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General Introduction

Chapter 1

General Introduction

1.1 Introduction

Celiac disease (CD) is one of the most prevalent food-related disorders, with a
occurrence of up to 1% in the Western population.! Originally thought to be primarily
a problem in the Western world, cases of CD are now also emerging in Asia and
Africa.? Symptoms include fatigue, chronic diarrhea, weight loss, anemia, psychiatric
syndromes and neurological symptoms. CD patients also suffer from an elevated risk
of infertility, bone disorders and intestinal malignancies.> CD can appear in early
childhood, but many patients do not show symptoms until later in life. Furthermore,
the severity of the symptoms varies strongly.* Typically, CD is indicated by the
presence of tissue transglutaminase specific antibodies in the blood of patients,> and
confirmed by studying a biopsy of the small intestine. In CD patients, the small
intestinal morphology is affected which can culminate in the complete flattening of
the epithelial barrier. The extent of the damage is scored with the use of the Marsh
classification: Marsh 0 to Marsh II1.6 Marsh 0 stands for normal small intestine
histology, while Marsh II and III are typical for CD patients. Complete remission of
symptoms and normal histology after a gluten-free diet (GFD) definitively establishes
the diagnosis. However, there has been much debate concerning the recovery of the

small intestine as a consequence of the GFD, as complete recovery is not always
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observed.” Moreover, symptoms may appear before the development of small
intestinal damage and therefore new diagnostic methods are currently under
development.® Although symptoms have been observed already in the second century
AD.° it was not until the 1950s that the link between wheat gluten and CD was
discovered by the Dutch pediatrician W.K. Dicke, who observed that the shortage of
bread during World War II actually benefited children suffering from the
abovementioned symptoms.'? Today, it is known that the symptoms are caused by a
misdirected immune response against gluten in genetically predisposed individuals. In
healthy individuals, the immune system of the upper gastrointestinal tract is
characterized by a so-called hyporesponsive state; the active inhibition of intestinal
immune responses against harmless food-derived antigens such as gluten. For
currently unknown reasons, in CD patients, this hyporesponsive state is either not
established or broken, leading to a gluten-specific immune response.!! This response
leads to small intestinal damage, and due to this damage the surface of the small
intestine flattens (also known as ‘villous atrophy’), with deficient nutrient uptake (such
as iron, folic acid, calcium and fat-soluble vitamins!?) and the abovementioned
symptoms as a result.

It is well established that, with a few exceptions, CD only develops in Human
Leukocyte Antigen (HLA)-DQ2 and/or HLA-DQ8 positive individuals. These HLA-
molecules bind gluten-derived peptides and induce inflammatory T cell responses
which play a crucial role in the disease process. Native gluten-derived peptides,
however, do not bind to HLA-DQ2 or HLA-DQ8 as these peptides lack the
negatively charged amino acids required for binding to HLA-DQ2 or HLA-DQS8.
These negative charges are introduced in the small intestine by the activity of the
enzyme tissue transglutaminase which converts selected glutamine residues in gluten
peptides into the negatively charged glutamate. It is known that CD development is
not only the result of gluten-induced inflammation and genetical predisposition, but
that environmental factors also play a role, such as breastfeeding and the moment of
introduction of gluten in the diet.!> Three key factors play an essential role in the
pathogenesis of CD: gluten, the HLA-DQ2 protein and the enzyme tissue
transglutaminase (tT'G or TG2). Each will be discussed in the next sections.

1.1.1 The gluten proteins

Gluten proteins are storage proteins occurring in wheat and these proteins were
identified as toxic for CD patients. On the basis of their ethanol solubility, gluten can
be divided in gliadins and glutenins. The gliadins are further divided in the «/B-, y-and
w-gliadins, while the glutenins can be divided into low- and high molecular weight

glutenins (LMW and HMW, respectively), making gluten a complex mixture of
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comparable but distinctly different proteins.!* Typical for these proteins is the
unusually high glutamine (Q, 35%) and proline (P, 15%) content, as compared to
other proteins.!> The glutamine residues serve as nitrogen source for germinating
seeds, but the significance of the proline residues in this matter is unknown. However,
the high amount of proline makes the gluten proteins resistant to gastropancreatic and
brush border enzymes, which usually cleave proteins from food to tripeptides,
dipeptides and single amino acids.'0 As a consequence, peptide fragments are formed
which may elicit an immune response. Indeed, various toxic peptides have been
identified, mainly from a- and y-gliadins (for examples, see Table 1). Longer gluten
peptides containing these nine-amino acid motifs are toxic to CD patients and elicit an
immune response. Interestingly, young CD patients respond to a larger repertoire of

toxic gluten peptides than adult CD patients. !

Table 1 Examples of toxic gluten epitopes identified.!8

Peptide Sequence
Glia-02 PQPQLPYPQ
Glia-a9 PFPQPQLPY
Glia-a20 FRPQQPYPQ
Glu-5 QXPQQPQQF
Glia-y1 PQQSFPQQQ
Glia-y2 PYPQQPQQP
Glia-y30 IIQPQQPAQ
Glt-17 PFSQQQQPV

Proteins similar to gluten are also found in barley (hordeins), rye (secalins) and oats
(avenins). While barley and rye cause symptoms similar to those caused by wheat, oats
are considered safe for CD patients.!” This is due to the lower number of toxic
sequences present in the avenins, a feature that is linked to the lower amount of
proline (10%) in the avenins® and the lower amount of total storage protein
compared to wheat, barley and rye (10% avenins in oats as compared to 40-50%

gluten, hordeins or secalins).?!

1.1.2 The HLA-DQ2 molecule

The HLA-DQ2 protein is expressed by 95% of the CD patients, while the remaining
5% expresses the analogous HLA-DQ8 molecule.!” However, HLA-DQ2 is also often
found (~30%) in the population not suffering from CD, which suggests that
additional factors play a role in the development of CD.?? The 45 kD HLA-DQ2
heterodimer is formed by two protein subunits, termed the o and § chain (See
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Appendix, Figure 1). There are many different « and 8 chains which can combine to
form different heterodimers of HLA-DQ2.23> HLA molecules play an essential role in
immunity against pathogens. Their function is to bind peptides derived from proteins
of pathogens and to display these in order to alert the immune system to the presence
of pathogens. Upon specific recognition of these HLA-peptide complexes by white
blood cells an immune response is triggered. In the case of CD, HLA-DQ2 binds to
gluten peptides and presents these to gluten specific CD4" T cells.

Formation of a complex between a peptide and a MHC Class II molecule is governed
by two sources of binding energy: (1) the positioning of specific peptide side chains,
also known as ‘anchors’, in the binding pocket of HLA-DQ2 and (2) a hydrogen bond
network formed between conserved residues of the HLA molecule and carbonyl
oxygens and amide nitrogens in the main chain of the peptide epitope.2* The p1, p4,
po, p7 and p9 positions of the HLA-DQZ2 binding pocket harbor the anchor residues
for peptide binding and the amino acids preferred at these positions have been
identified (Table 2).2> For the pl and p9 positions, and to a lesser extent the p4
position, mainly bulky hydrophobic residues are preferred, while for the p4, p6 and p7
positions negatively charged residues are favored. For the p4 and p6 positions, this is
the result of the presence of Lys71 in the B-chain of HLA-DQZ2, which is a unique
feature for this protein. This lysine can interact with the p4 and p6 negative charges in

the peptide by hydrogen bonding and salt-bridge formation.?5

Table 2 Amino acid preference of HLA-DQ2. Anchor positions are indicated in bold.

Position in the epitope Amino acid preference®**

1 F,LL P,WVY
E
E
D,E,LL,V
E
AEP
D, E
E
F,LL P,WV,Y

© 00 N o O bh WODN

In addition, it was observed that a negatively charged glutamate is accepted by HLA-
DQ2 at every position in the binding pocket, including non-anchor positions, and that
a proline is favored at pl and p8.26 The polyproline helix type Il-like (PPII)
conformation of the gluten peptides is the preferred conformation of MHC Class 11

12
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bound molecules and is essential in positioning the anchor side chains in the binding
pocket of HLA-DQ2.

The interactions between the HLA-DQZ2 protein and the gliadin peptide
LQPFPQPELPY (epitope in bold) upon binding have been investigated in detail.??
Four hydrogen bonds are formed, involving the amide bonds of the p2, p4, p6 and p9
residues (Figure 1). The hydrogen bonds at p2 and p4 are important for binding,
whereas those at p6 and p9 contribute less to the binding energy. A hydrogen bond
between the NH of amide bond connecting the p1 and p-1 residues of the peptide
and HLA-DQ2 was not observed in other peptides without proline at this position.
Since peptides with a proline at the p1 position form the majority of the HLA-DQ2
binding peptides, it was concluded that a proline can be accommodated at this

position without any energetic penalty.

Figure 1 The hydrogen bond network between HLA-DQ2 and the peptide LQPFPEPELPY. Figure
based on ref. 27. Hydrogen bonds are indicated by dashed lines, and the four hydrogen bonds between
the amide bonds of p2, p4, p6 and p9 and HLA-DQ2 are indicated by bold dashed lines. Water
molecules participating in the hydrogen bonding network are indicated in bold.
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The ‘anchor-pocket” model for peptide/HLA-DQ?2 binding, comparable to the ‘lock-
and-key’ model known in biology, assumes that both the peptide and the MHC Class
1T molecule each independently contribute to the binding energy and bind without
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conformational changes. However, recent findings suggest that peptide binding to
these proteins is a process in which both molecules undergo conformational changes
in order to reach a lower energy state of the complex. This is supported by the
observation that peptide/MHC Class II complexes adopt at least two conformational
states 7z vitro: a fast dissociating ‘open’ or ‘active’ conformer and a kinetically stable
‘closed’ or ‘compact’ conformer. 2428 It is expected that the same binding process will
occur zn vive within the antigen presenting cells (APCs) where the MHC-Class 11
molecules bind to antigenic peptides.

1.1.3 Tissue transglutaminase

The human tissue transglutaminase (also known as TG2, tT'G or transglutaminase 2)
is a monomeric 76 kD protein and contains 686 amino acid residues.? It belongs to
the vast family of the Ca?"- and GTP-dependent transglutaminases, which mainly
catalyze the crosslinking of the e-amino group of a lysine of one protein to the y-
carboxamide group of a glutamine of another protein, forming an isopeptide bond.
Instead of a lysine, other low molecular weight amine-functionalized compounds can
participate in tTG-catalyzed amide-bond formation reactions.®® However, when
lysine/amine concentrations are low,3 and at low pH,3? deamidation of glutamine to
glutamic acid is favored. The TG enzymes are expressed throughout all mammalian
cells and tissues and play a role in various biological processes, such as wound healing
and tissue repair, apoptosis and inflammation.?? Furthermore, the transglutaminases
are associated with various diseases, with tTG involved in Huntington’s, Alzheimer’s
and Parkinson’s disease, besides celiac disease.?* tT'G is mainly expressed in the lamina
proptia, the reservoir of the gut in which the majority of HLA-DQ2/DQ8-reactive T
cells are present, and stimuli such as mechanical stress or a bacterial/viral infection
increase its expression.’? One remarkable feature of CD is the development of auto-
immunity against tTG. The recognition of this autoantigen by highly specific
antibodies serves as a screening method for CD.% The other important role of tTG in
CD is the deamidation of selected glutamine residues of the gluten peptides. The
glutamine-rich gluten peptides are good substrates for tIT'G and are also favored
because of their PPII-like conformation.?>3¢ The amino acid residues flanking the
glutamine residue determine whether the glutamine is a good substrate for
deamidation. It was found that the glutamines in one of the sequences QXP,
QXX(F,Y,W,LM,V or L) and QXP(F,Y,W,LLM,V or L) (X = any amino acid) are good
residues for deamidation, while deamidation in QP and QXXP motifs is inhibited.?
Recently, it was observed that tT'G is also capable of hydrolyzing crosslinked products
and thereby generating T cell stimulatory gluten peptides.3®

14



General Introduction

The mechanism of acylation and deamidation involves a catalytic triad of Cys277,
His335 and Asp358.3 Upon hydrolysis of GTP and binding of the released GDP, this
active site is blocked by two loops, with Cys277 forming a hydrogen bond with a Tyr
residue. Upon binding of Ca?", the binding to the nucleotide is weakened, a
conformational change takes place and as a consequence the active site becomes
accessible.?? In the first step of the acylation mechanism, a thio-ester is formed
between the y-carboxamide of the glutamine substrate and the active site cysteine.
Then, the acyl moiety is transferred to a nucleophilic substrate, releasing the free
enzyme and the isopeptide product. The nucleophile is an amine moiety, or in the

absence of amines, a water molecule. This is schematically represented in Figure 2.

Figure 2 The acylation mechanism of tTG. Picture based on ref 39.
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1.1.4 Pathogenesis of CD

With all the key factors identified, the pathogenesis of CD can be summarized as
follows (See appendix, Figure 2). Upon ingestion of gluten by CD patients, the
proteins are hydrolyzed to small Gln- and Pro-rich peptide fragments. These
fragments are taken up by the APC and, in some cases, further processed. Inside the
cell, some of these fragments bind weakly to HLA-DQ2 or HLA-DQS8. These HLA-
gluten peptide complexes are recognized by specific CD4* T cells* and this leads to
the activation and proliferation of these T cells. Subsequently, interferon-y and other
inflammatory cytokines are released. This leads to inflammation of the small intestine
through the release of metalloproteinases by fibroblasts and inflammatory cells.#1-
Not much is known about the interaction of the gluten peptide/HLA-DQ2 complex
with the T cell receptor (TCR) on the T cell, as no crystal structures are available.
However, binding studies have shown that T cell recognition is strongly dependent on
the amino acid at p-1 (the amino acid preceding the epitope). Molecular modeling
suggests that a proline at p-1 points towards the TCR and thus interacts with the
TCR.# Pollowing the immune response, tissue damage of the small intestine occurs,
which results in the release of tissue transglutaminase. Confronted with a high
concentration of glutamine-rich gluten peptides, tissue transglutaminase will take on
specific glutamine residues and transform these into the corresponding glutamates,
instead of catalyzing the crosslinking reaction due to the low abundance of Lys
residues in gluten.*-* As HLA-DQ2 and HLA-DQ8 are known to preferentially bind
peptides that harbor negatively charged amino acids, some of these glutamate
containing peptides bind to HLA-DQ2 or HLA-DQ8 with a much enhanced affinity
compared to their glutamine counterparts, 4647 with an amplified immune response
as a result,17.31,37.43.44,48,49.50 ]eading to severe intestinal damage resulting in the clinical
symptoms typically observed. Although the site-specific deamidation of selected
glutamine residues has been considered as the most important role of tTG in CD
pathogenesis, there is an increasing amount of evidence that tT'G antibodies, which
are used to diagnose CD, also have an important function. In a recent study, it was
suggested that these antibodies are involved in the development of the small-intestinal

damage typical for CD,>! instead of being the consequence of tTG release.

1.2 The development of therapies for the treatment of CD

Today, the only therapy available for CD patients is strict adherence to a gluten-free
diet. Upon following this diet, the small intestine recovers to its original state and
symptoms disappear. However, adhering to a GFD is quite burdensome as wheat,
barley and rye are very frequently used in the food industry. Additionally, the presence

of gluten in food is not always obvious and so-called gluten-free products may contain
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traces of gluten.®? Finally, the GFD has a large impact on the quality of life.>
Therefore, alternative therapies are needed. Various approaches targeted at the three

key factors already mentioned have been explored and will be discussed hereafter.

1.2.1 Safe alternatives for gluten in foods

Some effort has been taken towards the expansion of the gluten-free diet. Whereas
wheat, barley and rye are ‘forbidden’ for CD patients, oats is considered safe.
Although oats does contain T cell stimulatory epitopes, a study in which CD patients
consumed oat products for 5 years showed no immunological response in any of the
test subjects.>* The Ethiopian cereal Tef (Eragrostis Tef) was investigated for the
presence of stimulatory epitopes, but no such peptides were found.> Therefore, this

cereal can be considered as ‘gluten-free’ and safe for use in a GFD.

1.2.2 Enzymatic degradation of toxic peptides

Due to the presence of multiple prolines, gluten is relatively stable against
gastropancreatic and brush border enzymes, which usually hydrolyze peptides and
proteins from food to single amino acids, dipeptides and tripeptides. Inefficient
breakdown by these enzymes generates toxic gluten peptides. When these peptides are
degraded completely before they reach the small intestine, no gluten peptides can bind
to HLA-DQ2 and therefore, no immune response takes place.

In 2002, Shan and co-workers suggested that detoxification of gluten with a prolyl
endopeptidase (PEP) from Flavobacterium meningosepticum, a serine protease that cleaves
peptides after Pro residues, could potentially be an effective therapy for CD patients.>
The enzyme would be administered to the patient before or during the consumption
of gluten-containing foods. Structural analysis of a porcine PEP revealed that the
enzyme consists of a peptidase domain, built up from the N- and C-terminal region,
with a catalytic triad of Ser554, His680 and Asp641 at the interface of the two
domains. Attached to the catalytic residues is a seven blade B-propeller domain, based
on a sevenfold repeat of four stranded antiparallel B-sheets.’”->% This secondary
structure is representative for all PEPs. Various PEPs from different bacterial sources
(Myxcococens xcanthus, Sphingomonas capsulate) or recombinant PEPs have been evaluated
for their ability to degrade gluten peptides. All of these enzymes were found to be
effective, however, in some cases the activity was found to be dependent on substrate
length.>® Moreover, practical application is limited as the PEP enzyme is inactivated
by pepsin and at low pH (below pH 5). To overcome this problem, an enzyme
combination approach was proposed. ¢ EP-B2 (a barley cysteine endoprotease) was
the enzyme of choice and is complementary to the PEPs in its sequence specificity,

chain length specificity and pH activity range. The EP-B2 itself was shown to
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effectively degrade gluten in the rat stomach,! and in combination with a PEP from
Flavobacterium meningosepticum rapid and efficient degradation of gluten peptides was
observed under simulated gastric conditions.®:62 Similarly, a combination of
aspergillopepsin  (ASP) from Aspergillus Niger and dipeptidyl peptidase IV from
Aspergillus oryzae, two enzymes commonly used in the food industry, was found to
degrade gluten as well under simulated gastric conditions.®> Another approach is the
modification of the PEP to obtain variants which are more stable and suitable for
therapeutic use.®* Alternatively, it was shown that a single PEP, originating from
Aspergillus Niger, was able to degrade gluten completely within a few hours under
conditions present in the gastrointestinal tract.®>.% Moreover, this enzyme was found
to be stable against pepsin treatment, and was active in a pH range from 2-8. The
difference in stability probably arises from the sequence homology with other
peptidases rather than with PEPs. The enzyme therapy discussed above seems a
promising treatment for CD patients and the EP-B2/PEP formulation®? is currently

being tested in clinical trials.

1.2.3 Inhibitors of the tissue transglutaminase enzyme

The natural gluten peptides are marginally toxic for CD patients, but after tT'G-
induced deamidation negative charges are introduced in the peptide, which enhance
the affinity for the HLA-DQ?2 protein, with amplified immune responses as a result.
Therefore, a considerable amount of research has gone into the development of tTG
inhibitors, either competitive amine inhibitors, reversible inhibitors or irreversible
inhibitors. Some competitive inhibitors are amine substrates which, as enzyme
substrate, can compete with the natural lysine substrate in the crosslinking reaction
catalyzed by tT'G. The parameter used to assess the inhibition potency of competitive
inhibitors is the dissociation constant Ky (given in uM) for the inhibitor/enzyme
complex. This constant represents the affinity of the substrate for the enzyme. The
reversible inhibitors block substrate access to the active site, but without covalently
binding to the enzyme. The potency of these inhibitors is expressed by Ki (given in
uM), but 1Csp values, which stand for the concentration of inhibitor needed to reduce
enzyme activity to half as compared to the activity in the absence of inhibitor, are used
as well. Finally, the irreversible inhibitors form a covalent bond with the active site of
the enzyme and as a consequence, the natural substrate can not be converted by the
enzyme. The chemical parameter used to assess the potency of irreversible inhibitors
is ki/Kj, where ki (in min') is the kinetic parameter describing the reaction rate for
formation of the inhibitor-enzyme covalent bond, and thus represents the rate of
inactivation of the enzyme.5” The quotient of these two entities, ki/Ky (in pM! min-!)
is a measure of the effectivity of the inhibitor: a high value indicates that the inhibitor
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both shows high affinity for the enzyme and that the enzyme is quickly inactivated.
1Cs0 values are also often used to compare the potency of irreversible inhibitors. Many
inhibitors were assayed using guinea pig liver transglutaminase as a model system,
because of its resemblance to the human transglutaminases and its availability.68
However, because of the various methods used to calculate the constants and the
many different assays used to probe enzyme activity, results from different studies

cannot always be compared directly.

1.2.3.1 Competitive amine inhibitors

The competitive amine inhibitors described so far were based on simple molecules,
such as dansylcadaverine®® (1, Figure 3), and phenylthiourea derivative 2.7 Both
compounds displayed moderate efficiency as inhibitors with Ky values between 20 and
50 pM, but were also shown to be non-specific for tTG. $-mercaptoethanolamine (3)
was assessed for its inhibitory activity for tT'G7! and was found to be less effective (K;

=150 uM) than compounds 1 and 2. Moreover, specificity for tTG was not evaluated.

Figure 3 Competitive amine inhibitors.

HN"""NH,
0=S:=0 H H
ngNW\/NHz HZN/\/SH
S
NMe, 1 2 3

1.2.3.2 Reversible inhibitors

The simplest of reversible inhibitors for tT'G was found to be the Zn?" ion. The
enzyme needs Ca?" for activation, but Zn?* ions are able to compete with Ca?* for
binding to the enzyme and thus prevent the activation of the enzyme. The Zn?" ion
shows a Kjof 0.1 uM, and is thus fairly effective.”? Interestingly, it was later found
that the GTP cofactor of tTG inhibited crosslinking activity when the nucleotide was
complexed with Mg?" and the same was the case for Mg-GDP and Mg-GMP (ICso
values 9, 9, and 400 puM, respectively). It was found that these complexes were
allosteric inhibitors, having a distinct binding site other than the active site.”
Thieno|2,3-d|pyrimidin-4-one acylhydrazide 4 (Figure 4) was found in a high-
throughput screen for tTG to be a reasonably effective inhibitor.7# The structure-
activity relationship of 4 (ICso = 0.8 uM) was extensively investigated by Duval ef /7>

who prepared a wide range of analogs which were tested for their activity on tTG.

19



Chapter 1

Figure 4 Structure-activity relationships investigated for 4.
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First, the replacement of the thiophene ring with a benzene ring (5) was studied, but
this was found to be detrimental for tT'G inhibition. Next, the thioether and
acylhydrazide moieties were systematically replaced (6). Replacement of the sulfur
atom with nitrogen or oxygen was again not beneficial for tT'G activity (ICso = 3 pM
and higher). Elongation of the acylhydrazide, removal of the acylhydrazide or
replacement with amines, also performed in combination with substitution of the
aromatic rings by 3- or 4-fluorobenzene, did only result in diminished activity (ICso =
5 uM and higher). Subsequently, the substitution pattern on the aromatic rings was
investigated (7). Replacement of the phenyl group at R3 with a methyl, cyclohexyl,
benzyl or 3-pyridyl group was detrimental, as well as the introduction of a 2- or 4-
methoxyphenyl or chlorophenyl group (ICso = 1.2-8 uM). A 3-methoxyphenyl
substituent at R3, however, showed equal activity as 4 (ICso = 0.82 pM). A
fluorophenyl substitution both at R? and R? increased activity, just as a 2- or 3-
methoxyphenyl at R2 (ICso = 0.14-0.32 pM). At R1, a chloro- or methyl substituent in
combination with fluorophenyl substituent at R? and R? increased activity (ICso =
0.13-0.16 pM), but a larger group such as isopropyl was not beneficial (ICso = 0.90
uM). Finally, a cyclohexyl (R1 = CHy) or piperidyl (R1 = NH or NR) moiety was fused
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to the thiophene ring (8). However, no significant increase in activity was noted. It
was concluded that while the acylhydrazide moiety and the thiophene ring were
necessaty for inhibitory properties, the other substituents could be slightly modified.
In a later study by the same group, the kinetics of inhibition of tTG by 4 was
investigated in detail.?® It was found that 4 is a slow-binding and reversible inhibitor
of tTG with an ICsp value of 0.6 uM. It is an allosteric binder, as it does not bind in
the active site, but probably at the GTP binding site. Furthermore, compound 4 was
also evaluated for inhibitory activity against coagulation factor XIIla and caspase 3.
The first enzyme is a member of the TG family, the second has an acyl-transfer
mechanism identical to that of tT'G. It was found that 4 did not have any effect on
these two enzymes. Moreover, this compound did not show any cytotoxic activity.
Based on the observation that aldehyde-containing gluten peptide analogs show
reasonable binding affinity for DQ2, a series of short aldehyde-containing peptides
was synthesized by the group of Khosla (Figure 5).77 It was postulated that the active
site cysteine would react with the aldehyde and form a hemithioacetal. The peptides
were evaluated for their inhibitory activity, and it was observed that peptides 10 and 14
did not show any inhibition (K; > 500 uM), probably because of steric factors. The
optimal side chain length for inhibition was found to be longer than the glutamine
substrate 9, as peptide 12 was the best inhibitor of this series (Ki = 40 uM). Peptides
11 and 13 showed poor inhibition (K; > 200 pM). The fact that peptide 15, lacking the
aldehyde component, also displayed poor inhibition (Ki > 100 uM), proved that the

aldehyde was indeed involved in inhibition.

Figure 5 Aldehyde-containing peptides as reversible tTG inhibitors.
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The small peptide Cbz-GIn-Gly is a known TG substrate.”® The fact that the
cinnamoyl group is a more rigid analog of the Cbz group led to the development of
cinnamoyl-containing inhibitors (Figure 6), which were found to be reversible
inhibitors of the tTG enzyme.” By systematic screening of the substituents on the
aromatic ring, and the variation in the nature of the cyclic moiety, the lead structure 16
was identified. In a follow-up study® inhibitor 17 was synthesized and found to be a
very effective inhibitor of tTG (ICso = 2.1 pM). Moreover, some of the inhibitors
evaluated in this study were selective for tT'G and did not exhibit any activity towards

related enzymes.
Figure 6 Representative examples of cinnamoyl-containing inhibitors.
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1.2.3.3 Irreversible inhibitors

The natural product acivicin (18, Figure 7) is known to inhibit the enzyme anthranilate
synthase by reacting with the active site cysteine. Since the active site of tTG also
contains a Cys residue, Krantz and co-workers reasoned that analogous peptidyl 3-
halo-4,5-dihydroisoxazoles (such as 19a and 19b) might inhibit TG inhibitory
activity.8! The Cbz-group was incorporated because the small peptide Cbz-Gln-Gly is

a known TG substrate.”®

Figure 7 Acivicin derived 3-substituted-4,5-dihydroisoxazoles as irreversible inhibitors of TG and
inactivation of the enzyme by these compounds.
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Indeed, it was found that these compounds inhibited TG in a irreversible manner by
nucleophilic displacement of the ring substituent X by the active site cysteine thiol of
the enzyme (Figure 7), with the potency being dependent of the nature of the 3-
substituent on the ring. Compounds 19a and 19b were the most potent (ki/K; = 0.054
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and 0.013 pM! min !, respectively). The importance of the 3-substituent was
confirmed by the lack of activity observed for 19e.

Alternative irreversible inhibitors for the guinea pig liver TG were synthesized and
evaluated for their activity by the group of Keillor.52:83 These compounds consisted of
o,B-unsaturated amides, epoxides and 1,2,4-thiadiazoles as electrophilic traps attached
to either a mono- or dipeptide which is recognized by the enzyme. Again, the enzyme
is inactivated by attack of the active site cysteine on the inhibitor (Figure 8). Cbz-X-
OH, Cbz-X-Gly-O/Bu (shown in Figure 8) and Cbz-X-Gly-OH were chosen as
scaffolds, in which X is the amino acid containing the electrophilic trap.

Figure 8 Inactivation of TG by thiadiazoles and examples of inhibitors generated by Keillor and co-
workers. 52,83

R1>—N Enzyme R! Enzyme
q

> N
MNHRZ S HN  )-s-s

N.
(_)S\/e RZHN

v v s www
0 = z - =
H
©\/OTN\)LN/YO R3= n( NH RS = n( NH R3 = n( (0] R = n(\)\NH s
o R H o A o)\((‘) HN ,T/'N
IS 5 ¥
N
Ny OCH;

20 21 22 CH, 23
20a: n=1 21a: n=1 23a: n=1
20b: n=2 21b: n=2 _ 23b: n=2
20c: n=3 21c: n=3 22a: n=1 23c: n=3
20d: n=4 21d: n=4 22b: n=2 23d: n=4

It was found that the a,B-unsaturated amide dipeptide substrates 20 showed higher
affinity for the enzyme (Ki = 0.23-1.48 uM) than the same inhibitors based on the
Cbz-X-OH scaffold (K; = 0.52-2.32 uM) and that removal of the #butyl ester further
improved affinity (K; = 0.15-0.48 pM). The optimal side chain length was observed to
be four methylene units, and thus the Cbx-X-Gly-OH compound with n = 4 was the
most efficient inhibitor in this series, with the highest affinity and the highest rate of
inactivaton: Ky = 0.15 uM and ki/K; = 3.00 pM-! min-!. For the epoxide compounds,
which were tested as diasteromeric mixtures, the monopeptides were found to have
the highest affinity for the enzyme, namely K; = 0.28-2.13 uM. The protected
dipeptide 21 displayed a decreased affinity of Ky = 0.95-5.91 pM and the removal of
the #butyl ester partially restored the affinity. Again, the side chain length of four
methylene units was found to be optimal and therefore the Cbz-X-OH peptide with n
= 4 was the most efficient inhibitor in the epoxide series: Ki = 0.28 uM and ki/K; =
2.03 pM! min'. The difference between these two classes of compounds could be
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explained by the steric bulk of the epoxide reactive group as compared to the double
bond. Next, the 1,2,4-thiadiazole compounds were evaluated for their inhibition of
guinea pig liver TG. For these compounds, it was observed that the substrates with
one methylene unit in the side chain did not have any inhibitory effect on the enzyme.
As for the epoxide series described above, the attachment of the glycine residue was
not beneficial for inhibition, and removal of the #butyl group did not restore the
activity. Compound Cbz-X-OH with n = 2 was found to be the most effective
inhibitor with high affinity and efficient inactivation: Ky = 0.77 uM and k;/K; = 0.89
uM-1T minl. For the second series of thiadiazoles, compound Cbx-X-Gly-OH with n =
2 was found to be the most effective with Ki = 1.3 pM and ki/K; = 0.71 uM-! min'!,
again showing the importance of side chain length and a free carboxylic acid moiety in
the inhibitor.

Shortly thereafter, Khosla and co-workers synthesized glutamine isosteres, either as
single amino acid or as part of either a Cbz-X-OMe (with X being the glutamine
isostere) or high affinity peptide tTG substrates, and tested them for inhibition of
tT'G.8* The isosteres contain either a tetramethyl thioimidazole (24, Figure 9), a 3-
chloro-4,5-dihydroisoxazole as in acivicin 18, or a 6-diazo-5-oxo-norleucine (DON)
moiety (25).

Figure 9 Inactivation of tT'G by glutamine isosteres.
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As controls, protected and unprotected glutamine and a glutamine-containing peptide
were used. The Cbz-X-OMe motif is a ‘low-affinity scaffold’, while the peptide-based
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inhibitors are ‘high affinity scaffolds’. The inactivation by these compounds is
depicted in Figure 9. The tetramethyl thioimidazoles inactivates the enzyme by
transfer of the acyl portion of the inhibitor to the enzyme and release of the
tetramethyl imidazolethione.®> The inactivation of active-site cysteine containing
enzymes by DON is believed to proceed via attack of the active site thiol on the
ketone moiety, after which a thiohemiketal is formed. Collapse of this intermediate
and exclusion of nitrogen leads to the product.8¢ All compounds were evaluated for
their tTG inhibitory properties. Compounds derived from 24 (See Figure 9) showed
significantly decreased affinity for the enzyme as compared to the glutamine controls.
Compounds 18 and 25 showed low activity against tTG (ki/K; = 0.17 - 106 and 0.2 -
106 uM-! min’!, respectively), but incorporating the glutamine isostere in a peptide
markedly increased its affinity for tT'G and its inhibition efficiency (PQ-18-LPY: ki/K;
= 1.8 - 105 uM! min‘!, Cbz-25-OMe: ki/K; = 8.9 - 104 uM-! min'!, Ac-PQP-25-LPF-
NHz: ki/Ki = 2.9 pM-! min!). The DON containing peptide Ac-PQP-25-LPF-NH;
showed the best inhibitory activity. Moreover, no cytotoxic effects were observed
towards epithelial cells and fibroblasts, and it was found to be selective for tTG over
other related TG enzymes.

The group of Khosla also prepared and evaluated a series of acivicin analogs (Figure

10) based on the core structure 26.87

Figure 10 Representative acivicin analogs evaluated as tTG inhibitors.
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Varying the R' and R? positions finally led to compound 27 which was found to
exhibit both high affinity and rapid inactivation of tTG, with k;/I; = 6.8 - 103 pM-!
min!. No activity was found towards naturally occurring thiols such as glutathione (3-
Glu-Cys-Gly). A similar compound (26 with R! = CsHs-CH>O- and R? = -CH>CsHs-
p-OH) was evaluated for its toxicity zz viwo by administering the compound to mice.
These assays demonstrated that this compound possessed good oral bioavailability,
was active and not toxic in mice. Further elaboration on this motif and the enzymatic
resolution of the racemic dihydroisoxazoles used previously to obtain enantiomerically

pure compounds revealed the 5-fluorotryptophane 28, which was found to be a
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potent inhibitor (ki/Ki = 0.057 pM! min') that showed a eight-fold increase in
potency compated to compound 27 (ki/Ki = 6.8 - 103 uM-! min').

Keillor and co-workers prepared a series of eight compounds, combining the Cbz-Phe
scaffold®” with o,8-unsaturated amides, chloroacetamides and maleimides as cysteine
reactive groups and with spacers of different length between the scaffold and the
reactive group (Figure 11).88 The o,B-unsaturated amides had been applied before, as
part of a Cbz-X-Gly scaffold and were shown to be reasonably effective irreversible

inhibitors of guinea pig liver T'G.82

Figure 11 Inhibitors based on the Cbz-Phe scaffold.
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It was found that the affinity of compounds 29a-d (Figure 11) was about 60-fold
higher (K; = 3.5-13 uM) than similar compounds evaluated in the previous study®” (K;
= 0.26-0.74 mM, compounds not shown), suggesting that the large dihydroisoxazole
moiety in the latter is not accommodated well in the TG substrate pocket. The
inhibition efficiency of the compounds was found to be slightly variable with the
spacer length; the longer spacers were more effective than the shorter ones. This
might be explained by the increasing flexibility of the longer spacers, due to which a
better positioning of the reactive group in the active site could be achieved.
Compounds 30b-c showed the same correlation between linker length and activity as
seen for 29a-d, but were less effective as inhibitors (ki/K; = 0.010-0.053 pM-! min-!
for 29a-d vs. ki/Ki = 0.069-0.109 uM-! min" for 30b-c), while 30a did not show any
inhibition at all. Peptide 31 also did not show inhibition, probably due to the large
maleimido-moiety. Compounds 29¢ and 30c were found to react only very slowly
with glutathione, indicating their selectivity for tTG. In a later study the effect of the
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incorporation of the maleimido-group as amino acid side chain (Figure 11) and the
effect of the distance of the maleimide from the peptide backbone were investigated. 5’
It was found that the dipeptide inhibitors were two- to twenty-fold less effective than
the benzyl esters (32a-c: ki/K; = 0.67-17.08 - 103 pM! min-, 33a-c: ki/K; = 0.28-0.83
- 103 pM! min''). Probably, because of the aromatic ring of the benzyl esters, these
inhibitors are better positioned in the active site, as observed before.8” When
considering the chain length, it was found that the efficiency increases with side chain
length, which was again observed previously.828388 However, these inhibitors were
103-10* fold less effective than the o,3-unsaturated amides identified from the
previous study,?? again showing that the large maleimide ring does not fit well into the
active site of tTG.

Based on the fact that sulfonium peptidylmethylketones have been shown to
irreversibly inhibit proteases by transfer of the peptidyl portion to the active site
cysteine sulphur atom, a series of water-soluble dipeptide-based sulfonium
peptidylmethylketones (Figure 12) was synthesized and evaluated for their inhibitory

activity.%

Figure 12 Sulfonium peptidylmethylketone-based inhibitors of tTG.
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These compounds were hypothesized to possess reduced toxicity. Due to their water-
solubility and permanent charge, they should be more likely to remain outside cells
and target extracellular tTG, instead of crossing the cell membrane and react with
other TG enzymes and proteases. Compounds 37 and 38 were taken as reference
compounds. It was found that the Cbz group was the optimal substituent for the N-
terminus, in accordance with the results shown above. When the phenylalanine was
replaced with bulky amino acids, aliphatic amino acids or charged amino acids, a
decrease in activity was seen (34e-k, m, 1Cso values from 12-305 uM) as compared to
34d (ICso = 10 uM) but the introduction of a proline or glycine slightly increased
activity to ICso = 5-8 pM (34a, 34b). Protection of the acid with a methyl ester (34n)
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also slightly improved the activity (ICso = 5 pM), as compared to 34d. Changing the
dimethylsulfonium to the diethyl moiety reduced the activity by 50% (ICso of 35 = 20
uM), while incorporation of the tetramethylimidazolium group resulted in the most
potent compound in this study, with an ICso value of 3 uM, being as active as
reference compound 38. Although peptide 37 proved to be effective in a previous
study,”! here it did not show any activity. Compound 34d was also applied to an
aminal model and did not display any toxicity.

A wide variety of irreversible, reversible and competitive tTG inhibitors have been
synthesized and evaluated, leading to the establishment of valuable structure-activity
relationships. It has been shown that selective inhibitors for tT'G can be prepared.
Although tTG is implicated in a wide variety of biological processes and irreversible
inhibition of tT'G can result in severe side-effects, it has been shown that irreversible
tT'G inhibitors can be administered in animal models without showing any toxicity.
However, more research concerning this issue is necessary before such agents can be

used in the treatment of CD patients.

1.2.4 HLA-DQ2 blocking peptides

Much attention has been paid to development of inhibitors for the tTG enzyme.
However, potential CD therapies involving the blocking of the HLA-DQ2 protein
have, until recently, not been investigated. In 2004, a crystal structure of HLA-DQ?2 in
complex with the gluten peptide QLQPFPQPELPY (epitope in bold) was published
by Kim e# 2/25 In this crystal structure the authors observed that the prolines at the p5
and p8 positions had limited interaction with the HLA-DQ2 molecule and are
solvent-exposed. Therefore, it was suggested that these residues could be modified
with additional side chains to disrupt T cell recognition of the peptide/HLA-DQ2
complex. Such peptides, the so-called HLA-DQ2 blockers, should bind better than
the toxic gluten peptides and when in complex with HLA-DQ2, should not be
recognized by gluten-specific CD4+ T cells, so that the immune response to gluten is
completely inhibited.

Khosla and co-workers developed a series of potent HLA-DQ2 blockers, starting
from a T cell stimulatory 33-mer peptide,”> with the sequence
LQLQPFPQPELPYPQPELPYPQPELPYPQPQPF (39). This peptide consists of
overlapping copies of the epitopes PFPQPELPY, PQPELPYPQ and PYPQPELPY
and has a much higher affinity for HLA-DQ2 than the individual epitopes. Multiple
truncated versions of this peptide were synthesized and evaluated for their HLA-DQ2
affinity. It was found that peptide LQLQPFPQPELPYPQPELPY (40) showed
comparable activity with respect to 39. This peptide was subsequently modified at L1
and L18, which corresponds to the p5 position of epitope PQPELPYPQ, of which

28



General Introduction

two copies are present in 40. Thus, 6 peptides with large side chains at these positions

were prepared (Figure 13).

Figure 13 Blockers for the HLA-DQ?2 protein based on a T cell stimulatory 33-mer. The fluorescein
moiety was attached for the assessment of the binding properties.

HOOC O
LQLQPFPQPEKPYPQPELPY
(6]
HOOC
LQLQPFPQPELPYPQPEKPY
H

41
OOH

(6]

42
SeoN

o (0]
HOOC O
LQLQPFPQPEII(PYPQPELPY
(0]

HN. _O
43
O~ OH
HO O o O OH

HOOC O

LQLQPFPQPELPYPQPEII(PY
o}

HN_O
44

HooC
Q HN S0

|
LQLQPFPQPEKPYPQPEKPY
o) HN__O
45

HOOOH
HOOC
o

LQLQPFPQPEKPYPQPELPY
H 0}

o/—\o _/— O\_/O _\_<\Z—

o
_§_<_49_\_

LQLQPFPQPEKPYPQPELPY

(0]
HOOC I

46
OOHHOIOIOH

29



Chapter 1

It was found that peptides 41 and 42 did not bind well to HLA-DQ?2, probably due to
salt bridge formation between the side chains of the Lys and the preceding Glu
residue. When a succinyl moiety was attached (43, 44 and 45), the binding affinity
improved considerably. Dimer 46 showed even more affinity together with faster
binding. The blocking properties of 45 and 46 were assessed and these peptides were
shown to be able to compete with the unmodified peptide and effectively inhibit T
cell proliferation, based on steric hindrance on the side of the solvent-exposed face of
the peptide/HLA-DQ2 complex. As a consequence, the TCR failed to recognize the
complex. Similarly, dimeric and cyclic gluten peptide analogs, designed to inhibit T cell
recognition based on steric hindrance, were evaluated for their ability to inhibit T cell
proliferation.”® These cyclic peptides were made by either incorporating cysteine
residues to the N- and C-terminus of a known epitope and linking the cysteines
together via disulfide bridges, or by replacing leucine by lysine residues and connecting

the side chain amines of these lysines with polyethyleneglycol linkers (Figure 14).

Figure 14 Cyclic gluten-based peptides as HLA-DQ2-blockers. X = carboxyfluorescein, as in Figure 13.
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These peptides were tested for their HLA-DQ2 binding affinity and ability to induce
T cell proliferation. All peptides were found to have a good affinity (ICso between 0.2
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and 4.2 pM, as compared to epitope LQPFPQPELPY which displayed an 1Csp value
of 2.5 uM), with 52 and 53 being the best binders with I1Cso values of 0.2 and 0.3 pM,
respectively. Compounds 47-49 were recognized by specific T cells, probably resulting
from the instability of the disulfide bridges under the assay conditions. Peptides 50-53
did inhibit T cell proliferation, with peptides 52 and 53 again being the most effective
inhibitors. The peptide dimers were based on dimer 46 (Figure 13), but the linkers
connecting the two peptide sequences were varied. As controls, modified monomers
41 and 54 were used, in which a leucine residue was replaced with either a lysine or
cysteine (Figure 15), which showed equal affinity for HLA-DQZ2 as the unmodified
peptide.??

Figure 15 Dimeric peptides as HLA-DQ2 blockers. X = catboxyfluorescein, as in Figure 13. For
peptides 41 and 54, the bold residue indicates the amino acid substitution.
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All peptides were able to form 1:2 complexes with HLA-DQZ2. Peptides 56 and 58-61,
all containing thioether linkages between the cysteine residue and the linker, did
stimulate T cell proliferation, again suggesting that a thioether bond is not stable
under the conditions of the assay. Compounds 46, 55 and 57 were able to inhibit T
cell proliferation with approximately the same effectivity.

Another approach was based on covalent modification of the HLA-DQ2 molecule
with, as a consequence, that the peptide-binding groove is unavailable for gluten
peptides.”” For this purpose, a series of aldehyde-containing gluten peptide analogs
was prepared. The aldehyde reacts with a nearby amine of a lysine of HLA-DQ?2,
forming an imine. This might stabilize the peptide-HLA-DQ2 complex. It has been
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known that Lys71 of the B-chain is in close proximity to the p4 and p6 positions in
the HLA-DQ2 binding pockets.?> Therefore, the peptides were designed in such a way
that the aldehydes were present at positions p4 (63-65, Figure 106), p6 (66, 67, 69-72)
or both (74 and 75).

Figure 16 Aldehyde-containing gluten peptide analogs. X = carboxyfluorescein, as in Figure 13.
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Of the short peptides 62-72, peptide 64 showed the highest affinity, probably due to
its resemblance to the glutamine residue in the unmodified peptide 62. Also, peptide
64 was shown to enhance T cell proliferation as compared to 62 (ICso = 3.3 uM for
62, ICso = 1.0 pM for 64). Peptide 73, a high affinity HLA-DQ2 binder also used in
the previous study,’? was modified with two aldehydes, and indeed, significantly higher
binding affinity was seen. Peptide 74 showed a decrease in T cell activation (ICsp =
0.039 uM) as compared to 73 (ICso = 0.016 uM) and thus may represent a good
blocker. Based on peptide 45 from the previous study,”? dialdehyde-containing peptide
75 was synthesized. However, it was found to block T cell proliferation less effectively
than peptides 45 and 46.
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Anderson ¢f al. investigated the effect of amino acid substitutions in the known toxic
gluten peptide QLQPFPQPELPYPQPQS, originating from a-gliadin.?* It was found
that substitutions in the central PELP sequence with lysine, arginine or glutamine
rendered the peptide inactive towards recognition by T cells. The parts flanking the
central sequence were found to be less sensitive to amino acid substitutions. The
binding properties of the generated peptides were not evaluated.

In summary, there are several possible therapies to treat the symptoms of CD, aimed
at different key factors in CD pathogenesis. However, except for the enzyme therapy
described in section 1.2.2, none of these therapies are in a stage where they can be
assayed in clinical trials. Several tT'G inhibitors discussed above show affinity for other
enzymes next to tT'G. Moreover, although it has been proven that some irreversible
tTG inhibitors can be administered in animals without any toxic effects, irreversibly
inhibiting this enzyme in humans may have an adverse effect as tT'G is involved in
many biological processes. The majority of the reversible inhibitors have been shown
to be selective for tTG, combined with low cytotoxicity. The most promising
approach in this matter thus seems to be reversible inhibition of tTG. The HLA-DQ2
blocker approach is not as thoroughly investigated as the tT'G inhibitor approach, but
shows promise in that HLA-DQ2 selectivity can be obtained by modifying natural
HILA-DQ2 ligands, as has been shown in section 1.2.4. Moreover, a crystal structure
of HLA-DQ?2 in complex with a gluten peptide exists,?> making design of high affinity
ligands for HLA-DQ?2 possible. In this Chapter only the most frequently investigated
approaches were described. Several new strategies are emerging,”> such as modulation
of the T cell response. For example, De Vincenzi and co-workers identified a peptide
from durum wheat, which is considered toxic for CD patients, that turned out to be
inhibitory for some processes occurring downstream of T cell recognition, such as the
inflammatory response that causes small intestinal damage.? It was found that the T
cell response was shifted from type Thl to type Th2 with the release of different
cytokines as a result. Therefore, the inflammatory process was inhibited. Another
example is the use of regulatory T cells to inhibit the action of the CD4" T cells
involved in CD pathogenesis.?” Such new therapies may prove to be as promising as

the therapies described here.

1.3 Aim and outline of this Thesis

The first part of this Thesis aims at elaborating on the HLA-DQ2 blocker approach.
When the crystal structure of HLA-DQ2 with QLQPFPQPELPY (epitope in bold)
was studied, it was observed that besides the p5 and p8 positions,? the residue on the
p3 position of the epitope does not have interaction with the HLA-DQ2 binding

pocket as well. The p8 position, in contrast, shows this exposure to a lesser extent.
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Therefore, high affinity HLA-DQZ2 binding peptides which are modified at the p3
position may also be suitable as HLA-DQZ2 blockers. Chapter 2 describes the
modification at the p3 and p5 positions of a known T cell stimulatory gluten peptide
(QLQPFPQPELPYPQ), cpitope in bold). The prolines at these positions were
replaced with azidoprolines, to which a side chain was attached 2z ‘click chemistry’.
These peptides were tested for their binding affinity for HLA-DQ2 and their T cell
response inhibitory activity. In Chapter 3 attempts to improve the binding affinity of
HLA-DQ2-binding peptides are described. From earlier studies, high affinity HLA-
DQ2 peptides have been identified and a lead sequence is further optimized using
systematic substitutions with both natural and unnatural amino acids. In Chapter 4 it
is described how three high affinity gluten peptides identified from the studies in
Chapter 3 are modified. The same approach was applied as in Chapter 2; the amino
acid at the p3 position was replaced with the corresponding azido amino acid and
various side chains were attached. These compounds were evaluated for their binding
properties.

The second part of this Thesis deals with Gramicidin S (GS) (76, Figure 17), a cationic
cyclic peptide antibiotic isolated from the soil bacterium Bacillus Brevis.”® This peptide
is described in more detail in the introduction of Chapter 5.

Figure 17 The structural formula of Gramicidin S.

2 ¢@
@Q o”

76

The occurrence of multiple-resistant bacterial strains poses a great problem to
healthcare institutions, as infections with these bacteria are difficult to cure. Therefore,
the development of new antibiotics is urgently needed to combat these bacterial
strains. Gramicidin S has been shown to be effective against a number of bacterial
strains, both Gram-positive and Gram-negative,” but also lyses human red blood
cells, limiting its clinical use.!® Modification of GS to tune its antibacterial and
hemolytic activity appears to be an attractive strategy to develop new efficient

antibiotics. In Chapter 5, the modification of GS with adamantyl amino acids is

34



General Introduction

described. The newly generated peptides are evaluated for their structural and

biological properties. In Chapter 6, the modification of GS with morpholine amino

acids (MAAs) is described, and their structural and biological properties are presented.

Chapter 7 summarizes Chapters 2-6 and discusses future directions for the research
described in this Thesis.
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