protected peptide (304mg) was dissdlin 5SmL of DMF and diluted to
25mL with DCM. A solution was made of 10 molar egléents of HOAt (64mg) and
20 molar equivalents of DIC (143uL) in 300mL of DCWhe peptide solution was
added to the HOAU/DIC solution using a Gilson 307U& piston pump at a flow rate
of 0.03mL/min. Upon completion of the peptide amht the reaction solution was
analysed by HPLC and MALDI MS. The DCM was then oeed via rotary

evaporation.
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2.3.4.29 Cleavage of peptide - (Cyclo(Ly5-Glu®?), Glu*)-PYY (3-36)
Following removal of DCM, the remaining residue waissolved in solution K

(100mL) and cleaved as per the methods describselcition 2.3.1.4.

2.3.4.30 Characterisation of crude peptide — (Cyclo(Ly$-Glu®), Glu®®-
PYY(3-36)

The crude peptide was characterised as per theongettescribed in section 2.3.1.5.

2.4 Results

2.4.1 Position 25 and 26 PYY(3-36) analogues

The ten PYY(3-36) analogues with altered residuegosition 25 and 26 were all
successfully produced at purities above 95% byrsevphase HPLC on both TFA and
triethylammonium phosphate (TEAP) buffer systemke Tuantities, purities and
peptide content (determined by amino acid analysiggach analogue produced are

summarised in Table 2.6.
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Table 2.6 The quantities, purities and peptide comint achieved for ten position
25 and 26 PYY(3-36) analogues

% Yield = actual yield (mg)/theoretical yield (mgyheoretical yield = synthesis scale (mmol) x

molecular weight of peptide. Abbreviations: TFAifltilororacetic acid; TEAP, triethylammonium

phosphate.
Purity Purity Peptide
Yield Yield (TFA (TEAP content
Analogue Code
(mg) (%) system) | system) (%)
(%) (%)
PYY(3-36) - 83.0 20.5 98.0 96.2 76.9
(Homoarg§PYY(3-36) IP1 | 40 19.7 97.7 95.1 67.2
(D-Arg)*PYY(3-36) IP2 | 40 19.8 96.9 95.2 69.0
(Arg(Me),symmj°PYY(3-36) | IP3 | 335 16.4 97.3 95.6 81.9
(Arg(Me)asymmPYY(3-36) | IP4 | 185 9.1 95.0 96.1 72.2
(Cit)®PYY(3-36) IP5 |27 13.3 98.4 97.1 75.9
(D-Cit)™PYY/(3-36) IP6 | 40.6 20.0 96.1 95.7 86.2
(His(1-Me)Y°PYY(3-36) IP7 | 36.4 17.9 97.0 98.0 76.4
(His(3-Me)y°PYY(3-36) IP8 | 15.2 7.5 97.6 96.4 82.7
(D-Hisy**PYY(3-36) IP9 | 33.2 16.4 97.2 97.2 73.4
(Phe-Guy°PYY(3-36) IP10 | 31.9 15.6 98.9 95.4 83.3
Biotinyl-PYY(3-36) P11 | 189.7 7.4 98.2 95.3 85.0

2.4.2 N-terminal pegylated PYY(3-36) analogues

The three PYY(3-36) analogues were all successfuthguced at purities above 95%
by reverse phase HPLC in a TFA buffer system. Tintjties and purities of each
analogue produced are summarised in Table 2.7 t@fieancial restraints, it was not

possible to submit these and subsequent analoguetilf Quality Control (QC)

129



analysis. Therefore, the same level of analysierathe previous set of analogues has

not been acquired.

Table 2.7The quantities and purities achieved for three N-taminally pegylated

PYY(3-36) analogues.

% Yield = actual yield (mg)/theoretical yield (mgyheoretical yield = synthesis scale (mmol) x

molecular weight of peptide. Abbreviations: TFAfltioroacetic acid.

Purity
(TFA
Analogue Code Yield (mg) | Yield (%)

system)

(%)
AEEAC-PYY(3-36) 4075004 68.0 16.2 98.1
Aminoethyl-PEG4-carbonyl-PYY (3-36)| 4075005 143.2 33.3 96.7
Aminoethyl-PEG6-carbonyl-PYY (3-36)| 4075006 111.8 25.4 97.63

2.4.3 Position 30, 31 and 32 PYY(3-36) analogues

The eight PYY(3-36) analogues with altered residagsosition 30,31 and 32 were
all successfully produced at purities above 95%rdwerse phase HPLC in a TFA
buffer system. The quantities and purities of eathlogue produced are summarised

in Table 2.8.
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Table 2.8 The quantities and purities achieved for eight posion 30, 31 & 32

PYY(3-36) analogues.

% Yield = actual yield (mg)/theoretical yield (mgyheoretical yield = synthesis scale (mmol) x

molecular weight of peptide. Abbreviations: TFAfltioroacetic acid.

Purity
(TFA
Analogue Code Yield (mg) | Yield (%)
system)
(%)
(Ala)*PYY(3-36) P12 31.4 15.7 96.7
(11e)*PYY(3-36) P13 43.0 21.2 95.0
(Val)®PYY(3-36) IP14 30.2 15.0 98.0
(Ala)*'PYY(3-36) IP15 26.9 13.4 98.2
(I1e)*'PYY(3-36) IP16 39.3 19.3 98.0
(Leuy'PYY(3-36) P17 38.0 18.7 97.8
(Leuy*PYY(3-36) IP18 38.0 18.7 95.9
(SerfPYY(3-36) IP19 28.3 14.0 98.3

2.4.4 Position 4 and 29 cross linked PYY(3-36) analogues

2.4.4.1(Cys4, Cys29)PYY(3-36) (disulphide bridge)
This analogue was successfully produced with d fioaty of 91% by reverse phase
HPLC. The quantities and purities achieved, alonih whe results of the Ellmans

tests, at the different stages of oxidation andfipation are summarised in Table 2.9.
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Table 2.9 The quantities, purities and Ellmans testresults, achieved at the
different stages of producing (Cys4, Cys29)PYY (3-3&disulphide bridge)

% Yield = actual yield (mg)/theoretical yield (mgyheoretical yield = synthesis scale (mmol) x

molecular weight of peptide.

Purity Ellmans
(TFA test
Stage Yield (mg) | Yield (%)
system)
(%)
Crude 215 53.6 67.5 +
After oxidation 51.9 12.9 74.4 _
Purification 1 30.4 7.6 91.1 _
Purification 2 24 6.0 90.5 _

2.4.4.2(Cyclo(Lys4—Asp29), Asp29)-PYY(3-36)

The synthesis of this peptide was unsuccessfulowlg purification of the crude
peptide via Flash Chromatography, analysis by MAMS of the collected fractions
failed to detect the presence of the target peptdieof the fractions containing
peptidic material were combined and lyophilisede THPLC chromatogram of this

material is shown in Figure 2.4
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Figure 2.4 Representative reverse phase HPLC absdrpn profile of the material

recovered from the purification of (Cyclo(Lys—Asp?®), Asp™)-PYY (3-36)

The peptide was dissolved in 0.1% TFA/water/acétitmiand analysed by reverse phase HPLC using
an analytical C-18 column (Vydac 218TP54, 250 xwh6 5 pum particle size, and 300 A pore size)
and a linear AB gradient of 0—100% for B over 40t a flow rate of 1mL/min, where eluent A was
0.1% TFA/water and eluent B was 0.1% TFA in 60%t@uitrile/water. Peak detection was by

spectrophotometry at a wavelength of 210 nm.

2.4.4.3Cyclo(Lys*-GIu?®), GIu*®)-PYY/(3-36)
The synthesis of this peptide was unsuccessful.nUgmmpletion of the automated
synthesis, analysis by HPLC and MALDI MS of a cleawsample of resin showed the

guality of the linear peptide to be poor, so sysithewas stopped. The HPLC
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chromatogram is shown in Figure 2.5 and the MALDdss spectrum is shown in

Figure 2.6.
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Figure 2.5 Representative reverse phase HPLC absdrpn profile of the peptide

(Glu)?*-PYY(3-36) following automated SPPS

A sample of peptide resin was cleaved for 2 hauidnc. TFA. The solution was filtered and diluted
with acetonitrile/water. This solution was analy$gdreverse phase HPLC using an analytical C-18
column (Vydac 218TP54, 250 x 4.6mm, 5 um partide,sand 300 A pore size) and a linear AB
gradient of 0—100% for B over 40 min at a flow ratdmL/min, where eluent A was 0.1% TFA/water
and eluent B was 0.1% TFA in 60% acetonitrile/waRsak detection was by spectrophotometry at a

wavelength of 210nm.
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Figure 2.6 Representative MALDI mass spectrum of ta peptide (Gluf>-PYY(3-

36) following automated SPPS

A sample of peptide resin was cleaved for 2 honirsoinc. TFA. The solution was filtered and diluted
with acetonitrile/water. The solution was analygda Kompact Probe MALDI mass spectrometer in
positive voltage mode. The solution was co-cryisadl witha-cyano-4-hydroxycinnamic acid (CHCA)
matrix compound. The vertical axis represents thative signal intensity of the molecular ions

detected and horizontal axis represents mass tgehatio (M/Z). The expected molecular weight

could not be detected.

2.4.4.4(Cyclo(Dap’-Asp®®),Dap’, Asp*®)-PYY/(3-36)
The synthesis of this peptide was unsuccessfullyaisaby HPLC and MALDI MS

of the crude peptide, failed to detect the presaicine target peptide. The HPLC

chromatogram is shown in Figure 2.7.

135



100—

1]
=
|
mVolts

% Mobile Phase

Minutes

Figure 2.7 Representative reverse phase HPLC absdipn profile of the crude

peptide (Cyclo(Dap, Asp?®), Dap’, Asp*®)-PYY (3-36)

A sample of crude peptide was dissolved in 0.1% /Iker/acetonitrile and analysed by reverse phase
HPLC using an analytical C-18 column (Vydac 218TPZBD x 4.6mm, 5 um particle size, and 300 A
pore size) and a linear AB gradient of 0-100% foo\®r 40 min at a flow rate of 1mL/min, where

eluent A was 0.1% TFA/water and eluent B was 0.18A Th 60% acetonitrile/water. Peak detection

was by spectrophotometry at a wavelength of 210 nm.

2.4.4.5(Cyclo(Dap-Glu?®), Dap’, GIu*®)-PYY(3-36)
The synthesis of this peptide was unsuccessful.nUgmmpletion of the automated

synthesis, analysis by HPLC of a cleaved sampleesih showed the purity of the
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linear peptide to be poor, so synthesis was stappbd HPLC chromatogram is

shown in Figure 2.8.
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Figure 2.8 Representative reverse phase HPLC absdrpn profile of the peptide

(Dap®, GIu*®)-PYY(3-36) following automated SPPS

A sample of peptide resin was cleaved for 2 honirsoinc. TFA. The solution was filtered and diluted
with acetonitrile/water. This solution was analydmdreverse phase HPLC using an analytical C-18
column (Vydac 218TP54, 250 x 4.6mm, 5 um partié#,sand 300 A pore size) and a linear AB
gradient of 0-100% for B over 40 min at a flow rafedmL/min, where eluent A was 0.1% TFA/water

and eluent B was 0.1% TFA in 60% acetonitrile/waRgak detection was by spectrophotometry at a

wavelength of 210 nm.
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2.4.4.6(Cyclo(Lys’-GIu?®), GIu®®)-PYY(3-36) (Synthesis II)

The synthesis of this peptide was unsuccessfullyaisaby HPLC and MALDI MS
of the crude peptide, failed to detect the presaicine target peptide. The HPLC
chromatogram of the crude peptide is shown in Eg2®© and the MALDI mass

spectrum is shown in Figure 2.10.
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Figure 2.9 Representative reverse phase HPLC absdrpn profile of the crude

peptide (Cyclo(Lys-Glu®®), Glu*)-PYY/(3-36)

A sample of crude peptide was dissolved in 0.1% /Iker/acetonitrile and analysed by reverse phase
HPLC using an analytical C-18 column (Vydac 218TPZBD x 4.6mm, 5 um particle size, and 300 A
pore size) and a linear AB gradient of 0-100% foo\®r 40 min at a flow rate of 1mL/min, where
eluent A was 0.1% TFA/water and eluent B was 0.18A T 60% acetonitrile/water. Peak detection

was by spectrophotometry at a wavelength of 210 nm.
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Figure 2.10 Representative MALDI mass spectrum of he crude peptide
(Cyclo(Lys*Glu®®), GIu*®-PYY(3-36)

A sample of crude peptide was dissolved in 0.1% /&Eé&tonitrile/water. The solution was analysed by
a Voyager DE MALDI mass spectrometer in positivétage mode. The solution was co-crystallised
with a-cyano-4-hydroxycinnamic acid (CHCA) matrix compdurThe vertical axis represents the
relative signal intensity of the molecular ionsed¢d and horizontal axis represents mass to charge

ratio (M/Z). The expected molecular weight could be detected.

2.4.4.7(Cyclo(Lys’-GIu?®), Glu®®)-PYY(3-36) (Synthesis III)

The synthesis of this peptide was unsuccessful.nUgmonpletion of the cyclisation
reactions, analysis by HPLC and MALDI MS of cleawwmples of the two resins
showed the purity of the crude peptide to be pdbe HPLC chromatograms of both

samples are shown in Figure 2.11.
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Figure 2.11 Representative reverse phase HPLC abguion profiles of the crude
peptide (Cyclo(Lys' — Glu®®), GIu*®)-PYY(3-36) to compare the effect on purity of

pseudoproline insertion

A - peptide synthesised with AfaSef introduced simultaneously as the pseudoprolinepmtige
Fmoc-Ala-Ser(Psi(Me,Me)pro)-OH.

B - peptide synthesised with AfaSerf? introduced in a stepwise manner as the singledata Fmoc
protected derivatives.

Samples of the crude peptides were dissolved ¥ 0L EA/water/acetonitrile and analysed by reverse
phase HPLC using an analytical C-18 column (Vyd&8TP54, 250 x 4.6mm, 5 um particle size, and
300 A pore size) and a linear AB gradient of 0—-10@%B over 40 min at a flow rate of 1mL/min,
where eluent A was 0.1% TFA/water and eluent B @d%6 TFA in 60% acetonitrile/water. Peak

detection was by spectrophotometry at a waveleof#10 nm.
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2.4.4.8(Cyclo(Lys*-Glu®), GIu®)-PYY(3-36) (Synthesis 1V)

The Aloc and OAIl protecting groups were succedgfidmoved from the Lysand
Glu*® residues. This was confirmed by comparing the HRiEomatograms of
samples taken before and after the deprotectiogu(€i 2.12) and observing a
decrease in retention time, following deprotecti®@uccessful deprotection was
further characterised by detection of the partialgprotected molecular weight by

MALDI MS (Figure 2.13)
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Figure 2.12 Comparison reverse phase HPLC absorptio profiles of (Glu)?*-

PYY(3-36) samples taken before and after Aloc/OAllemoval.

Samples of the peptide resins were cleaved forushim conc. TFA. The solutions were filtered and
diluted with acetonitrile/water and analysed byerse phase HPLC using an analytical C-18 column
(Vydac 218TP54, 250 x 4.6mm, 5 pm particle sizel 300 A pore size) and a linear AB gradient of
0—100% for B over 40 min at a flow rate of 1mL/mivhere eluent A was 0.1% TFA/water and eluent

B was 0.1% TFA in 60% acetonitrile/water. Peak déb@ was by spectrophotometry at a wavelength

of 210 nm.
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Figure 2.13 Representative MALDI mass spectrum of Glu)*-PYY(3-36)

following Aloc/OAll removal.

A sample of peptide resin was cleaved for 2 honirsoinc. TFA. The solution was filtered and diluted
with acetonitrile/water. The solution was analydgda Voyager DE MALDI mass spectrometer in
positive voltage mode. The solution was co-cryisadl witha-cyano-4-hydroxycinnamic acid (CHCA)
matrix compound. The vertical axis represents thative signal intensity of the molecular ions
detected and horizontal axis represents mass tgeiatio (M/Z). The expected molecular weight was
detected.

Cleavage of the partially protected peptide yiel®@dmg of material. HPLC and
MALDI MS analysis of this material was inconclusivEhe HPLC chromatogram

contained no peaks and in the MALDI mass spectramly those masses
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corresponding to the matrix compounggcyano-4-hydroxycinnamic acid (CHCA)
were detected.

Following lactam formation in solution and subsegueleavage with solution K,
408mg of crude material was obtained. It was natsjibe to identify the molecular
weight of the target peptide in this crude matefiolbwing analysis by MALDI MS.

The HPLC chromatogram of a sample of the crude ma&ais shown in Figure 2.14
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Figure 2.14 Representative reverse phase HPLC abgaion profile of the crude

peptide (Cyclo(Lys' — GIu*®), Glu®)-PYY(3-36)

A sample of the crude peptide was dissolved in OTIRA/water/acetonitrile and analysed by reverse
phase HPLC using an analytical C-18 column (Vyd&8TP54, 250 x 4.6mm, 5 um particle size, and
300 A pore size) and a linear AB gradient of 0—10@%B over 40 min at a flow rate of 1mL/min,

where eluent A was 0.1% TFA/water and eluent B @d%6 TFA in 60% acetonitrile/water. Peak

detection was by spectrophotometry at a waveleof#10 nm.
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2.5 Discussion

2.5.1 Position 25 and 26 PYY(3-36) analogues

The ten analogues were produced with final yieldd tanged from 7.5% up to 20%.
All of the analogues achieved final purities in esg of 95% as assessed by HPLC in
two different buffer systems. The disparity in gielcannot, therefore, be attributed to
some analogues being produced at a lower puritg.riiéthods used for the synthesis
and purification of each of the ten analogues weeatical, with the exception of
(Cit)*®PYY(3-36) which required a second purification st&he material recovered
from the first purification step was just less tH@#P6 pure by HPLC on the TEAP
buffer system (actual purity of 93.88%). The sulosed re-purification of the
material resulted in a loss of a yield (from 30.7tag27mg) and contributed to the
relatively low final yield of 13.3%. However, thenere two analogues that achieved
final yields of less than 10%, for which only ongrification step was required.

It therefore seems unlikely that the differencegiglds seen across the ten analogues
was not due to any difference in the synthesisuoifipation methods used, but rather
reflect the effects that the presence of unnatamého acids in the sequence, had on
the synthesis and/or purification. This is suppbriy comparing the final yield of
20.5% obtained from the production of the nativgtjpke PYY(3-36), with those
obtained from the analogues. By comparison, athefamino acid substitutions had,
to some degree, a detrimental effect on the firdtly The analogues with the highest
final yields were (D-Argf’PYY(3-36), (HomoardfPYY(3-36) and (D-Cif°PYY(3-
36). In the cases of (D-ArgPYY(3-36) and (HomoargJPYY(3-36), this would be
expected as the unnatural amino acids D-arginidehamoarginine are the closest in

structure to the native arginine residue, whilsbaletaining the basicity of arginine.
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This means that they should display the same augyigendencies as arginine, and
also confer the same character to the peptide iarex@ution.

Citrulline is also structurally similar to arginir®it it does not have a reactive side
chain group owing to the presence of an amide gesuppposed to a guanidine. This
means that the Fmoc derivative contains no sidengiratecting group, thus making
it a smaller molecule which should allow the conglreaction to proceed at a faster
rate. The potential improvement in the quality &fe tcrude peptide for (D-
Cit)®PYY(3-36) may be offset by the loss of the basitcfionality in the side chain
group. This confers a more hydrophobic nature eopéptide overall, which in turn
can affect the purification process. The more hgtobic a peptide is, the greater its
affinity for the stationary phase, resulting in d@n retention times. (D-CfPYY(3-
36) eluted from the HPLC column 30 seconds laten tAYY(3-36) (data not shown).
This increase in retention time may result in thalague co-eluting with an impurity
that PYY(3-36) elutes earlier than. Based on thsilte for (D-Citf°PYY(3-36), it
would be expected that (GitPYY(3-36) would be synthesised in similar quansitie
and at a similar purity. However, as previously trared, a second purification step
was required for this analogue. The purity of thatemnal achieved from the first
purification step was just below the required sfieaion. Therefore, the loss of
material from performing the second purificatioapstvas minimal. This suggests that
the disparity in yields between the (&itand (D-Citf> analogues was not simply a
result of performing two purification steps on {@it)*> analogue. Rather, it appears
that insertion of D-citrulline in position 25 hagasitive stereochemical effect on the
peptide, which helps to improve either the remansynthesis steps and/or the

purification.
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The unnatural amino acid 4-guaninidino phenylalaniretains the side chain
functionality of arginine but is a much bulkier raolle due to the presence of an
aromatic ring in the side chain group. This cowdd to steric hindrance during
coupling and hence explain the lower yield achieved the synthesis of (Phe-
GUuY°PYY(3-36).

The yield achieved for (D-Hi$¥PYY(3-36) was lower than that for the corresponding
D-arginine analogue, suggesting that the stereoida¢naffects of introducing a D
configured amino acid at position 26 are more gwdrital than introducing one at
position 25.

Contrasting results were achieved with the metkdat analogues
((Arg(Me),symm¥>PYY (3-36), (Arg(MeYasymm§°PYY (3-36), (His(1-
Me))*°PYY(3-36) and (His(3-MeffPYY(3-36)). For both the methyl arginine and
methyl histidine containing analogues, relativelghhyields were achieved for one
isomer whilst low yields were achieved for the otisemer. In all cases, the presence
of the methyl groups removed the need for siderchadtecting groups in the Fmoc
derivatised amino acid. This makes the moleculesllsmand should therefore
improve coupling efficiency. The lower yields ached for these four analogues
compared with PYY(3-36) are thus likely due to oeéntal effects imparted on the
peptide post-synthesis by the presence of the rgtbyps. The disparity in yields
seen between each set of isomers suggests thati¢héation of the methyl groups on
the side chains of arginine and histidine is anartgnt factor in dictating the quality
of the final peptide.

Alongside production of the ten position 25 and R®8Y(3-36) analogues, the
analogue Biotinyl-PYY(3-36) was produced. The aimswo use this analogue as a

label for the potential development of a fluoreseereceptor binding assay. The final
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yield achieved with this analogue was lower thandoy of the other 10 analogues.
As with (Cit?°PYY(3-36), a second purification step was requifed Biotinyl-

PYY(3-36) to meet purity requirements, suggestimgt tddition of a biotin group to
the N-terminal of PYY(3-36) has a negative effesttbe quality of the final peptide

produced.

2.5.2 N-terminally pegylated PYY(3-36) analogues

Of the three PYY(3-36) analogues produced with atershinal PEG functional
group, the lowest final yield was obtained for AEERYY(3-36). This was
somewhat surprising, given that the AEEAc moleasldhe smallest of the PEG
compounds used, and should therefore be the arealdgsest in character to the
native sequence. However, analysis of the weighthef crude material (data not
shown) suggests that material may have been lostgithe cleavage process.

The yields obtained for the PEG4 and PEG6 analogees greater than that obtained
for PYY(3-36) during the earlier stage of the invgstion. This may be due to the
beneficial increase in solubility that PEG molesulean impart onto peptides.
However, it may also be a result of the use of nmoglern HPLC and MALDI MS
equipment during the production of this set of agaks. It could also be a reflection
of an increase in the skill level and experiencetled chemist performing the

purification.

2.5.3 Position 30, 31 and 32 PYY(3-36) analogues
The eight PYY(3-36) analogues were all producedh firtal yields of between 13.4 —
21.2%. This is a more consistent range of yieldantlior the previous sets of

analogues and is almost certainly due to the siitida in the nature of the amino
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acids that were used to create the different anaeglin the human sequence of
PYY(3-36), the residues in positions 30, 31 andB2leucine, valine and threonine
respectively. Leucine and valine are hydrophobicinamacids and similarly
hydrophobic amino acids were substituted into pwsst 30 and 31. This should result
in there being very little difference in the coungjidifficulties for the position 30 and
31 analogue amino acids compared to those usedYt{3”36). Secondly, the overall
hydrophobicity of the peptide is not changed actbgse analogue sequences, and
thus the peptides display the same solubility priggeand retention times during the
purification process.

The final two analogues in this set contained sultisins of the Th¥ residue.
Threonine is an uncharged, polar amino acid comtgia hydroxyl function in its side
chain group. In one analogue, threonine was substitfor leucine which served to
increase the overall hydrophobicity of the peptithawever, this analogue was
produced with a final yield of 18.7%, one of thglmest of all of the analogues.
Conversely, the second analogue contained a sknirtereonine substitution which
resulted in retention of the hydroxyl function lautoss of one carbon atom. The final
yield achieved for this peptide was 14%, the sectowlest amongst the eight
analogues. It would therefore suggest that the mumbcarbon atoms in the structure
is more important than the presence of the hydrduyiction for the successful
production of position 32 analogues of PYY(3-36).

The highest yield achieved amongst these analogaedor (llef°PYY(3-36) which
was produced in a 21.2% vyield. Leucine and isoleiciontain the same number of
atoms and differ only slightly in the structurestioéir side chain groups. This makes
(11e)*°PYY(3-36) structurally the closest analogue to P3°86), and may explain the

high yield achieved compared to other analogues wibre profound changes to
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structure and/or chemical property. However, itaiso worth noting that the final
purity achieved for (IlEfPYY(3-36) was 95%, the minimum purity requiremeet s
for further studies. This was the lowest purity iaghd up until this point in the

investigation and may be a contributory factorhiea increased yield.

2.5.4 (Cys', Cys®)PYY(3-36) (disulphide bridge)

This analogue was successfully produced and prihagsa PYY(3-36) analogue can
be made containing a cross linking between amimdsdn positions 4 and 29 in the
sequence.

This particular analogue was designed to allowftineation of a disulphide bridge
when the peptide was in solution following cleavéigen the resin. Being in solution
enables the peptide to form its natural configoratand eliminates any steric
hindrance that may be caused by the presenceetbkaln protecting groups.

The reaction to form a disulphide bridge can be itooed by reverse phase HPLC, as
the change in peptide confirmation upon bridge faran, will usually elicit a change
in retention time. However, in the case of ({Bys)PYY(3-36)(disulphide bridge),
no change in retention time was recorded duringothdation reaction. Taken alone,
this could be due to one of two factors; either fttrenation of the disulphide bridge
caused no significant change in peptide confirnmatemd so did not affect the
retention time, or the two cysteine residues areimaclose enough proximity to
successfully form the disulphide bridge. Once thptide had been isolated from the
reaction solution via Flash chromatography, furtiests were performed to determine
if the disulphide bridge had been formed. The fosthese was an Ellman’s test to
determine the presence of any sulphydryl (SH) gsowithin the peptide. If the

disulphide bridge had successfully formed thenelveould be no sulphydryl groups
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present and the test result would be negative, a&s the case. Secondly, once the
peptide had been partially purified it was possilbde obtain a more accurate
measurement of mass through MALDI MS. In this cdlse,expected molecular ion
was detected.

The findings from the production of this analogw# anly prove that amino acids 4
and 29 within PYY(3-36) can be successfully craskdd, but also suggest that these
two amino acids are in close proximity to each whwen peptide is in solution. This
was expected to be the case following the publish¢dNMR study data that
confirmed the hairpin-like structure of PYY(3-3&)ygaard et al., 2006). However,
the fact that cross linking does not seem to sicanitly alter the confirmation of the
peptide suggests that it should not be detrimeatadceptor binding affinity.

The final yield achieved for this analogue was o8#, but it must to be taken into
consideration that the peptide underwent four sgpgrrocesses following cleavage
from the resin, each with associated losses oflyi€he final purity achieved was
only 90.5% and the purity decreased from 91.1%¥alhg the final purification step.

It was decided that a purity of 90.5% would be isight to conduct further biological
testing, and that to perform further purificatides would risk further loss in yield

without a significant improvement in purity.

2.5.5 PYY(3-36) analogues containing lactam bridges

As yet, it has not been possible to isolate, #tcgent purity, any of the PYY(3-36)

analogues designed to incorporate lactam bridgesally, all four analogues were
synthesised following the standard methods suagggssémployed for previous

analogues, except for the presence of alternatio®eging groups on the two amino

acids to be cross linked.
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For two of the analogues, (Cyclo(ly6Iu®®), GIL*)-PYY(3-36) and (Cyclo(Ddb
GIu*™), Dap, GIP)-PYY(3-36), the decision was taken to stop the tisysis
following automated SPPS of the linear peptidess Tvas based on the HPLC and
MALDI MS analysis of cleaved samples of the redim.the case of the analogue
(Cyclo(Lys-GIu*®), GIU*®)-PYY(3-36), the HPLC chromatogram suggested that a
major product was present in the sample. HoweWer,etxpected molecular weight
was not detected by MALDI MS, but rather that afitamber of deletion sequences.
This peptide was synthesised on an older syntheswéch may have become
unreliable, and hence the decision was taken ncomtinue with the cyclisation step.
For the analogue (Cyclo(D&@IU*), Daf, GIF)-PYY(3-36), the HPLC
chromatogram showed that more than one major ptoslas present in the sample.
As negative results had been achieved with othalognes, the decision was made
not to proceed with the cyclisation step.

The first of the four analogues to be synthesises WCyclo(Ly§-Asp®®), Asp)-
PYY(3-36), as this was the analogue with the closequence homology to PYY(3-
36), differing only in an aspartic acid residuet@asl of asparagine at position 29. The
quality of the linear peptide produced was suffiti® continue with the cyclisation.
The deprotection of the two amino acids was corepletuccessfully as assessed by
Kaiser test. The formation of the lactam bridge ais® deemed successful by Kaiser
test following three separate overnight couplingse HPLC chromatogram of the
crude peptide displayed a very broad peak whichgestgd a large number of
different products had been formed, and the expetta@lecular weight could not be
detected by MALDI MS. Nevertheless, it was decitiegurify the crude material to
see if any of the correct peptide could be isolammisingle product could be isolated

from this process and the results suggested tetgad of forming an intramolecular
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lactam bridge, the free amino and carboxyl groups imstead formed a number of
different intermolecular products.

While this analogue was being purified, work hadweon the second lactam bridge
analogue, (Cyclo(DdpAsp™), Dag, Asp™)-PYY(3-36). Again, the quality of the
linear peptide was deemed good enough to procetd the cyclisation step. The
same methods were employed for this analogue ds thwe previous one. Results
suggested that the lactam bridge had formed foligwthree overnight couplings.
However, following analysis of the subsequent crpéptide, it was clear that similar
impurities to those formed during the synthesiéyfclo(Lys™-Asp™), Asp™)-PYY/(3-
36) were present.

The four analogues had all been synthesised oytlicamide linker resin, which had
been successfully used in the production of athefprevious sets of analogues. The
loading capacity of this resin was in the range 0.8.7mmol/g. Other resins are
available that have lower loading capacities. Omehsresin is the TentaGel RAM
resin from Rapp Polymere, which has a loading agapao the range 0.15 —
0.2mmol/g. It was thus decided to use this resiraflosubsequent on-resin cyclisation
attempts. The lower loading capacity of the Tenta&&M resin means that the
peptide chains are spaced further apart from eabler owhich should hinder
intermolecular interactions and promote intramol@cbond formation.

At this point in the investigation it was decidedfocus on developing a method for
producing one of the analogues and then employstieeessful method in the
production of the other three analogues. The ana&loghosen for this was
(Cyclo(Lys*-GIu*®), GILF)-PYY(3-36), as the side chain functional groupdysine

and glutamic acid are longer than thosenjp-diaminopropionic acid and aspartic
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acid, and it was hoped that this would further lfeate successful lactam bridge
formation.

The second synthesis of (Cyclo(ty&Iu®®), GIL*%)-PYY(3-36) was thus conducted
on TentaGel RAM resin, with all other parameterptkine same as for the initial
synthesis. Lactam bridge formation still requiredrenthan one coupling reaction, and
the subsequent HPLC chromatogram of the resulttngec material suggested that,
once again, a number of intermolecular productsiessh formed.

The combination of the slow reaction times, andft#oe that intermolecular products
were still predominantly being formed, even on loading resins, suggested that the
main issue was that the two amino acids were nlat imeclose enough proximity
within the resin-bound peptide sequence to redtt @ach other.

One of the proposed advantages in the use of ppealae dipeptides in SPPS is that
they can assist in the synthesis of cyclic pept{tiEs/abiochem, 2010). This is due to
their ability to alter the confirmation of the rediound peptide. It was therefore
decided to investigate the synthesis of (Cyclo{t®a*®), GILF%)-PYY(3-36) with a
pseudoproline insertion. Within the sequence of PB3¢36) are three possible sites of
pseudoproline insertion. These are ‘Alger® Ala®>Se® and Vaf-ThrZ
Pseudoprolines mimic the effect of proline residaed it is therefore recommended
to not insert a pseudoproline dipeptide immediatdtgr a proline residue, as the
positive effect of pseudoproline insertion will leaglready been conferred onto the
sequence by the proline residue preceding it (Nioealem, 2010). Amino acid 14 in
PYY(3-36) is proline, therefore ruling out AfaSer*® as the insertion site. As the aim
was to change the confirmation of the peptide st d&sing positions 4 and 29 closer
together, it was decided to insert the pseudopobetween these two positions.

Therefore position AlZ-Sef® was chosen as the site of insertion.

154



All previous cyclisations had been attempted with toupling reagents HOAt and
DIC as recommended previously (Novabiochem, 2016¢. advantage of using these
reagents is that they are unlikely to react with pleptide itself and form impurities,
which is a risk when forming on-resin cyclic pepsd However, there are more
efficient coupling reagents available which woupeéed up the cyclisation reaction.

It was thus decided to repeat the synthesis of I(Qygs*-Glu*®), GIL*%)-PYY/(3-36)
employing a pseudoproline insertion for one reactiessel and standard amino acids
in positions 22 and 23 for the other reaction viesBeth resins would then be
cyclised using TBTU and DIPEA activation of the tmayl group on GIE.
According to the results of the Kaiser tests, thdisation reaction was complete in a
few hours. However, the HPLC chromatograms of thlesequent crude peptides
displayed similar profiles to all previous attemptsproducing this set of analogues.
There also appeared to be no significant differendte profiles of the peptide with
and without a pseudoproline insertion. In additiasn, TBTU was used as the coupling
reagent, there is the possibility that the guaeiddbrm of the peptides have been
formed alongside other impurities (Gausepohl etl&892).

The analogue (C§¥s Cys)PYY(3-36)(disulphide bridge) was successfully
synthesised following formation of the cross linkidisulphide bridge in solution
post-cleavage. This was possible, as the peptidealbe to form its natural hairpin
like structure thus bringing the amino acids iniposs 4 and 29 close together. It
would not be possible to successfully form a sirigtdam bridge in solution, post-
cleavage in PYY(3-36) owing to the presence of ipldtamino and carboxyl groups.
However, it may be possible to form a lactam bridgesolution if all of the amino
acids other than the two lactam forming residuesevstill protected. It was therefore

decided to synthesise (Cyclo(’y6Iu?®), GIL*%)-PYY(3-36) on an acid sensitive
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resin, deprotect the Lysand GI&° residues and then cleave the partially protected
peptide from the resin. The protected peptide cthibah be cyclised in solution as the
peptide should be able to form the characterisgicpin shape and bring amino acids
4 and 29 closer together.

The peptide was synthesised on Xanthenyl resinclwie recommended for the
production of protected peptide amides (MergleB9It was also decided to change
the protecting groups on both the fymnd GI&® residues. Previous syntheses had
employed the Mtt and OPip protecting groups whiah acid sensitive. For this new
synthesis, removal of these protecting groups waidd cleave the peptide from the
resin as the cleavage conditions for the two aeatidal. The decision was taken to
change to the Aloc/OAll protection strategy as deprotection conditions for these
groups would not affect the peptide-resin linkenofher advantage of using these
protecting groups is that, as they are TFA stade)ples of the resin can be cleaved
with TFA and the amount of Aloc/OAll protected madé present determined by
HPLC and MALDI MS analysis. Following deprotectiohthe two amino acids, the
partially protected peptide was cleaved from th&nreUnfortunately, the resultant
material could not be characterised by either HRLBIALDI MS. This was to be
expected, as protecting groups impart hydrophgptoita peptide which results in an
increase in retention time (Mant et al., 2007). Dme¢he sheer number of protecting
groups still present on the partially protected R3-86) analogue, it is possible that
the peptide bound irreversibly to the C18 columrotétted peptides more readily
fragment than unprotected peptides during MALDI Bifalysis, resulting in a greater
range of molecular ions and making it difficultisolate any one particular mass.
Despite being unable to characterise the protquégtide, it was decided to continue

with the solution cyclisation. The theory behing throcess employed is that the
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peptide is introduced in very small quantities tac@centrated solution of the
activation reagents. As the peptide enters thistiewl, it is far more likely to come
into contact with molecules of the activation reagethan it is to encounter another
peptide molecule. This should result in a nearamstneous reaction to form the
lactam bridge, and thus prevent the formation éérimolecular impurities. As the
activation reagent to peptide ratio was so higle, @sTBTU and similar activation
reagents was not possible.

To date, analysis of the crude material by HPLC &LDI MS has failed to
identify the presence of the target peptide. Furiimeestigations are thus required to
determine if the solution cyclisation method hagrbsuccessful and whether any
changes to the method can help to produce theede$aictam bridge-containing

analogues.

The work described in this chapter has demonstthidt is possible to successfully
produce novel analogues of PYY(3-36) utilising elifint solid phase peptide
synthesis techniques. For the development of oneare of these analogues as a
potential anti-obesity therapeutic, it would beiddse for the analogue(s) to display

increased stability to the actions of proteolytizy@mes.
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The proteolytic
enzyme degradation
pattern of PYY(3-

36) and its analogues

158



3.1 Introduction

It is difficult to know which specific enzyme(s) wil predominantly drive the
degradation of PYY(3-36) were it to be orally adisiered as an anti-obesity
therapeutic. Oral administration would expose tketide to a number of different

proteolytic enzymes.

3.1.1 Gastro-intestinal tract proteolytic enzymes

In the stomach, any ingested proteins and pepéiteesxposed to gastric juices which
largely consist of hydrochloric acid and the preeeanzyme pepsin (Schubert, 2010).
Pepsin is released into the stomach as its precpejesinogen, so as to prevent
against auto-digestion of cell proteins (RajagapalB66). Once in the stomach,
pepsinogen is converted to pepsin which then betpnbreak down proteins by
preferentially cleaving peptide bonds at positiogsntaining aromatic and
hydrophobic amino acids (Sigma Aldrich, 2011). Thegh concentration of
hydrochloric acid in the gastric juices provides thptimal conditions for this
enzymatic cleavage as the optimum pH for pepsiivigctis 1.5 to 2.5 (Sigma
Aldrich, 2011).

Once a peptide has passed through the stomachllitcevhe into contact with
pancreatic-derived enzymes such as trypsin and ctiypsin. Trypsin is a serine
protease enzyme that cleaves the peptide bondeatdhooxyl terminus side of
arginine and lysine residues, unless the subsegueimio acid is a proline (Beck et
al., 2000). It has also been found that the presefan acidic amino acid either side
of a lysine and arginine will slow the rate of hgtysis (Hedstrom, 1996). Due to this

specificity in cleavage site, trypsin is routinelyed for protein sequencing (Massolini
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and Calleri, 2005). The optimum pH for trypsin aityi is pH 8, as found in the small
intestine, its endogenous site of action.

Chymotrypsin is co-secreted with, and similar irusture to trypsin. It cleaves the
peptide bond at positions containing the amino saad¢idosine, phenylalanine and
tryptophan (Hedstrom, 1996).

In the small intestine, remaining proteins and kst are first broken down into di-
and tri- peptides, and then into their constitientno acids by the actions of different
endopeptidase enzymes located on the epithelild otlthe intestinal wall (Taylor,

1993).

3.1.2 Circulatory proteolytic enzymes

Other proteolytic enzymes degrade circulating pnst@and peptides for a number of
different metabolic processes, including to remdeod clots and to switch off

hormonal signalling. Two enzymes known to be inedhin the degradation of gut

derived hormones are discussed below.

3.1.2.1 Dipeptidyl peptidase IV (DPP-IV)

DPP-IV is an aminopeptidase found on the cell serfaf most tissues and also in the
circulation (Bermpohl et al., 1998). Many protecly@nzymes are unable to cleave
peptides at proline residues (Mentlein, 1999). HmveDPP-IV acts by cleaving the

N-terminal dipeptide from a peptide where the secamino acid in the sequence is
either proline or alanine. Studies have found thaleaves X-Pro dipeptides more

rapidly than X-Ala. Although DPP-1V tolerates a widange of different amino acids

in the X position, the identity of the third amirazid in the sequence can affect
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activity. If this residue is proline or hyroxyproé then DPP-IV does not hydrolyse
the sequence, as is the case with bradykinin (MentL999).

DPP IV has been shown to play a role in the degi@daof several regulatory
peptides. It is often found in circumventriculargans and close to physiological
barriers such as the blood brain barrier. It issheyme responsible for the conversion
of PYY(1-36)to PYY(3-36) and it also inactivates GLP-1(7-36) iéen through
removal of the N-terminal His-Ala dipeptide (Memtiig1999). The optimum pH for it

to operate is between 7.5 and 8.5.

3.1.2.2 Neprilysin

Neprilysin is a member of the M13 zinc metallopgpase family of enzymes. It is
expressed mainly in the kidneys, but has been fauhower concentrations in other
tissues, including the brain (Turner et al., 2001).

It has a large number of potential substrates owangs preference for hydrolysing
peptides at the amino terminal of single hydropbadinino acid residues. In the
kidneys, neprilysin constitutes 4% of the brush deor membrane protein and
facilitates the inactivation of the vasodilatoriat natriuretic peptide (Turner et al.,
2001).

Due to the importance of hydrophobic residues fweptor binding in bioactive
peptides, neprilysin has been hypothesised as aoriemt enzyme for turning off
neuropeptide signals in the brain. The first sughstrates to be identified were the
enkephalins and substance P (Shirotani et al.,)2001

Recently the role that neprilysin deficiency playshe development of Alzheimer’s
disease has been investigated (Carson and Turfiég).2Alzheimer’'s disease is
characterised by the accumulation of amyleigroteins in the brain. These peptides

contain regions that are rich in hydrophobic amaea@s. Neprilysin was found to be
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the most potent amyloifl protein degrading enzyme of those testedvo (Shirotani
et al., 2001). Neprilysin knockout mice displayeddls of endogenous amylofl
proteins comparable to those found in a mouse mafdAlzheimer’s disease. Mice
lacking neprilysin had an impaired ability to bredséwn exogenously administered
amyloid p proteins, though as a small proportion of degrgukgatide was detected, it
seems that neprilysin is not the sole enzyme resplenfor amyloid 3 protein
clearance (Carson and Turner, 2002). The pathoplogstal role of neprilysin in
Alzheimer’s, and its utility in the treatment ofighdisease, are currently being

investigated.

3.2 Hypothesis and aims

3.2.1 Hypothesis
Determining the degradation pattern of PYY(3-36)l amalogues in the presence of
known proteolytic enzymes, will aid the design ofther PYY(3-36) analogues that

will display greater stability to enzymatic degrada.

3.2.2 Aims
1. To determine the degradation pattern of PYY(3-8@he presence of trypsin
2. To determine the degradation pattern of PYY(3-8@he presence of DPP IV
and neprilysin.
3. To determine the degradation patterns of ten PY3gBanalogues with amino

acid substitutions in positions 25 and 26.
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3.3 Materials and methods

3.3.1 Trypsin degradation of PYY(3-36)
3.3.1.1 Efficiency trial
Studies were carried out in a 25mM ammonium bicaab® (Sigma Aldrich) buffer
solution at pH 8.0, the optimum pH for trypsin ait{i. A 0.123mM solution of
human PYY(3-36) (produced as described in secti@nlpin buffer was prepared.
The solution was analysed by reverse-phase Highfoffgance Liquid
Chromatography (HPLC) (Gilson) with an analyticall& column (Vydac 218TP54,
250 x 4.6mm, 5 um particle size, and 300 A pore)sand a linear AB gradient of 0—
100% for B over 40 min at a flow rate of 1mL/minheve eluent A was 0.1%
TFA/water and eluent B was 0.1% TFA in 60% acetdeitvater and Kompact Probe
Matrix Assisted Laser Desorption/lonisation massectometer (MALDI-MS)
(Kratos). This determined the purity, retention dirand molecular weight of the
parent peptide. Trypsin (Applied Biosystems), peated with tosyl phenylalanyl
chloromethyl ketone (TPCK) to inactivate chymotrgpactivity, was prepared at a
concentration of 12&/mL in buffer.
Reaction tubes were set up as detailed below, aotd eombination was run in
duplicate (n=2);

1. 30QuL Buffer

2. 20QuL Buffer + 10QuL PYY/(3-36)

3. 20QuL Buffer + 10QuL Trypsin

4. 100uL Buffer + 10QuL PYY(3-36) + 10QL Trypsin
The tubes were placed in a water bath set at 3itedt for 3 hours. The reaction
was then stopped with the addition of D0of 10% TFA solution. The solutions

were then analysed by HPLC and MALDI MS as perstioek peptide solution.
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3.3.1.2 Time-course study |

Due to the significant level of PYY(3-36) breakdowacorded after 3 hours
incubation in the efficiency trial, a time-courdady was set up. Reaction tubes were
set up as above and incubated at 37°C for 30 ngndtehour, 2 hours, 3 hours, 4
hours, 5 hours or 6 hours (n=2). At the end ofalhetted time period, that particular
set of tubes were removed, and the reaction stoppddthe solutions analysed as

described in section 3.3.1.1.

3.3.1.3 Time-course study Il
As significant PYY(3-36) breakdown was observecrafinly 30 minutes in time-
course study I, it was repeated but the experimmé&grminated at 5 minutes, 10

minutes, 15 minutes and 20 minutes (n=2).

3.3.1.4 Dose response investigation

For this stage of the investigation, digestionsenset up as described above, but
using different concentrations of trypsin; \@2fmL, 12.5ug/mL, 6.25.g/mL and
3.125ug/mL (n=2). All of the tubes were incubated at 370€ 15 minutes, based on
the results from time course study Il. After theipd the reaction was stopped and

the solutions analysed as described in sectiod.3.3.

3.3.2 Dipeptidyl peptidase degradation of PYY(3-36)

DPP IV (Sigma Aldrich) was made up in 100mM TRISIHSigma Aldrich) pH8
buffer to a concentration of 37.5ug/mL. A solutioh human PYY(3-36) was
prepared at a concentration of 0.123mM of buffeea®ion tubes were set up as

detailed below, and each combination was run plicate (n=3);
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1. 200uL Buffer + 10QL PYY(3-36)

2. 100uL Buffer + 10QuL PYY(3-36) + 10Q.L DPP IV
All of the tubes were incubated at 37°C for timeigas of 1 hour, 2 hours, 4 hours, 8
hours, 16 hours and 24 hours. At the end of tlegtatl time period, that particular set
of tubes were removed, and the reaction stopped tl@dsolutions analysed as

described in section 3.3.1.1.

3.3.3 Neprilysin degradation of PYY(3-36)
Recombinant human neprilysin (R&D Systems, Minndiapdinnesota USA) was
made up in 50mM TRIS HCI, 0.25M NaCl (VWR) pH 7.bffer solution to a
concentration of pg/mL. A solution of human PYY(3-36) was made to a
concentration of 0.123mM in buffer. Reaction tulbese prepared as detailed below,
and each combination was run in triplicate (n=3);

1. 200uL Buffer + 10QL PYY(3-36)

2. 100uL Buffer + 10QuL PYY(3-36) + 10Q.L neprilysin
All of the tubes were incubated at 37°C for timeigas of 1 hour, 2 hours, 3 hours, 4
hours, 5 hours and 6 hours.
At the end of the allotted time period, that partée set of tubes were removed, and

the reaction stopped and the solutions analyseés®ibed in section 3.3.1.1.

3.3.4 Trypsin degradation of PYY(3-36) analogues
The breakdown by trypsin of the position 25 andP36r(3-36) analogues; IP1 — IP10
was investigated. All peptide solutions were mamla toncentration of 0.123mM in

ammonium bicarbonate pH8.0 buffer and the trypsint®n was at a concentration
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of 12.5ug/mL of buffer. Reaction tubes were prepared asildet below and each
combination was run in duplicate (n=2);

1. 100uL Buffer + 10QuL PYY(3-36) + 10@L Trypsin

2. 100uL Buffer + 10QuL IP1 + 10QiL Trypsin

3. 100uL Buffer + 10QuL IP2 + 10QuL Trypsin

4. 100uL Buffer + 10QuL IP3 + 10QiL Trypsin

5. 10QuL Buffer + 10QuL IP4 + 10Q.L Trypsin

6. 100uL Buffer + 10QuL IP5 + 10QiL Trypsin

7. 100uL Buffer + 10QuL IP6 + 10QL Trypsin

8. 10QuL Buffer + 10QuL IP7 + 10QL Trypsin

9. 100uL Buffer + 10QuL IP8 + 10QiL Trypsin

10.100uL Buffer + 10QuL IP9 + 10QuL Trypsin

11.100uL Buffer + 10QuL IP10 + 10QL Trypsin
All tubes were incubated at 37°C for a period ofrifhutes. After this time, 10%
TFA was added to stop the reaction and the solsitgoralysed by HPLC and MALDI

MS as described in section 3.3.1.1.

3.4 Results
Unfortunately, due to a hardware failure and trsailteng loss of the original data, the

HPLC chromatograms for these data are presentes format of slightly poorer

guality than other chromatograms in this thesis.

3.4.1 Trypsin degradation of PYY(3-36)

3.4.1.1 Efficiency trial
The reverse phase HPLC chromatograms for eacheofotlr reaction combinations

investigated are shown in Figure 3.1. Although eaels run in duplicate, only one
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trace for each combination is shown. The peak irordatogramC (ammonium
bicarbonate pH8.0 buffer + 0.123mM PYY(3-3-6)) laaetention time of 28 minutes
which is consistent with the retention time obsdriegr PYY(3-36). Chromatograiid
(ammonium bicarbonate pH8.0 buffer + L&yANL trypsin + 0.123mM PYY(3-36))
contains peaks with retention times of 18.5, 2hd 23 minutes.

The MALDI MS facility was unavailable during thitagie of the investigation.

A B

1004 207 Rufffer 1 e 004 100 Ruffer + Trypsin 1

%Mobile Phase
% Mobile Phase
m

ry & ;
Minutes o 2 Minutes

20 Minutes 40
Minutes

Figure 3.1 Representative reverse phase HPLC absdrpn profiles following in

vitro digestion of PYY(3-36) by trypsin over 3 hours aB7°C.

A, ammonium bicarbonate pH8.0 buff&; ammonium bicarbonate pH8.0 buffer + 1&yAnL trypsin;
C, ammonium bicarbonate pH8.0 buffer + 0.123mM PY8&: D, ammonium bicarbonate pH8.0
buffer + 12.ug/mL trypsin + 0.123mM PYY(3-36).

Digest solutions were analysed by reverse phaseCHR$ing an analytical C-18 column (Vydac

218TP54, 250 x 4.6mm, 5 um particle size, and 3Qibre size) and a linear AB gradient of 0-100%
for B over 40 min at a flow rate of 1mL/min, wheskient A was 0.1% TFA/water and eluent B was
0.1% TFA in 60% acetonitrile/water. Peak detectieas by spectrophotometry at a wavelength of 210

nm.
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3.4.1.2 Time-course study |

The HPLC chromatograms of the solutions collectetha end of this stage of the
investigation are shown in Figure 3.2. The chromams are just of the solutions
containing buffer, PYY(3-36) and trypsin.

The three peaks present in chromatogEafammonium bicarbonate pH8.0 buffer +
12.5ug/mL trypsin + 0.123mM PYY(3-36)) from Figure 34dre visible in all of the
chromatograms from this time-course study. FollgvB0 minute incubation, the
peak with retention time 23 minutes is still qugeominent but reduces as time

progresses.
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Figure 3.2 Representative reverse phase HPLC absdrpn profiles following in
vitro digestion of PYY(3-36) by trypsin at 37°C, over p@ods of 0.5 — 6 hours

incubation

Incubation timesA 30 minutesB 1 hour,C 2 hoursD 3 hours,E 4 hoursF 5 hours ands 6 hours.

All reaction tubes contained ammonium bicarbondt®.@ buffer, 12.pg/mL trypsin and 0.123mM
PYY(3-36). Digest solutions were analysed by reeggbase HPLC using an analytical C-18 column
(Vydac 218TP54, 250 x 4.6mm, 5 pm particle sizel 300 A pore size) and a linear AB gradient of
0-100% for B over 40 min at a flow rate of 1mL/mivhere eluent A was 0.1% TFA/water and eluent
B was 0.1% TFA in 60% acetonitrile/water. Peak dét@ was by spectrophotometry at a wavelength
of 210 nm.

169



3.4.1.3 Time-course study Il

Figure 3.3 shows the HPLC chromatograms of solatimiotained after reaction time
periods of 5, 10, 15 and 20 minutes. It can be $e8n the chromatogram of the 5
minute reactionA), there is a substantial peak at 28 minutes wivia not present in
the chromatograms for the longer reaction timesspide the presence of this peak,
there are still earlier peaks at retention time23f21 % and 18 minutes, though the
latter is very small. Also present in this chrongséon is a small peak at retention
time 24 minutes.

As the reaction time increases up to 10 then 15 2Mhdninutes, the peak with
retention time 28 minutes diminishes until it igddg visible in traceD (20 minutes
incubation). The peak at 24 minutes also diminisklesst the other three increase in

size.
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Figure 3.3 Representative reverse phase HPLC absdrpn profiles following in
vitro digestion of PYY(3-36) by trypsin at 37°C, over p#&ods of 5 — 20 minutes

incubation

Incubation timesA 5 minutes,B 10 minutes,C 15 minutes and 20 minutes. All reaction tubes
contained ammonium bicarbonate ph8.0 buffer, d@BL trypsin and 0.123mM PYY(3-36). Digest
solutions were analysed by reverse phase HPLC wsingnalytical C-18 column (Vydac 218TP54,
250 x 4.6mm, 5 um particle size, and 300 A pore)simd a linear AB gradient of 0-100% for B over
40 min at a flow rate of 1mL/min, where eluent Asia1% TFA/water and eluent B was 0.1% TFA in

60% acetonitrile/water. Peak detection was by spphbtometry at a wavelength of 210 nm.

3.4.1.4 Dose response investigation

The HPLC chromatograms from this stage of the imgason are shown in Figure
3.4. It can be seen that chromatogratg25ug/mL trypsin) andB (12.5ug/mL
trypsin) display similar peak patterns to each gthéth only 3 main peaks present, at
retention times 23, 21 ¥ and 18 minutes. Chromatagf (6.25ug/mL trypsin)
shows a reduction in the size of the peak at 18utes) with peaks at 24 and 28
minutes now present. 1D (3.125ug/mL trypsin), the peak at 28 minutes is ribev

dominant one, with the other peaks all much smailleomparison.
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Figure 3.4 Representative reverse phase HPLCabsorption profiles
following in vitro digestion of PYY(336) at 37°C by varying concentration

Trypsin concentrationsh 25 pg/mL, B 12.5ug/mL, C 6.25ug/mL andD 3.125ug/mL. All reaction

tubes contained ammonium bicarbonate ph8.0 buffdrGal23mM PYY(3-36). Digest solutions were
analysed by reverse phase HPLC using an anal@ic<e8 column (Vydac 218TP54, 250 x 4.6mm, 5
um particle size, and 300 A pore size) and a lidgagradient of 0-100% for B over 40 min at a flow
rate of ImL/min, where eluent A was 0.1% TFA/waterd eluent B was 0.1% TFA in 60%

acetonitrile/water. Peak detection was by spectiphetry at a wavelength of 210 nm.

3.4.1.5 MALDI MS data

All of the solutions from the three different stage the investigation were analysed
by MALDI MS. If there was more than one significapeak on the HPLC
chromatogram, the solutions were re-analysed by@Bhd the peaks collected for
analysis by MALDI MS. Table 3.1 details the averagolecular ion mass detected

for each of the peaks seen in the different chrograins.
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Table 3.1 Average molecular ion masses detected MALDI MS during studies

of trypsin digestion of PYY(3-36)

HPLC peak retention Average mass by Proposed PYY
time (minutes) MALDI MS [M+H] fragment
18 1853.5 PYY(3-19)
21.5 1015.9 PYY(26-33)
23 2606.9 PYY(3-25)
28 3605.1 PYY(3-33)

3.4.2 Dipeptidyl peptidase degradation of PYY(3-36)
The HPLC and MALDI MS data showed no degradatiomeiaction tubes for time
periods up to 8 hours. After this time period, mmal degradation of PYY(3-36)

occurred. This was mirrored in the control tubestaming no enzyme.

3.4.3 Neprilysin degradation of PYY(3-36)
The HPLC and MALDI MS data from the solutions frdinms investigation showed no

degradation of PYY(3-36) after each time interval.

3.4.4 Trypsin degradation of PYY(3-36) analogues

Figure 3.5 shows HPLC chromatograms for reactiolutiems from each of the
PYY(3-36) analogues tested. The chromatogram ofstilation containing native
PYY(3-36) is not shown as it was consistent witbsth produced in section 3.4.1.3.
Only two analogues, IP7 and IP8, display similagrddation patterns, as detected by

HPLC, to that of native PYY(3-36). The remainingakrgues display a different
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degradation pattern to native PYY(3-36) and thiggoa appears to be consistent
throughout the analogues. The average mass of tiecuatar ions detected in these

solutions are shown in Table 3.2.

Table 3.2 Average molecular ion masses detected MALDI MS during studies

of trypsin digestion of PYY(3-36) analogues

Analogue Average mass by Proposed PYY fragments

MALDI MS [M+H]

IP1 3617.2,1783.9 (Homoarg¥PYY(3-33), (HomoardgfPYY(19-33)
IP2 3603.3, 1768.8 (D-Arg)®PYY(3-33), (D-Argf°PYY(19-33)
IP3 3631.9,1797.6 (Arg(Me),symmy>PYY(3-33),

(Arg(Me),symm¥°PYY (19-33)

IP4 3632.4 (Arg(Me),asymmj°PYY(3-33),

IP5 3603.1, 1770.2 (Cit)™PYY(3-33), (Citf*PYY(19-33)

IP6 3603.6, 1770.1, 1851.9 | (D-Cit)PYY(3-33), (D-Citf°PYY(19-33), PYY(3-19)

IP7 2606.8, 1853.7, 1029.6 | PYY(3-25), PYY(3-19), (His(1-MeJfPYY(3-36)

IP8 2606.0, 1852.1, 1029.6 | PYY(3-25), PYY(3-19), (His(3-MejjPYY(3-36)

IP9 3603.1, 1769.0 (D-Hisy*®PYY(3-33), (D-HisfPYY(19-33)

IP10 3650.6. 1817.9 (Phe-Guy°PYY(3-33), (Phe-GUjPYY(19-33)
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Figure 3.5 Representative reverse phase HPLC absdrpn profiles following in

vitro digestion of PYY(3-36) analogues by trypsin at 3T

PYY(3-36) analoguesA IP2,B IP1,C IP5,D IP6,E IP10,F IP3,G IP4,H IP9,1 IP7 andJ IP8. All
reaction tubes contained ammonium bicarbonate pb8ffer, 12.5ug/mL trypsin and 0.123mM
PYY(3-36) analogue. Digest solutions were analysgdeverse phase HPLC using an analytical C-18
column (Vydac 218TP54, 250 x 4.6mm, 5 um partié#e,sand 300 A pore size) and a linear AB
gradient of 0-100% for B over 40 min at a flow rafedmL/min, where eluent A was 0.1% TFA/water
and eluent B was 0.1% TFA in 60% acetonitrile/waRgak detection was by spectrophotometry at a

wavelength of 210 nm.
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Following the MALDI MS results, solutions were madentaining 100uL of the
digest solutions for analogues (IP1-6, 9 & 10), 408@uL of 0.123mM PYY(3-36)
analogue in buffer. These solutions were analyseddBLC. The chromatograms
produced for analogues (IP1, 3, 4, 5 & 10) are showFigure 3.6. The remaining
three chromatograms for analogues (IP2, 6 and &aowed only one main peak and

are not shown.
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Figure 3.6 Representative reverse phase HPLC absdrpn profiles of co-injected

solutions of PYY(3-36) analogues and the correspoimd) trypsin digest solution

PYY(3-36) analoguesA IP1,B IP5,C IP10,D IP3 andE IP4. Each solution consisted of 100uL of
digest solution and 100pL of 0.123mM PYY(3-36) agale. Solutions were analysed by reverse phase
HPLC using an analytical C-18 column (Vydac 218TPZBD x 4.6mm, 5 um particle size, and 300 A
pore size) and a linear AB gradient of 0-100% foo\®r 40 min at a flow rate of 1mL/min, where
eluent A was 0.1% TFA/water and eluent B was 0.18A T 60% acetonitrile/water. Peak detection

was by spectrophotometry at a wavelength of 210 nm.
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3.5 Discussion

A number of interesting and surprising results haeen obtained from this part of the
investigation. The primary site for trypsin degréola of PYY(3-36) has been shown
to be different to that which was hypothesised.o8dty, the extent to which PYY(3-

36) is degraded was higher than expected. Howéuaais been possible to show that
some of the unnatural amino acid insertions intgpws 25 and 26 of the molecule,

conferred stability against trypsin activity in Heopositions.

3.5.1 Trypsin degradation of PYY(3-36)

From this part of the investigation it is clearttimthe presence of trypsin, PYY(3-
36) is not simply cleaved at the 25-26 positioroitwo pieces. The results of the
initial efficiency trial show three separate peaksthe HPLC chromatogram for the
solution containing both PYY(3-36) and trypsin. $baeeaks all had retention times
different to that of the parent peptide. Hencerdhmust be at least three different
peptide fragments present in this solution. If iBiso, then there must be more than
one trypsin cleavage site within PYY(3-36), or arslaneous cleavage site that breaks

following the initial trypsin cleavage.

The time-course studies suggest that the diffeckr@vages are time dependent. Over
the time period 30 minutes to 6 hours, the relagizes of the three peaks change. The
earliest peak increases, whilst the latest peakedses in size. This suggests that the
peptide fragment with retention time 23 minutesubsequently further fragmented
producing the peptide fragment with retention tib8eminutes.

The HPLC analysis of the reaction mixtures follogvghorter reaction times initially

suggested that there is a critical time periodiieronset of cleavage, as what appears
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to be a peak representing PYY(3-36) occurs in thlatisns for the 5,10 and 15
minute reactions. However, this peak, at retentiloie 28 minutes, does not show the
expected mass of the PYY(3-36) (4049.52), but rathat of a fragment (3605.1).
This would suggest the presence of another trygs@vage site within the sequence
of PYY(3-36), possibly that at position 33-34 ae tholecular weight of PYY(3-33)
is 3602.46.

The results of the dose response investigationesigtyat the cleavages occur in a
stepwise manner. At high concentrations, the degi@ad pattern appears to be the
same as those from the long reaction times. Howeatelower concentrations the
pattern mimics that of the shorter reaction timss suggests that the cleavage site
that creates the fragment with mass 3605 is thialisite of cleavage.

Collection of the three peaks that were presenthi& majority of the HPLC
chromatograms enabled definitive mass identificatibhe masses had to then be
matched to fragments of PYY(3-36). The initial béliwas that trypsin would
preferentially cleave PYY(3-36) at the 25-26 (ArgsJHposition. The mass of PYY(3-
25) is 2605.87, which suggests this is the fragmtit retention time 23 minutes.
This fragment appears to further cleaved to prodiiegeptide with retention time 18
minutes. Within PYY(3-25) there is another arginiesidue at position 19. The mass
of PYY(3-19) is 1852.0 which correlates with thesmaletected when the peak with
retention time 18 minutes was collected. Initiallywas thought that the fragment
PYY(26-36) would be produced. The mass of this idept 1461.70, which was not
detected by MALDI MS, suggesting that the fragmPmY(26-36) is not formed
during trypsin degradation of PYY(3-36) ), or thétit is produced, it is only

transiently present.
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The sequence of PYY(26-36) contains two arginirseddiees at positions 33 and 35.
The mass of PYY(26-35) is 1299.51, whilst that &fY26-33) is 1015.19. This
second mass is equal to that found when the petik reiention time 21.5 minutes
was collected and analysed by MALDI MS, furthergonting the concept of position
33-34 being the initial site of trypsin degradation

From these deductions, it appears that the ingitd for trypsin degradation of
PYY(3-36), is not between the pair of basic amic@s in positions 25 and 26, but
rather between the amino acids in positions 33 2dThe second cleavage site
appears to be between positions 25 and 26. Finclljgvage occurs between the
amino acids in positions 19 and 20.

Due to the difficulty in identifying di- and tri- gptide fragments via both reverse
phase HPLC and MALDI MS it is not possible to detere if the PYY(34-36)
fragment is itself cleaved between the amino aamdpositions 34 and 35. The
fragment PYY(20-25) was not detected in any ofrdation solutions.

In conclusion, these data suggest that the degoadaft PYY(3-36) by trypsin targets
every arginine residue in the sequence. Also,datreethat this digestion proceeds in a
particular order, with certain positions in the amiacid sequence cleaved before
others. Importantly, the basic amino acid pair @ioons 25-26 is not the initial site

of cleavage by trypsin.

3.5.2 DPP IV degradation of PYY(3-36)
The lack of degradation found in this investigatwas expected. DPP IV is known to
cleave N-terminal dipeptides X-Ala and X-Pro andtlas N-terminal dipeptide of

PYY(3-36) is lle-Lys, DPP IV action on this peptideuld be unlikely.
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The signs of degradation observed during the lomgection times can not be
attributed to the action of the enzyme as identieallts were seen in the control
reactions containing no enzyme. This degradatidhesefore likely to be due to the

prolonged exposure of the peptide to the reactamperature and/or pH.

3.5.3 Neprilysin degradation of PYY(3-36)

The lack of degradation caused by neprilysin waexpacted, as this enzyme is
known to cleave peptides containing hydrophobiddress (Turner et al., 2001;
Shirotani et al., 2001). PYY(3-36) contains a numbkhydrophobic amino acids,
including a Leu-Val dipeptide at position 30 and Ble lack of degradation observed
may be due to the low concentration of the enzyatetisn used, or perhaps due to
the enzyme denaturing during storage at -20°C.olild/ be interesting to check the
ability of the batch of enzyme used to degradeige neprilysin is known to target,

for example substance P or amyloid 3 proteinsotdiien its bioactivity.

3.5.4 Trypsin degradation of PYY(3-36) analogues

It was initially thought that modifying the sequenaf PYY(3-36) at positions 25 and
26, would generate PYY(3-36) analogues that aresteag to trypsin-induced
degradation. However, the studies with PYY(3-36} dnypsin described above
(carried out concurrently with these analogue ssididemonstrate that this position is
not the first site targeted by trypsin, thougtsisubsequently targeted.

Each of the ten analogues produced had a diffenedlification to the sequence in
either the 25 or 26 positions. These data sugfeastonly two of these modifications

failed to prevent trypsin cleavage at this bondeSehwere the substitution of Efis
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with His(1-Me) (IP7) and His(3-Me) (IP8). In botlases, fragments terminating at
positions 25 and 26 were found, consistent withragaftion of PYY(3-36).

Of the remaining eight analogues, all of the madiions resulted in stability to
trypsin activity at the 25-26 position. This wasdant from the results which showed
the presence of fragments containing both amindsaai positions 25 and 26. There
was also a complete absence of fragments termgnatinthese positions. There
appeared to be little difference in the stabilisiogalities of the different
modifications. This was surprising, as the modifaas ranged from a subtle change
in residue (D-Arg for Arg) (IP2) to more extensive alterations (Phe-Gu fog?A
(IP10), and suggests that the action of trypsirhighly sensitive to amino acid
structure; even small changes in stereochemistrintentally affect its effects.

Most interesting was the apparent success of tldogwme IP9, in which D-His
replaced His at the 26 position. From the invesiigainto the digestion of PYY(3-
36), it appeared that the identity of the aminoda@sidue directly following an
arginine residue was not important for trypsin\atti This hypothesis was supported,
first by the facts that Arg-Tyr and Arg-GIn bondsne broken in PYY(3-36), and that
substituting His(1-Me) and His(3-Me) for Hfsfailed to prevent cleavage of the 25-
26 bond. However, the stability shown by analode@ would suggest that changing
the stereochemistry of the residue following arirang, from the L to the D isomer,
stabilises the bond against trypsin activity.

Despite the success of these substitutions atlistagithe 25-26 bond, the masses
detected in each of the degradation solutions detrated that the 33-34 bond was
still being cleaved by trypsin at the same ratend®YY(3-36). In all cases, the mass
corresponding to that of the parent analogue wasletected, whilst the masses of

PYY(3-33) analogues were evident. As a final conéition of this, HPLC co-
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injections of the analogue solution together wité tligestion solution resulted in two
peaks in five of the eight solutions. If the PYYZ8) analogue had been present in the
digestion solution, these additional peaks would move been seen on the HPLC
chromatogram.

The PYY(3-36) analogues were only tested over gaf 15 minutes each and it is
possible that over longer periods of time the agads may begin to display differing
fragmentation patterns.

In conclusion, it had been hoped that amino acidsttutions at the 25 and 26
positions would lead to a PYY(3-36) analogue thaswnore stable than the native
sequence to trypsin activity. This has proven odtd the case as this bond is not the
primary site for trypsin activity. However, the raafy of the substitutions were
successful at stabilising the 25-26 bond to trypseavage. There is every possibility
that by implementing these same substitutions laéropoints in the molecule, in
particular at the 33 position, the analogue wothloMg increased stability to the action

of trypsin.
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4  Invitroandin vivo
Investigations with
PYY(3-36) analogues
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4.1 Introduction

PYY(3-36) mediates its inhibitory effects on foodtake via the ¥ receptor, a
member of the NPY Y receptor family of G-proteinupted receptors. The Y
receptors are distributed throughout both the eém@ind peripheral nervous systems,

and are also found in non-neuronal tissues (Pam@mBalasubramaniam, 2008).

4.1.1 The Y, receptor

The human ¥ receptor was first reported to have been clonel®B6 and was found

to have only 30% sequence homology with theand Y, receptors (Parker and
Balasubramaniam, 2008). The Yeceptor is highly conserved across species, with
greater than 90% homology between mammalian spé8erglund et al., 2003). The
human and chicken .Y receptors share 80% sequence homology (Parker and
Balasubramaniam, 2008). This high degree of coasiervsuggests an important role
for the Y, receptor in, for example, developmental and méi@bwechanisms.

The Y, is largely located pre-synaptically where it ad¢ts inhibit release of
neurotransmitters (Berglund et al., 2003).

Aside from its well reported role in the regulatioh appetite, the ¥ receptor has
been implicated in a number of other physiologiaal metabolic functions; Y
agonists increase the rate of intestinal absorpifomater and sodium. yknock out
mice display slower wound healing than wild typeepiand it has also been proposed
that the % receptor has a role in angiogenesis and bone fmmd#Parker and
Balasubramaniam, 2008).

A number of human neuroblastoma cell lines expNR¥ Y receptors. In particular,
the SMS KAN cell line has been found to abundaettpress ¥ receptors (Shigeri

and Fujimoto, 1994).
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4.2 Hypothesis and aims

4.2.1 Hypothesis
In vitro andin vivo testing of PYY(3-36) analogues will determine thefficacy as

potential anti-obesity therapeutics.

4.2.2 Aims
1. To determine the binding affinity of a series of {$-36) analogues for the
Y, receptor,.
2. To determine the efficacy of a series of PYY(3-86alogues at reducing food

intakein vivo.

4.3 Materials and methods

4.3.1 Membrane preparation
For a number of the following receptor binding gssathe SMS KAN human

neuroblastoma cell line will be used.

Cells were grown in DMEM containing 0.11g/L Na Ryith pyroxidone, 10% FCS
and 100 units/L penicillin sodium pyruvate and @ streptomycin sulphate in large
flasks (20 X T175cr) until confluent. They were then washed with Plhage
Buffered Saline (PBS) and harvested from the flagksg versene alone. Cells were
centrifuged at 200xg for 5 minutes, the supernatdistcarded and the pellets put onto
ice. To the pellets 20mL of ice-cold homogenisatimffer (50mM HEPES buffer pH
7.4 containing 0.25M sucrose, and a range of psetaahibitors (1(Ag/mL soybean
trypsin inhibitor, 0.pg/mL pepstatin, 0.3%/mL leupeptin, 0.25y/mL antipain,

0.1mg/mL benzamidine and @@ mL aprotinin)) was added and cells homogenised fo
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1 minute with an Ultra Turrax homogeniser. Homagea were poured into
ultracentrifuge tubes and centrifuged for 30 misué¢ £C, 50,000xg in a Sorvall
OTD 55B ultra-centrifuge. Supernatants were dissa@rdnd pellets resuspended in

homogenisation buffer without sucrose using a hamttogeniser.

The protein content of the membrane produced wsssasd by the Biuret method as

follows;

A standard curve was constructed using 100, 200, 800 and 5Q@_ of 10mg/mL
bovine serum albumin (BSA). Typically 50-200 of membrane suspension was
assayed. All volumes were adjusted to |[BO@nd 3mL Biuret reagent (1litre: 1.5g
CuSQ.5H,0, 30g NaOH, 6g Na K tartrate, 1g Kl, 15g Na detwyate) was added to
all tubes. The tubes were then incubated afd@6r 2 minutes. Samples were left at
room temperature for 45 minutes before the abscghah A4 nm was measured in a
spectrophotometer (Shimadzu UV-160) and a stanclane plotted. The absorbance
of the membrane samples was then converted toiprotacentration (mg/mL) by

comparison with the standard curve.

4.3.2 lodination of PYY(3-36)

PYY(3-36) was iodinated by the direct iodogen mdtheYY(3-36) (5nmol) in 10
0.2M phosphate buffer (pH 7.2) was added to a popyene vial containing 1@
iodogen reagent together with 37MBq 'R and incubated for 5 minutes on ice.
lodinated peptide was separated by reversed-ph&e€ ton a 20-50%, 90 minute
ACN/H,0/0.05% TFA gradient. Peak fractions containindgjaactivity were tested for
binding to membranes, freeze-dried overnight (atise BSA added to a final

concentration of 0.6%) and stored in vacuo atG20
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4.3.3 Receptor binding assays

4.3.3.1 PYY(3-36) analogues (IP1 —1P11)

Membranes (human SMS KAN)(1Ag) were incubated for 90 minutes in silanised
polypropylene tubes together witfrl-PYY(3-36) (500 Bq) at 3 in binding buffer
(HEPES pH 7.4 20mM, MggllmM, CaC} 5mM, plus 1% BSA) in a final assay
volume of 0.5mL. Bound and free label were sepdrhtecentrifugation at 15,600xg
for 2 minutes followed by washing with 1mL of bindi buffer and re-centrifugation.
Radioactivity in the pellet was measured usinygcaunter. Specific binding (SB) was
calculated as the difference between the amoun?®PYY(3-36) bound in the
absence (total) and presence (non-specific) otetimlabelled PYY(3-36) (20pM —

2nM) or PYY(3-36) analogues (IP1 — IP11) (2pM — 28X).

4.3.3.2 PYY(3-36) analogues (IP12 — IP19)

The assays were performed according to the methestsibed in section 4.3.3.1.

4.3.3.3 PYY(3-36) analogue (IP20)
The assay was performed according to the methodsrided in section 4.3.3.1.
Following the results of the first assay, a secasshy was performed using iodinated

PYY(1-36) (lodinated according to methods descriineskction 4.3.2).

4.3.3.4 PYY(3-36) analogues (4075004, 4075005 & 4075006)

The assays were performed according to the metthesigibed in section 4.3.3.1. The
membranes used were HEK 293 cells manipulated¢o express mouse,Yeceptors
(a kind gift from Dr. James Gardiner, Section ovdstigative Medicine, Imperial

College). The radioactive label used was iodin&¥d(1-36) (lodinated according to
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methods described in section 4.3.2). The rang®wéentrations investigated for both

PYY(3-36) and the analogues was 0.01pM to 200nM.

4.3.4 Acute feeding studies

4.3.4.1 PYY(3-36) analogues (IP1 —1P11)

C57BL/6 mice (20-25¢g), purchased from Harlan UK, ravesingly-housed and
maintained under controlled conditions of tempemi21-23C) and light (lights on
at 0700, lights off at 1900) withd libitum access to RM1 diet (Special Diet Services,
Witham, UK). All animal procedures undertaken wapproved by the British Home
Office Animals (Scientific Procedures) Act 1986. idals were acclimatised to
laboratory conditions for at least one week anddhehdaily prior to the first study,
during which time they received two injections afise in order to minimize stress
on the study days. Stressed animals display anorectdencies. Exposure to minor
stressful events, including absence of pre-studydlivag and exposure to a novel
environment, inhibits the anorectic effects of P$¥30) in rats (Abbott et al., 2006).
Intraperitoneal (IP) injections were administered & 1ml syringe with a 28-gauge
needle (maximum injection volume 0.2 ml). For eatddy animals were fasted from
4pm the preceding day and randomized into groupsnfection in the early light
phase (0900-1000). Each study consisted of 48 ramm#gomized into five groups with
all the members of each group receiving the sanmextion of either peptide or
control. The peptides used for the studies were BY36), exendin-4 and the PYY(3-
36) analogues (IP1 — IP11). They were dissolve@®.8% saline with 0.9% saline
administered as the control injection. The dosagedufor PYY(3-36)and the
analogues was 30nmol/kg and for exendin-4 was 3tkgnoFollowing injection,

animals were returned to their home cages contiaipre-weighed amount of food.
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Food remaining in the cage dispenser was re-weighdd 2, 3, 4, 6, 8 and 24 hours

post-injection. Body weight was recorded at t=0 &##l hours.

4.3.4.2 PYY(3-36) analogues (4075004, 4075005 & 4075006)

Studies were conducted as per the methods descdnilssttion 4.3.4.1. The effect of
intraperitoneal (IP) administration of saline cohtr PYY(3-36), PYY(3-36)
analogues (4075004, 4075005 & 4075006) (30nmol/kg) food intake was
investigated. Overnight fasted animals were ingdgtethe early light phase 09.00-
10.00hr with the designated treatment (n=9-10).\Bodight was measured at 0 and

24 hours and food intake 1, 2, 4, 8 and 24 houss ipgection.

4.3.5 Statistical analysis

All receptor binding assay and food intake data epressed as mean * standard
deviation. Food intake data was also analysed balysis of Variance (ANOVA)
with a post-hoc Dunnett’s test (Systat, EvanstbnlJSA). In all cases, P < 0.05 was

considered to be statistically significant.

4.4 Results

4.4.1 Receptor binding assays

4.4.1.1 PYY(3-36) analogues (IP1 —1P11)

The specific binding curves for each of the PYY@&-analogues (IP1 — IP11) are
shown in Figures 4.1 and 4.2. Two analogues westedein each assay alongside
human PYY(3-36), and the igvalue for each peptide was calculated. Thg \@lue

is the concentration of unlabelled peptide requii@d50% specific binding of the

receptor. These values are summarised in TableThé&. |G value recorded for
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human PYY(3-36)is the average value from all assays (n=6). All P3-36)

analogues (IP1 — IP11) displayed less affinitytha Y, receptor than PYY(3-36)

Table 4.1 The IGy values for the PYY(3-36) analogues (IP1 — 1P11)

Analogue Code 1Go (M) | IC 50 (NM)
PYY(3-36) - 5.33E-10 | 0.533 +0.054
(Homoarg} PYY(3-36) IP1 1.65E-09 | 1.65
(D-Arg)*PYY(3-36) P2 3.78E-09| 3.78
(Arg(Me),symmY¥° PYY(3-36) | IP3 2.10E-09| 2.10
(Arg(Me),asymmj> PYY(3-36) | IP4 1.45E-09| 1.45
(Cit)*> PYY(3-36) IP5 3.08E-09| 3.08
(D-Cit)*> PYY/(3-36) IP6 1.30E-08| 13.0
(D-His)*® PYY(3-36) IP7 9.65E-09| 9.65
(His(1-Me)Y° PYY(3-36) IP8 1.49E-09| 1.49
(His(3-Me)Y° PYY(3-36) IP9 1.77E-09 | 1.77
(Phe-Guj> PYY(3-36) IP10 4.38E-09| 4.38
Btn-PYY(3-36) P11 1.04E-09| 1.04
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Figure 4.1 Representative competition binding affiny curves of PYY(3-36)

analogues IP1 — IP6 to the human Xreceptor

A, IP1;B, IP2;C, IP3; D, IP4; E, IP5; F, IP6. Abbreviations: % SB, specific binding of,laimelled
peptide relative to labelled peptide, to the resepRadiolabelled'f>PYY(3-36) was used to compete
with unlabelled peptide for humar, Yeceptor binding sites. Cell membranes of SMS KegNs were

the source of receptors.
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Figure 4.2 Representative competition binding affiny curves of PYY(3-36)

analogues IP7 — IP11 to the human Xreceptor

G, IP7;H, IP8;I, IP9;J, IP10;K, IP11. Abbreviations: % SB, specific binding oflabelled peptide
relative to labelled peptide, to the receptor. Ridielled t*>-PYY(3-36) was used to compete with
unlabelled peptide for human, Yeceptor binding sites. Cell membranes of SMS Kedils were the

source of receptors.
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4.4.1.2 PYY(3-36) analogues (IP12 — IP19)

The specific binding curves for each of the PYY@&-analogues (IP12 — IP19) are
shown in Figures 4.3 and 4.4. Two analogues westedein each assay alongside
human PYY(3-36) and the igvalue for each peptide was calculated. These salue
are summarised in Table 4.2. For all analoguespXéd 3 and IP18, repeat assays
were performed (n=2). The dgvalue recorded for human PYY(3-36)the average
value from all assays (n=7). (L&WBYY(3-36) (IP17) was the only analogue to

display greater affinity for the Xreceptor than PYY(3-36).

Table 4.2 The 1G; values for the PYY(3-36) analogues (IP12 — IP19)

Analogue Code 1Go (M) | IC 50 (NM)
PYY(3-36) - 9.67E-10 | 0.967 + 0.47
(Ala)*°PYY(3-36) P12 3.90E-09| 3.90
(11e)*°PYY(3-36) P13 2.45E-09| 2.45
(Val)*PYY(3-36) P14 9.97E-09| 9.97
(Ala)*'PYY(3-36) IP15 1.36E-08| 13.6
(1le)*PYY(3-36) IP16 1.06E-09| 1.06
(Leu)*'PYY(3-36) P17 4.01E-10| 0.401
(Leu)**PYY(3-36) P18 3.15E-09| 3.15
(Sery*PYY(3-36) P19 1.23E-09| 1.23
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Figure 4.3 Representative competition binding affiny curves of PYY(3-36)

analogues IP12 — IP15 to the human Xtreceptor

A, IP12; B, IP13; C, IP14; D, IP15. Abbreviations: % SB, specific binding oflabelled peptide

relative to labelled peptide, to the receptor. Rizdtielled 12>

PYY(3-36) was used to compete with
unlabelled peptide for human, Yeceptor binding sites. Cell membranes of SMS K&dls were the

source of receptors.

194



1001 100+
E F
75 75 T
> S
25 251
s, T T T T T T 1 (o, T T T T T T 1
6 -7 8 9 -10 -11 -12 -13 6 -7 -8 -9 -0 -11 -12 -3
Log Concentration (M) Log Concentration (M)
1001 100~
G H
75 751
> >
25 25+
C L) L) L) L) L) L) L] C L) L) L) L) L) L) 1
6 7 8 9 -10 -1 -12 -13 6 -7 8 -9 -10 -11 -12 -13
Log Concentration (M) Log Concentration (M)

Figure 4.4 Representative competition binding affity curves of PYY(3-36)

analogues IP16 — IP19 to the human treceptor

E, IP16;F, IP17; G, IP18; H, IP19. Abbreviations: % SB, specific binding ofjlabelled peptide

125

relative to labelled peptide, to the receptor. Rkadtielled “>PYY(3-36) was used to compete with

unlabelled peptide for human, Yeceptor binding sites. Cell membranes of SMS K&d\ls were the

source of receptors.

4.4.1.3 PYY(3-36) analogues (4075004, 4075005 & 4075006)

The specific binding curves for the three PYY(3-a6alogues (4075004, 4075005 &
4075006) are shown in Figure 4.5. The analogue @@F%vas tested twice (n=2), as
was human PYY(3-36) and thesi3ralues for each peptide calculated. These values

are summarised in Table 4.3, (where n=2 the avdfagealue has been calculated).
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Table 4.3 The 1Gy values for the PYY(3-36) analogues (4075004, 40050&

4075006)

Analogue Code 1Go (M) IC 50 (NM)
PYY(3-36) 9.64E-11 | 0.0964
AEEAC-PYY(3-36) 4075004 4.95E-11 0.0495

Aminoethyl-PEG4-carbonyl-PYY(3-36)| 4075005 8.45E-1 | 0.0845

Aminoethyl-PEG6-carbonyl-PYY(3-36)| 4075006 1.92€-1 | 0.1920
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Figure 4.5 Representative competition binding affiity curves of PYY(3-36)

analogues 4075004, 4075005 and 4075006 to the modseeceptor

A, 4075004;B, 4075005;C, 4075006. Abbreviations: % SB, specific binding whlabelled peptide
relative to labelled peptide, to the receptor. Riatielled t*PYY(1-36) was used to compete with
unlabelled peptide for mouse, Yeceptor binding sites. Cell membranes of HEK 2@8s over

expressing mouse,Yeceptors were the source of receptors.
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4.4.1.4 PYY(3-36) analogue (IP20)

The results from two separate, Yeceptor binding assays with analogue (Cys
Cys®)PYY(3-36)(disulphide bridge) (IP20), were suchtthaspecific binding curve

could not be plotted due to an indiscriminate spre&low and negative specific
binding values. In both assays, human PYY(3-36) miasalongside 1P20. In the first
assay, the results for PYY(3-36) were such thategific binding curve could also not
be plotted, due to minimal variation in the specithinding values over the

concentrations investigated. However, in the secssay, it was possible to plot a

curve for PYY(3-36) and the Kgvalue was 0.238nM.
4.4.2 Acute feeding studies

4.4.2.1 PYY(3-36) analogues (IP1 —1P11)

4.4.2.1.1 Study 1 — IP1 and IP2 (Figure 4.6)

PYY(3-36) analogue IP2 significantly reduced foodake compared with saline
control at 0-1 hour (Saline, 0.96g = 0.13; IP2,08.& 0.13; (x0.05)) and reduced

food intake over remaining time periods comparethwaline, but these effects did
not reach statistical significance. Analogue IRlethto reduce food intake compared
with saline over time periods 0-1 and 0-2 hours anoduced a small reduction

compared with saline over the time periods 0-8@&2d hours.
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Figure 4.6 The effect of intraperitoneal administration of Exendin-4, PYY(3-36)
and PYY(3-36) analogues IP1 and IP2 on cumulativeobd intake in overnight

fasted C57BL/6 mice

A, 0-1 hour;B, 0-2 hours;C, 0-4 hours;D, 0-24 hours post-injection. Doses: Exendin-4, 3oifkg,
PYY(3-36) and analogues, 30nmol/kg. @05, **p<0.01compared to saline using one way ANOVA
with posthoc Dunnett’s test (n=10))

4.4.2.1.2 Study 2 — IP3 and IP4 (Figure 4.7)

PYY(3-36) analogue IP4 significantly reduced foadake compared with saline
control at 0-1 hour (Saline, 1.06g = 0.14; IP4,00.& 0.15; (0.05)) and reduced

food intake over remaining time periods comparethwaline, but these effects did
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not reach statistical significance. Analogue IP8uced food intake compared with
saline over time periods 0-1, 0-2 and 0-4 hours theses effects did not reach

statistical significance.
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Figure 4.7. The effect of intraperitoneal administation of Exendin-4, PYY(3-36)
and PYY(3-36) analogues IP3 and IP4 on cumulativeobd intake in overnight
fasted C57BL/6 mice

A, 0-1 hour;B, 0-2 hours;C, 0-4 hours;D, 0-24 hours post-injection. Doses: Exendin-4, 3olikyg,
PYY(3-36) and analogues, 30nmol/kg. €05, **p<0.01compared to saline using one way ANOVA
with posthoc Dunnett’s test (n=9/10))
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4.4.2.1.3 Study 3 — IP5, IP6 and IP7 (Figure 4.8)

All three PYY(3-36) analogues reduced food intakenpared with saline control at
0-1 hour, 0-2 hours and 0-4 hours but these effelots not reach statistical
significance. Analogue IP5 further reduced foodhket compared with saline over
time periods 0-8 and 0-24 hours but theses effalsds did not reach statistical

significance.
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Figure 4.8 The effect of intraperitoneal administrdion of PYY(3-36) and PYY(3-
36) analogues IP5, IP6 and IP7 on cumulative foodtake in overnight fasted
C57BL/6 mice

A, 0-1 hour;B, 0-2 hoursC, 0-4 hoursD, 0-24 hours post-injection. Dose: PYY(3-36) andlagues,
30nmol/kg. (* p<0.05, **p<0.01compared to saline using one way ANOVA withtdex Dunnett’s
test (n=9/10))
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4.4.2.1.4 Study 4 — P8, IP9 and IP10 (Figure 4.9)

All three PYY(3-36) analogues reduced food intakenpared with saline control at
0-1 hour, 0-2 hours and 0-4 hours but these effelids not reach statistical
significance. Analogue IP10 further reduced foothke compared with saline over

time periods 0-8 and 0-24 hours but theses effalsds did not reach statistical

significance.
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Figure 4.9 The effect of intraperitoneal administrdion of PYY(3-36) and PYY(3-

36) analogues IP8, IP9 and IP10 on cumulative foadtake in overnight fasted

C57BL/6 mice

A, 0-1 hour;B, 0-2 hoursC, 0-4 hoursD, 0-24 hours post-injection. Dose: PYY(3-36) andlagues,

30nmol/kg. (* p£0.05, **p<0.01compared to saline using one way ANOVA withtdex Dunnett’s
test (n=9/10))
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4.4.2.1.5 Study 5 — IP11 (Figure 4.10)

PYY(3-36) analogue IP11 significantly reduced faothke compared with saline
control at 0-1 hour (Saline, 0.83g + 0.2; IP11,6@.4t 0.07; £0.01), 0-2 hours
(Saline, 1.13g = 0.27; IP11, 0.52g = 0.0%0®1), 0-4 hours (Saline, 1.67 + 0.34;
IP11, 0.5g = 0.01; £0.01) and 0-24 hours (Saline, 6.41 £+ 0.65; IP162&.+ 0.26;

p<0.01).
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Figure 4.10 The effect of intraperitoneal administation of PYY(3-36) and
PYY(3-36) analogue IP11 on cumulative food intakeniovernight fasted C57BL/6
mice

A, 0-1 hour;B, 0-2 hoursC, 0-4 hoursD, 0-24 hours post-injection. Dose: PYY(3-36) andlagues,
30nmol/kg. (* £0.05, *p<0.01 compared to saline using one way ANOVA witlstgmc Dunnett’s
test (n=10))
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4.4.2.2 PYY(3-36) analogues (4075004, 4075005 & 4075006 (Fe 4.11)

PYY(3-36) analogue 4075004 reduced food intake @ey with saline control in
the time period 0-1 hour but this effect did noaale statistical significance. It
significantly reduced food intake compared to saliover the period 0-2 hours
(Saline, 0.65g + 0.25; 4075004, 0.37g = 04001). Over the time period 0-4 hours,
the analogue reduced food intake compared witmesddut this effect did not reach
statistical significance. Finally, over the timeripd 0-24 hours, 4075004 slightly
increased food intake compared to saline.

PYY(3-36) analogue 4075005 significantly reduceddfintake compared with saline
over the time period 0-1 hour (Saline, 0.42g + 04®/5005, 0.28g = 0.11<0.05).
Over the time period 0-2 hours, the analogue Swamtly reduced food intake
compared to saline control (Saline, 0.65g + 0.2&,5005, 0.37g + 0.12,90.01). The
analogue significantly reduced food intake overtihee period 0-4 hours compared
with saline (Saline, 1.04g + 0.33; 4075005, 0.71@.16; p<0.05). Over the total
study time period 0-24 hours, the analogue slightiyuced food intake compared
with saline but this effect was not statisticaligraficant.

PYY(3-36) analogue 4075006 significantly reduceddfintake compared with saline
over the time period 0-1 hour (Saline, 0.42g + 04®7/5006, 0.23g = 0.09<0.01).
Over the time period 0-2 hours, the analogue Swamtly reduced food intake
compared to saline control (Saline, 0.65g + 0.2&,5006, 0.32g + 0.16:90.01). The
analogue significantly reduced food intake overtihee period 0-4 hours compared
with saline (Saline, 1.04g + 0.33; 4075006, 0.69@.27; p<0.05). Over the total
study time period 0-24 hours, the analogue sligimtyeased food intake compared

with saline.
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Figure 4.11 The effect of intraperitoneal administation of PYY(3-36) and
PYY(3-36) analogues 4075004, 4075005 and 4075006camulative food intake

in overnight fasted C57BL/6 mice

A, 0-1 hour;B, 0-2 hoursC, 0-4 hoursD, 0-24 hours post-injection. Dose: PYY(3-36) andlagues,
30nmol/kg. (* £0.05, *p<0.01 compared to saline using one way ANOVA witlstgmc Dunnett’s
test (n=9/10))
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4.5 Discussion

The series ofin vitro and in vivo tests conducted on a number of PYY(3-36)
analogues, have provided some interesting restlise. majority of the analogues
displayed less affinity for the JYreceptor compared with PYY(3-36) but three
analogues did record igvalues lower than those recorded for PYY(3-36hm same
series of assays.

Likewise, the majority of the analogues subjectedntvivo studies failed to elicit
significant inhibition of food intake. However, amber of the N-terminal modified

PYY(3-36) analogues did significantly reduce foothke in fasted mice.

4.5.1 Receptor binding studies

Amino acid substitutions at the 25 or 26 positianrebt eliminate the ability of these
peptides to bind to the ,Yreceptor. However, they do reduce the affinitytio#
peptides for the receptor compared to PYY(3-36)s Té clearly seen by comparing
the 1Gso values of the analogues with that of the pareptige. The 1G, for PYY(3-
36) was 0.533nM, whilst the analogue with thesgl@losest to this was IP11
(1.04nM). This analogue only had an N-terminal riodiion and so had the closest
sequence homology with the native peptide. Alldtteer analogues had 4&values in
excess of this, ranging from 1.45 to 13.0nM. Thiggests that substituting amino
acids in the positions 25 and 26 has a detrimaftatt on the ability of the molecule
to bind to the ¥ receptor. It is known that the C-terminal segnantno acids TH¥,
Arg®® Arg® and Tyr® are the most important for receptor binding (B&ikinger et
al., 1994; Pedersen et al., 2009). It is posside¢ thanges to the amino acids in the
25 and 26 positions elicited a change in the oaigmm of these important amino acids

further along the sequence, thus reducing the bgndifinity.
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The lowest IGyvalues were seen for the analogues containing rmgtbyp additions
to the standard amino acids arginine and histidifd,, IP3, IP4, IP7 and IP8). Where
a more drastic amino acid substitution occurreds tas reflected in the loss of
binding affinity. For example, the substitutiongafanidino-phenylalanine for arginine
(IP10), for this analogue the dg¢value increased tenfold compared to PYY(3-36).
The IG, values for the analogues with a D for L amino asighstitution (IP2 and
IP9), were also high compared to other analogubss Juggests that a change in
stereochemistry in these positions has a profotfiedteon receptor affinity. Finally,
the substitution of citrulline for arginine alsodha detrimental effect. There is little
difference in structure between these amino athasigh crucially the replacement of
the amino function NH with oxygen results in a ledscharge. The high Kg value
for the (Citf° substituted analogue suggests that the present® dfase pair in the
25-26 position is also important for receptor bimgdi This loss of basicity together
with the change in stereochemistry is a probaldsaoe why analogue IP6, with a D-
citrulline for arginine substitution at position,2fave the highest Kgvalue.

In conclusion, amino acid substitutions made attjpms 25 and 26 in the PYY(3-36)
molecule resulted in decreased affinity for thg réceptor. However, it should be
noted that whilst the 1§ value calculated for PYY(3-3&yas the average from six
different assays, the values for the analogues daome one single assay each. It
would therefore be desirable to repeat these assaxyeify binding affinity. It is also
worth considering that peptides with lower recepaffinities can have increased
bioactivity compared to the native peptide if theywe, for example, longer half-lives
or increased tissue permeability. It is thereforpartant to test the ability of these

analogues to reduce food intake in vivo.
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In the case of the analogues IP12 — IP19, the ittt of amino acids in the 30, 31
and 32 positions did not eliminate the ability loé¢ {peptides to bind to the, Yeceptor.
However, for all but one of the analogues, the inigdffinity was lower than that
displayed by PYY(3-36) across the same assays.ahaéogue (LedPYY(3-36)
(IP17) was the only PYY(3-36) analogue producedhis investigation displaying
greater affinity for the ¥ receptor than native PYY(3-36). Position 31 isaadpnt to
the C-terminal pentapeptide region that is knownb&o key for receptor binding
(Beck-Sickinger et al., 1994; Pedersen et al., 200% therefore likely that position
31 is also important in the binding affinity of tipeptide to the receptor, and that
changing the structure of the amino acid in thisifgan will change this affinity. The
amino acid in position 31 of PYY(3-36) is valineeucine and valine differ in
chemical composition by just one methyl group anthlside chains terminate in a
branched structure. (IBPYY(3-36) (IP16) had an K value only slightly higher
than that of PYY(3-36), but over twice as high &mttof (Leuj'PYY(3-36).
Isoleucine has the same chemical composition asineubut has a different
configuration of its side chain group. These restitterefore suggest that it is the
combination of an extra carbon atom in the sidenchagether with retention of the
terminal branched structure in the side chain, theatitates the improved binding of
(Leuy’PYY(3-36) to the ¥ receptor. To further support this hypothesis, iBg
value for (Alaj'PYY(3-36) (IP15) was 13.6nM, over ten times higtlean for
analogues IP16 and IP17, and PYY(3-36). Alaningaios two fewer carbon atoms
than valine in its side chain group, and has nadireg in its structure.

Surprisingly, given that it lies within the C-temmal pentapeptide region of PYY(3-
36), substitutions at the 32 position were reldyiwveell tolerated. The 1€ values for

both analogues with changes as this position weeater than that recorded for
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PYY(3-36), but not as high as for some other anadgg Substitution of serine in this
position resulted in an Hgvalue only marginally higher than that of PYY(3-36)
whilst substitution with leucine resulted in ansd@alue approximately three times
that of PYY(3-36). This would suggest that the loygt function in threonine is
important for receptor binding at position 32.

For the three position 30 analogues, thegl@lues were all higher than that of
PYY(3-36). This suggests that position 30 is alspartant for receptor binding. As
previously mentioned, there is only a slight chamgstructure between leucine and
isoleucine, yet inserting an isoleucine residueposition 30 decreased receptor
binding affinity by a factor of 2.5. The high J€value of 9.97 for analogue P14,
(Val)**PYY(3-36) was surprising given that a valine/le@csubstitution at position
31 had been shown to beneficial to binding affintbyt supports the concept that
position 30 is sensitive to changes in the amind eamposition.

Once again, the Kg value for PYY(3-36) is more reliable than that floe analogues,
as it represents the mean of seven separate aisaymild therefore be desirable to
run repeat assays with analogues IP12 — IP19, iy vibat the same patterns of
binding affinity are observed.

Two of the N-terminally pegylated PYY(3-36) analegushowed greater affinity for
the Y, receptor than PYY(3-36). These were analogues Gm¥5and 4075005,
containing N-terminal AEEAc and PEG4 respectivdliile analogue containing the
larger PEG6 group had twofold lower affinity foetheceptor than PYY(3-36). These
findings suggest that addition of PEG moleculethe®oN-terminal of PYY(3-36) can
have a beneficial effect on the binding affinitytbé peptide to the Xreceptor, but
that the size of the PEG molecule is important.seheesults are somewhat surprising,

given that that the N-terminal region of PYY(3-36)elieved to be located outside of
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the binding site and thus is not thought to plagle in binding to the ¥Yreceptor. It
is possible that extending the peptide with theitamtdof a PEG molecule brings the
N-terminal region into closer proximity to the bing site and facilitates additional
interactions between peptide and receptor that rehdinding. The effects on
receptor binding of the PEG6 addition, suggest thate a size constraint to this
enhancing effect, and that addition of larger PEGeeules compromises binding
affinity.

All of the PEG molecules used in this investigatimmtaineda-amino functional
groups (Figure 2.3), but it is possible to obtait3molecules with different terminal
functional groups, for example, a methyl groupwttuld therefore be interesting to
investigate the effects on receptor binding ofditag methyl-PEG molecules to the
N-terminal of PYY(3-36). This would help to detemaiwhether the-amino group is
important in enhancing receptor binding of N-teratipm pegylated PYY(3-36)
analogues.

It is worth noting that the I§ values for both the analogues and PYY(3-36) are
significantly lower in this set of RBA’s than thosdbtained in the previous RBA
studies. This is because a different cell line andifferent competing radioactive
label were used. Previous studies used the SMS Ka&INline, which express the
human ¥ receptor, whilst the latest study used HEK 298délat were manipulated
to over express mouse; Yeceptors. Although there is a high degree of hogypl
between the mouse and humanr¥ceptors (Berglund et al., 2003), it is possthk
N-terminal pegylated PYY(3-36) analogues have greaffinity for the mouse ¥
receptor over the human;,¥Yeceptor. It might therefore be useful to repdese
assays with a human,Yeceptor expressing cell line to see if the santeepes of

binding affinity are observed. However, to datealhPYY analogue studies carried
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out in the Section of Investigative Medicine, tiedative affinity of the analogue for
the mouse Y2 receptor compared to PYY(3-36) hdsatefd the relative affinity at
the human Y2 receptor. This latest set of assaysised iodinated PYY(1-36) as the
competing ligand with the analogues, rather thaiy 3¥36). PYY(1-36) has a lower
affinity for the Y, receptor than PYY(3-36), and would therefore beeeked to result
in lower G values than assays using radiolabelled PYY(3-36).enable direct
comparison between all analogues, it would be baakto repeat this set of assays
using radioactive PYY(3-36) as the competing ligand

The results obtained from the two receptor bindaggays conducted with the
analogue (Cys Cys?)-PYY(3-36)(disulphide bridge) suggest that crogskihg
amino acids 4 and 29 in PYY(3-36) severely impdinsding affinity to the ¥
receptor. This was a somewhat surprising resulthasynthesis and purification of
this analogue suggested that forming the crosadjakdid not drastically change the
confirmation of the peptide. However, the results1f these receptor binding assays
would suggest that the confirmation has been gseffity altered so as to completely
prevent the peptide binding to the receptor. ftassible that this inhibitory effect is
not due to the cross linkage itself, but rather tluehe presence of two cysteine
residues in the sequence. The endogenous residysssitions 4 and 29 are lysine
and asparagine, and there are significant strdcnchfunctional differences between
these two amino acids and cysteine. It would tloeesbe interesting to investigate the
receptor binding properties of both (Cy<€ys%)-PYY(3-36) without a disulphide
bridge and a PYY(3-36) analogue containing a ctodsage between amino acids

more homologous to lysine and asparagine.
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4.5.2 Acute feeding studies

Of all of the first eleven PYY(3-3@nalogues synthesised (IP1 — IP11), only one,
Biotinyl-PYY(3-36) (IP11), was shown to have a st@tally significant effect in
reducing food intake compared with saline overéhgére 24 hour time period. The
receptor binding studies suggest that this incbaféect is not due to improved
binding affinity to the ¥ receptor; the 1€ value for this analogue was higher than
that of natural PYY(3-36). The improved bioactivitgay be due to the biotin
molecule increasing the half life of the peptidetie circulation. Biotin is a large
bulky molecule and it may be that its presencéaiN-terminal of the peptide hinders
the action of enzymes which naturally degrade PYYg§R To test this hypothesis it
would be interesting to determine the effects ardfmtake of administration of both
Biotin and Biotin in combination with PYY(3-36), drto assess the ability of this
peptide to resist different types of enzymatic degtion.

Of the remaining analogues synthesised and testedvo, two had statistically
significant effects in reducing food intake comphvéth saline over the first hour of
the study. These were the analogues IP2 and IP&hwbontain D-Arg and
Arg(Me)yasymmetrical in position 25 respectively. These lenses both had
relatively low 1G, values compared to others and are structurallylasinio the
endogenous PYY(3-36). Therefore, the positive éfleey had in relation to reducing
food intake is more likely due to effective bindiafithe Y. receptor, than an increase
in stability to enzymatic degradation. This hypaikeis further supported by the
observation that the significant effect in redudogd intake was not long lasting.

In conclusion, the analogues (IP1 — IP11), prodweitd the aim of stabilising the 25-
26 position to enzymatic degradation in PYY(3-36)l not demonstrate significantly

increased bioactivityin vivo. However, following on from the investigation into

211



trypsin digestion of PYY(3-36), it may worth invegting what effect stabilising
position 33-34 in the molecule has boathvitro andin vivo. The strong inhibitory
effect on food intake of Biotinyl-PYY(3-36) (IP1Was an interesting and unexpected
result, and suggests further investigation intodfiects of N-terminal modifications
of PYY(3-36) may yield useful results.

Due to concerns over solubility and regulatory éssuof developing therapeutics
containing a biotin group, it was decided to indtatevelop analogues with N-
terminal PEG modifications. Such modifications already FDA approved for use in
pharmaceuticals (Harris and Chess, 2003). The thregminal pegylated PYY(3-36)
analogues developed significantly reduced foodkmta mice compared to saline at
specific time points, though there was no signiftcdifference in cumulative food
intake between the PEG-PYY(3-36) administered naicd the saline control mice
over the total 24 hour time period. During thetfinsur, the PEG-PYY(3-36) groups
all consumed less food than both the saline and (B¥36) groups. The analogues
containing the largest PEG molecules had the gseataibitory effect. The three
PEG-PYY(3-36) treated groups continued to consuess food during the second
hour of the study. It appears that the inhibitoffees of the PEG-PYY(3-36)
analogues wear off after this point.; between 4 &rtburs post-injection, the three
PEG-PYY(3-36) groups consumed more food than either PYY(3-36) and the
saline groups. The mice are likely compensatingtlfar earlier reduction in food
intake by consuming more food following cessatidntiee inhibitory effect. Thus
using these molecules for weight control would lijkeequire a frequent dosing
regimen or the administration of high doses.

The results from the receptor binding studies with pegylated analogues suggest

that both 4075004 and 4075005 bind to therdceptor with greater affinity than
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PYY(3-36). This would help to explain the greatehibitory effect on food intake
these two analogues show when compared with PY8j3+3owever, the analogue
4075006 had lower affinity for the,Yeceptor than PYY(3-36) yet had the greatest
effect on inhibiting food intake. Thus whilst theepence of the PEG molecules may
enhance receptor binding to some degree, it is riked/ that an increase in the
circulating half life is more of a contributory tac. The PEG molecules are large and
therefore could inhibit the action of proteolytiozgmes by blocking some or all of
the active site. The analogue 4075006 containedatigest PEG molecule and so by
this rationale, would resist enzymatic degradatelatively well. This might explain
why of the three pegylated analogues produced,atedogue had the greatest effect
on reducing short term cumulative food intake. Heevethe results in this particular
study for the PYY(3-36) group were unexpected. Atstage in the study did the
PYY(3-36) mice display a significant reduction wofl intake when compared with
the saline group as has been widely reported wiquie studies. Therefore, the effects
of the PEG-PYY(3-36) analogues on cumulative foothke cannot be accurately
compared with PYY(3-36) without further investigats.

In conclusion, these studies have provided usegights into the structure function
relationships of the PYY(3-36) molecule, and suggieat PYY(3-36) analogues may
be useful tools to reduce food intake. Further wenkequired to assess their utility in

the regulation of body weight.
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5 General

discussion
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5.1 Introduction

The aim of this programme of work was to succesfigvelop novel analogues of
the anorectic gut derived hormone PYY(3-36) thapldiyed greater inhibitory effects
on food intake than the endogenous molecule. Shewdth an analogue have been
developed, there would then be scope to investigaotential for use in humans an
anti-obesity therapeutic. At this stage, no singialogue has been produced that
displays a consistent increase in reducing foodkmtin mice compared to PYY(3-
36). However, a number of interesting results hbgen obtained throughout the
various stages of this investigation which will lefydly be useful to those looking to

conduct further investigations in this field.

5.2 The use of SPPS techniques to produce PYY(3-36) dogues

My investigations have shown that a number of P¥363 analogues, embodying
varied design strategies, can be successfully pemtlutilising specific solid phase
peptide synthesis techniques. A number of unnatraho acids were successfully
incorporated into the peptide sequence at posi2dnand 26. Following this, further
analogues were synthesised with natural amino sudidtitutions in positions 30, 31
and 32. Whilst the incorporation of some of thesena acids was less successful
than others, all nineteen analogues designed wetiped in sufficient yields and of
suitable purity to enable them to be used for lgigial testing. The addition of PEG
molecules to peptides, particularly those beingettgped as therapeutics, is an
attractive option. This is because the hydropmiature of the PEG molecules can
increase the solubility of the peptide to whichythere attached. However, the

hydrophilic nature of PEG can also hinder the wafrla peptide chemist. Depending
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upon the size of the PEG unit, the starting mdteaa often be in the form of an oil,
which makes the handling and accurate weighinghef material difficult. The
resulting PEG-peptide can be so hydrophilic thatilk resist lyophilisation to a dry
powder. This makes the final purification and cletgasation processes challenging.
Despite these concerns, | was able to succesgputigguce three novel N-terminal
pegylated PYY(3-36) analogues in sufficient yieldsl of suitable purity to enable
biological testing of the compounds.

The concept behind the final set of analoguessetllithe natural hairpin shape of
PYY(3-36) (Nygaard et al., 2006). The aim was tocgssfully cross link amino acids
in the N and C-terminal regions of the peptide pasitions 4 and 29. Were this
approach to prove successful, and the subsequealtigares found to retain biological
activity, further manipulations of the peptide seqce were planned. These
manipulations would have included the removal ofirmmacids from non-critical
positions within the 5 — 28 loop, with the ultim@eal of producing a small molecule
mimetic of PYY(3-36).

The analogue (CysCy<%)-PYY(3-36)(disulphide bridge) was successfully guoed

in sufficient yield and of suitable purity to enalidiological testing to be performed.
The synthesis of this analogue proved that the amand positions 4 and 29 could be
successfully cross linked. The HPLC data obtainednd the reaction to form the
disulphide bridge suggested that the formation loé ttross linkage did not
significantly change the confirmation of the peptidhis result was promising, as it
suggested that the presence of the cross linkagédwot be detrimental to receptor
binding.

Unfortunately, attempts to synthesise further crodsed analogues of PYY(3-36)

were unsuccessful. The aim was to synthesise amedogontaining lactam bridges
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between the amino acids in positions 4 and 29hasamino acids used to form the
bridges would be more homologous to the endogenesidues in these positions.
Lactam bridges are formed between the amino sidearoup of one amino acid and
the carboxyl side chain group of a second amind. &YY(3-36) contains a number
of basic and acidic residues, and thus these aheno acids would need to be
protected during the formation of the lactam bribgénveen the two designated amino
acids to avoid the formation of multiple bridgeShe most straightforward way of
doing this is to perform the reaction on the reBound peptide and selectively
deprotect the two designated amino acid side chainstal, six attempts were made
at synthesising PYY(3-36) analogues containingctala bridge between amino acids
4 and 29. A number of different synthesis techrnsquwere utilised to try to improve
the process but ultimately without success. Thex atithe problem behind the
unsuccessful formation of the proposed lactam lridgay be that amino acid
positions 4 and 29 are insufficiently close to anether when the peptide is bound to
the resin to enable the reaction to proceed.

| thus attempted to form the lactam bridge in sohyton a partially protected peptide.
This was based on the successful formation in olwdf the disulphide bridge in the
analogue (Cys Cys9)-PYY(3-36)(disulphide bridge), and was based anittea that
the protected peptide would still be able to folm hairpin like shape in solution.
Difficulties in producing the analogue in this manmvere predicted, mainly linked to
the solubility and characterisation of a protegvegtide containing 34 amino acids.
These expected problems did occur, but it wassiiprising that the initial analysis
of the resultant crude peptide suggested that ththesis had failed. It may be that
the amino and carboxyl groups of the lysine andtaghic acid residues were

sufficiently hindered by the presence of adjacentna acid protecting groups, to
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successfully form the lactam bridge. However, wins to be the case, | would

expect to have observed the linear material insthigsequent analysis of the crude
material, which was not the case. Therefore, itldidne desirable to attempt a repeat
synthesis of this analogue, following the same w#ghto see if identical results were

obtained.

5.3 The effects of PYY(3-36) analogues vitro and in vivo

Due to the considerable effort and resources spemking on developing novel
synthesis protocols, it was not possible to conduetextensiven vitro andin vivo
testing of various analogues originally plannedlldvdang the work into trypsin
degradation of PYY(3-36) and the analogues IP1 XAt was discovered that
position 33-34 within PYY(3-36) is likely the primasite of cleavage by trypsin. |
subsequently demonstrated that insertion of sgeaiinatural amino acids in the 25
and 26 positions succeeded in stabilising the Hmetdieen them to trypsin-induced

degradation.

The series of receptor binding assays that werelwmad showed that, in general,
making amino acid substitutions in either the 28 26 positions or in the 30, 31 and
32 positions decreased the resulting analoguesngraffinity for the Y, receptor
compared to PYY(3-36). The exception to this was ahalogue (Led)PYY(3-36),
which displayed greater affinity for the,Yeceptor than PYY(3-36). Promising
results were also obtained from the receptor bopdimdies with the PEG-PYY(3-36)
analogues. Both AEEAc-PYY(3-36) and PEG4-PYY(3-B&¢ greater affinity for the
Y, receptor than PYY(3-36), whilst PEG6-PYY(3-36)pd&és/ed a small decrease in
binding affinity. It is interesting to speculate @ther this increased affinity represents

improved binding of the molecule or, for examplereased stability of the receptor-
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ligand complex. It would also be helpful to repdase RBAs in order to confirm

some of the conclusions reached in this thesis.

Perhaps the most surprising result was obtaineah filee receptor binding assays
conducted with the analogue (CysCys?)-PYY(3-36)(disulphide bridge). This
suggested that formation of the cross linkage cetefy eliminated the affinity of the
analogue for the Xreceptor. This deleterious effect may be due éorthture of the
cysteine residues as opposed to the presencerota linkage per se. However, due
to the failure to successfully synthesise analognesrporating a lactam bridge, it is

not currently possible to test this hypothesis.

In vivo studies with mice, were conducted using the IRRX. and PEG-PYY(3-36)
analogues. From these analogues, only the N-teliyimadified peptides; Biotinyl-
PYY(3-36), AEEAC-PYY(3-36), PEG4-PYY(3-36) and PEB&Y(3-36) were found
to significantly reduce cumulative food intake asted mice. In the case of the three
PEG-PYY(3-36) analogues, the promising resultsinbthneed to be tempered by the
fact that PYY(3-36) did not behave as expectedhis particular study. Further
studies are now required to assess the utilityegfyfated PYY(3-36) analogues in the

treatment of obesity.

5.4 Further work

The results of the investigations described in thissis leave scope for further
development work with PYY(3-36) analogues. In jgatar, following the positive
biological results that were obtained for the agaks (Leu'PYY(3-36) and the

various PEG-PYY(3-36) peptides, it would interegtito synthesise an analogue
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incorporating (Leu}* and pegylation to test whether the observed effentreceptor
binding and inhibition of food intake are additivewould also be interesting to study
the effects of stabilising the amino acid positi8® in PYY(3-36) following the

results obtained from the trypsin degradation stsidi

In conclusion, further work is required to detereithe utility of PYY(3-36)

analogues in the treatment of obesity.
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Appendices

Appendix | — List of suppliers

Alfa Aesar, Lancaster, UK

Applied Biosystems, Warrington, UK
Apollo Scientific, Stockport, UK

Avantor, Deventer, Netherlands

Bachem AG, Bubendorf, Switzerland UK
BDH, Poole, UK

Gilson, Middleton, Wisconsin, USA
GraphPad, La Jolla, CA, USA

Iris Biotech, Marktredwitz, Germany
Kratos, Manchester, UK

M56 Chemicals, Runcorn, UK
Novabiochem, Nottingham, UK

Perkin Elmer, Massachusetts, USA

P&R Labpack, St. Helens, UK

Protein Technologies, Tucson, Arizona, USA
Rapp Polymere, Tibingen, Germany
R&D Systems, Minneapolis, Minnesota USA
Romil, Cambridge, UK

SDS UK, Witham, UK

Severn Biotech, Kidderminster, UK
Sigma-Aldrich Company Ltd., Poole, UK.

VWR, Poole, UK
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Publications

James R. C. Parkinson, Waljit S. Dhillo, Carolin&hall, Owais B. Chaudhri, Gavin
A. Bewick, lain Pritchard, Stanley Moore, Mohamm&d Ghatei, and Stephen R.
Bloom.PYY3-36 injection in mice produces an acute anoregenic effect followed
by a delayed orexigenic effect not observed with loér anorexigenic gut
hormones.Am J Physiol Endocrinol Metab 294: E698—-E708, (2008).
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