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Abstract

This thesis focuses on the study of peptides as potential drug leads for inflammatory bowel
disease (IBD). IBD is a chronic and debilitating disease, that affects millions of people globally
and costs billions to health systems. There is currently no cure for any form of IBD. Peptides
have significant advantages for the design of novel therapeutics as they can have high potency
and specificity, low immunogenicity and can be cheaper to manufacture compared with

protein-based drugs.

Peptides as small as three residues have been shown to have efficacy in mouse models of colitis
but they require very high concentrations presumably because of a lack of stability in vivo.
Chapter 2 of this thesis describes the stabilization of MC-12, a tri-peptide derived from annexin
Al, that is active in a TNBS mouse model of colitis. Grafting the tri-peptide sequence into the
cyclic peptide SFTI-1 significantly improved the potency of the peptide in the TNBS mouse
model of colitis, and significantly improved the stability in vitro. In Chapter 3 a similar grafting
approach was used but in this study MC-12 was grafted into the linaclotide framework.
Linaclotide is an orally active, disulfide-rich peptide used in the treatment irritable bowel
syndrome. This is the first study to show that linaclotide can be used as framework and can

adopt a novel bioactivity.

The second part of the thesis focused on hookworm protein-derived bioactive peptides. The
low prevalence of parasites such as hookworms in developed countries, appears to be correlated
with the rise in autoimmune conditions. This correlation has led to studies of parasite excreted

proteins in autoimmune conditions such as inflammatory bowel disease (IBD). These studies
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suggest that these excretory/secretory (ES) products in hookworms are a source of compounds

with potential in the treatment of inflammatory bowel diseases.

AIP proteins from hookworms have been shown to have significant potential for the treatment
of IBD. Using a “downsizing” approach Chapters 4 and 5 provided indications to regions of
AIP proteins that might be important for the activity. Despite the sequence diversity in the AIP
proteins, a conserved region containing a EXXXL motif conserved helical was identified that
appears to be associated with the anti-inflammatory effects. This region appears to be helical
in the full-length proteins, and interestingly one of the derived peptides forms a well-defined
helical structure in solution without the need for covalent constraints such as disulfide bonds.
In Chapter 5 a method based on MHC Il peptide binding prediction was used to identify a
bioactive sequence derived from an AIP protein. This peptide displayed significant protective
effects in a chemically-induced acute colitis in mice. Despite the small size of the peptides (20
residues or less) identified in Chapters 4 and 5, they displaced potent activity in vivo when
administered via intraperitoneal injection. These peptides have potential in the development of
lead molecules as they are likely to have lower immunogenicity, greater tissue penetration and
cheaper manufacturing compared to proteins. Further study is required to determine optimal

routes for administration and if further stabilization is required to produce viable drug leads.

Overall this thesis has highlighted different strategies for the design of new peptide-based drug
leads for the treatment of inflammatory bowel diseases. Furthermore, insight into the
structure/function relationships of AIP proteins has also been gained. Future directions are
likely to focus on the identification of the biological targets and mechanism of action involved

in the anti-inflammatory activity.
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1. CHAPTER1

Introduction



1.1. Development of peptides as potential drug leads

The fields of contemporary chemistry, biology and biochemistry have expanded the knowledge
of biological and physiological processes. This expansion has led to the exploration of new
drug targets that might help to improve the quality of human lives. However, one of the major
challenges is the discovery and/or design of suitable new drugs for treatment and diagnosis of

disease (1).

One method to meet the drug development challenge is the use of nature as an inspiration.
Powerful new medicines can be created based on naturally occurring molecules. Natural
products are the result of evolutionary pressure to preserve and improve the lives of the
organisms that produce them (2). Such biological evolution has created complex compounds
with specific bioactivities. These bioactive compounds include amino acids, peptides, proteins,

carbohydrates and lipids (3,4), and have been shown to have an effect on human health (5).

Peptides, one of the many bioactive compound classes, are molecules that consist of amino
acids linked together through amide bonds. They display a range of potentially useful
biological functions such as anti-inflammatory (6), anti-cancer (7), anti-HIV (8), antimicrobial
(9) and insecticidal (10) activities, among others. Peptides as drug leads have a range of
advantages including target specificity, low toxicity and immunogenicity, but one major
limitation for small, unstructured peptides is a lack of stability in vivo (1). The principal reasons
for the fast elimination of peptides from the circulation are enzymatic degradation and/or fast
renal clearance (11-13). The ability to reproduce peptides chemically in laboratories has led

to modifications that enhance their activity and remedy their lack of stability. This approach



has the potential to improve the bioavailability of these drugs, and increase their

pharmacological efficacy (14-16).

The use of disulfide-rich peptides and backbone cyclization is currently being explored to
improve the stability and therapeutic potential of peptide based drug leads (17). Disulfide-rich
peptides and backbone cyclic peptides have been used successfully for therapeutic applications
as mentioned in the Cemazar et al review (18). For example, Prialt® (Ziconotide) is a synthetic
version of the cone-snail venom peptide MVIIA and is currently on the market for the treatment
of chronic pain (19). This cone-snail venom peptide is a calcium channel antagonist, containing
25 residues and three-disulfide bonds in a cystine knot motif (20). Another example is the 12-
residue cyclic peptide cyclosporine that has famously revolutionised organ transplant therapy
due to its potent immunosuppressant activities (21). These examples highlight the potential for
using peptides constrained by disulfide bonds and/or cyclization for a range of therapeutic

applications.

In addition to using naturally occurring peptides such as MVIIA and cyclosporine as drugs or
drug leads, another approach for the identification of peptide based drug leads is the
“downsizing” of proteins. The main idea behind downsizing proteins is to reproduce the
functional potency of the protein but in a small peptide, which can simplify synthesis (making
this cheaper), improve chemical stability (i.e. they can be useful for mimetics studies) and limit
the potential for immunogenicity. This approach can also be useful for elucidating
structure/function relationships. Protein downsizing has been applied to the human
inflammatory protein C3a, and resulted in a peptide that presented the same specificity and
potency with the receptor and also same cellular responses as the C3a protein. (22). The peptide

also displayed an improvement in stability in plasma and bioavailability. The approach of



downsizing proteins can lead to the identification of small peptides, that might be sufficiently
stable to use as drug leads or can be used as starting points for the development of more stable
lead molecules. Another example was the study of the granulin protein from the human
parasitic liver fluke Opisthorchis viverrini, known as Ov-GRN-1. Ov-GRN-1 accelerates
wound repair in mice, but is difficult to express in high yields which limits its potential as a
therapeutic agent (23). Bioactive peptides from the N-terminal region of Ov-GRN-1 have been
engineered with the same potency as the full-length protein in a mouse wound healing assay
(24). These peptides are likely to be less immunogenic and easier to more produced compared

to the full-length recombinant protein.

The studies outlined in thesis use cyclic/disulfide rich peptides as structural scaffolds, and the
downsizing of proteins, for the development of novel drug leads and elucidation of
structure/function relationships. Background related to cyclic peptides and their use as
scaffolds is given in section 1.1. In section 1.2 the rationale for studying hookworm proteins
as anti-inflammatory agents is given. In this thesis, these proteins have been used in the
downsizing approach to derive bioactive peptides and provide insight into the

structure/function relationships.



1.1.1. Cyclic Peptides from Plants

1.1.1.1. Cyclotides

Cyclotides are an example of a naturally occurring family of peptides that are both disulfide-
rich and contain a cyclic backbone. These peptides are plant-derived, have approximately 30
residues, and in addition to a head-to-tail cyclic backbone have a knotted arrangement of the
three disulfide bonds (25). This structural motif has been referred to as the cyclic cystine knot
(CCK) (25). Cyclotides have six inter-cysteine loops and generally have hydrophobic residues
situated on their surface, as a result of the disulfide bonds being in the interior of the peptide

structure (26).

Cyclotides were originally discovered when an indigenous medicinal application was studied
by the Norwegian doctor Lorents Gran (27). Women in Africa used a tea made from the
Rubiaceae plant Oldenlandia affinis to accelerate childbirth (27,28). Gran analysed the tea and
demonstrated that the medicinal activity was due to a polypeptide of 29 amino acids in length,
called kalata B1 (27). However, it was not until 1995 that the cyclic nature of kalata B1 was
discovered (29). There are now hundreds of cyclotides that have been characterized from a

range of plant families.

A range of bioactivities has been associated with cyclotides. For example, the circulins,
cyclotides isolated from an extract of the tropical tree Chassalia parvifolia, were found in a
screen aimed at elucidating novel anti-HIV agents (30). Cyclotides with antimicrobial activity
against Gram-positive Staph. aureus and Gram-negative bacteria P. aeruginosa and E. coli
have also been characterised (9), as well as potent serine protease inhibitors isolated from the

seeds of the tropical plant M. cochinchinensis (31). The natural function of cyclotides in plants
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is thought to be for defence against insects and other pests based on the insecticidal activity

observed for kalata B1 and kalata B2 (32).

Cyclotides are highly resistant to enzyme degradation in contrast to some linear peptides, which
have free N- and C-termini, making them targets for cleavage by exopeptidases (17). The
sequence diversity associated with the cyclotides coupled with their resistance to denaturation
and enzymatic degradation has led to several studies exploring the potential of cyclotides as

leads for drug development (15).

1.1.1.2. Sunflower Trypsin Inhibitor

Sunflower Trypsin Inhibitor 1 (SFTI-1) is another example of a cyclic peptide from plants.
SFTI-1 is present in the seeds of sunflowers (Helianthus annuus) (Figure 1.1), but in contrast
to cyclotides, it only has 14 amino acids and a single disulfide bond (Figure 1.2.). Edman-
degradation was used in an attempt to determine the SFTI-1 sequence but was unsuccessful
because of the lack of an N-terminal residue. Consequently, the sequence was eventually
determined by analysis of X-ray crystallography data and the cyclic backbone discovered (33).
The structure of SFTI-1 comprises two short antiparallel B-strands that are linked by the single
disulfide bond (33). SFTI-1 is now known to be part of a family of natural products that are
encoded within genes that also contain a seed storage albumin (34,35). Cleavage of the peptide
from the precursor protein and cyclization utilise enzymes involved in albumin maturation.
Importantly, an asparaginyl endopeptidase is involved in ligation of the N-terminal Gly to the
C-terminal Asp, and in this way forming the cyclic peptide SFTI-1(34,35). Although other

plant derived cyclic peptides are not encoded within seed storage albumin genes, they is



evidence they also involve asparaginyl endopeptidases, highlighting the importance of this

enzyme in cyclic peptide production (34).

Figure 1.1. Helianthus annuus (Sunflower).

Figure 1.2. Sequence and structure of SFTI-1. (A) The sequence of SFTI-1 is drawn to
represent the cyclic structure and the disulfide bond represented with a yellow line. (B) Ribbon

representation of the three-dimensional structure of SFTI-1 (PDB code 1SFl).



SFTI is one of the most potent Bowman-Birk trypsin inhibitors (BBI) known and also inhibits
other serine proteases including cathepsin G (33). BBIs are typically large peptides of
approximately 60-90 residues with one loop targeting trypsin and one targeting chymotrypsin.
This family of protease inhibitors was characterized by Birk in 1967 (36). The potency and
specificity that defines BBIs is related to the nature of the P1 residue within the binding loop
(37,38). Arg or Lys as the P1 residue can result in potent trypsin inhibitory activity (39). SFTI
has a binding loop which contains the P1 residue, as well as a second loop that is involved with
cyclization; hence, SFTI-1 is called a bicycle peptide. SFTI-1 has been shown to tolerate amino
acid substitutions, while being highly stable as a result of its cyclic backbone and its disulfide

bond, making it a promising stable peptide drug scaffold (33,40,41).

1.1.1.3. New horizons for disulfide rich peptides. Engineering cyclic/linear peptides

In addition to taking advantage of the intrinsic bioactivities of disulfide-rich and/or cyclic
peptides, using them as grafting templates or scaffolds for the design of novel drug leads has
also received significant attention in the literature recently. Protein grafting comprises the
relocation of a bioactive epitope onto the surface of a stable folded peptide/protein in order to
enhance its stability. There are now several examples where cyclic and linear peptides have
been used as scaffolds to engineer non-native bioactivities. For example, an engineered form
of SFTI-1 has been developed that targets the prostate cancer associated trypsin-like serine
protease - KLK4 (40); the sequence is shown in Figure 1.4. The cyclotide framework has been
used as a stable framework to graft peptide epitopes from central nervous system proteins, with
potential in the treatment of multiple sclerosis (42). Both SFTI-1 and the Momordica
cochinchinensis trypsin inhibitor-11 (MCoT]I-11) cyclotide have been used in the development

of novel angiogenic peptides (41) (Figure 1.3). In this case, peptides from laminin-al,



osteopontin and a peptide that mimics the VEGF helix region, were grafted onto MCoT]I-11 and
SFTI-1. All grafted peptides were stable after being incubated in human serum and a grafted

SFTI-1 analogue was developed that had nanomolar activity in an angiogenic assay.

Figure 1.3. SFTI-1 engineering. The image shows regions of SFTI-1 that have been replaced
with different bioactive sequences, using the peptide as backbone scaffold. In red is highlighted
the sequence replaced by KLK4 inhibitor sequences. In green is shown the sequence replaced

from SFTI-1 by angiogenic sequences.

Kalata B1 has also been used in several grafting and mutagenesis studies, including the grafting
of a poly-Arg epitope into four of the backbone loops (16). The peptide with the poly-Arg
sequence grafted into loop 3 showed the most anti-angiogenesis activity in a cell-based assay,

highlighting that the grafting into different loops can have an influence on bioactivity.



Interestingly, the natural hemolytic activity of kalata B1 was abolished in all of the analogues.
Kalata B1 has also been used to graft small bioactive peptides with bradykinin receptor
antagonist activity (43). Analogues with oral activity in a mouse model were designed in this

study with potential in treating inflammatory pain.

It is not only cyclic peptides that have been used as grafting templates - linear peptides have
also been used for this purpose. For example, agatoxin (AgTx), a peptide inhibitor of voltage-
activated calcium channels found in spider venom (44) has been used as an engineering
scaffold (45). The grafted peptide was designed based on similarities between AgTx and the
neuropeptide AgRP (46). A disulfide-constrained loop from AgRP was grafted into AgTx to
enable it to bind integrins, demonstrating that linear disulfide-rich peptides can be engineered

as well as the cyclic.

Although there are successful examples of engineering cyclic and linear peptides with novel
bioactivities, with many of these peptides displaying enhanced in vitro stability, there is limited
information on effect of these peptides in vivo. Further study is required to explore the in vivo

bioactivity and bioavailability of grafted cyclic peptides.

1.1.2. Anti-inflammatory proteins from hookworms

Anti-inflammatory proteins from hookworms have significant potential therapeutic

applications. The intrinsic activities these proteins display in autoimmune diseases makes them

remarkable targets for drug development.
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The incidence of autoimmune diseases has risen sharply during the past few decades (47-49).
Autoimmune diseases such as inflammatory bowel disease (IBD), Crohn’s disease and colitis,
have increased in younger populations of developed countries/regions such as Australia, New
Zealand, Northern Europe and the USA (50). The hypothesis behind why this is happening
began in 1968 with Greenwood who published information about extremely low rates of
autoimmune diseases in Nigeria (51). He studied the relationship between the low occurrence
of autoimmune diseases, such as rheumatoid arthritis, in tropical areas of Nigeria, and the rates
of multiple parasitic infections. In 1989, Strachan published findings regarding first-born
children who had more allergic rhinitis and dermatitis compared with their siblings born after

them (52). These two findings were the beginning of the “hygiene hypothesis”.

The hygiene hypothesis is based on regions with high levels of parasites having low rates of
autoimmune diseases (53-55). Intriguingly, countries where the hygiene levels are high and
parasitic diseases have essentially been eradicated, autoimmune diseases are increasing at an
alarming rate (50). This correlation also includes people who migrate from undeveloped
countries to developed nations before adolescence as they also show high rates of some

autoimmune diseases (56,57).

The hygiene hypothesis lead to the initial idea that parasites could be protecting undeveloped
nations from autoimmune diseases (58,59). Subsequent studies have shown that eradication of
parasites such as hookworms, appears to be correlated with the rise in autoimmune conditions

in developed countries (60-62).

The excretory/secretory (ES) products in hookworms are an interesting source of compounds

with potential in the treatment of both IBD and asthma (63,64). ES products comprise a
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complex mixture of proteins, carbohydrates, small molecules and lipids secreted by the parasite
(65). More than 250 different proteins have been sequenced from the ES products from the dog
hookworm Ancylostoma caninum (65,66). Several of these proteins have sequence homology
to a family of mammalian proteins known as tissue inhibitors of matrix-metalloproteinases
(TIMPs), among these Ac-TIMP-1 and Ac-TIMP-2 were part of the list (67). Ac-TIMP-1 and
Ac-TIMP-2 have subsequently been named as Ac-AlIP-1 and Ac-AlP-2, with AIP referring to
anti-inflammatory protein. Ac-AlP-1 and Ac-AlP-2 have been tested in mouse models of colitis
(68) and asthma (69) respectively. Recombinant AIP-2 induced the expansion of Tregs that
promoted long-term protection against allergic responses in asthma models (70). These
proteins improved the symptoms of the disease states in the mice models, but the biological
targets of these proteins are not known, and there is no information available on the

structure/function relationships.
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1.1.3. Inflammatory Bowel Disease

The grafting studies on cyclotides and SFTI-1 highlight the potential of this approach for a
range of disease states. Furthermore, the approach of downsizing proteins is also applicable to
a wide range of applications, depending on the bioactivity of the protein. In this thesis both of
these approaches were applied to the development of lead molecules for inflammatory bowel

disease (IBD).

IBDs are a set of complex, chronic and devastating lifelong diseases, for which there is no
satisfactory treatment (71). The two major forms of IBD are ulcerative colitis and Crohn’s
disease (72). Ulcerative colitis involves the rectum and colon, whereas Crohn’s disease
involves the entire gastro intestinal tract from the mouth to the anus (73). The burden that
patients who suffer from these diseases are as follows: bloody diarrhoea, fever, intestinal pain
and cramping, vomiting, loss of appetite, loss of weight, ulcerations and fatigue (as reviewed
by Health Direct Australian Government (71)). The aetiologies of the diseases are largely
unknown, though recent schools of thought believe both types of IBD may be caused by an
inappropriate immune response in individuals genetically prone to intestinal microbial species,
along with environmental factors. However, the site and nature of inflammation differ between
the two diseases (74-76). Even though the estimated cost of these diseases is 2.7 billion dollars
annually in Australia, there are still no satisfactory treatments for any form of IBD (71). The
current treatments for IBD rely on nonspecific immunosuppressive drugs, such as steroids,
antibiotics, and immunomodulators targeting TNF pathway or the gut-homing integrin a4p7
(77-79). However, the repetitive cycles of acute inflammation followed by temporary remission
in IBD result over time in severe impairment of gut function, motility and tissue remodelling

(80,81). Despite promising clinical trial end points, TNF-a inhibitors are not effective in all
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patients and do not prevent relapse (82). A recent review summarises the current biologic and
small molecules used in IBD and highlighting the challenges for tailoring treatments for
individuals (83). To make matters worse, the incidence of the diseases in Australia has been
rising, corresponding with the increasing level of incidence in other first world countries that
have genetic and lifestyle similarities (84). Furthermore, for reasons still unclear, the rate of
childhood-onset IBD has been the highest observed over the past two decades (85). In addition
to the unbearable symptoms associated with the disease, children affected by early-onset IBD
suffer significant malabsorption and nutritional deficiencies resulting in growth failure, skeletal
impairment, and significant psychological and developmental delays (86). These recent

observations emphasize the urgent necessity for novel therapeutic approaches to be developed.

In addition to proteins such as the AIP proteins mentioned in section 1.2, recent studies have
shown a range of peptides may have potential in the design of novel drug leads for the treatment
of IBD. For example, a tripeptide (MC-12) has been shown to be effective in the treatment of
experimental colitis in mice (87). MC-12 is a region of annexin Al, a protein that regulates
anti-inflammatory responses (88). MC-12 has anti-inflammatory effects in two experimental
models of colitis, dextran sodium sulfate (DSS) and 2,4,6-trinitrobenzene sulfonic acid
(TNBS). However, small peptides are likely to be unstable and thus, non-viable drug leads.
This prediction is supported by the finding that MC-12 was more effective when injected as

opposed to oral administration.

Improving the stability of MC-12 and related peptides through grafting them into a stable cyclic

peptides and disulfide-rich peptide scaffold may enhance their therapeutic potential. This

approach has successfully been used for the design of a range of bioactive peptides, as
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mentioned in section 1.1. It is therefore of valid interest to apply this approach to the

development of novel drug leads for inflammatory diseases.

1.1.4. Peptide synthesis and structure characterisation

To be able analyse the potential of peptides as therapeutics they have to be produced in
sufficient quantities. Several methods are available for the production of peptides, but solid
phase peptide synthesis (SPPS) is one of the most commonly used and robust methods. Two
types of chemistry are generally used for peptide synthesis, namely Fmoc
(fluorenylmethyloxycarbonyl) and Boc (tert-butyloxycarbonyl) chemistry. Fmoc chemistry is
more straightforward to establish in a laboratory than Boc chemistry because it does not require
the use of hydrogen fluoride (HF) which can be very hazardous and requires specialist
manifolds (89). Fmoc chemistry can provide good yields without the use of HF and has been
previously shown to be appropriate for the synthesis of SFTI-1 (90) - one of the peptides of

interest in this study.

Both cyclic and linear peptides can be produced using SPPS, with native chemical ligation
useful for the synthesis of cyclic peptides (89,90). Some of the early studies that used native
chemical ligation allowed the production of cyclotides (9). Native chemical ligation requires a
C-terminal thioester and an N-terminal cysteine residue which react to ultimately form a native
peptide bond and in the case of the cyclotides, formed the cyclic backbone. Cyclic peptides
such as the cyclotides and SFTI are well suited to this method given the high proportion of

cysteine residues in the peptides.
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Structural analysis of peptides at high resolution is primarily carried out using X-ray
crystallography or NMR spectroscopy. Small peptides (less than 50 residues) are highly suited
with the latter technique because they are often highly soluble and have limited overlap in the
NMR spectra making it relatively straightforward to determine if the peptide is structured or
not. The analysis can be done in solution, and therefore minimal sample manipulation, such as
crystallisation, is required. Recent reviews on structure determination protocols are given in
Comprehensive natural products I1: Chemistry and biology(91) for general peptides, and Mobli

and King have summarised methods for the analysis of disulfide rich peptides(92).

1.1.5. Scope of thesis

SFTI-1 is a particularly attractive scaffold for grafting tripeptides with anti-inflammatory
activity, due to its small size and presence of only a single disulfide bond. These features can
enhance yields and simplify the oxidative folding process. Chapter 2 reports the engineering
of SFTI-1 to improve the stability of the tri-peptide MC-12. The broad objective of this chapter
was to develop a novel anti-inflammatory agent based on a naturally occurring cyclic peptide
scaffold. The specific aims were to design and synthesize a grafted cyclic peptide incorporating
a small bioactive sequence with anti-inflammatory activity, structurally characterise the grafted
peptides and analyse the bioactivity and stability of the grafted peptide. The hypothesis
underlying this study was that cyclic peptide scaffolds are valuable drug leads based on their

intrinsic stability and ability to adopt novel bioactivities as proven in previous studies.

16



The anti-inflammatory activity was assessed in a TNBS mouse model of colitis (93,94) This
model has previously been shown to be effective screen for determining compounds with

potential in IBD treatment and requires minimal amounts of peptide for testing (95).

This study has been published in the Journal of Biological Chemistry doi:

10.1074/jbc.M117.779215 (96) .

Chapter 3 describes studies that utilize another disulfide-rich peptide as a grafting scaffold for
the design of drug leads for IBD. Similar to Chapter 2, the objective of this study was to develop

novel anti-inflammatory agents based on a disulfide-rich peptide scaffold.

The scaffold used was linaclotide, a linear peptide that contains three disulfide bonds and only
14-residues. Linaclotide is a heat-stable enterotoxin receptor agonist, which is currently used
for the treatment of irritable bowel syndrome with constipation and chronic idiopathic
constipation (97,98). This highly disulfide-rich peptide has oral activity making it a very
attractive framework for grafting studies. This chapter is unpublished data, written in a paper

format ready to be submitted.

Chapter 4 and Chapter 5 correspond to the study of downsizing hookworm proteins into
bioactive peptides, termed AIP peptides. The broad objective for these chapters was to
downsize AIP proteins into peptides with anti-inflammatory activity and potential as lead
molecules for clinical development in IBD. The downsizing approach is primarily based on
synthesising discrete elements of secondary structure within the larger protein and determining
if the peptide in isolation has bioactivity. This requires determination of the three-dimensional

structure, generally using X-ray crystallography or molecular modelling. The specific aim was
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to design and characterise AIP peptides, and analyse their activity as anti-inflammatory agents.
The studies were made following the hypothesis that developing AIP peptides as therapeutics
holds significant promise, as they are likely to be more stable than the full-length proteins, have
greater tissue penetration, be less immunogenic and cheaper to manufacture. In this chapter the
structures of these peptides were analysed using NMR spectroscopy, serum stability

determined, and in vitro an in vivo activity assessed.

These chapters contain unpublished data, that will be submitted for publication following IP

protection.
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2.1. Abstract

Inflammatory bowel diseases (IBDs) are a set of complex and debilitating diseases, for which
there is no satisfactory treatment. Recent studies have shown that small peptides show promise
for reducing inflammation in models of IBD. However, these small peptides are likely to be
unstable and rapidly cleared from the circulation, and therefore, if not modified for better
stability, represent non-viable drug leads. We hypothesized that improving the stability of these
peptides by grafting them into a stable cyclic peptide scaffold may enhance their therapeutic
potential. Using this approach, we have designed a novel cyclic peptide, which comprises a
small bioactive peptide from the annexin Al protein grafted into a sunflower trypsin inhibitor
cyclic scaffold. We used native chemical ligation to synthesize the grafted cyclic peptide. This
engineered cyclic peptide maintained the overall fold of the naturally occurring cyclic peptide,
was more effective at reducing inflammation in a mouse model of acute colitis than the
bioactive peptide alone, and showed enhanced stability in human serum. Our findings suggest
that the use of cyclic peptides as structural backbones offers a promising approach for the

treatment of IBD and potentially other chronic inflammatory conditions.
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2.2. Introduction

Inflammatory bowel diseases (IBD) are a set of chronic inflammatory disorders of the
gastrointestinal tract and the two major forms are ulcerative colitis and Crohn’s disease (1).
Although there are several medications on the market for IBD, they generally only provide
temporary relief and 70% of IBD patients require surgical intervention (2). Because the current
treatments are not satisfactory, new drug leads are being sought from a range of sources,

including small molecules from plants and bioactive regions of larger proteins (3-6).

Intriguingly, several small peptides, some comprising only three residues, have been shown to
be effective in the treatment of experimental colitis in mice (7-11). One example is a tripeptide
(MC-12) derived from annexin Al, a calcium-dependent phospholipid binding, anti-
inflammatory protein (12). Annexin Al mediates expression of cytokines such as TNG-a, IL-
6 and IL-10. It is required for the inhibition of NF-kB activity by anti-inflammatory drugs (13),
and has recently been shown to be a potential biomarker of therapeutic efficacy for IBD (14).
The N-terminal region of annexin Al comprising residues 2-26 (Ac2-26) has been well studied
(15,16) and appears to have the same biological effects as the full-length protein (17). Analysis
of a series of peptides based on the N-terminal sequence of annexin Al showed that MC-12

(Ac-GlIn-Ala-Trp) was the most potent inhibitor of NF-kB activity in SW480 cells (13).

Small peptides such as MC-12 are likely to be unstable and not viable drug leads, supported
by the finding that high doses (25 mg/kg) of MC-12 were required to elicit an in vivo response
in mouse colitis models, and it was more effective when injected compared to oral
administration (18). Improving the stability of MC-12 and related peptides may enhance their

therapeutic potential.
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A range of approaches have been used to improve the stability of peptides, including backbone
cyclization, and grafting into cyclic peptide scaffolds. Both approaches are based on the
inherent stability observed for naturally occurring cyclic peptides such as cyclosporine, an 11
residue cyclic peptide, used clinically as an immunosuppressant agent. Sunflower trypsin
inhibitor 1 (SFTI-1) is an example of a cyclic peptide that has proven useful in grafting studies.
SFTI-1 was originally isolated from the seeds of sunflowers (Helianthus annuus), contains 14
residues and is one of the most potent trypsin inhibitors known (19). The structure comprises
two short antiparallel B-strands that are linked by a single disulfide bond. The two loops formed
by the cyclic backbone and disulfide bond are termed the “binding” loop, which contains the
active-site lysine residue for binding to trypsin, and the “cyclization” loop, which contains the
residues involved in the backbone cyclization. In addition to the cyclic backbone and disulfide
bond, SFTI-1 contains a network of hydrogen bonds, all of which make the peptide highly
stable (19). Amino acid substitutions are structurally well tolerated, and the protease inhibitory
activity can be removed by mutation of the active-site lysine residue from the binding loop
(20). The stability and tolerance to sequence changes makes SFTI-1 a promising peptide drug
scaffold (19,21,22). Engineered forms of SFTI-1 have been developed as inhibitors of the
serine proteases KLK4, KLK5 and KLK7, which are possible targets for cancer treatment
(21,23), as well as in the development of angiogenic agents (22), anti-angiogenic agents (24)

and matriptase inhibitors (25).

Here we show that grafting the tripeptide MC-12 into the SFTI-1 scaffold improves its
therapeutic efficacy in a murine model of chemically-induced acute colitis, while also
improving its in vitro stability. A schematic representation of the grafting approach is shown

in Figure 2.1, highlighting the helical structure of MC-12 in annexin Al. A range of peptides
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were synthesised to explore the importance of the cyclic backbone and the loop into which the

sequence was grafted.

cyclization
loop

binding

__‘,;\ﬂ loop

FIGURE 2.1. Schematic representation of grafting into the SFTI-1 scaffold. The three-
dimensional structure of annexin Al is shown on the left of the diagram (PDB ID code 1HM®).
MC-12, highlighted on the structure of annexin Al, forms a helical structure in the full-length
protein. The helical region of MC-12 is schematically represented as grafted into the binding
loop of SFTI-1. SFTI-1 comprises two -strands connected by a disulfide bond. The cyclization

loop is also labelled on the diagram. The figure was generated using MOLMOL (37).
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2.3. Experimental Procedures

2.3.1. Peptide synthesis and purification

The peptides were synthesized using fluorenylmethyloxycarbonyl (Fmoc) chemistry based
solid phase peptide synthesis chemistry on a 0.1 mmole scale. Linear peptides were synthesised
on 2-chlorotrityl chloride resin. Amino acids (2 equiv.) were activated in 5 equiv HBTU and
10 equiv. DIPEA in DMF (1.5 mL). Deprotection was carry out in two repetitions: Starting
with 2 min of 20% pipiridine in DMF (5 ml), followed by 3 mins of the same solution. The
first amino acid was coupled manually to the resin (Arg was double coupled), and the
remainder of the peptide assembled using a Protein Technologies PS3 synthesiser following
FMOC approach. Peptides were cleaved from the resin using trifluoroacetic acid (TFA)/water/
triisopropylsilane (95:2.5:2.5) for 2-3 h, precipitated with diethylether, dissolved in 50%
acetonitrile/0.05% TFA and subsequently lyophilised. The resulting crude peptides were
purified with RP-HPLC on a C-18 preparative column (Phenomenex Jupiter 250 x 21.2 mm)
using a 1% gradient of solvent B (solvent A: 0.05% TFA, solvent B: 90% acetonitrile, 0.05%
TFA). Peptides were oxidised in 0.1M ammonium bicarbonate pH 8-8.5, purified using RP-

HPLC and the mass analysed using MALDI mass spectrometry.

The cyclic peptide was synthesised using native chemical ligation (32) on Dawson Dbz
AM resin (100-200 mesh). The Dawson resin was deprotected with 20% piperidine in
dimethylformamide (DMF) (2 x 5 min washes) and then washed with DMF prior to addition
of the first residue. Prior to cleavage of the cyclic peptide, acylation of Dbz linker was achieved
by adding 4-nitrophenylchloroformate in dichloromethane (16 equiv, room temperature) to the

dry resin under N for 1 h. The resin was then washed with DMF. N,N-Diisopropylethylamine
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(195 equiv.) in DMF was added for 1 h at room temperature for activation. After activation,
the Nbz-peptide was washed with DMF and dried. Cyclization was carried out in 200 mM 4-
mercaptophenylacetic acid and 20 mM tris(2-carboxyethyl) phosphine in 200 mM phosphate
buffer at room temperature for 48 hours. The cyclic peptide was purified using RP-HPLC on a
C-18 semi preparative column (250 x 10 mm Phenomenex Jupiter C18 column) and mass was
analysed on a 5800 MALDI TOF-TOF (SCIEX) mass spectrometer. The cyclic peptide was
subsequently oxidised using 0.1 M NH4;HCO,. The sample was then purified with RP-HLPC

and finally analysed with NMR.

2.3.2. NMR spectroscopy

Lyophilized peptides were resuspended to a final concentration of ~0.2 mM in
90%H,0:10%D,0. 2D *H-'H TOCSY, *H-'H NOESY, *H-'H DQF-COSY, 'H-"N HSQC,
and *H-"*C HSQC spectra were acquired at 290 K using a 600 MHz AVANCE 11l NMR
spectrometer (Bruker, Karlsruhe, Germany) equipped with a cryogenically cooled probe. All
spectra were recorded with an interscan delay of 1s. NOESY spectra were acquired with
mixing times of 200-300 ms, and TOCSY spectra were acquired with isotropic mixing periods
of 80 ms. Standard Bruker pulse sequences were used with an excitation sculpting scheme for
solvent suppression. Slowly exchanging amide protons were detected by acquiring a series of
one-dimensional and TOCSY spectra over a 24-hour period, following dissolution of the
peptides in D,O. Exchange rates were calculated as previously described for comparison of

acyclic and cyclic peptides (33).

The 2D NOESY spectra of cyc-MC12 were automatically assigned and an ensemble of

structures calculated using the program CYANA (34). Torsion-angle restraints from TALOS+
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were used in the structure calculations. Procheck (35) and Promotif (36) were used to analyse

the stereochemical quality of the final structures, which were visualized using MOLMOL (37).

2.3.3. TNBS colitis assay

All animal experiments were conducted in accordance with the James Cook University Animal
Ethics Committee approved guidelines under the project #A2003. Groups of five male
C57BL/6 were used (5 weeks old). Mice were purchased from the Animal Resources Centre
(Perth, Australia) and housed in the animal care facility unit at James Cook University under
specific pathogen free conditions (Cairns). Mice were placed inside plastic cages with

unlimited access to food and water.

Mice were divided randomly into 7 groups: Naive, 2,4,6-trinitrobenzenesulfonic acid (TNBS),
cyc-MC12, SFTI-1, lin-MC12(n), lin-MC12(p), MC12 and annexin Al (2-26). Experimental
mice received intraperitoneal (i.p) injections of peptides at a dosage of 3 mg/kg body weight.
The mice were anaesthetized prior to administration of TNBS using mild ketamine/xylazine
solution. After anaesthesia, each mouse received 100 pL of 5% (w/v) TNBS solution in 60%
ethanol by intra-colonic instillation using a 20 gauge soft catheter (Terumo), which was
inserted into the colon. Following the procedure, the animals were kept vertical for 30 seconds.
Mice were monitored daily for piloerection, survival, body weight, decreased motor activity,
rectal bleeding and stool consistency. Macroscopic pathology score was calculated for each
colon after the mice were culled. Briefly, colons were harvested, opened longitudinally and
washed with sterile phosphate buffer saline, then placed under a microscope (Olympus SZ61,
0.67-4.5x). The tissues were assessed for changes in macroscopic appearance, and scored for

pathological changes as follows: adhesion (0 to 3), bowel wall thickening (0 to 3), mucosal
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oedema (0 to 3), ulceration (0 to 3), and colon length as described previously (38). All animal

experiments were conducted in duplicate to ensure reproducibility of the findings.

2.3.4. Serum stability assay

The stability of the peptides was tested in human male AB plasma (Sigma-Aldrich) using
methods previously described (22). Peptides (final concentration of 200 uM) were incubated
in serum or PBS at 37°C and 40 pL aliquots taken at 0 h, 3 h and 8 h. The aliquots of serum
were quenched with 40 puL of 20% TFA and incubated for 10 minutes at 4°C to precipitate
serum proteins. PBS received the same treatment as serum. The samples were then centrifuged
at 17000 g for 10 min and 90 uL of supernatant analysed by RP-HPLC at a flow rate of
0.3 mL/min using an Phenomenex Jupiter C12 analytical column (150 x 2.00 mm, 4 um, 90A)
using a linear 1% min™ acetonitrile gradient (0-50% solvent B). The eluent was observed by

dual wavelength UV detector set to 214 and 280 nm.
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2.4. Results

2.4.1. Peptide design and synthesis

The tripeptide MC-12 was grafted into the SFTI-1 cyclic scaffold with the aim of improving
its stability and potency. MC-12 was grafted into the binding loop of SFTI-1 as this resulted in
removal of the P1 lysine residue. Acyclic versions of SFTI-1 incorporating the MC-12
sequence were also designed to examine the influence of the cyclic backbone, and loop grafted,
on structure and activity. Ac2-26 was also synthesized using FMOC chemistry to provide
additional insight into the structure function relationships of the MC-12 sequence. The

sequences of the synthetic peptides are shown in Figure 2.2.

SFTI-1 rGRCTKSIPPICFPD-l
cyc-MC12 GRCTQAWPPICEFPD,
lin-MC12(n) GRCTQAWPPICFPD
lin-MC12(p) . .CTQAWPPICFPDGR
lin-MC12(12) . .CTKSIPPICFQAWR

FIGURE 2.2. Sequences of the grafted peptides. The sequences of SFTI-1 (19) and the
grafted peptides are shown. The active site Lys residue in SFTI-1 is italicized. The MC-12
sequence is highlighted in bold. The disulfide bond linking the two cysteine residues is shown
in grey and the cyclic backbone shown with a black line. SFTI-1 is the original peptide
sequence; cyc-MC12 has MC12 grafted into the binding loop of SFTI-1; lin-MC12(n)

corresponds to the linear form of cyc-MC-12 with the N- and C- termini equivalent to the
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precursor of SFTI-1; lin-MC12 (p) is a permuted form of cyc-MC-12 where they termini are
not equivalent to the precursor of SFTI-1. Lin-MC12(12) refers to MC-12 grafted into the

cyclization in loop of SFTI-1.

2.4.2. Structural analysis using NMR spectroscopy

The structures of all the peptides were analysed using NMR spectroscopy. In general, the
peptides displayed significant dispersion in the amide region, and a single set of resonances for
each residue, consistent with peptides containing B-sheet structure and one well defined
conformation. By contrast, lin-MC12(p) had significant overlap in the amide region, which
prevented assignment of the resonances. With the exception of lin-MC12(p), two-dimensional
spectra (TOCSY and NOESY) allowed assignment of the resonances and the secondary
chemical shifts (secondary shifts) were determined by subtracting random coil chemical shifts
(26) from the aH chemical shifts. A comparison of the secondary shifts is shown in Figure 2.3.
The secondary shifts are similar between cyc-MC12 and lin-MC12(n), but lin-MC12(12) has
significantly different shifts for the cysteine residues compared to the other two peptides. The
cysteine residues form part of the B-hairpin in the native peptide and consequently have
downfield shifted o protons. The lack of downfield shifted o protons for the cysteine residues

in lin-MC12(12) suggests that the overall fold differs from the native peptide.
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FIGURE 2.3. Secondary shift analysis of peptides. The secondary shifts for SFTI-1 are
shown in red, cyc-MC12 in blue, lin-MC12(n) in cyan and lin-MC12(12) in yellow. The
secondary shifts were calculated by subtracting the random coil shifts (39) from the aH shift.
The overall shifts are similar for all peptides with the exception of lin-MC12(12) where the
shifts for the cysteine residues (residues 3 and 11) differ significantly from the other peptides.
Despite the similarities in secondary shifts between cyc-MC12 and lin-MC12(n), analysis of
the amide exchange rates shows a significant difference as shown in Table 1. The exchange
rates for lin-MC12(n) are higher than those observed for cyc-MC12 indicating that the overall

structural stability has been decreased.
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Table 2.1. Experimental amide exchange rates (kex min™) for cyc-MC12 and lin-
MC12 (n)

Residue cyc-MC12 (x107) lin-MC12(n) (x107)
Gly 1 2.2

Cys 3 0.56

Thr 4 1.2 61

Ala 6 1.8

Trp7 13

lle 10 0.37 1.2

Cys 11 3.5 69

Phe 12 0.53 33

The three-dimensional structures of cyc-MC12 and Ac2-26 were determined using the program
CYANA based on distance restraints from the NOESY spectrum and angle restraints derived
from TALOS+. The 20 lowest energy structures were chosen to represent the structures of cyc-
MC12 and Ac2-26. Cyc-MC12 has a well-defined structure, including the loop containing the
grafted residues as shown in Figure 2.4. The structure overlaps with the backbone atoms of
SFTI-1 with an RMSD of 1.32 A, highlighting the similarity between the two peptides. The
structure statistics are provided Table 2. The structures of Ac2-26 are most well defined over
the first 13 residues with an RMSD of 0.08 A over the backbone atoms as shown in Figure 2.5.
An a-helix is present from residues 7-10, with residues 9 and 10 corresponding to the Gln and

Ala of MC-12. A 310 helix is also present between residues 15-17.
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lle7

FIGURE 2.4. Structural analysis of cyc-MC12. The three-dimensional structure of the 20
lowest energy structures of cyc-MC12 is shown on the left of the diagram, highlighting the
well-defined nature of the peptide, including the grafted region. The PDB ID code is 5VAV
and the BMRB code is 30274. The lowest energy structure for cyc-MC12 is shown in the
middle of the diagram with the sidechains of the grafted residues included. The structure of
SFTI-1 is shown on the right of the diagram with the sidechains of the residues replaced with

MC-12 shown. The figure was made using MOLMOL (37).

C-terminus

MN-terminus

FIGURE 2.5. Three-dimensional structure of Ac2-26. The three-dimensional structure of
the 20 lowest energy structures determined using NMR derived constraints. The helical region
is shown with a thickened ribbon. The PDB ID code is 5VFW and the BMRB code is 30281.

The figure was made using MOLMOL (37) .

40



Table 2.2. Structural statistics for the cyc-MC12 ensemble

Experimental restraints
Interproton distance restraints
Intraresidue
Sequential
Medium range (i-j < 5)
Long range (i-j >5)
Disulfide-bond restraints

Dihedral-angle restraints

R.m.s. deviations from mean coordinate structure (A)
Backbone atoms

All heavy atoms

Ramachandran Statistics
% in most favoured region

% in additionally allowed region

74
40
22
5
7
3
18

0.43+£0.17
1.27 +0.19

89.6
10.4
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2.4.3. TNBS mouse model

The TNBS-induced murine colitis model was used to test the biological activities of all
peptides. Mice were either left untreated (naive) or were treated with peptide 5 hours prior to
administration of TNBS. On day three of the experiment, all mice were euthanased by gas
asphyxiation and examined. Mice treated with TNBS alone lost weight within one day of
TNBS administration and continued to lose weight until day three. Initial experiments used
1 mg/kg dosage for cyc-MC12, but only partial protection in the TNBS model was observed
(results not shown), and subsequent experiments used 3 mg/kg. Mice that were treated with
60 ug (3 mg/kg) of cyc-MC12 prior to administration of TNBS displayed significantly reduced
weight loss at day 3, while all other peptides tested, including the linear form of the MC-12
peptide, had no significant effect (Figure 2.6A). Consistent with enhanced protection against
TNBS-induced colitis, cyc-MC12-treated mice had visibly longer, healthier looking colons
than untreated control mice administered TNBS (Figure 2.6B). The length of the colon in cyc-
MC12-treated mice was similar to that of naive mice (Figure 2.6C). Colons were then scored
macroscopically by the following parameters: adhesions, bowel wall thickening, mucosal
oedema, ulceration, necrosis, and colon length (macroscopic score), and demonstrated that cyc-
MC12-treated mice displayed a significantly reduced macroscopic score (Figure 2.6D). SFTI-
1 displayed no protective effect, indicating that the effect observed as a result of administering
cyc-MC12 was related to the grafted region rather than the native scaffold. The tripeptide MC-
12 administered at a dose of 60 ug did not have an influence on weight loss, or macroscopic
score. However, the colon length of MC-12-treated mice was significantly longer than the
TNBS-only treated mice, albeit not to the same extent as the cyc-MC12 peptide. The colon
length and the macroscopic scores of mice treated with Ac2-26 showed a protective effect, but

not to the same extent as cyc-MC12.
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FIGURE 2.6. Protective effects of cyc-MC12 against weight loss and clinical symptoms
induced by TNBS colitis. Mice were treated with TNBS at day 0 and weighed daily before
termination at day 3. A) Percent weight loss (****P< 0.0001). B) Representative
photomicrographs of colons at day 3. C) Colon lengths at day 3 (**P=0.0079, *P=0.0397). D)
Macroscopic score of colon pathology at day 3 (**P=0.0079, *P= 0.0476). All peptides were
administered at a dosage of 3 mg/kg corresponding to injection solution with molar
concentrations of approximately 0.18 mM for the grafted peptides and 0.1 mM for Ac2-26.

Data show the mean + SEM from a representative experiment of three, with n = 5.
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2.4.4. Serum stability

The stability of the peptides in human serum was assessed over an 8-hour period as shown in
Figure 2.7. MC-12 and annexin A1(2-26) were completely degraded after 8 hours. By contrast,
cyc-MC12 was stable in human serum over the time course of the experiment. The acyclic
peptides were more stable than MC-12 and Ac2-26, but were degraded to ~60% of the initial
concentration within the first three hours of incubation. The lower stability of the linear
peptides demonstrates that the disulfide bond alone is not sufficient to confer high stability and

that the cyclic backbone enhances the stability of the grafted peptides in human serum.
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FIGURE 2.7. Serum stability of SFTI-1 grafted peptides. The percentage of peptide
remaining in the serum stability assay as assessed by RP-HPLC. The grafted peptides, and
SFTI-1, showed better stability than MC-12 and the longer Ac2-26 peptide. All data are

represented as mean = SD and were recorded in triplicate
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2.5. Discussion

This study broadens the knowledge on grafting bioactive sequences into stable cyclic peptide
scaffolds. Grafting MC-12 into the SFTI-1 cyclic scaffold enhances its bioactivity in a mouse
model of acute colitis and stability in human serum, indicating that this approach might be
useful for the design of novel drug leads for the treatment of colitis and other inflammatory

diseases.

Cyc-MC12 had a significant effect on weight loss, macroscopic score and colon length in the
TNBS mouse colitis model. By contrast, MC-12 did not improve weight loss or the
macroscopic score relative to the TNBS treated mice. A significant difference was observed
between the colon length of MC-12-treated mice and TNBS-only treated mice, but not to the
same extent as cyc-MC12. Both MC-12 and cyc-MC12 were injected into mice at a dose of
3 mg/kg but MC-12 has a significantly lower molecular weight than cyc-MC12 (MC-12:
445.47 g/mol; cyc-MC12 1570.81 g/mol) corresponding to a higher molar concentration. The
original study on MC-12 in colitis required a dose of 25 mg/kg to elicit an influence on
macroscopic score and colon length in a TNBS mouse model (18); no effect on weight loss
was observed. This improvement in bioactivity of MC-12 in vivo upon grafting in the cyclic
scaffold is likely to be related to the significant improvement in stability in serum of cyc-MC12

compared to MC-12.

The three-dimensional structure of cyc-MC12, determined by NMR spectroscopy, is well-
defined, including the grafted GIn-Ala-Trp sequence. The residues corresponding to MC-12
form a helical structure in the annexin Al protein (27) as shown in Figure 2.1, but do not form

a helix when grafted into the cyclic scaffold. This is not surprising given the tightly folded
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structure of SFTI-1 resulting from the cyclic backbone and cross-bracing of the disulfide bond.
Given the well-defined nature of the cyclic peptide, it is unlikely it can change conformation
significantly to interact with a binding partner. However, based on the activity observed in the
TNBS mouse model, the turn structure induced by grafting into the cyclic backbone appears to
be sufficient to allow binding to the biological target. The biological target for cyc-MC12 is
unknown but the original studies on the MC-12 tripeptide suggested that NF-xB, a central
mediator of gastrointestinal inflammation in IBD might be involved (18,28). Further study on

these peptides is required to elucidate the mechanism of action.

Although the binding partner of MC-12 has not been conclusively shown, our current study
provides significant insight into the structure function relationships involved in the anti-
inflammatory activity. The importance of the cyclic backbone in SFTI-1 grafting has been
highlighted in the current study. Previous studies have shown that the disulfide bond and
network of hydrogen bonds are sufficient to maintain the native fold (29). However, in the
current study we have shown that although the native fold is maintained in the absence of the
cyclic backbone in lin-MC12(n), the bioactivity is not maintained. Cyc-MC12 is structurally
more stable than lin-MC12(n) based on the slower amide exchange rates and is more
biologically stable in human serum than lin-MC12(n). This lack of stability of lin-MC12(n)
might account for the lack of bioactivity in vivo. Interestingly, when the MC-12 peptide is
grafted into the SFTI-1 binding loop, without backbone cyclization in lin-MC12(p), the
chemical shift analysis indicates that the overall fold of the native peptide is not maintained.
This peptide has a large extended N-terminal tail that presumably prevents the native structure

from forming.
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Further insight into the structure function relationships of MC-12 have come from analysis of
Ac2-26. Ac2-26 is effective in a range of anti-inflammatory assays including models of ocular
inflammation and asthma at doses of 1 mg/kg (30,31) but the structure has not been reported.
We show here that the N-terminal region, including the MC-12 sequence (residues 9-11), is
well defined in contrast to the C-terminal region of the peptide (Figure 2.5). Residues 9-11 in
Ac2-26 overlay well with the corresponding residues in the full length annexin Al protein as
shown in Figure 2.8, but the adjacent residues in Ac2-26 do not overlay with the full length
protein. The conservation of the native structure of MC-12 in the Ac2-26 peptide suggests there
will be less entropic losses upon binding to the biological target and consequently why this
tripeptide has previously been shown to be so important in anti-inflammatory activity (13). In
the current study we have shown that Ac2-26 is not as effective as cyc-MC12 in the colitis
model and this lower efficacy is likely to be related to the lower biological stability; Ac2-26 is

degraded rapidly in human serum.

FIGURE 2.8. Overlay of Ac2-26 with annexin Al (PDB ID code 1HM®6). Structures were

superimposed over residues 9-11 in Ac2-26 and residues 10-12 in annexin Al (these residues
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correspond to the MC-12 sequence GIn-Ala-Trp). The labelling corresponds to the numbering
in cyc-MC12. The figure was made using MOLMOL (37).

In summary, the potency and stability of the MC-12 tripeptide was improved by incorporation
into the SFTI-1 scaffold. The cyclic backbone is important for structural and biological stability
and consequently biological activity. Overall, our results indicate that SFTI-1 is a promising
scaffold for the design of novel lead molecules for IBD and other diseases that result from a

dysregulated immune system.

48



Conflict of interest: The authors declare that they have no conflicts of interest with the

contents of this article.

49



2.6. References

1. Ament, M. E. (1975) Inflammatory disease of colon - ulcerative-colitis and crohns
colitis. J. Pediatr. 86, 322-334

2. SA, S. (2001) Surgical management of Crohn's disease. in Surgical Treatment:
Evidence-Based and Problem-Oriented (Mannick, R. G. H. J. A. ed.), Munich: Zuckschwerdt.

PP

3. Navarro, S., Ferreira, I., and Loukas, A. (2013) The hookworm pharmacopoeia for
inflammatory diseases. Int. J. Parasitol. 43, 225-231

4. Molnar, T., Farkas, K., Szepes, Z., Nagy, F., Szucs, M., Nyari, T., Balint, A., and
Wittmann, T. (2014) Long-term outcome of cyclosporin rescue therapy in acute, steroid-
refractory severe ulcerative colitis. United European Gastroenterol. J. 2, 108-112

5. Wangchuk, P., Navarro, S., Shepherd, C., Keller, P. A, Pyne, S. G., and Loukas, A.
(2015) Diterpenoid alkaloids of Aconitum laciniatum and mitigation of inflammation by 14-
O-acetylneoline in a murine model of ulcerative colitis. Sci. Rep. 5, 10

6. Leoni, G., Neumann, P. A., Kamaly, N., Quiros, M., Nishio, H., Jones, H. R., Sumagin,
R., Hilgarth, R. S., Alam, A., Fredman, G., Argyris, l., Rijcken, E., Kusters, D.,
Reutelingsperger, C., Perretti, M., Parkos, C. A., Farokhzad, O. C., Neish, A. S., and Nusrat,
A. (2015) Annexin Al-containing extracellular vesicles and polymeric nanoparticles promote
epithelial wound repair. J. Clin. Invest. 125, 1215-1227

7. Dalmasso, G., Charrier-Hisamuddin, L., Nguyen, H. T. T., Yan, Y., Sitaraman, S., and
Merlin, D. (2008) PepT1-mediated tripeptide KPV uptake reduces intestinal inflammation.
Gastroenterology 134, 166-178

8. Akgul, S., Erbil, Y., Giris, M., Alis, H., Yanik, B. T., Olgac, V., and Toker, G. A. (2006)
The effect of octreotide on pancreatic damage in TNBS-induced colitis. Surg. Innov. 13, 102-
108

9. Wada, S., Sato, K., Ohta, R., Wada, E., Bou, Y., Fujiwara, M., Kiyono, T., Park, E. Y.,
Aoi, W., Takagi, T., Naito, Y., and Yoshikawa, T. (2013) Ingestion of low dose pyroglutamy!l
leucine improves dextran sulfate sodium-induced colitis and intestinal microbiota in mice. J.
Agric. Food Chem. 61, 8807-8813

10. Bettenworth, D., Buyse, M., Bohm, M., Mennigen, R., Czorniak, I., Kannengiesser, K.,
Brzoska, T., Luger, T. A., Kucharzik, T., Domschke, W., Maaser, C., and Lugering, A. (2011)
The tripeptide KdPT protects from intestinal inflammation and maintains intestinal barrier
function. Am. J. Pathol. 179, 1230-1242

11. Kovacs-Nolan, J., Zhang, H., Ibuki, M., Nakamori, T., Yoshiura, K., Turner, P. V.,
Matsui, T., and Mine, Y. (2012) The PepT1-transportable soy tripeptide VPY reduces intestinal
inflammation. Biochim. Biophys. Acta-General Subjects 1820, 1753-1763

12.  Flower, R. J. (1988) 11th gaddum memorial lecture - lipocortin and the mechanism of
action of the glucocorticoids. Br. J. Pharmacol. 94, 987-1015

50



13.  Zhang, Z. Q., Huang, L. Q., Zhao, W. P., and Rigas, B. (2010) Annexin 1 induced by
anti-inflammatory drugs binds to NF-kappa B and inhibits its activation: anticancer effects in
vitro and in vivo. Cancer Res. 70, 2379-2388

14.  de Paula-Silva, M., Barrios, B. E., Maccio-Maretto, L., Sena, A. A., Farsky, S. H. P.,
Correa, S. G., and Oliani, S. M. (2016) Role of the protein annexin Al on the efficacy of anti-
TNF treatment in a murine model of acute colitis. Biochem. Pharmacol. 115, 104-113

15. Cirino, G., Cicala, C., Sorrentino, L., Ciliberto, G., Arpaia, G., Perretti, M., and Flower,
R. J. (1993) antiinflammatory actions of an n-terminal peptide from human lipocortin-1. Br. J.
Pharmacol. 108, 573-574

16. Stuqui, B., de Paula-Silva, M., Carlos, C. P., Ullah, A., Arni, R. K., Gil, C. D., and
Oliani, S. M. (2015) Ac2-26 mimetic peptide of annexin Al inhibits local and systemic
inflammatory processes induced by bothrops moojeni venom and the Lys-49 phospholipase
A(2) in arat model. PLoS One 10, 18

17. Perretti, M., and D'Acquisto, F. (2009) Annexin Al and glucocorticoids as effectors of
the resolution of inflammation. Nat. Rev. Immunol. 9, 62-70

18. Ouyang, N. T., Zhu, C. H., Zhou, D. Y., Nie, T., Go, M. F., Richards, R. J., and Rigas,
B. (2012) MC-12, an annexin Al-based peptide, is effective in the treatment of experimental
colitis. PLoS One 7, 11

19. Luckett, S., Garcia, R. S., Barker, J. J., Konarev, A. V., Shewry, P. R., Clarke, A. R.,
and Brady, R. L. (1999) High-resolution structure of a potent, cyclic proteinase inhibitor from
sunflower seeds. J. Mol. Biol. 290, 525-533

20. Daly, N. L., Chen, Y. K., Foley, F. M., Bansal, P. S., Bharathi, R., Clark, R. J.,
Sommerhoff, C. P., and Craik, D. J. (2006) The absolute structural requirement for a proline in
the P3 '-position of Bowman-Birk protease inhibitors is surmounted in the minimized SFTI-1
scaffold. J. Biol. Chem. 281, 23668-23675

21.  Swedberg, J. E., Nigon, L. V., Reid, J. C., de Veer, S. J., Walpole, C. M., Stephens, C.
R., Walsh, T. P., Takayama, T. K., Hooper, J. D., Clements, J. A., Buckle, A. M., and Harris,
J. M. (2009) Substrate-guided design of a potent and selective kallikrein-related peptidase
inhibitor for kallikrein 4. Chem. Biol. 16, 633-643

22. Chan, L. Y., Gunasekera, S., Henriques, S. T., Worth, N. F., Le, S. J,, Clark, R. J.,
Campbell, J. H., Craik, D. J., and Daly, N. L. (2011) Engineering pro-angiogenic peptides using
stable, disulfide-rich cyclic scaffolds. Blood 118, 6709-6717

23.  Jendrny, C., and Beck-Sickinger, A. G. (2016) Inhibition of kallikrein-related
peptidases 7 and 5 by grafting serpin reactive-center loop sequences onto sunflower trypsin
inhibitor-1 (SFTI-1). ChemBioChem 17, 719-726

24.  Chan, L. Y., Craik, D. J., and Daly, N. L. (2016) Dual-targeting anti-angiogenic cyclic
peptides as potential drug leads for cancer therapy. Sci. Rep. 6, 13

25. Quimbar, P., Malik, U., Sommerhoff, C. P., Kaas, Q., Chan, L. Y., Huang, Y. H.,
Grundhuber, M., Dunse, K., Craik, D. J., Anderson, M. A., and Daly, N. L. (2013) High-affinity
cyclic peptide matriptase inhibitors. J. Biol. Chem. 288, 13885-13896

51



26.  Wishart, D. S., Bigam, C. G., Holm, A, Hodges, R. S., and Sykes, B. D. (1995) 1H,
13C and 15N random coil NMR chemical shifts of the common amino acids. I. Investigations
of nearest-neighbor effects. J. Biomol. NMR 5, 67-81

27.  Perretti, M., D’Acquisto, F., and Flower, R. J. (2013) Chapter 86 - Annexin-Al peptide
Ac2-26 A2 - Kastin, Abba J. in Handbook of Biologically Active Peptides (Second Edition),
Academic Press, Boston. pp 631-639

28.  Tambuwala, M. M. (2016) Natural nuclear factor kappa beta inhibitors: safe therapeutic
options for inflammatory bowel disease. Inflamm. Bowel Dis. 22, 719-723

29. Korsinczky, M. L. J., Schirra, H. J., and Craik, D. J. (2004) Sunflower trypsin inhibitor-
1. Curr. Protein Peptide Sci. 5, 351-364

30. Girol, A. P., Mimura, K. K. O., Drewes, C. C., Boonheis, S. M., Solito, E., Farsky, S.
H. P., Gil, C. D., and Oliani, S. M. (2013) Anti-inflammatory mechanisms of the annexin Al
protein and its mimetic peptide Ac2-26 in models of ocular inflammation in vivo and in vitro.
J. Immunol. 190, 5689-5701

31. Wang, L. M., Li, W. H., Xu, Y. C., Wei, Q., Zhao, H., and Jiang, X. F. (2011) Annexin
1-derived peptide Ac2-26 inhibits eosinophil recruitment in vivo via decreasing prostaglandin
D-2. Int. Arch. Allergy Immunol. 154, 137-148

32.  Gunasekera, S., Aboye, T. L., Madian, W. A., El-Seedi, H. R., and Goransson, U.
(2013) Making ends meet: Microwave-accelerated synthesis of cyclic and disulfide rich
proteins via in situ thioesterification and native chemical ligation. Int. J. Pept. Res. Ther. 19,
43-54

33.  Daly, N. L., and Craik, D. J. (2000) Acyclic permutants of naturally occurring cyclic
proteins - Characterization of cystine knot and beta-sheet formation in the macrocyclic
polypeptide kalata B1. J. Biol. Chem. 275, 19068-19075

34.  Guntert, P. (2004) Automated NMR structure calculation with CYANA. in Protein
NMR Techniques (Downing, A. K. ed.), Humana Press, Totowa, NJ. pp 353-378

35. Laskowski, R. A., Macarthur, M. W., Moss, D. S., and Thornton, J. M. (1993) Procheck
- A program to check the stereochemical quality of protein structures. J. Appl. Crystallogr. 26,
283-291

36. Hutchinson, E. G., and Thornton, J. M. (1996) PROMOTIF - A program to identify and
analyze structural motifs in proteins. Protein Sci. 5, 212-220

37. Koradi, R., Billeter, M., and Wuthrich, K. (1996) MOLMOL.: A program for display
and analysis of macromolecular structures. J. Mol. Graphics 14, 51-&

38. Ferreira, 1., Smyth, D., Gaze, S., Aziz, A., Giacomin, P., Ruyssers, N., Artis, D., Laha,
T., Navarro, S., Loukas, A., and McSorley, H. J. (2013) Hookworm excretory/secretory
products induce interleukin-4 (IL-4)(+) IL-10(+) CD4(+) T cell responses and suppress
pathology in a mouse model of colitis. Infect. Immun. 81, 2104-2111

52



39.  Wishart, D. S., Bigam, C. G., Holm, A., Hodges, R. S., and Sykes, B. D. (1995) H-1,
C-13 and N-15 random coil NMR chemical-shifts of the common amino-acids .1.
investigations of nearest-neighbor effects. J. Biomol. NMR 5, 67-81

53



3. CHAPTER3
Engineering of an Anti-Inflammatory Peptide Based on

the Disulfide-Rich Linaclotide Scaffold

Claudia Cobos Caceres, Paramjit S. Bansal, Linda Jones, Phurpa Wangchuk, David Wilson,

Alex Loukas, Norelle L. Daly”

54



3.1. Abstract

Inflammatory bowel diseases are a set of complex and debilitating diseases, for which there is
no satisfactory treatment. Peptides as small as three amino acids have been shown to have anti-
inflammatory activity in mouse models of colitis, but they are likely to be unstable limiting
their development as drug leads. Here we have grafted a tripeptide from the annexin Al protein
into linaclotide, a 14-amino-acid peptide with three-disulfide bonds, which is currently in
clinical use for patients with chronic constipation or Irritable Bowel Syndrome. This
engineered disulfide-rich peptide maintained the overall fold of the original synthetic guanylate
cyclase C agonist peptide, and reduced inflammation in a mouse model of acute colitis. This is
the first study to show that this highly disuflide-rich peptide can be used as a scaffold to confer

a new bioactivity.
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3.2. Introduction

Peptides display a range of potentially useful biological functions such as anti-inflammatory
(1), anti-cancer (2), anti-HIV (3), antimicrobial (4) and insecticidal (5) activities, among others.
Peptides as drug leads have a range of advantages over small molecules and proteins, including
target specificity, low toxicity and immunogenicity, but one major limitation for small,
unstructured peptides is a lack of stability in vivo (6). Small, unconstrained peptides can be
degraded within a few minutes in the blood, which decreases their potential as therapeutic

agents.

Advances in medicinal chemistry has led to a range of approaches for stabilizing peptides,
including the use of disulfide bonds and backbone cyclization (7). These studies have involved
the use of naturally occurring peptides as well as engineering studies (8,9). Examples of
peptides that are currently used in the clinic, include Prialt® (Ziconotide), which is a synthetic
version of the cone-snail venom peptide MVIIA and is currently used for the treatment of
chronic pain (10). This cone-snail venom peptide is a calcium channel antagonist, containing
25 residues and three-disulfide bonds in a cystine knot motif (11). Another example is the 12-
residue cyclic peptide cyclosporine that has famously revolutionised organ transplant therapy
due to its potent immunosuppressant activities (12). Linaclotide, a 14-amino-acid peptide with
three-disulfide bonds, which in oral administration interacts with guanylate cyclase-C,
generating cyclic guanosine monophosphate (cCGMP), is currently in clinical use for patients
with chronic constipation or Irritable Bowel Syndrome (13). Linaclotide improves bowel

function and abdominal discomfort (14).
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We have recently shown that a tri-peptide (MC-12), originally derived from annexin Al, can
be stabilized by grafting into the SFTI-1 framework (15). SFTI-1 is a 14-residue cyclic peptide
isolated from the seeds of sunflowers (Helianthus annuus), and is one of the most potent trypsin
inhibitors known (16). It contains two short antiparallel B-strands linked by a single disulfide
bond, and the structure contains a network of hydrogen bonds which makes it extremely stable
for engineering modifications (17,18). We grafted MC-12 into the so called binding loop of
SFTI-1 to remove the trypsin inhibitory activity. Our grafted peptide, termed (cyc-MC12),
improved the therapeutic efficacy in a murine model of chemically-induced acute colitis, and

also improved the in vitro stability of MC-12 (15).

Inflammatory bowel diseases (IBD) are a set of debilitating chronic inflammatory disorders of
the gastrointestinal tract. The two major forms for IBD are ulcerative colitis and Crohn’s
disease (19). Current treatments are not satisfactory, and consequently new drug leads are
being sought from a range of sources, including small molecules from plants and bioactive

regions of larger proteins (20-23).

To further explore the potential of using disulfide rich/cyclic peptide scaffolds for IBD
applications we have used the linaclotide scaffold for grafting the MC-12 sequence. The
linaclotide scaffold is highly constrained and orally active, making it interesting to explore its
potential for acting as a scaffold for engineering novel bioactivities. Linaclotide regulates
guanylate cyclase C (GCC) and is used in the treatment of inflammatory bowel syndrome
(IBS), but has not been demonstrated to regulate autoimmune diseases such as inflammatory

bowel disease (IBD), making this study the first to examine its potential as a scaffold in IBD.
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3.3. Experimental procedures

3.3.1. Peptide synthesis and purification

The peptides were synthesized using fluorenylmethyloxycarbonyl (Fmoc) chemistry based
solid phase peptide synthesis. The resin used for the peptides was 2-chlorotrityl chloride resin
on a 0.1 mmole scale. Amino acids (2 equiv.) were activated in 5 equiv HBTU and 10 equiv.
DIPEA in DMF (1.5 mL). Deprotection was carry out in two repetitions: Starting with 2 min
of 20% pipiridine in DMF (5 ml), followed by 3 mins of the same solution. The C-terminal
amino acid was coupled manually to the resin, and the remainder of the peptide assembled
using a Protein Technologies PS3 synthesiser following FMOC approach. Peptides were
cleaved from the resin using a mixture of trifluoroacetic acid/water/triisopropylsilane
(95:2.5:2.5) for 2-3 h. Each peptide was precipitated with diethylether after cleavage, dissolved
in 50% acetonitrile/0.05% TFA, and then lyophilised. RP-HPLC was used for purification on
a Cig preparative column (Phenomenex Jupiter 250 x 21.2 mm, 10 um, 300 A) with 1%
gradient of solvent B (solvent A: 0.05% TFA; solvent B: 90% acetonitrile, 0.05% TFA).
Masses were analysed using MALDI-TOF mass spectrometry. The reduced peptides were
oxidised for in 0.1 M ammonium bicarbonate (pH8.5) buffer solution containing 2 mM reduced
glutathione for 24 hours at room temperature. The oxidized peptides were purified in RP-HPLC

and masses analysed using MALDI-TOF mass spectrometry.

3.3.2. NMR spectroscopy and structural analysis

After purification, the peptides were resuspended at a final concentration of ~0.2 mM in

90%H,0:10%D,0, or 100 mM deuterated SDS dissolved in 90%H,0:10%D,0. 2D H-'H

58



TOCSY, 'H-'H NOESY, *H-'H DQF-COSY, *H-">N HSQC, and *H-**C HSQC spectra were
acquired at 290 K using a 600 MHz AVANCE Il NMR spectrometer (Bruker, Karlsruhe,
Germany). NOESY spectra were acquired with mixing times of 200-300 ms, and TOCSY
spectra were acquired with isotropic mixing periods of 80 ms. Standard Bruker pulse sequences
were used with an excitation sculpting scheme for solvent suppression. Spectra were referenced

to internal 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).

NMR assignments were made using established protocols (24), and the secondary shifts
derived by subtracting the random coil aH shift from the experimental a.H shifts (25). The 2D
NOESY spectra of MC12-linaclotide was automatically assigned and an ensemble of structures
calculated using the program CYANA(26). Dihedral-angle restraints were derived based on
the Jun coupling constants measured from the one-dimensional spectra. The final structures

were visualized using MOLMOL (27).

3.3.3.  TNBS colitis assay

The animal experiments were conducted in accordance with the James Cook University Animal
Ethics Committee approved guidelines. Five male BALB/c were used for each group (5 weeks
old). Mice were purchased from the Animal Resources Centre (Perth, Australia) and housed in
the animal care facility unit at James Cook University in Cairns under specific pathogen free
conditions, with unlimited access to food and water in their cages. Mice were divided randomly
into 4 groups: Naive, 2,4,6-trinitrobenzenesulfonic acid (TNBS), MC12-linaclotide plus TNBS
and linaclotide plus TNBS. Mice received intraperitoneal (i.p) injections of peptides at a dosage
of 3 mg/kg body weight. Prior to intra-rectal administration of TNBS, mice were anaesthetized

using mild ketamine/xylazine solution. After anaesthesia, each mouse received 100 pL of 5%
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(w/v) TNBS solution in 60% ethanol by intra-colonic instillation using a 20 gauge soft catheter
(Terumo), which was inserted into the anus and up to the colon. Mice were monitored daily for
body weight, piloerection, survival, decreased motor activity, rectal bleeding and stool
consistency. Mice were humanely euthanased using gas asphyxiation, where CO, was applied
directly to the individual cage for approximately 1.5 minutes and animals removed from the
cage and death confirmed. After cull, macroscopic pathology score was calculated for each
colon. Briefly, colons were harvested, opened longitudinally and washed with sterile phosphate
buffer saline. The tissues were assessed for changes in macroscopic appearance, and scored for
pathological changes as follows: adhesion (0 to 3), bowel wall thickening (0 to 3), mucosal
oedema (0 to 3), ulceration (0 to 3), and colon length as described previously (28). All animal

experiments were conducted in duplicate to ensure reproducibility of the findings.

3.3.4. Tissue p-1kB-a (Ser32) and p-NF-kB p65 (Ser536) measurements

The levels of phosphorylated inhibitors phosphorylated nuclear factor kappa-light-chain-
enhancer of activated B cells p65 (Ser536) (phospho-NF-«xB p65 (Ser536)) and phosphorylated
inhibitor of xB-a (Ser32) (phospho-IkBa (Ser32)) were measured using tissue homogenates
prepared at 4 °C using phosphate buffer as per the manufacturer's instructions using a manual
tissue grinder. Results were determined by ELISA using PathScan® kits (Cell Signalling
Technology), and absorbances were read using POLARstar Omega spectrophotometer (BMG
Labtech). Statistical analyses were performed using four groups of mice (naive, TNBS only,
linaclotide + TNBS, and MC12-linaclotide + TNBS), with a total of 20 mice. Error bars

represent + SEM.
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3.4. Results

3.4.1. Peptide design and synthesis

The linaclotide sequence contains three inter-cysteine loops, comprising two or three residues.

To avoid changing the inter-cysteine loop sizes we grafted MC-12 into the second loop, which

contains three residues, as shown in Figure 3.1. Linaclotide and the grafted peptide (MC12-

linaclotide) were synthesised by Fmoc solid phase peptide synthesis, purified using RP-HPLC

and the mass analysed with MALDI-TOF mass spectrometry. The purified, reduced peptides

were oxidised in ammonium bicarbonate with glutathione as a shuffling reagent, and a single

major product was evident based on RP-HPLC analysis. This major isomer was purified and

the mass confirmed.

MC12-linaclotide
Linaclotide

STh (6-19)
STp (5-17)
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Figure 3.1. Sequences of MC-12-linaclotide, linaclotide, STh (6-19) and STp (5-17) (the

latter two peptides are linaclotide related peptides). The differences in sequences are

highlighted in red. The disulfide bonds are highlighted in blue.
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3.4.2. Structural analysis

The structures of linaclotide and MC12-linaclotide were analysed using NMR spectroscopy.
NMR spectra were recorded in aqueous solution. Two-dimensional TOCSY and NOESY
spectra allowed assignment of the majority of the resonances, and the secondary chemical shifts
were determined by subtracting random coil chemical shifts from the aH chemical shifts (25).
Cysl, Cys 2, Cys5 and Cys6 could not be assigned for either linaclotide or MC12-linaclotide.
It is likely that these residues have very broad peaks, which prevented detection. A comparison
of the secondary shifts for the assigned residues is shown in Figure 3.2A. The secondary shifts
are similar between MC12-linaclotide and linaclotide, indicating that the peptides have the
same overall fold. To confirm the fold of the synthetic peptides was similar to related peptides,
and therefore likely to have the native disulfide connectivity, we compared the secondary shifts
to STh (6-19), which is a toxin that only differs from linaclotide by one residue; linaclotide
contains a tyrosine at residue 4, whereas STh (6-19) contains a leucine (Figure 3.1). The
chemical shifts of STh (6-19) have previously been published, and the structure reported has
the same disulfide connectivity as linaclotide (29). STh (6-19) also has incomplete shifts for
residues 1, 2, 5 and 6. All three peptides have similar secondary shifts consistent with them
having the same disulfide connectivity (Cys1-Cys6, Cys2-Cysl10, Cys5-Cys13) and overall

fold.
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Figure 3.2. Secondary shift analysis. The secondary shifts were calculated by subtracting the
random coil shifts from the aH shifts (25). A) MC12-linaclotide (blue), Linaclotide (red) and
STh (6-19) (green); Residues that were not able to be assigned are marked with an asterisk. (B)
Comparison of secondary shifts of MC12-linaclotide derived from spectra recorded in aqueous
solution (blue) and 100 mM SDS (red). The N-terminal residue is marked with an asterisk as

it could not be assigned in the spectra recorded in SDS.
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One-dimensional NMR spectra were recorded for MC12-linaclotide over the pH range 3.5 to

6 to determine if the missing resonances were evident. Peaks corresponding to the amide

protons of residues 1, 2, 5 and 6 were not present in any of the spectra. Most of the amide

protons were not evident in the one-dimensional spectrum at pH 6.

The three-dimensional structure of MC12-lincalotide was calculated based on NOE and

dihedral angle restraint data (30). Although the N-terminal region is disordered a turn of 319

helix from residues 7-10 was present based on analysis with CY ANA(26). A superposition of

the 20 lowest energy structures is given in Figure 3.3.A, which highlights the disorder at the

N- and C-termini despite the high proportion of disulfide bonds in the peptide. The structure

statistics are provided Table 3.1.

Table 3.1. Structural statistics for the MC12-linaclotide ensemble

Experimental restraints
Interproton distance restraints
Intraresidue
Sequential
Medium range (i-j < 5)
Long range (i-j >5)
Dihedral-angle restraints

R.m.s. deviations from mean coordinate structure (A)
Backbone atoms (residue 1-14)

All heavy atoms (residue 1-14)

Backbone atoms (residue 6-11)

All heavy atoms

Ramachandran Statistics
% in most favoured region

% in additionally allowed region

62
30
22

1.68 £ 0.69
254 +0.7

1.54+0.84
1.28 +£0.82

36.4%
62.4%

64



A)

c
Figure 3.3. Three-dimensional structures of MC12-linaclotide. A superposition of the 20

lowest energy structure of MC12-linaclotide determined in (A) aqueous solution and (B)100
mM SDS. (C) The lowest energy structure of MC12-linaclotide in (C) aqueous solution and
(D) 100 mM SDS, with the disulfide bonds shown in ball-and-stick format. The figure was

generated using MOLMOL (27)

To determine if a non-aqueous environment stabilizes the structure, spectra were recorded in
the presence of 100 mM deuterated SDS. A comparison of the secondary shifts in aqueous

solution and in SDS is given in Figure 3.2B. The shifts are similar between the two peptides
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indicating that SDS does not significantly influence the overall fold. However, a larger number
of NOEs were evident in the NOESY spectra and enabled a more well-defined structure to be

calculated as shown in Figure 3.3B.

3.4.3. TNBS mouse colitis model

The effect of MC12-linaclotide in a TNBS induced colitis mouse model was assessed. Mice
were either left untreated (naive), treated with TNBS alone or were treated with peptides at a
dose of 3 mg/kg five hours prior to administration of TNBS. On day 3, mice were humanely

euthanased using gas asphyxiation and examined for assessment of protection against colitis.

The TNBS treated mice lost weight and did not recover during the experiment, consistent with
inflammation and colonic mucosa damage. By contrast, MC12-linaclotide treated mice
displayed significant protective effects in the TNBS assay as shown in Figure 3.4A, showing
statistically significant effects in reducing weight loss. MC12-linaclotide also showed
statistically better macroscopic scores than TNBS only treated mice as shown in Figure 3. 4B.
No difference is colon length was observed (results not shown). By contrast, linaclotide did not
display protective effects, indicating that the grafting of the MC-12 sequence was responsible

for the bioactivity.
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Figure 3.4. Protective effects of MC12-linaclotide against colitic weight loss and macroscopic
pathology induced by intra-rectal administration of TNBS. Mice (5 per group) were untreated
(naive) or treated with TNBS following intra-peritoneal administration of peptides (3 mg/kg)
or saline vehicle control (TNBS only). A) Percentage weight change (**P= 0.0018); B)
Macroscopic pathology score (*P= 0.0238). Data was analysed using GraphPad Prism.
Statistical analyses of weights were performed using the 2-way ANOVA, with multiple
comparisons of the groups over different days. Macroscopic score was analysed using unpaired
Mann-Whitney non-parametric tests. All values are expressed as mean + SEM. Results were

considered significant when P < 0.05.
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3.4.4. Tissue p-1kB-a (Ser32) and p-NF-kB p65 (Ser536) measurements
Analysis of colon tissue homogenates for phosphorylated transcription factor levels in mice
illustrates that linaclotide-treated mice (MC12-linaclotide +TNBS) have levels of phospho-
NF-«xB p65 (Ser536) and phospho-I1kBa (Ser32) that are not statistically different to the TNBS-
only treated mice. There appears to be a trend for lower levels of phosphorylated NFxB in mice
treated with MC12-linaclotide plus TNBS which might suggest that the peptide is able to
reduce the production of pro-inflammatory cytokines but larger sample sizes may be required

to reach statistical significance.
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3.5. Discussion

Grafting bioactive sequences into peptide scaffolds is proving to be a useful approach for the
design of novel drug leads (15,31,32). Here we show for the first time that the highly disuflide-
rich peptide, linaclotide, can be used as a scaffold to confer anti-inflammatory activity in a

TNBS mouse model of colitis.

The MC-12 tri-peptide has previously been shown to have effects in mouse models of
colitis (33), and we have shown that grafting it into the SFTI-1 scaffold improves the potency
and stability of the peptide (15). Our current study confirms the importance of the MC-12 tri-
peptide sequence (QAW) as linaclotide alone did not alleviate the symptoms of colitis, in
contrast to the grafted MC12-linaclotide peptide which had a moderate but statistically
significant influence on weight loss and macroscopic score. MC-12 is thought to interact with
NF-xB and it is likely that the grafted peptide has the same mechanism of action but this has

yet to be explored.

Analysis of the structures of the grafted MC12-linaclotide and linaclotide with NMR
spectroscopy has been complicated due to the lack of spectral data in the N-terminal of both
peptides. The missing peaks are most likely the result of structural flexibility in this region.
Despite the incomplete assignments, the NMR analysis indicates that the synthetic forms of
MC12-linaclotide and linaclotide used in the current study have similar overall folds.
Comparison of the secondary shifts of linaclotide and MC12-linaclotide with a peptide closely
related to linaclotide, a heat stable enterotoxin from the human strain of enterotoxigenic E.
coli named ST Ib (6-19) (29), highlights the similarly with the synthetic peptides used in this

study. ST Ib (6-19) also has incomplete assignment for residues 1, 2, 5 and 6, suggesting that
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apparent flexibility in the N-terminal region is characteristic of this family of peptides. Overall,
the NMR analysis indicates that our synthetic peptides have the same cysteine connectivity

(Cys1-Cys6, Cys2-Cys10, Cysb-Cys13) as previously reported for linaclotide (34)

The three-dimensional structure of MC12-linaclotide was determined and as expected was
disordered at the N-terminus, but displayed a relatively well defined region corresponding to
the grafted MC-12 sequence as shown in Figure 3.3A. The disorder at the N-terminus clearly
results from the lack of assignments in the region, but this apparent flexibility is intriguing

given the high percentage of cysteine residues in this peptide.

Comparison of the secondary shifts of MC12-linaclotide in aqueous solution and 100 mM SDS
(Figure 3.2B) highlights the similarity between the two conditions. However, in the presence
of SDS the a-protons of residues 2, 5 and 6 could be assigned, in contrast to the spectra
recorded in aqueous solution. Peaks corresponding to these residues were not present in the
aqueous solution data, and were broad in the SDS spectra. The structures determined in the
presence of SDS are more well defined than those in aqueous solution indicating that SDS is
having an impact on the dynamics of the peptide. Comparison of the three-dimensional
structure of MC12-linaclotide in SDS with the crystal structure of a related peptide, STp(5-17),
also highlights the similarity between the grafted peptide and peptides with similar sequences

to linaclotide, as shown in Figure 3.5.
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Figure 3.5. Three-dimensional structures of MC12-linaclotide and ST Ib. A) MC12-
linaclotide determined in the presence of 100mM SDS and B) crystal structure of STp (5-17),

PDB code: 1IETN. The figure was generated using MOLMOL (27)

In summary, we have shown that linaclotide can serve as a scaffold to accommodate a small
bioactive sequence and allow appropriate binding to a biological target. In particular,
linaclotide is an interesting scaffold for the design of novel lead molecules for inflammatory
bowel disease. Overall, this study provides further insight into grafting bioactive sequences

into stable peptide scaffolds.
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4.1. Abstract

A decline in the prevalence of parasites such as hookworms appears to be correlated with the
rise in autoimmune conditions in developed countries. This correlation has led to studies that
have identified hookworm proteins with activity in inflammatory bowel disease (IBD) and
asthma. Hookworms secrete a family of netrin-domain containing proteins referred to as AIPs
(Anti-Inflammatory Proteins), but there is no information on the structure-function
relationships. Here we have applied a downsizing approach to the hookworm AIPs to derive
peptides of 20 residues or less, some of which display significant anti-inflammatory effects
when co-cultured with human peripheral blood mononuclear cells and/or in a TNBS mouse
model of colitis. Our results indicate that a conserved helical region is responsible, at least in
part, for the anti-inflammatory effects. This helical region has potential in the design of new

leads for treating IBD and possibly other inflammatory conditions.
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4.2. Introduction

A decline in the prevalence of parasites such as hookworms appears to be correlated with the
rise in autoimmune conditions in developed countries (1-3). This correlation has led to studies
of parasite excreted proteins in autoimmune conditions such as inflammatory bowel disease
(IBD) and asthma. IBDs affect the gastrointestinal track and can be sub-classified into two
main conditions: ulcerative colitis (UC) and Crohn’s disease (CD) (4). The causes of IBD are
still unknown, but a combination of immune responses and environmental factors appear to be
involved (5). Asthma primarily affects the respiratory tract and its incidence is rising in
industrialized and developing countries, generating a burden on their health services (6).
Current treatments for both IBD and asthma have significant limitations (7,8) and consequently

new drug leads are required.

The excretory/secretory (ES) products in hookworms are a diverse source of compounds with
potential in the treatment of both IBD and asthma (9,10). The ES products comprise a complex
mixture of proteins, carbohydrates, small molecules and lipids secreted by the parasite (11).
Proteomic profiling of ES products of the dog hookworm, Ancylostoma caninum, indicated the
presence of 250 different proteins (11,12). Several of these proteins have sequence homology
to a family of mammalian proteins known as tissue inhibitors of matrix-metalloproteinases
(TIMPs), including Ac-TMP-1 and Ac-TMP-2 (13). Despite sequence and predicted structural
similarity to TIMPs, these hookworm proteins do not seem to possess MMP inhibitory activity,
and their netrin domains likely perform unrelated functions (13). Ac-TMP-1 and Ac-TMP-2
have subsequently been referred to as Ac-AlIP-1 and Ac-AlP-2, and have been tested in mouse
models of colitis (14) and asthma (15) respectively. Recombinant forms of both proteins

significantly alleviate the disease symptoms in these models, reduce immunopathology and
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suppress expression of inflammatory cytokines. However, the biological targets of these
proteins are not known, and there is no information available on the structure-function

relationships.

Analysis of three-dimensional protein structures can provide clues to regions important in
activity, and insight into the process of “downsizing” proteins (16,17). This process can be
valuable for the design of peptide-based drug leads that have lower immunogenicity, greater
tissue penetration, and are cheaper to manufacture than larger proteins (18,19). Here we have
applied the downsizing approach to selected hookworm TIMP-like proteins from three

different species with a focus on developing peptides with potential in treating colitis.

The three proteins chosen for this study are AceES-2 from Ancylostoma ceylanicum,
Ac-AlIP-2 from A. caninum, and NECAME 07191 from Necator americanus (this protein will
be subsequently referred to as Na-AlIP-1 for consistency). We have used the crystal structure
of AceES-2 (20) and modelled structures of Ac-AlP-2 and Na-AlP-1, as there are no
experimental structures available, as the basis for our peptide design studies. We were
primarily interested in the analysis of discrete elements of secondary structure, and have shown
a small helical region, conserved amongst these hookworm proteins, can alleviate symptoms
in a chemically-induced mouse model of colitis and supress cytokine secretion by human

peripheral blood mononuclear cells in vitro.
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4.3. Experimental Procedures

4.3.1. Peptide synthesis and purification

Peptides were synthesised using solid phase peptide synthesis (SPPS) on a Protein
Technologies PS3 synthesiser using fluorenylmethyloxycarbonyl (Fmoc) chemistry on a 0.1
mmole scale. The resin used for the peptides was 2-chlorotrityl chloride resin on a 0.1 mmole
scale. Amino acids (2 equiv.) were activated in 5 equiv HBTU and 10 equiv. DIPEA in DMF
(1.5 mL). Deprotection was carry out in two repetitions: Starting with 2 min of 20% pipiridine
in DMF (5ml), followed by 3 mins of the same solution. The C-terminal amino acid was
coupled manually to the resin, and the rest of the sequence was assembled using a Protein
Technologies PS3 synthesiser. Following complete assembly of the peptides, all peptides were
cleaved from the resin using a mixture of trifluoroacetic acid (TFA)/water/triisopropylsilane
(95:2.5:2.5) for 2-3 h, and then each peptide was precipitated with diethylether. After
precipitation they were dissolved in 50% acetonitrile/0.05% TFA and finally lyophilised.
Purification was performed with RP-HPLC on a Cyg preparative column (Phenomenex Jupiter
250 x 21.2 mm, 10 pum, 300 A) using a 1% gradient of solvent B (solvent A: 0.05% TFA;
solvent B: 90% acetonitrile, 0.05% TFA). Masses were analysed using MALDI-TOF mass

spectrometry.

4.3.2. NMR spectroscopy and structural analysis

Lyophilized and purified peptides were resuspended to a final concentration of ~0.2 mM in
90%H,0:10%D,0. 2D *H-'H TOCSY, *H-'H NOESY, *H-'H DQF-COSY, 'H-"N HSQC,

and *H-*C HSQC spectra were acquired at 290 K using a 600 MHz AVANCE 11l NMR
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spectrometer (Bruker, Karlsruhe, Germany). NOESY spectra were acquired with mixing times
of 200-300 ms, and TOCSY spectra were acquired with isotropic mixing periods of 80 ms.
Standard Bruker pulse sequences were used with an excitation sculpting scheme for solvent
suppression. Spectra were referenced to internal 4,4-dimethyl-4-silapentane-1-sulfonic acid

(DSS).

The assignments were made using established protocols (21) and the secondary shifts derived
by subtracting the random coil aH shift from the experimental oH shifts (22). The 2D NOESY
spectra of AIP2-20 were automatically assigned and an ensemble of structures calculated using
the program CYANA (23). Torsion-angle restraints from TALOS+ (24) were used in the

structure calculations. The final structures were visualized using MOLMOL (25).

4.3.3. TNBS colitis

Experiments were conducted in accordance with the James Cook University Animal Ethics
Committee approved guidelines under the project #A2012. All experiments were performed
with C57BL/6 strain mice in groups of five males (5 weeks old). Mice were purchased from
the Animal Resources Centre (Perth, Australia) and housed in the animal care facility unit at
James Cook University under specific pathogen free conditions. After arriving at our facility,

mice were placed inside plastic cages with unlimited access to food and water.

Mice were divided randomly into different groups: Naive, 2,4,6-trinitrobenzenesulfonic acid
(TNBS), AIP peptides and SFTI-1. Mice received intraperitoneal (i.p.) injections of peptides
and protein at a dose of 1.0 mg/kg 5 hours prior to administration of TNBS. Ketamine/xylazine

solution was used to anaesthetise the mice prior to administration of TNBS. Mice received 100
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uL of 5% (w/v) TNBS solution in 60% ethanol by intra-colonic instillation using a 20 gauge
soft catheter (Terumo), which was inserted into the colon. Mice were monitored daily for
piloerection, survival, stool consistency, body weight, rectal bleeding and decreased motor
activity. The effective induction of TNBS-induced colitis was confirmed by weight loss during
the course of the experiment; this occurs due to inflammation and colonic mucosa damage. On
day 3 of the experiment, the mice were euthanased using gas asphyxiation and examined for
assessment of protection against colitis. A score of macroscopic pathology was calculated for
each colon. This macroscopic pathology was made by harvesting the colon and opening it
longitudinally, then washing the colon with sterile phosphate buffer saline. The colon was then
visualised using a stereomicroscope (Olympus SZ61, 0.67-4.5x). Tissues were assessed and
scored for pathological changes as follows: presence of adhesions (0 to 3), bowel wall
thickening (0 to 3), mucosal oedema (0 to 3), ulceration (0 to 3), and colon length as described
previously.(10) All animal experiments were conducted in duplicate to ensure reproducibility
of the findings. Graphs and statistical analysis were produced using GraphPad Prism version

7.02 (GraphPad Software Inc).

4.3.4. Histological evaluation of colitis

Tissue for histological analysis was fixed in formalin and then transferred to a solution of 70%
alcohol. The tissue was embedded in paraffin and sectioned longitudinally for histology at
4 um thickness. Periodic acid-Schiff (PAS) stain was used to assess goblet cell destruction.
Scoring of the images was determined in a blinded fashion following the scoring method of
Hong et al. (26) High resolution images were scored as follows: Ulceration: no ulcers = 0; 1
ulcer =1; 2 ulcers = 2; 3 ulcers = 3; and >3 ulcers = 4. Infiltration: 0 = no infiltrate, 1 = infiltrate

at crypt bases, 2 = infiltrate reaching to muscularis mucosa, 3 = extensive infiltration reaching
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the muscularis, and 4 = infiltration of the submucosa with oedema. Epithelium was scored: 0
= normal morphology, 1 = loss of goblet cells in one area, 2 = loss of goblet cells in more than
one area, 3 = loss of crypts in one area, and 4 = loss of crypts in more than one area. Lymphoid

follicles: none=0,1=1,2=2,3=3,>3=4

4.3.5. Bioactivity on human immune cells

The human blood used for this project was donated by healthy volunteers. Written informed
consent was obtained from each donor at the time of blood draw. Ethical approval for this
research was obtained from the James Cook University Human Ethics Committee (Australia).
PBMCs were isolated from whole blood by density gradient centrifugation using Ficoll-Paque
media. For induction of T cell cytokines, PBMCs were activated with a cell stimulation cocktail
of 50 ng/ml of phorbol 12-myristate 13-acetate (PMA) and 1 pg/ml of ionomycin
(eBioscience). PMA + ionomycin-stimulated cells were treated with 0.1-100 pg/ml of
hookworm AIP peptide or remained untreated. For stimulation of myeloid-associated
cytokines, PBMCs were activated with 10 ng/ml lipopolysaccharide (LPS) (Sigma-Aldrich).
LPS-stimulated PBMCs were treated with 0.1-100 pg/ml of AIP peptide or remained untreated.
The cell culture plates were incubated overnight at 37°C and 6.5% CO,. After incubation, the
samples were centrifuged at 1,500 x g for 5 minutes and the culture supernatants were collected
for cytokine analysis. Toxicity assays were performed with the LIVE/DEAD Cell Viability
Assay (Thermo Fisher Scientific) and readout using flow cytometry. This dye binds to amines

in cells with compromised cell membranes but cannot enter healthy cells.
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4.3.6. BD™ cytometric bead array

Interleukin (IL)-1p, IL-2, IL-6, IL-8, IFN-y and tumour necrosis factor (TNF)-a. from PBMC
culture supernatant were quantified using BD™ Cytometric Bead Array (CBA) (BD
Biosciences). The CBA assays were performed according to the manufacturer’s instruction
using a five laser Special Order LSRFortessa™ with HTS (BD Biosciences). Cytokine
concentrations (pg/ml) were calculated based on the sample MFI compared to the cytokine
standard curves. BD™ FCAP Array software version 3.0 was used for data analysis. Graphs
and statistical analysis were produced using GraphPad Prism version 7.02 (GraphPad Software

Inc).

4.3.7. Serum stability assay

The serum stability of the peptides was tested using human male AB plasma (Sigma-Aldrich)
following methods previously described.(27) The peptides were tested at a concentration of
200 uM, incubated in serum or PBS at 37°C and 40 uL aliquots were taken at 0 h, 3 h and 8 h.
The aliquots of serum were quenched with 40 pL of 20% TFA and incubated for 10 minutes at
4°C to precipitate serum proteins. PBS received the same treatment as serum. The samples
were then centrifuged at 17000 g for 10 min and 90 pL of supernatant analysed by RP-HPLC
at a flow rate of 0.3 mL/min using a Phenomenex Jupiter Proteo C,, analytical column (150 x
2.00 mm, 4 pm, 90 A) using a linear 1% min™ acetonitrile gradient (0-50% solvent B). The

eluent was observed using a dual wavelength UV detector set to 214 and 280 nm
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4.4. Results

4.4.1. Molecular models

The structures of Ac-AlIP-2 and Na-AlP-1, were modelled using I-TASSER protein structure
and function prediction software, which involves: threading template identification, iterative
structure assembly simulation, model selection and refinement, and structure-based function
annotation (28). The templates with the highest scores for the model of Ac-AlP-2 and Na-AlP-
1 were the human TIMP-2 protein (PDB code 1BR9.pdb) (29) and the TIMP-3 protein (PDB

code 3CKIl.pdb)(30), highlighting the similarities between these TIMP proteins.

The crystal structure of AceES-2 (20) along with the modelled structures of Ac-AlP-2 and Na-
AIP-1 with the highest C-score (-2.57 and -0.51 respectively) are shown in Figure 4.1. All of
the proteins contain several B-sheets at the core of the protein, and a conserved helical region
is present at the C-termini of Na-AlIP-1 and AceES-2. Ac-AlP-2 contains a similar helical
region but has an extended C-terminal region compared to the other two proteins. The
conservation of this helical region indicated it might be functionally important as helices are
often involved in protein-protein interactions. Analysis of protein complexes submitted to the

PDB showed that 62% contain a helix at the interface (31).
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Figure 4.1. Structures of hookworm proteins. A) Crystal structure of AceES-2 (PDB code
3NSW); B) The modelled structure of Ac-AlP-2; C) The modelled structure of Na-AlP-1. The
conserved C-terminal helical region is shown in magenta. The extended C-terminal tail in Ac-

AIP-2 has been removed for clarity. The figure was made using MOLMOL (25).
4.4.2. Synthesis and characterisation of peptides

Peptides corresponding to the conserved C-terminal helical region were designed and the
sequences are shown in Table 1. The peptides are named based on the residue numbers
corresponding to the N- and C-termini. A mutant form of AIP2-20 - AIP2-20D6P, where Asp6
was replaced with a proline residue - was included in the suite of peptides synthesised. The
rationale for this peptide was based on the structural data obtained for AIP2-20 (see below).
The peptides were synthesised using Fmoc chemistry on a 0.1 mmole scale, purified using RP-

HPLC and the mass analysed using MALDI mass spectrometry.
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Table 4.1. Sequences of synthetic peptides

Protein Residue numbers  Peptide name Sequence*

Ac-AlP-2 (115-134) AIP2-20 TPEEHDLLMDLMGDPKKAEE
Ac-AlP-2 (115-134) AIP2-20D6P TPEEHPLLMDLMGDPKKAEE
Na-AlP-1 (125-137) AIP1-13 PSKEKADLGKYKA

AceES-2 (93-102) ES-10 SQKEKDLLKE

* The EXXXL motif is highly conserved amongst the proteins.

The structures of the peptides were analysed in aqueous solution using NMR spectroscopy.
The peptides displayed sharp peaks in solution indicating they were in a monomeric state. Two-
dimensional TOCSY and NOESY spectra allowed assignment of the resonances, and the
secondary chemical shifts (secondary shifts) were determined by subtracting random coil
chemical shifts (22) from the aH chemical shifts. A comparison of the secondary shifts is given
in Figure 4.2. Chemical shift analysis often provides an indication of the type of secondary
structure present in peptides, with consecutive shifts more negative than -0.1 indicating the
presence of helical structure (32). AIP2-20 displayed consecutive negative chemical shifts in
the N-terminal region of the peptide, and AIP1-13 and ES-10 have consecutive negative
secondary shifts for a large proportion of the molecules, albeit with some of the shifts being
relatively close to random coil values. The negative shifts present in AIP2-20 are disrupted in
AlP2-20D6P at residues 5 and 6. Overall, this analysis indicates a modest propensity for helical
structure in the isolated peptides with the exception of AlIP2-20D6P where the disruption of

negative shifts indicates that the helical region would also be disrupted.
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Figure 4.2. Secondary shift analysis of the peptides. The secondary shifts of AIP2-20, AIP1-
13 ES-10 and AIP2-20D6P were calculated by subtracting the random coil shifts (22) from the

oH shift

To determine if helical structure is actually present in the peptides, analysis of the NOESY
spectra, dihedral angle prediction using TALOS+ (24), and determination of the slowly

exchanging amide protons was carried out. Analysis of the NOESY spectra of AIP2-20
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indicated the presence of several medium range NOEs indicative of helical turns and several
slowly exchanging amide protons were identified in D,O exchange experiments. The three-
dimensional structures of AIP2-20 were calculated using CYANA, initially based on the
NOESY data and dihedral angle restraints predicted using TALOS+. Based on the preliminary
structures and slowly exchanging amide protons (Leu8, Gly9, Tyr11, Lys12, Alal3), hydrogen
bond restraints were included. The final ensemble of AIP2-20 structures is shown in Figure 4.3.
The N-terminal region displays a well-defined a-helical region (Figure 4.3A), in contrast to
the C-terminal region, which does overlay to some extent but does not possess regular
secondary structure (Figure 4.3B).

(A) (B)

=}

A

c

Figure 4.3. Three-dimensional structure of AIP2-20. The 20 lowest energy structures of Ac-
AIP-2 determined based on NMR spectroscopy data. (A) Superposition of structures over the
backbone atoms of residues 2-11 (RMSD 0.126 A). (B) Superposition of structures of the
backbone atoms of residues 11-18 (RMSD 1.003 A). The figure was made using

MOLMOL(25).
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Proline residues generally have a low propensity for helix formation and can result in disruption
of helical secondary structure. A proline residue was introduced into the helical region of AIP2-
20 to determine if this change disrupted the structure and influenced the activity. The NOESY
spectra of AIP2-20D6P showed limited medium or long range NOEs and the TALOS+ analysis
did not provide any definitive prediction for the dihedral angles, but slowly exchanging amide
protons were evident in the D,O exchange experiments. The presence of slowly exchanging
amide protons is generally indicative of hydrogen bonds suggesting that the peptide is
structured in solution. However, the structure calculations for AIP2-20D6P resulted in flexible
structures with no defined secondary structure. This lack of structure is a direct result of limited
experimental restraints to define the structure but indicates that the D6P mutation disrupts the

structure.

Analysis of the NMR data for the peptides AIP1-13 and ES-10 demonstrated that both peptides
had limited medium or long range NOEs, TALOS+ analysis did not provide any definitive
prediction of the dihedral angles, and both peptides displayed slowly exchanging amide protons
in the D,O exchange experiments. AIP1-13 showed slowly exchanging amide protons for five
residues for 30 minutes following resuspension in D,O. All amide protons exchanged within
60 minutes. ES-10 showed the amide protons of eight residues still present after 30 minutes.
The conserved Leu 8 residue was particularly slowly exchanging compared to the other
residues, and was still evident in spectra recorded 2.5 hours after dissolution of the peptide in
D,0. The lack of NOEs and dihedral angle restraints prevented the determination of the
structures of AIP1-13 and ES-10 and suggests that the peptides are not well structured in
solution. However, similar to AIP2-20D6P, the presence of slowly exchanging amide protons

suggests the peptides have a propensity for forming hydrogen bonds.
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4.4.3. TNBS-induced weight loss, macroscopic pathology and colon shortening

AlP2-20, AIP1-13 and ES-10 displayed significant protective effects against TNBS-induced
intestinal inflammation as shown in Figure 4. AlIP2-20 (P<0.001), AIP1-13 (P<0.01) and ES-
10 (P<0.01) protected against TNBS-induced weight loss (Figure 4A) compared to the control
peptide SFTI-1 which, consistent with previous studies, showed no protective effect (33).
Treatment of mice with both ES-10 and AIP2-20 resulted in significant protection (P<0.05)
against TNBS-induced colon shortening (Figure 4B) compared to TNBS mice, whereas SFTI-
1 was not statistically different to the TNBS-only treated mice. The clinical scores for mice
treated with all three peptides were significantly lower than the TNBS-only treated mice
(Figure 4C). An additional peptide corresponding to residues 34-51 in Ac-AlP-2 was
synthesised with terminal cysteine residues, which were oxidised to form a disulfide bond. This
peptide was tested in the TNBS model and did not display protective effects (results not

shown), indicating that not all regions of the AIP proteins display activity in the colitis model.
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Figure 4.4. Protective effects of the peptides against weight loss and clinical symptoms
induced by TNBS colitis. Mice were untreated (naive) or treated with TNBS following
administration of peptides, or saline vehicle control (TNBS). A) Body weight percentage
change; B) Colon length; C) Macroscopic Score (the details of how the macroscopic score was

evaluated are given in the Materials and Methods); (*P <0.05; ** P < 0.01; *** P < 0.001).
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Treatment of mice with AIP2-20D6P did not confer protection against any of the parameters
measured of TNBS-induced colitis (as shown in Figure 4.5 for weight loss), indicating that
Asp6 is important for bioactivity. Alternatively, the structural changes observed as a

consequence of this mutation could result in the changes observed for the bioactivity.
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Figure 4.5. Percent change in body weight following treatment with AIP2-20 and AlIP2-
20D6P in a TNBS colitis model. Mice were untreated (naive) or treated with TNBS following

I.p. administration of peptides (1 mg/kg), or saline vehicle control (TNBS). AIP2-20D6P did

not protect against the symptoms of colitis in contrast to AIP2-20. ** P < 0.01.

4.4.4. Histological evaluation of colitis

Inflammatory cell infiltration into the lamina propria was visible in the Periodic acid-Schiff
(PAS) stain of the colon tissue from the TNBS-only mice (Figure 4.6A). Colons from mice that
received TNBS only displayed lesions and histological damage characterised by epithelial
hyperplasia, goblet cell loss, thickening of the lamina propria and colon walls with extensive
ulcerations. By contrast, the mice treated with AIP peptides showed decreased histological

signs of colitis (Figure 4.6A) with retained epithelial integrity, minimal focal inflammatory cell
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infiltrates in the mucosa, larger numbers of goblet cells (Figure 4.6C) and no ulceration.
Histological scoring showed that mice treated with AIP2-20, AIP1-13 and ES-10 had
significantly less (P<0.05) histopathology compared with TNBS-only treated mice (Figure

4.6B). The control peptide, SFTI-1, was not statistically different to the TNBS-only treated

mice.
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Figure 4.6. Histological evaluation of colitis. A) Representative micrograph of periodic acid
schiff-stained colonic tissue sections; B) Histology scoring; C) Goblet cell scoring. Treatment
groups were compared against TNBS only group. Statistical analyses were performed using
unpaired Mann-Whitney non-parametric tests. All values are expressed as mean + SEM.

(*P <0.05)
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4.4.5. Bioactivity on primary human lymphocytes

Human PBMCs were stimulated with either PMA/ionomycin (for T cell activation) or LPS (for
myeloid cell activation) in the presence or absence of AIP2-20, AIP1-13 and ES-10. During
PMA/ionomycin stimulation of PBMCs, addition of ES-10 but not the other AIP peptides
resulted in significant reduction in IFN-y (P<0.001), TNF-a (P<0.001), IL-2 (P<0.01) and IL-
8 (P<0.05) (Figure 4.7A). During LPS stimulation, addition of ES-10 but not the other AIP or

control peptides resulted in significant reduction in TNF-a (P<0.01), IL-8 (P<0.01), IL-1P

(P<0.05) and IL-6 (P<0.05) (Figure 4.7B). A dose response analysis of TNF-o production by
LPS-stimulated PBMCs in the presence of ES-10 showed a dose-dependent effect with as little
as 1.0 pg/ml final concentration of peptide (Figure 4.7C). Analysis of ES-10 activity across
genetically unrelated donors showed that PBMCs from 5 of 6 donors responded to ex vivo
treatment with ES-10 (Figure 4.7D). Using LIVE/DEAD viability staining on PBMCs, ES-10
was shown to be non-toxic at 1.0 pg/ml (93% viability), 10 pug/ml (92% viability) and 100
pg/ml (92% viability). The untreated controls exhibited 92% viability (data not shown).
Collectively, these data show ES-10 is non-toxic to human lymphocytes at high concentrations

and displays bioactivity on both T cell and myeloid lineages.
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Figure 4.7. ES-10 suppresses cytokine production by human T cells and myeloid cells. ES-
10 (100 pg/ml) was added to 1x10° PBMCs stimulated with (A) 50 ng/ml of PMA and 1 pg/ml
of ionomycin or (B) 10 ng/ml of LPS. After overnight incubation, cytokines from culture
supernatants were quantified by CBA. (C) A ES-10 dose response from 0.1-100 pg/ml was
performed on 1x10° PBMCs stimulated with 10 ng/ml of LPS. (D) ES-10 effects across
genetically unrelated donors. All results were performed in triplicate. *P <0.05; ** P < 0.01,

*** P <0.001.
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4.4.6. Serum stability assay

The stability of the peptides in human serum was assessed over a 24-hour period. The
percentage of peptide remaining was determined using RP-HPLC and the degradation profiles
are shown in Figure 8. AIP2-20 degraded slower than AIP1-13 and ES-10. The latter two
peptides had less than 10% peptide remaining within 4 hours, whereas AIP2-20 had more than
50% remaining at the 8-hour time-point and could still be detected after 24 hours. AIP2-20D6P

degraded slower than AIP1-13 and ES-10 but was less stable than AlP2-20.
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Figure 4.8. Stability of the peptides in human serum. The percentage of peptide remaining

in the serum stability assay was assessed by RP-HPLC. All data are represented as mean + SD

and were recorded in triplicate
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4.5. Discussion

This study provides the first insight into the structure-function relationships of AlPs derived
from hookworms. We have applied a downsizing approach to AceES-2, Ac-AlP-2, and Na-
AIP-1 to derive peptides of 20 residues or less, with significant protective effects in a mouse
model of colitis and anti-inflammatory activity of one of these peptides with human PBMCs
ex vivo. Our results indicate that a conserved helical region in the proteins is responsible, at

least in part, for the anti-inflammatory effects observed in this family of hookworm proteins.

To date, only Ac-AlIP-1 and Ac-AIP-2 have been reported to have anti-inflammatory activity
from this protein family (14,15). Neither Na-AIP-1 nor AceES-2 have been reported to have
activity in anti-inflammatory assays. However, given that peptides derived from AceES-2, Ac-
AIP-2, and Na-AlIP-1 all displayed significant effects on symptoms in a TNBS mouse model
of colitis, our results indicate that anti-inflammatory activity is characteristic of this family of

proteins.

Although peptides derived from the three different proteins all displayed activity in the TNBS
mouse model, only ES-10 displayed bioactivity with human PBMCs. The peptides analysed in
the current study were chosen based on structural alignment of the full-length proteins, but
there is sequence diversity amongst the peptides. This sequence diversity is presumably

responsible for the differences observed with the human cells.

Despite the sequence diversity, the peptides all contain a EXXXL motif as highlighted in Table
1. A hydrogen bond is present in the crystal structure of AceES-2 and in the modelled structures

of Ac-AlIP-2 and Na-AlP-1, between the conserved E and L residues. This hydrogen bond is
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also present in the structures of AlIP2-20, implying that this interaction is an important feature
for stabilizing the structure. Indeed, it is interesting to speculate that this conserved motif might
play a key role in the structure-function relationships, but further study is required to confirm

this hypothesis.

Comparison of the structures of the active peptides highlighted some intriguing differences.
The structure of AIP2-20 contains a well-defined helix over residues 2-11, consistent with the
modelled structure of Ac-AIP-2 and the structures of the related proteins. Furthermore, the
presence of slowly exchanging amide protons is consistent with hydrogen bonds stabilizing the
structure. In contrast, structures for the other peptides were unable to be determined due to a
lack of NOEs in the NOESY spectra and dihedral angle restraints. ES-10 and AIP1-13 are
considerably shorter than AIP2-20, and this small size can have a substantial impact on the
quality of the NOESY spectra given the relationship between molecular weight and NOE
intensity (34). However, in this case, strong peaks corresponding to the sequential connections
are present suggesting that the lack of medium and long-range NOEs is not simply a function

of the mixing time.

Despite the lack of medium and long range NOEs for ES-10 and AIP1-13, these peptides have
similar secondary shifts to AIP2-20, with a proportion of negative shifts indicating the presence
of helical structure. Perhaps more compelling is the presence of slowly exchanging amide
protons in ES-10 and AIP1-13 indicative of hydrogen bonds stabilizing the structure.
Therefore, based on the chemical shifts and slowly exchanging amide protons it would be
expected that AIP1-13 and ES-10 would also display well-defined helical structures in solution,

but this is not the case as the structures could not be defined.
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The apparent discrepancy between NOEs, and chemical shifts, and slowly exchanging amide
protons has been previously observed in an unrelated protein (35). Similar to our results,
cytochrome bsg, showed chemical shifts and slowly exchanging amide protons consistent with
the presence of helical structure, but was not supported by the NOE data. Relaxation analysis
indicated the presence of conformational exchange as the likely reason for the discrepancy. It
is possible that similar conformational exchange could be occurring with ES-10 and AIP1-13,

but further study is required to confirm this suggestion.

The serum stability results also highlight a difference between the peptides. AIP2-20 is more
stable than AIP1-13 and ES-10, which are degraded rapidly. The reasonably high stability of
AlIP2-20 is consistent with the well-defined helical structure present in solution, whereas
degradation of ES-10 and AIP1-13 is consistent with a lack of secondary structure. It is unclear
how conformational exchange in ES-10 and AIP1-13 could impact the serum stability, but
overall it appears that the longer peptide (AlIP2-20) has the most stable structure. AIP2-20D6P
has improved stability in serum compared to AIP1-13 and ES-10, but is less stable than AIP2-
20, indicating that the introduction of a proline residue in the helical region decreases the

biological stability.

There are no significant differences in the protective effects of the AIP peptides in the TNBS
assay. However, the cell based assay showed ES10 has significant reduction in IFN-y
(P<0.001), TNF-a (P<0.001), IL-2 (P<0.01) and IL-8 (P<0.05), whereas 2HE did not. This
suggests that the more structured peptide, 2HE, is not necessarily the more active peptide in

human cells.
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Some netrin domain-containing proteins, including TIMPs, have biological functions that are
unrelated to MMP inhibition, including inhibition of cell migration (36). The mechanism of
action of AIP proteins has yet to be determined, but depletion of either CD11c" dendritic cells
or Foxp3* regulatory T cells ablated AIP-2-induced protection against asthma and associated
lung pathology in mice (15,37). The bioactivity that we detected with ES-10 on human PBMCs
indicated that the peptide suppressed cytokine production by myeloid cells (possibly dendritic
cells and/or macrophages). We also detected ES-10-induced suppression of T cell cytokine
production after stimulation of PBMCs with PMA-ionomycin, but whether this was dependent

on myeloid cell presence is unclear.

In summary, a small helical region present in hookworm netrin domain-containing AIPs
appears to play a role in bioactivity. This region is relatively solvent exposed in the hookworm
proteins and therefore has the potential to be involved in protein-protein interactions.
Consequently, we have identified a promising starting point for the design of peptide-based

lead molecules for the treatment of inflammatory diseases such as IBD.
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5.1. Abstract

Hookworm proteins have significant potential in the design of anti-inflammatory agents,
highlighted by Ac-AlIP proteins excreted by Ancylostoma caninum, having efficacy in mouse
models of asthma and colitis. However, there is limited information on the structure/function
relationships. Here we used a novel approach based on MHC Il peptide binding prediction to
identify a bioactive sequence derived from Ac-AlP2. A peptide corresponding to residues 69-
85 in Ac-AIP2 displayed significant protective effects on symptoms in a TNBS mouse model

of colitis, indicating that this region is in part responsible for the bioactivity of this protein.
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5.2.  Introduction

The incidence of autoimmune diseases has been rising sharply during the past few decades (1-
4). One in five children experience diseases such as asthma, dermatitis or rhinitis in developed
countries (5). Furthermore, inflammatory bowel diseases have increased in younger
populations of industrialised countries/regions such as Australia, New Zealand, Northern
Europe and USA (6). The hypothesis behind why this is happening, termed the “hygiene
hypothesis”, relates to an inverse correlation between levels of parasites and the incidence of

autoimmune diseases (7-9).

The hygiene hypothesis has led to studies aimed at characterizing parasite excretory/secretory
(ES) products and analysing their potential as novel drug leads for autoimmune diseases (10).
Several parasite proteins have been shown to have therapeutic potential including proteins
derived from hookworms. Proteomic analysis of the hookworm Ancylostoma caninum ES
proteins has revealed the relative abundance of two Tissue Inhibitor of Metalloprotease
(TIMP)-like proteins, anti-inflammatory protein Ac-AlP1 and Ac-AlIP2 (11), neither of which
appear to have the protease inhibitory properties that characterise the TIMP family (12). We
have shown that Ac-AlIP2 supresses airway proliferation in a mouse model of asthma and ex
vivo of T cells from human subjects (13). More recently we have shown that hookworm AIP
proteins have therapeutic efficacy in a mouse model of acute colitis and promote a regulatory
immune environment in treated mice (14). The current treatments for diseases such as asthma
and IBD have significant limitations (15-17) and the AIP proteins have potential as new

therapeutic agents.
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To facilitate the development of AIP protein-based drug leads a better understanding of the
structure/function relationships is required. In particular, elucidating the bioactive region(s)
could be useful for developing smaller lead molecules that are less likely to be immunogenic
and could be produced using synthetic procedures rather than recombinant technologies.
Several approaches have been applied to elucidating bioactive regions of proteins, which
primarily involve mutational and truncation studies. In the current study we have used a
truncation approach guided by prediction of a peptide likely to be presented as a peptide-MHC
I complex. Our hypothesis was that a peptide from Ac-AlP-2 predicted to form an MHC 1l
complex could be presented to T cells and regulate the immune response, and ultimately result
in a lead peptide for the design of new anti-inflammatory agents. In support of this hypothesis,
we have identified a 17-residue peptide that displays protection against chemically induced-

colitis in a mouse model.
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5.3. Experimental Procedures

5.3.1. Peptide design

The Immune Epitope Database Analysis Resource was used to predict peptide sequences from
Ac-AlIP2 that could be presented in MHC-II complexes. The selected species/locus for the
comparison was mouse allele H-2-1. Selected MHC alleles were H2-1Ad. The peptides were

sorted by percentile rank, with the lowest percentile more likely to bind to MHC I1.

5.3.2. Peptide synthesis and purification

AlP2(69-85) was synthesised using solid phase peptide synthesis in a Protein Technologies
PS3 synthesiser using fluorenylmethyloxycarbonyl (Fmoc) chemistry with 2-chlorotrityl
chloride as resin on a 0.1 mmole scale. Amino acids (2 equiv.) were activated in 5 equiv HBTU
and 10 equiv. DIPEA in DMF (1.5 mL). Deprotection was carry out in two repetitions: Starting
with 2 min of 20% pipiridine in DMF (5ml), followed by 3 mins of the same solution. First
amino acid was coupled manually to the resin, the rest of the amino acids were added using the
peptide sinthesiser. After that, the peptide was cleaved from the resin using a mixture of
trifluoroacetic acid (TFA)/water/triisopropylsilane (95:2.5:2.5) for 2-3 h, and precipitated with
diethylether after cleavage. Subsequently, the peptide was dissolved in 50% acetonitrile/0.05%
TFA, and finally lyophilised. RP-HPLC was used for purification on a Cyg preparative column
(Phenomenex Jupiter 250 x 21.2 mm, 10 um, 300 A) with a 1% gradient of solvent B (solvent
A: 0.05% TFA; solvent B: 90% acetonitrile, 0.05% TFA). The mass was analysed using
MALDI-TOF mass spectrometry. SFTI-1 was used as a control peptide and was synthesized

as previously reported (18-20)
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5.3.3. NMR Spectroscopy and Structural Analysis

AlP2(69-85) was resuspended in 90%H,0:10%D,0 at a concentration of ~0.2 mM. 2D *H-'H
TOCSY, 'H-'H NOESY, *H-'H DQF-COSY, *H-">N HSQC, and *H-**C HSQC spectra were
acquired at 290 K using a 600 MHz AVANCE Il NMR spectrometer (Bruker, Karlsruhe,
Germany). NOESY spectra were acquired with mixing times of 200-300 ms, and TOCSY
spectra were acquired with isotropic mixing periods of 80 ms. Standard Bruker pulse sequences
were used with an excitation sculpting scheme for solvent suppression. Spectra were referenced

to internal 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).

Established protocols were used for the NMR assignments (21), and the secondary shifts
derived by subtracting the random coil aH shift from the experimental aH shifts (22). Slow
exchanging amide protons was carried out. Numerous slowly exchanging amide protons were
identified in D,O exchange experiments. AlP2(69-85) showed slowly exchanging amide
protons for 5 residues after 30 minutes of resuspension in D;O. After 2 hrs, Trp4 and Vall4
were particularly slowly exchanging compared to the other residues. Slow exchanging amides

for these residues suggest that the peptides have a propensity for forming hydrogen bonds.

5.3.4. TNBS colitis assay

All experiments were conducted following James Cook University Animal Ethics Committee

approved guidelines. C57BL/6 strain of mice 5 weeks old were divided in groups of five males

per group. Mice came from the Animal Resources Centre (Perth, Australia) and housed in the

animal care facility unit at James Cook University under specific pathogen free conditions.
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After arriving at our facility, mice were placed inside plastic cages with unlimited access to

food and water, and with daily health checks.

Mice were divided randomly into different groups of 5: Naive, 2,4,6trinitrobenzenesulfonic
acid (TNBS), a control peptide SFTI-1and AIP2(69-85). Mice received intraperitoneal (i.p)
injections of peptides. Prior to administration of TNBS mice were anaesthetised with a solution
of ketamine/xylazine. Mice received 100 pL of 5% (w/v) TNBS solution in 60% ethanol by
intra-colonic instillation using a 20 gauge soft catheter (Terumo), which was inserted into the
colon. Mice were monitored daily for different variables such as: piloerection, survival, stool
consistency, body weight, rectal bleeding and decreased motor activity. Macroscopic score was
made after culling the mice to analyse the pathology scoring for each colon. Following this,
tissues were assessed and scored for pathological changes as follows: adhesion (0 to 3), bowel
wall thickening (0 to 3), mucosal oedema (0 to 3), ulceration (0 to 3), and colon length as
described previously (23). All animal experiments were conducted in duplicate to ensure

reproducibility of the findings.

5.3.5. Histological evaluation of colitis

Histology tissue was fixed using formalin and transferred to a solution of 70% alcohol. Tissue
was embedded in paraffin and sectioned longitudinally for histology at 4 um thickness. PAS
staining was used to assess goblet cell destruction. Scoring of the images was determined in a
blinded fashion following the scoring method of Hong et al (24). High resolution images were
scoring as follow: Ulceration: no ulcers = 0; 1 ulcer = 1; 2 ulcers = 2; 3 ulcers = 3; and >3
ulcers = 4. Infiltration: 0 = no infiltrate, 1 = infiltrate at crypt bases, 2 = infiltrate reaching to

muscularis mucosa, 3 = extensive infiltration reaching the muscularis, and 4 = infiltration of
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the submucosa with oedema. Epithelium was scored: 0 = normal morphology, 1 = loss of goblet
cells in one area, 2 = loss of goblet cells in more than one area, 3 = loss of crypts in one area,
and 4 = loss of crypts in more than one area. Lymphoid follicles: none=0,1=1,2=2,3=3,

>3=4

5.3.6. Serum stability assay

The serum stability of the peptides was tested using human male AB plasma (Sigma-Aldrich)
following methods previously described (19). The final concentration for the peptide was 200
uM, which was firstly incubated in serum or PBS at 37°C. 40 L aliquots taken at 0 h, 3 h and
8 h. The aliquots of serum were quenched with 40 uL of 20% TFA and incubated for 10 minutes
at 4°C to precipitate serum proteins. PBS received the same treatment as serum. The samples
were then centrifuged at 17000 g for 10 min and 90 pL of supernatant analysed by RP-HPLC
at a flow rate of 0.3 mL/min using a Phenomenex Jupiter Proteo C;, analytical column (150 x
2.00 mm, 4 pm, 90 A) using a linear 1% min™ acetonitrile gradient (0-50% solvent B). The

eluent was observed using a dual wavelength UV detector set to 214 and 280 nm.
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5.4. Results

5.4.1. Peptide design and synthesis

The three highest-ranking sequences from Ac-AlIP2 predicted to bind to MHC II, using the
Immune Epitope Database, are given in Table 5.1. To encompass all of the residues predicted
to be involved we synthesized a 17-residue peptide corresponding to residues 69-85 of
Ac-AlIP2. The peptide, termed AlP2(69-85), was synthesised using Fmoc chemistry on a 0.1
mmole scale, purified using RP-HPLC and the mass analysed using MALDI mass

spectrometry.

Table 5.1. Peptide sequences from Ac-AlP2 predicted to have MHC 11 binding*

Residue numbers Sequence Percentile Rank
(70-84) HVWHMRTWKGPVVDT 3.4
(71-85) VWHMRTWKGPVVDTS 3.41

(69-83) YHVWHMRTWKGPVVD 4.14

*Prediction method: Immune Epitope Database Analysis Resource was used to predict
the sequences.

The program predicts binding affinities for each peptide of 15 amino acids, and compares the

affinity for the predicted peptides with a set of randomly selected peptides, to derive the

percentile rank. A low percentile rank is predicted to have improved binding to the MHC II.

5.4.2. Structural analysis

Despite the large proportion of aromatic and methyl containing residues, AIP2(69-85) was

highly soluble, and NMR spectra were recorded in aqueous solution. Two-dimensional
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TOCSY and NOESY spectra allowed assignment of the resonances, and the secondary
chemical shifts, shown in Figure 5.1, were determined by subtracting random coil chemical
shifts from the aH chemical shifts (22). Secondary shifts can provide an indication of the type
of secondary structure present in peptides. This chemical shift analysis showed consecutive
shifts more negative than -0.1, which can indicate the presence of helical structure (25). In
support of regular secondary structure, the peptide displayed slowly exchanging amide protons
in the D,O exchange experiments for five residues. By contrast, no medium or long range
NOEs were observed in the NOESY spectra and the TALOS+ analysis did not provide any
definitive prediction of the dihedral angles, which is consistent with an unstructured peptide.
The lack of NOEs and dihedral angle restraints prevented a structure from being determined

for AIP2(69-85).
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Figure 5.1. Chemical shift analysis of the AIP2(69-85). The secondary shifts of AlP2(69-85)
were calculated by subtracting the random coil shifts from the oH shifts (22) and are indicative

of helical structure.

To provide insight into the structure AIP2(69-85) might adopt in the full length protein the
structure of Ac-AlP2 was modelled using I-TASSER protein structure and function prediction
software, based on the human tissue inhibitor of metalloproteinase-2 protein (PDB code
1BR9.pdb) as a template (26). The region corresponding to AIP2(69-85) is shown in Figure5.2.

In the modelled structure this peptide is involved in a B-strand.

tK- \
x__\

|
\

| e

5

i

Figure 5.2. The modelled structure of Ac-AlP2. The sequence corresponding to AIP2(69-
95) is shown in magenta. The extended C-terminal tail in Ac-AlP2 has been removed for

clarity. The figure was made using MOLMOL(28).
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5.4.3. TNBS mouse colitis model

The effect of AIP2(69-85) in a TNBS induced colitis mouse model was accessed. Mice were
either left untreated (naive), treated with TNBS alone or were treated with peptides at a dose
of 1 mg/kg five hours prior to administration of TNBS. On day 3, mice were humanely

euthanased using gas asphyxiation and examined for assessment of protection against colitis.

The TNBS-only treated mice initially lost weight and did not recover during the experiment,
consistent with inflammation and colonic mucosa damage. By contrast, AIP2(69-85) displayed
significant protective effects in the TNBS assay as shown in Figure 5.3, with statistically
significant effects in reducing weight loss. Following culling of the mice, each colon was
removed and scored macroscopically using these parameters: adhesion, bowel wall thickening,
mucosal oedema, ulceration, necrosis, and colon length. AIP2(69-85) showed statistically
longer colons and lower clinical scores than TNBS-only treated mice. Furthermore, consistent
with previous results, a control peptide, SFTI-1 showed no protective effects against TNBS-

treated mice (18).
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Figure 5.3. Protective effects of AIP2 (69-85) against weight loss and clinical symptoms
in a TNBS colitis mouse model. Mice were untreated (naive) or treated with TNBS following
administration of peptides, or saline vehicle control (TNBS). A) Percentage weight loss; B)
Colon length; C) Macroscopic Score; D) Representative microscopy PAS stained colonic tissue

sections; E) Histology scoring; E) Goblet cells scoring counting.
5.4.4. Histological evaluation of colitis
Inflammatory cell infiltration into the lamina propria is visible in the Periodic acid-Schiff

(PAS) stain of the colon tissue from the TNBS-only treated mice. The tissue displayed
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epithelial hyperplasia, goblet cells loss, thickening of the lamina propria and colon wall with
extensive ulcerations. By contrast, AIP2(69-85) tissue showed lessened colitis features. The
epithelium appears intact and with minimal focal inflammatory cell infiltrates in the mucosa.
More globet cells were visible in the tissue treated with AlIP2(69-85) compared with TNBS
treated mice, which indicates that the peptide was protective against colitis. Overall, the
histological score is indicative of reduced pathology of AIP2(69-85) -treated mice compared

with TNBS-only treated mice.

5.4.5. Serum stability assay

The in vitro stability of the peptide in human serum was assessed over a 24-hour period. The
percentage of peptide remaining was determined using RP-HPLC. AIP2 (69-85) was degraded

within 3 hours as shown in Figure 5.4.
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Figure 5.4. Stability of the peptides in human serum. The percentage of peptide remaining
in the serum stability assay was assessed by RP-HPLC. All data are represented as mean + SD

and were recorded in triplicate.
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5.5. Discussion

Some hookworm proteins have significant potential in the design of anti-inflammatory agents,
but there is limited information on the structure/function relationships. Here we used a novel
approach based on MHC 11 peptide binding prediction to identify a bioactive sequence derived
from Ac-AlIP2. A peptide corresponding to residues 69-85 in Ac-AIP2 displayed significant
protective effects on symptoms in a TNBS mouse model of colitis, indicating that this region

IS in part responsible for the bioactivity of this protein.

Although we can show that this region of Ac-AlP2 has bioactivity in isolation, analysis of the
structure has been complicated. Based on a lack of medium and long range NOEs and a lack
of predicted dihedral angle restraints the peptide appears to be unstructured in solution. This
lack of structure is consistent with the full-length protein of Ac-AlP2, which indicates that
residues 69-85 are involved in a 3-strand that interacts with residues 35-48. It appears unlikely
that residues 69-85 would be structured in isolation as the inter-strand interactions cannot form.

The lack of stability in serum is also consistent with the peptide being unstructured in solution.

By contrast, analysis of the secondary shifts indicates a propensity for AIP2(69-85) to form
helical structure and the presence of slowly exchanging amide protons indicates the presence
of hydrogen bonds stabilizing the secondary structure. The discrepancy between NOEs, and
chemical shifts and slowly exchanging amide protons is similar to that observed in an unrelated
protein (27). Similar to our results, cytochrome bss; showed chemical shifts and slowly
exchanging amide protons consistent with the presence of helical structure, but was not

supported by the NOE data. Relaxation analysis indicated the presence of conformational
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exchange as the likely reason for the discrepancy. It is possible that similar conformational

exchange could be happening with AIP2(69-85).

Determination of an experimental structure of Ac-AlIP2 is likely to resolve the question of what
structure residues 69-85 have in the full-length protein. However, it is possible that the peptide
behaves differently, in terms of structure and activity, in isolation than in the full-length
protein. Regardless of the structural features, the bioactivity displayed for AIP2(69-85)
suggests that it is an interesting lead molecule for the design of novel anti-inflammatory agents.
Our results support our hypothesis that a MHC Il presented peptide is useful for the design of

a novel bioactive peptide, but further studies are required to confirm if it is binding to MHC 1.
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6. CHAPTERG

Conclusions and Future Directions

124



6.1. Conclusions

Peptides have gained increased interest as therapeutics during recent years. This thesis has
presented new strategies and broadened knowledge regarding the development of new peptide-

based drug leads for the treatment of inflammatory bowel diseases.

Stabilising small bioactive compounds or downsizing proteins are useful tools for the
generation of new treatments, as shown in this study for inflammatory bowel diseases.
However, these approaches can be applied to different diseases when tailored to appropriate

peptide and targets.

The hypotheses for Chapters 2 and 3 were based on the premise that disulfide-rich peptides can
be used as scaffolds to generate valuable drug leads based on their intrinsic stability and ability
to adopt novel bioactivities. The specific aims of these chapters focussed on the design and
synthesis of grafted disulfide-rich peptides incorporating a small bioactive sequence with anti-
inflammatory activity, and subsequently analysing the structure and bioactivity of the final

grafted peptides.

The aims of Chapters 2 and 3 were successfully completed and the studies confirmed that
grafting a small bioactive sequence such as MC-12 into two different disulfide-rich scaffolds
can enhance the potency and stability of the original peptide. Specifically, these studies showed
that the overall fold of the structure was maintained, and therefore grafting the small sequence
was not disrupting the structure of the original peptide. Biological assays confirmed that the
grafted peptides improved the therapeutic efficacy, relative to the tri-peptide, in a murine model

of chemically-induced acute colitis.
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The positive outcomes from these studies suggest that using cyclic or disulfide-rich peptides
as structural scaffolds, is a promising approach for developing treatments of IBD. Also, this
approach, which has been previously been used for other peptide scaffolds and applications,

could be extended to other chronic inflammatory conditions.

The overall objective for Chapters 4 and 5 related to downsizing proteins into bioactive
peptides. The main focus for these studies was TIMP-like proteins (AIP proteins), with the
central idea to downsize the AIP proteins into peptides with anti-inflammatory activity and
potential as lead molecules for clinical development in IBD. The hypothesis for these two
chapters was that AIP peptides hold significant promise as therapeutics, as they are likely to be
more stable than the full-length proteins, less immunogenic and cheaper to manufacture. The
specific aims were to design and characterise AIP peptides and analyse their activity as anti-

inflammatory agents.

In Chapter 4, the study was based on a small helical region, conserved amongst the hookworm
proteins, and comprising the conserved EXXXL sequence motif. The final results showed that
peptides corresponding to these regions can alleviate symptoms in a chemically-induced mouse
model of colitis. In vitro only ES-10 suppressed cytokine secretion by human peripheral blood
mononuclear cell. These results confirm that analyse of conserved regions in different proteins
with anti-inflammatory activity is one approach that can be used to elucidate the
structure/function relationships associated with the anti-inflammatory activity. Not all of the
peptides could be structurally characterised, most likely as a result of conformational exchange.
The final findings in Chapter 4, give insight into the structure/function relationships for the

AlP-proteins.
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For Chapter 5, although it was a continuation of the same idea as Chapter 4, the elucidation of
a bioactive region in an AIP protein was guided by prediction of a peptide likely to be presented
as a peptide-MHC 11 complex, and consequently regulate the immune response. The study
identified a peptide with significant protective effects on symptoms in a TNBS mouse model
of colitis, confirming that this region is in part responsible for the bioactivity of this protein.
This tool might help to elucidate structure/function relationships for proteins and their targets.
Although the synthetic peptide appears to be unstructured in solution, the analysis of the
secondary shifts indicates a propensity to form helical structure, but similarly to the AIP
peptides from Chapter 4, appears to have conformation exchange. Despite this finding, in
Chapter 5 the final outcome confirmed that a peptide predicted to be involved in an MHC-II
complex, is able to reverse inflammatory indicators in a induced-colitis mouse model. This

approach has the potential for downsizing other proteins into peptides.

Chapters 4 and 5 identified different regions of the AIP proteins but they both had bioactivity
in the TNBS mouse model of colitis. These regions have significantly different properties in
terms of sequence, with the peptide identified in Chapter 5 having a large proportion of
aromatic residues in contrast to the peptides identified in Chapter 4. Furthermore, the peptides
characterised in Chapter 4 have a conserved helical region in the full-length proteins, whereas
the peptide from Chapter 5 is predicted to be involved in a -sheet structure. These differences
in composition suggest that the two classes of peptides might be acting on different targets,
despite the same macroscopic effects in the mouse model. However, further study is required

to determine the biological targets of these peptides, and the target(s) of the proteins.
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In summary, this thesis confirms that peptides have potential as drug leads that could benefit
patients with diseases such as IBD. My thesis also highlights the potential of peptide-based

engineering studies or downsizing protein approaches, in the rational design of peptides as

therapeutic treatments.
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6.2. Future directions

Perhaps the most obvious direction for future studies in this area is to address the lack of
knowledge of the biological target and mechanism of action of the anti-inflammatory peptides.
The studies on the MC-12 peptide suggest that grafted peptides are likely to inhibit NF-kB
activity, but studies have yet to be carried out. Regarding the AIP peptides, insight into the cell
type involved in the mechanism of the full-length proteins has been gained by studies using
AIP-2 administration to modify mesenteric dendritic cell function. Identification of a specific
protein as the molecular target, could be used to develop in vitro assays that could accelerate
the elucidation of structure/function relationships and limit the animal studies required to

develop new drug leads.

The effects of the ES-10 peptide on cytokine secretion by human peripheral blood mononuclear
cells could also be further explored. Mutational analysis of ES-10 could be used to discern the
residues important for effects on human cells. In particular, mutation of the conserved Glu and
Leu in the EXXXL motif could provide insight into whether this motif is conserved from a

functional or structural perspective.

More in depth structural analysis could give us a better understanding of structure-activity
relationship with the target. The structures of AIP-1 and AIP-2 were modelled as there are no
experimental structures available. The use of isotopically labelled protein with NMR
spectroscopy, or X-ray crystallography could be used to determine the three-dimensional
structures of these proteins. Experimental determination of the structure of AIP-2 is also likely

to shed light on the apparent discrepancy of the propensity of the AIP2(69-85) peptide to form
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helical structure in solution (secondary shift analysis and slow exchange data) but is predicted

to be in a B-sheet structure in the full-length protein.

The AIP peptides identified in this thesis might also be useful for inflammatory diseases other
than IBD. The AIP-2 protein has been shown to have effects in asthma, and consequently it is
of significant interest to also test the AIP peptides in models of asthma. More broadly,
inflammation can also be important for a range of disease states such as peripheral artery

disease and further study could involve testing the AIP peptides in a range of disease models.

Another possible direction for study involves the oral administration of the peptides. The
peptides used in this study were injected intraperitoneally, but the pharmaceutical industry, and
indeed patients, prefer orally available drugs rather than agents that require injection.
Therefore, one of the next steps is to study the oral efficacy of these peptides. Interestingly, the
MC-12 tri-peptide was shown to have oral activity by Ouyang et al, albeit at very high
concentrations. The oral efficacy of such a small peptide provides promise for the peptides
designed in this study, particularly the grafted peptides that incorporate the MC-12 sequence
but have improved in vitro stability. However, a range of approaches can also be used to further
enhance stability of peptides such as the incorporation of non-natural amino acids, N-

methylation and albumin binding tags.

There are several animal models of colitis and analysis of the anti-inflammatory peptides in
additional models might provide further insight into the potential of these peptides. The TNBS
model has the advantage of being a relatively short model (3 days), and requires limited
quantities of test compound, but models such as the T-cell transfer model (animals genetically

programmed to develop IBD when receiving injections of the sorted T-cells from naive mice).
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The disadvantage of this model is that takes 8 weeks and would require multiple injections of

the peptides.

More dramatic changes in mouse models might also be a future avenue of study. We study
human diseases in mouse models where the mice are kept in pristine laboratory environments,
free of pathogens, which could potentially impair the immune system, and clearly does not
represent the lifestyle of humans. It has been suggested that the use of pathogen free mice might
be related to the poor relationship between animal model results and human trial results.
Recent studies have started to explore the use of “dirty mice” models where the mice are not
raised in pathogen free environments, to determine if models using these mice represent more
realistic models of disease. Such studies could give us a better understanding of diseases and
models that are closer data to human diseases and could have significant implications for

autoimmune diseases such as IBD (doi: 10.1038/d41586-018-03916-9)

These future directions might help realise the potential of peptides as drug leads for the

treatment of inflammatory bowel diseases.
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Inflammatory bowel diseases (IBDs) are a set of complex and
debilitating diseases for which there is no satisfactory treat-
ment. Recent studies have shown that small peptides show
promise for reducing inflammation in models of IBD. However,
these small peptides are likely to be unstable and rapidly cleared
from the circulation, and therefore, if not modified for better
stability, represent non-viable drug leads. We hypothesized that
improving the stability of these peptides by grafting them into a
stable cyclic peptide scaffold may enhance their therapeutic
potential. Using this approach, we have designed a novel cyclic
peptide that comprises a small bioactive peptide from the
annexin Al protein grafted into a sunflower trypsin inhibitor
cyclic scaffold. We used native chemical ligation to synthesize
the grafted cyclic peptide. This engineered cyclic peptide main-
tained the overall fold of the naturally occurring cyclic peptide,
was more effective at reducing inflammation in a mouse model
of acute colitis than the bioactive peptide alone, and showed
enhanced stability in human serum. Our findings suggest that
the use of cyclic peptides as structural backbones offers a prom-
ising approach for the treatment of IBD and potentially other
chronic inflammatory conditions.
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7.3.  Appendix 2. RP-HPLC purity and NMR spectra
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7.3.2. Chapter 3

7.3.2.1. MC12-linaclotide peptide
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7.3.3. Chapter 4

7.3.3.1. AlP2-20 peptide
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10 ] 8 7 ] 5 4 3 2 1 1] ppm

8.6. 'HNMR in D,O
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7.3.3.2. AlIP2-20D6P peptide

AIP2-20D6P (2280 Da)

100

Absarbance (214 nm)
&

0 0 ] a0 40

Retention/min

8.7. Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

C><)
BhGRKR

10 9 8 7 & 5 4 3

8.8. 'H NMR in D,O
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7.3.3.3. AlIP1-13 peptide

AIPI-13 (1434 Da)

1000

400

Absorbance (214 nm)

Retention/min

8.9. Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

C><)
BROKER

10 9 8 7 & 5 s 3 2 1 0 ppm

9.1. 'HNMR in D,O
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7.3.3.4. ES-10

400

ES-10 (1217 Da)

Absorbance (214 nm)

100

s |
gl
o _.I_...._,__._ s - T— S — ——iny “"—-hq__“.-ﬁ"'*-.

10 0 n 40 50

Retention/min

9.2. Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

10 9 8 7 & 5 H 3 2 1 0 —

9.3. 'HNMR in D,O
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7.3.4. Chapter 5.

7.3.4.1. 4.1 AIP2(69-95) peptide

500 AIP2(69-95) (2099 Da)

Absorbance (214 nm)

Retention/min

9.4. Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

10 9 8 7 6 5 4 3 2 1 0 ppm

9.5. 'HNMR in D,O
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