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1 Introduction

1.1 Serendipitous discovery of knotted microproteins
Peptides regulate most physiological processes, acting as endocrine signals,
neurotransmitters or growth factors. They are used therapeutically in diverse
areas including neurology, endocrinology and hematology (Vlieghe, 2010;
Edwards, 1999). Due to their advantageous features of high specificity and
low toxicity, peptides are considered drugs of the future.
In recent years, naturally occurring cystine-knotted peptides attracted
great interest (Sommerhoff, 2010; Gunasekera, 2008b) because of their
higher stability, manifested by high resistance to protease degradation, and
rigidity (Gunasekera, 2008b; Colgrave and Craik, 2004). Most potential peptide drug leads are composed of amino acids in linear chains with open ends
that are targets for proteolytic enzymes, leading to short plasma half-life
times. This feature, coupled with their poor absorption due to their generally
hydrophilic nature, results in poor oral bioavailability, making them unsuitable for oral drug therapies (Vagner, 2008; Werle and Bernkop-Schnürch,
2006). Cyclization has been used to reduce susceptibility to degradation of
peptide drugs (Clark, 2010) and when combined with oxidative folding, it
has been found to stabilize peptides in harsh environments by forming rigid,
compact molecules (Clark, 2011; Werle and Bernkop-Schnürch, 2006;
Colgrave and Craik, 2004). For example, cyclic cystine-knotted peptides
show greater stability than their solely cystine-knotted counterparts
(Colgrave and Craik, 2004; Daly and Craik, 2000).
The exceptional properties of such peptides first came to notice through
the serendipitous discovery of a bioactive agent in indigenous medicine used
in the Congo (Zair) region of Africa (Gran, 1973b). During a Red Cross
relief mission in Zaire in the 1960s, the Norwegian physician noted that during labor, women sipped a decoction made by boiling leaves of the plant
Oldenlandia affinis, to accelerate uterine contractions and facilitate childbirth. In the 1970s, the active ingredient was determined to be a peptide,
named kalata B1 after the traditional name for the native medicine, 'kalatakalata' (Gran, 1973c; a). The stability of the peptide during boiling and oral
ingestion (and thus resistance to high temperature and gastrointestinal tract
enzymes) indicated that it has oral bioavailability, which is unusual for peptides and proteins generally. KB1 was also tested in vivo in rats and
rabbits(Gran, 2000), confirming that it has similar uterotonic activity to oxy-
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tocin, the well-known uterine contraction-inducing hormone. Unfortunately,
despite its potential utility as therapeutic agent, inherent problems especially
high hemolytic activity and unfavorable cardiotoxic effects (Gran, 2000;
Gran, 1973b; c), hampered its further drug development. However, the discovery of kB1 prompted further studies, and in the 1990s, several other related plant-derived peptides were isolated (Göransson, 1999; Claeson, 1998;
Gustafson, 1994b; Witherup, 1994; Schöpke, 1993) and their three dimensional (3D) structures solved (Daly, 1999a; Saether, 1995), revealing a similar circular backbone and cysteine content to kB1. As a result, these macrocyclic peptides considered part of a related family and later named ‘cyclotides’ (Craik, 1999). Today cyclotides have been found in members of the
Rubiaceae, Vioalaceae, and Cucurbitaceae plant families (Gerlach, 2010;
Laura and Craik, 2010; Poth, 2010; Gruber, 2008; Hernandez, 2000).
There are also several acyclic inhibitory cystine-knot peptides, which are
remarkably stable compared to non-knotted peptides and have high receptor
specificity. Typical examples of these, from Conus peptide families, are ωconopeptides that inhibit voltage-gated calcium channels (Olivera, 1984), δconopeptides that inhibit voltage-gated Na channel inactivation(Shon, 1994),
and κ-conopeptides that target voltage-gated K channels (Shon, 1998). The
high stability, selective modulation of biomolecular interactions, diverse
range of bioactivity and synthetic amenability of cystine-knot microproteins
make them attractive choices as scaffolds for peptide-based drug design and
biomolecular engineering.

1.2 Structure of cystine knotted microproteins
Cystine knot microproteins (CKM) are small disulfide-rich peptides sharing
disulfide connectivity pattern of I-IV, II-V, and III-VI associated with β
strands (Pallaghy, 1994; McDonald and Hendrickson, 1993). They are divided into two main categories, based on topological features (Craik, 2001;
Isaacs, 1995): growth factor cystine knots (GFK), such as nerve growth factor, platet-derived growth factor-BB and transforming growth factor-β2; and
inhibitor cystine knots (ICK) (Figure 1A). ICK are often referred to as knottins and are commonly associated with a distorted triple-stranded β-sheet
structure that is integral to the cystine knot motif. ICK peptides are either
acyclic, for example as in ω- and δ-conotoxins, or cyclic, as in cyclotides.
The main feature of the general cystine-knot fold is a topological macrocycle, formed by two disulfide bonds and their interconnecting peptide segments, which is threaded by a third disulfide bond. The two fold categories
are differentiated by the specific disulfide that penetrates the topological
macrocycle formed by other two disulfides, which in the ICK motif involves
the III-VI disulfide bond, whereas in GFK, the I-IV disulfide bond is involved (Figure 1A). Despite having a cystine knot, however, the loops pro-
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truding from the cystine-knot core of GFK are larger, more flexible than in
other knottins, thus GFK has a lower stability.
Cyclotides are ICK or knottins with a cyclic backbone, comprising a large
family of cyclic plant-derived microproteins (Ireland, 2010; Craik, 2004).
They range in size from 28 to 37 amino acids and are characterized by a
head-to-tail cyclized backbone containing six absolutely conserved cysteine
residues that are connected intramolecularly in a knotted topology. These
arrangement results in six segments or loops in the backbone between cysteine residues, which are successively numbered loop 1 to 6, starting at cysteine 1 (Figure 1B). Loops 1 and 4 are highly conserved in terms of both the
number and types of residues. Most of the other loops are variable in terms
of amino acid sequence, composition and size, resulting in a combinatorial
library of native cyclotides built around a generalized cyclic cystine knot
(Craik, 2006).
The combination of a cyclic backbone and knotted disulfide topology of
cyclotides defines a structural motif known as the cyclic cystine knot (CCK)
(Craik, 1999). CCK, like other ICK, are formed by three disulfide bonds
whereby two disulfide bonds (I-IV and II-V) and their connecting backbones, loops 1 and 4, form the embedded ring that is penetrated by the third
disulfide bond (III-VI) (Figure 1B). This unique feature endows them with a
range of valuable biophysical, and chemical properties including exceptional
resistance to thermal, chemical, and enzymatic exposure (Colgrave and
Craik, 2004). In contrast to most other cyclic peptides of natural origin, such
as cyclosporine and bacitracin, which are non-ribosomally synthesized
(Walsh, 2004), cyclotides are gene-encoded microproteins that are ribosomally synthesized from linear precursor proteins (∼100 amino acids)
(Burman, 2009; Gillon, 2008; Saska, 2007; Mulvenna, 2005; Dutton, 2004;
Jennings, 2001).
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Figure 1. General features of CKM and cyclotides: A) topology of cystine knotsknottin (ICK) and growth factor cystine knot; B) Loops in structure of cyclic cystine-knots, cyclotides C) twist in backbone of cyclotides (upper panels) defining
bracelet and Möbius types
(bottom panels), from left to right, respectively. The
six Cys residues involved in the knots are labeled as I-VI whereas loops or segments
between Cys residues as loop 1-6, in order from the N- to-C termini

At present, more than 20 3D structures of cyclotides are available in protein
databases (Ireland, 2010). These structures were mainly determined by solution NMR (Göransson, 2009; Mulvenna, 2005; Barry, 2004; Rosengren,
2003; Heitz, 2001; Daly, 1999a; Saether, 1995) but one was solved by X-ray
crystallography (Wang, 2009b). Based on their 3D structures, cyclotides
were originally categorized into two main subfamilies: Möbius and bracelet
(Figure 1C) (Craik, 1999). In Möbius cyclotides, a cis X-Pro peptide bond in
loop 5 results in a 180° twist in the cyclic backbone but bracelet subfamily
members lack the Pro residue and have a trans-peptide bond at the corresponding position (Figure 1C). Hence, the absence and presence of a Pro
residue (typically preceded by an aromatic residue) in loop 5 is the main
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characteristic of bracelet and Möbius subfamilies, respectively. This loop is
hydrophobic in Möbius cyclotides. In contrast, bracelet cyclotides have positively charged residues at this position. Interestingly, novel peptides sharing
features of both subfamilies are also emerging, usually called hybrids or
chimaeras (Daly, 2006). Two macrocyclic peptides, Momordica
cochinchinensis trypsin inhibitors I and II (MCoTI-I and MCoTI-II) were
discovered in the Cucurbitaceae plant family after the name “cyclotide” was
coined, forming a third subfamily referred to as the trypsin-inhibitor cyclotides (Hernandez, 2000). Trypsin inhibitor cyclotides are of particular interest from a pharmaceutical perspective because of their ability to penetrate
cells and thus, potentially, interact with intracellular targets (Jagadish and
Camarero, 2010; Greenwood, 2007).
The conserved structural features of all cyclotides include: the cyclic cystine knot; a β-hairpin involving loops 4, 5 and 6, which may be associated
with a third distorted β-strand, forming a triple stranded anti-parallel β-sheet;
and a Glu residue in loop 1 that forms an important network of hydrogen
bond with loop 3 (Göransson, 2009; Rosengren, 2003). The knotted-cystine
core of cyclotides is critical for maintaining the overall fold and has been
shown to be important for biological activity and stability (Colgrave and
Craik, 2004). Examples of typical sequences and corresponding structures
from each of the categories highlighted above (Möbius, bracelet, hybrid, and
trypsin inhibitor) are given in Figure 2A and B. Note that although trypsin
inhibitor cyclotides have no sequence similarity to other cyclotides subfamilies, they are generally classified as such on the basis that they contain a
CCK motif (Hernandez, 2000).
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Figure 2. A) Sequences and B) structures of representative members of the cyclotide
subfamilies: The bracelet, cycloviolacin O2 (pdb code: 2KNM); hybrid, kalata B8
(pdb code: 2B38); Möbius, kalata B1 (pdb code: 1NB1) and trypsin inhibitor,
MCOTI-II (pdb code: 1IB9). The doted lines connecting kalata B8 with Möbius and
bracelet indicates, kalata B8 shares properties of both subfamilies. MCOT-II is illustrated as isolate indicating that it has no sequence homology with these members
except the disulfide bonds. Cyclic backbone is shown by broken line connecting Nand C-termini of the sequence.
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1.3 Stability and biological activities
The covalent disulfide linkage of the knotted core confer conformational
rigidity, and appear to be important even in the absence of cyclization since
acyclic analogs of kB1 also fold to native-like structure and are highly resistant to extreme pH, thermal denaturation and proteolytic attack (Barry,
2003; Daly and Craik, 2000). However, the losses of biological activity of
these acyclic permutants have been attributed to the greater conformational
flexibility resulting from absence of cyclization. Similarly, the acyclic form
of a naturally occurring cyclotide, violacin A, has a similar overall fold and
stability to the cyclic counterparts, but with weaker hemolytic activity
(Ireland, 2006b).
Cyclotides have a wide range of biological activities, including anti-HIV
(Daly, 2004; Gustafson, 1994a), insecticidal (Gruber, 2007; Jennings, 2005;
Jennings, 2001), anti-tumor (Svangård, 2004; Lindholm, 2002), antifouling
(Göransson, 2004) (cyO2), anti-microbial (Tam, 1999a), hemolytic (Ireland,
2006a; Schoepke, 1993), neurotensin antagonism (Witherup, 1994), trypsin
inhibition (Hernandez, 2000), and uterotonic activities (Gran, 2000; Gran,
1973b; c). The potent insecticidal activity of cyclotides kB1 and kalata B2
(kB2) has prompted the belief that cyclotides might act as plant host-defense
agents (Gruber, 2007; Jennings, 2005; Jennings, 2001).
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2 A hybrid of solid and solution phase
synthesis of microproteins

2.1 Linear chain assembly
Solid phase peptide synthesis (SPPS), which was pioneered by Merrifield
(Merrifield, 1964; 1963), involves reaction between an immobilized intermediate on solid support and reagents in solution, followed by filtration and
washing of the product with suitable solvents. The strategy initially introduced by Merrifield exploited Boc/benzyl chemistry and was based on a
system of graduated acid lability. In Boc/benzyl-based syntheses, trifluoroacetic acid (e.g. 33% trifluoroacetic acid, TFA, in dichloromethane (DCM)) is
used for iterative removal of the t-butyloxycarbonyl (Boc) protecting group
from the α-amino (Nα) functionality, while side-chain protecting groups and
the peptide-resin linkage are simultaneously cleaved using a stronger acid,
anhydrous hydrogen fluoride (HF) after completing peptide elongation. Following this initial development, a milder method for SPPS that avoids use of
HF in the final deprotection step, the fluorenylmethoxycaronyl (Fmoc)/tbutyl approach became popular (Atherton, 1978; Carpino and Han, 1972).
This methodology differs from Boc/benzyl chemistry in that the Nα and
side-chain protection are based on a system of orthogonality, i.e. each type
of protection selectively removed by a mechanism that leaves the other types
of protection intact. In Fmoc/t-butyl chemistry, a secondary amine, usually
20-50% piperidine in dimethylformamide (DMF), is used for iterative removal of the Fmoc protecting group, while side-chain protecting groups and
the peptide-resin linkage are simultaneously cleaved after complete peptide
assembly using TFA. The work underlying this thesis was based on manual
Fmoc-chemistry and the remaining discussion mainly pertains to this techniques.
The success of SPPS is dependent on the choice of solid support, i.e. the
resin, for synthesis. Polystyrene based resins, such as 2-chlorotrityl chloride
and methylbenzhydrylamine (MBHA) functionalized resins, are the commonly used solid supports. They are hydrophobic resins that have a matrix of
polystyrene cross-linked with 1-2% divinylbenzene (Lee, 2008; Barlos,
1991). However, hybrid resins composed of poly(ethylene glycol) and polystyrenes-(PEG)-PS resins, such as NovaSyn TGT resin are polar, and have
high solvation power (Kates, 1998). In addition, fully hydrophilic resins,
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such as ChemMatrix, have been developed for particularly hydrophobic or
long peptides (Garcia-Martin, 2006).
A linker is a small functional unit between the resin and the enlongating
peptide, and serves as a protecting group for the C-terminal groups of the
peptide. The linker system must be chosen appropriately, depending on
whether the C-terminal of the final peptide is a carboxylate (e.g. chlorotrityl
acid, clear acid resin), a carboxamide (e.g. rink amide-MBHA, rink amide
Clear resin), or thioester (sulfonamide resins), with consideration given to
minimize potential side reactions, including suppression of racemization.
The resins and linkers used in the work this thesis is based upon are shown
in Figure 3. Some specialized linkers, called ‘safety catch’ linkers, originally
introduced by Kenner (Kenner, 1971), are stable to repetitive treatment with
both strong acids and bases. Kenner’s ‘safety catch’ linkers are widely used
to generate peptides containing a C-terminal thioester for cyclization/native
chemical ligation (NCL) reactions (Escher, 2001; Shin, 1999). A related
‘safety catch’ linker, the Dawson Dbz linker (Blanco-Canosa and Dawson,
2008), is also stable under basic conditions and is particularly useful in
Fmoc-based thioesterification. Such linkers are transformed into reactive
groups via alkylation with trimethylsilyl-diazomethane (TMS-CHN2) or
iodoacetonitrile in the case of Kenner’s safety catch linkers (Backes and
Ellman, 1999; Shin, 1999; Backes, 1996; Backes and Ellman, 1994; Kenner,
1971) but via acylation and subsequent intramolecular cyclization in the case
of Dawson Dbz linker (Blanco-Canosa and Dawson, 2008).
Coupling reagents are used to activate the C-terminal carboxyl of incoming amino acids. O-acyluronium/guanidinium and O-acylphosphonium coupling reagents enable in situ generation of active esters in the presence of a
tertiary nitrogen base (e.g., diisopropylethylamine, DIPEA). These coupling
reagents have gained popularity due to their facile handling, short coupling
time and minimal loss of configuration during coupling (Han and Kim,
2004). The highly efficient coupling reagents HBTU, TBTU and HATU (see
abbreviation and structures in Figure 3) are the most widely used. In the
work described in this thesis, HBTU was used either alone or in combination
with HOBt for amino acid coupling, whereas PyBOP was used for thioester
formation. A tertiary amine, such as DIPEA was used as a base to form the
carboxylate ion of the C-terminal carboxyl group.
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Figure 3. Structures and nomenclature of resins and linkers (left hand box), and
coupling reagents (right hand box) used in the work this thesis is based upon. The
linker groups are highlighted by the dashed boxes in the resin structures. 2-(1HBenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), 21H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) and 2(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HATU), 1-hydroxy benzotriazole (HOBt), benzotriazol-1-yloxytripyrrolidino phosphonium hexafluorophosphate (PyBOP)

Sequence-dependent side reactions can occur during Fmoc SPPS. For example, diketopiperazine formation occurs at the C-terminal deprotected dipeptide stage, and intramolecular cleavage of the resin ester linkage by the free
amino function of the penultimate amino acid occurs after deprotection of
the Fmoc group, particularly in peptides containing Gly or Pro at the Cterminus (Carpenter, 1994; Fujiwara Y, 1994; Pedroso, 1986). In such cases,
the use of hindered trityl-based resins could minimize loss of the dipeptide
from the resin (Chan and White, 2000). Cyclization of aspartic acid residues,
forming aspartimide, is another side reaction that can occur, during either
chain elongation or final TFA cleavage, when Asp (OtBu)-Gly is present in
the sequence. In this case, hydrolysis of the aspartimide ring leads to a mixture of both α- and β-peptides, its reaction with piperidine, used for Fmoc
removal, also results in α- and β-piperidides (Quibell, 1994). Reversible
protection of the nitrogen of the Asp-Gly amide bond, using preformed dipeptides such as Fmoc-Asp(OtBu)-(Hmb)Gly-OH or Fmoc-Asp(OtBu)(Dmb)Gly-OH, can completely block the amide nitrogen from attacking the
β-carboxyl group (Mergler, 2003a; Mergler, 2003b). Of these two dipeptides, Fmoc-Asp(OtBu)-(Dmb)Gly-OH is the most efficient for incorporating Asp-Gly amide protection. For the work reported in this thesis, resins
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and the corresponding linkers were selected to either generate protected peptides or to obtain peptide acids, Carboxyl terminal activated peptides and
thioesters directly after cleavage from the resins (see Figure 3 and for further
details see Papers II, III, and V).

2.2 Native chemical ligation/cyclization
Once the linear peptide chains have been fully assembled, the next step in
synthesizing cyclic cystine-knotted microproteins is formation of cyclic peptides via native chemical ligation (NCL). The basic principle of NCL is that
two peptide fragments, one containing an N-terminal cysteine and the other a
C-terminal α-thioester, can be joined together to form a peptide bond
chemoselectively at the ligation site (Tiefenbrunn and Dawson, 2010;
Dirksen and Dawson, 2008; Dawson, 1994). The reactions proceed efficiently without side reaction involving δ-, and ε-amines, phenolates and hydroxyls, generating a single protein. NCL has been applied to synthesize long
peptides or proteins by ligating two or more fragments (Tiefenbrunn and
Dawson, 2010; Dawson, 1994). When both the N-terminal cysteine and Cterminal thioester are incorporated in the same peptide sequence, an intramolecular NCL reaction can occur, which connects the N to the C temini of the
linear molecule, generating a circular peptide, as first reported by Camarero
and Muir (Camarero, 1998a; Camarero, 1998b; Camarero and Muir, 1997).
Subsequently, in a series of articles, Tam and Lu demonstrated that an NCL
strategy could be used to produce cyclic cystine-rich peptides (cyclotides) in
a reaction they named the “thia zip reaction” (Tam, 1999b; Tam and Lu,
1998; 1997).
Members of all three cyclotide subfamilies have been chemically synthesized using NCL to generate the cyclic backbone (Clark and Craik, 2010;
Thongyoo, 2008; Gunasekera, 2006; Thongyoo, 2006; Daly, 1999b; Tam,
1999a). For efficient cyclization, linear precursors were synthesized with a
cysteine residue at the N-terminus and a thioester linkers at the C-terminus,
as illustrated in Figure 4. It has been reported that the presence of unprotected internal cysteine residues in the assembled peptide chain allows cyclization to proceed through a series of reversible thiol-thiolactone exchanges in
the direction of N-terminus, resulting in formation of an Nα-amino thiolactone linking the N and C termini (Tam, 1999b). Once the final Nα-amino
thiolactone bond is formed between the thiol group of the N-terminal cysteine and the C-terminal carbonyl group, a spontaneous S,N acyl-migration via
a 5-membered ring intermediate results in a head-to-tail cyclized native peptide bond (Figure 4) (for further details see Papers II, III, and V).
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Figure 4. Peptide/protein cyclization via intramolecular thia zip reaction. The final
thiolactone generated and the amide bond is shown in rectangle.

In the absence of Cys at the N-terminal, removable acyl transfer auxiliaries,
being attached at the N-terminus, have been successfully applied (Offer,
2002). Following ligation, these auxiliaries can be removed under acidic
conditions. Xaa-Ala has also been used as a ligation site, exploiting a Cys
residue in place of native Ala residue for ligation and desulfurizing the final
polypeptide product with Raney Nickel (Pentelute and Kent, 2007) or
Pd/Al2O3 (Yan and Dawson, 2001) or radical reaction (Wan and
Danishefsky, 2007) to obtain the target sequence.

2.3 Synthesis of activated precursors for
NCL/cyclization
NCL/cyclization involves a C-terminal thioester. Hence, synthesis of peptide
and protein C-terminal α-thioesters is crucial. The procedure applied to generate thioesters depends on which SPPS strategy is used in the peptide or
proteins synthesis. In the case of Boc-SPPS, it is straightforward to synthesize a thioester using a thioester linker (Camarero and Muir, 1997; Dawson,
1994), whereas extra steps are usually required in Fmoc-SPPS (Mezzato,
2005; Camarero, 2004; Ingenito, 1999; Shin, 1999). Consequently, several
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methods to afford peptide thioesters using Fmoc SPPS have been developed,
including use of cleavage cocktails (Li, 1998), thioesterification of protected
peptides (Eggelkraut-Gottanka, 2003; Futaki, 1997) and activation/thioesterification following peptide chain assembly (Camarero, 2004;
Shin, 1999). Since thioesters are unstable to repeated deprotection using
piperidine, other non-nucleophilic bases have been investigated for the removal of the Nα-Fmoc group during peptide elongation, including: 25% 1methylpyrrolidine/2% hexamethyleneimine/2% (w/v) HOBt in Nmethylprolidinone (NMP):dimethylsulfoxide (DMSO) (1:1) (Hojo, 2005; Li,
1998) or 1% 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)/HOBt mixture (Bu,
2002; Clippingdale, 2000). A popular route for peptide thioester synthesis is
to use a modified Kenner's sulfonamide safety-catch linker method and
standard Fmoc/t-Bu SPPS followed by sulfonamide alkylation to activate
release of the peptide as a peptidyl-thioester from the solid support (Figure
5A) (Mende and Seitz, 2007; Mezzato, 2005; Ingenito, 1999; Shin, 1999).
The drawbacks of this method include epimerization during the long-lasting
first residue loading, longer duration of alkylation and thioesterification, low
isolated yields, and in the case of post-translationally modified peptides,
such as glycopeptides, the activating alkylation step can also result in undesirable alkylation of unprotected hydroxyl groups on carbohydrate and methionine residues. Consequently, other approaches have been developed,
such as synthetic strategies that release fully protected peptide acids
(Eggelkraut-Gottanka, 2003) or unprotected activated peptide amides
(Blanco-Canosa and Dawson, 2008) from the solid support, prior to conversion to thioesters (Figure 5B and C).
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Figure 5. Different approaches of thioester synthesis. Thioester and activated precursors are encircled.

Mende et al have recently reported a combination of on-resin macrocyclization via an N-terminus cleavable cyclization linker and thiolytic ringopening at a sulfonamide “safety-catch” linker, providing purified peptidyl
thioester after libration from the resin that can directly be used for NCL
(Figure 6) (Mende, 2010; Mende and Seitz, 2010; Mende and Seitz, 2007).
This approach seems to be an elegant way of generating purified thioester
on-resin by automated synthesis for subsequent cyclization/NCL. However,
the time-consuming steps in sulfonamide-based thioester generation, i.e.
alkylation and thioesterification, remain the same. Thioesters have also been
generated biosynthetically by protein-splicing techniques and cyclized in
vivo spontaneously or in vitro (Austin, 2009; Camarero, 2007; Kimura,
2006; Camarero and Muir, 1999).
There are six cysteines in cyclotides and theoretically cyclization can be
mediated through any one of them (Daly and Craik, 2000). However, to
avoid steric interactions, the least hindered available site such as Gly-Cys,
Ala-Cys, or Ser-Cys, is usually selected as the point of disconnection to start
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assembly and subsequent recyclization (Gunasekera, 2008a; Thongyoo,
2006; Daly, 1999b). In the studies underlying this thesis two approaches
were used to cyclize peptides: formation of a protected peptide, followed by
in-solution thioesterification (Papers II and III); and synthesis of an activated peptidyl-Nbz that was thioesterified in situ (Paper V).

Figure 6. On-resin cyclization and thioesterification, showing an approach to remove truncated impurity in thioester synthesis (Mende, 2010; Mende and Seitz,
2007). The required final thioester is encircled.
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2.4 Oxidative folding: locking in the native state
Following cyclization, the final and generally rate-limiting step in the synthesis of cyclic cystine-knot microproteins, particularly in bracelet cyclotides, is oxidative folding, which refers to the combination of native disulfide
bond formation and conformational folding, resulting in the native threedimensional folded protein (Cemazar, 2008; Craik and Daly, 2005). The
formation of disulfide bonds is crucial for the folding, stability, and biological activity of cystine knot microproteins. Due to the interdependence between conformational folding and disulfide formation, and the plethora of
disulfide connectivities that may occur at different stages of the oxidative
folding process, generation of a single natively folded peptide is often challenging. In principle, the number of potential pathways and transient intermediate species that may occur in the oxidative folding of disulfide-rich
proteins increases as the number of cysteine residues increases, however,
only one species is expected to have the fully oxidized native peptide fold.
The number of ways (sp) of forming p disulfide bonds from n cysteine residues is given by the formula (Sela and Lifson, 1959),

sp =

n!
p!( n − 2 p)!2 p

For example, numerous intermediate disulfide species (15 one-disulfide species (1SS), 45 two-disulfide species (2SS) and 15 three-disulfide species
(3SS)) are theoretically possible on the oxidative folding pathways of a cyclotide with six Cys residues. Among these, only one product will have the
fully oxidized native fold, whereas the remaining 74-disulfide connectivities
are intermediates. However, due to unfavorable energy state, some of these
disulfide bonds may not be observed and most disulfide-rich proteins fold
with remarkable efficiency and specificity for a particular disulfide connectivity under suitable conditions. Under favorable conditions, native cyclotides, particularly Möbius and trypsin inhibitor cyclotides, can be generated
in a one-pot cyclization and oxidative folding(Cemazar, 2006; Kimura,
2006; Daly, 2003a).

2.5 Chemical and biomimetic engineering
Cyclic cystine-knot and related acyclic microproteins have attracted the attention, due to their remarkable stability, bioactivities and readily accessible
synthetic methodology (Garcia and Camarero, 2010; Jagadish and Camarero,
2010; Sommerhoff, 2010). In cyclotides, a cystine-knot core is incorporated
with six backbone loops that are variable in size and sequence, offering the
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possibility of synthetically substituting them with new, otherwise susceptible, bioactive sequences that are stabilized by the knots. To demonstrate
such an approach, cyclotides have been grafted with foreign bioactive eptitopes that have anticancer (Gunasekera, 2008b) properties, stabilizing the
labile non-natural bioactive small peptides. In this study a poly-Arg hexapeptide with antiangiogenic properties was grafted onto the kB1 framework
in loops 2, 3, 5 and 6; the analog with the poly-Arg sequence grafted into
loop 3 showed the highest receptor inhibitory activity, compared to the ungrafted linear poly-Arg epitope and the other grafted analogs. Similarly,
Thongyoo et al showed that the trypsin inhibitor site located in loop 1 of the
MCoTI cyclotides could be engineered in its specificity for proteases other
than trypsin (Thongyoo, 2008). Despite success in grafting Möbius and trypsin inhibitory cyclotides, engineering of bracelets, the largest family of cyclotides, is challenging due to their intractable-oxidative folding properties.

2.6 Biomolecular engineering
Cyclotides have also been successfully synthesized and engineered using a
biomolecular approach, in which modified inteins and a Met residue, are
fused in-frame to the C- and N- termini of a target cyclotide, respectively
(Austin, 2009; Camarero, 2007; Kimura, 2006). Peptide-bond cleavage of
the Met residue and modified inteins results in an N-terminal cysteine and a
C-terminal thioester, respectively, on the same linear cyclotide, which can
then be intramolecularly condensed to generate the circular backbone microproteins (Kimura, 2006). With this strategy, linear kB1 mutant library have
been expressed in Escherichia coli (E. coli) with C-terminal modified intein
fusion protein, generating a C-terminal thioester and an N-terminal Met residue that liberated an N-terminal Cys residue when finally unmasked. Precursor proteins were isolated and then cyclized/oxidatively folded in vitro in a
one-pot reaction. Camarero and his colleagues have also synthesized native
MCoT-II cyclotides, as well as libraries of multiple MCoTI-I mutants, fully
inside the living cells of E. coli using an intein-mediated cyclization and
spontaneous oxidative folding (see Figure 7) (Austin, 2009; Camarero,
2007). These approaches are very attractive for generating combinatorial
libraries of mutant cyclotides and can serve as complementary route to solid
phase peptide synthesis.

29

Figure 7. Biosynthetic approach to produce cyclotides inside living E. coli cells.
Backbone cyclization of the linear cyclotide precursor is mediated by a modified
protein-splicing unit, which subsequently folds spontaneously in the living bacterial
cells.
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3 Aims of the present study

The work presented in this thesis was part of a research project concerning
plant proteins focusing on cyclotides at the Division of Pharmacognosy,
Department of Medicinal Chemistry, Uppsala University. The long-term
aims of the project are to understand the biological functions of this unique
protein family and to explore their possible use in biotechnological, pharmaceutical and agricultural applications.
Specific objectives of this study were
• to synthesize cystine knotted peptide and evaluate their structure and
bioactivity
•

to devise methods for synthesis of native bracelet cyclotides including
native ligation/cyclization and oxidative folding

•

to determine and compare the oxidative folding pathways for the different cyclotide subfamilies (by mapping subsets of folding species)

•

to devise synthetic and rational design strategy for backbone engineering
of cyclotides including peptidyl-thioester synthesis
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4 Synthesis and structural determination of a
novel disulfide-rich peptide (Paper I)

4.1 Discovery of an acyclic disulfide-rich peptide
Tripatide is a novel disulfide rich peptide that was initially isolated from the
cactus, Trichocereus pachanoi, a member of the plant family Cactaceae.
Some species of this family are known for their hallucigenic constituent,
mescaline (Ogunbodede, 2010; Helmlin, 1992; Poisson, 1960). The arial
parts of the plant were extracted, fractionated and analyzed by MS in a
search for polypeptides following protocol described by Claeson, et al
(Claeson, 1998). The MS analysis showed that the crude fractions contained
polypeptides, among which tripatide of major abundance, which lead to its
purification and characterization.
MS analysis of the native peptide showed that it had a molecular weight
of 3602.1. Alkylation of the native peptide with iodoacetamide did not lead
to any apparent change in mass. However, when native peptide was reduced
with dithiothreitol for 2 h followed by iodoacetamide alkylation, Scarbamidomylated peptide mass was increased by 348 Da revealing the disulfide rich nature of the peptide, i.e. six cysteine residues. Quantitative amino acid analysis was then performed (at the Amino Acid Analysis Center,
Department of Biochemistry and Organic Chemistry, Uppsala University) by
acid hydrolysis over 24 h at 110°C with 6 N HCl containing 2 mg/mL phenol. The hydrolysates were analyzed with automated amino acid analyzer
using ninhydrin detection. The results showed that the peptide is composed
of 1xAla, 3xArg, 4xAsn/Asp, 1xSer, 2xGln/Glu, 3xPro, 6xGly, 6xCys,
4xVal, 1xIle, 3xLeu, and 1xPhe.
Following determination of its amino acid composition, the sequence of
S-carbamidomethylated peptide was determined by automated Edman degradation using protein sequencer, which revealed the following 28 residues
sequence: CVLIGQRCDNDRGPRCCSGQGNCVPLPF. This sequence was
further confirmed by MS/MS analysis of tryptic cleavage fragments of the Scarbamidomethylated peptide following a previously reported protocol
(Broussalis, 2001). The remaining still ambiguous sequence of seven Cterminal residues was confirmed by MS/MS analysis of chymotryptic cleavage fragment of S-carbamidomethylated peptide as: LGGVCAV.
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The average mass of fully sequenced peptide (MW 3608.2 Da) differs
from that of native peptide (3602.1 Da) by 6 Da, showing that all Cys residues are involved in disulfide bond linkage. The native peptide was named
tripatide based on the name of the plant species it was isolated from, Trichocereus pachanoi. A sequence similarity search in known protein databases
revealed that tripatide is a unique peptide with very low sequence similarity
(∼40%) to agelenin (Inui, 1992) and related inhibitor cysteine knot peptides
(Gracy, 2008) such as agatoxins. Due to their inherent stability, relatively
small size that makes them readily accessible to chemical synthesis and
highly specific bioactivities, inhibitor cystine knot peptides have potential
applications in peptide based drug design and biomolecular engineering.

4.2 Solid phase synthesis and oxidative folding
Tripatide was isolated with very low yields, only sufficient to determine its
sequence. Thus in order to obtain sufficient amounts for further analysis, it
was synthesized using Fmoc-SPPS. The first residue attachment to 2chlorotrityl chloride resin was conducted in DCM in the presence of DIPEA.
The rest of the amino acid residues were coupled in DMF using HBTU as
activating agent and DIPEA as base via stepwise activation and coupling of
Fmoc-protected amindo acids followed by Fmoc deprotection cycle until the
peptide was fully assembled, as illustrated in Figure 8. The coupling efficiency was confirmed by a ninhydrin test at each step (Sarin, 1981). The
final peptidyl-resin was treated with a cleavage mixture to release the peptide from the resin. The resulting peptide was confirmed by ESI-MS (observed. 3607.7 Da, av.; calculated. 3608.2 Da, av.), partially purified by RPHPLC and freeze dried.
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Figure 8. Fmoc-SPPS of tripatide with sequence:
CVLIGQRCDNDRGPRCCSGQGNCVPLPFLGGVCAV. Fmoc group was deprotected with 50% Pip/DMF (2 ×1 min). Nα-Fmoc-amino acid (1 mmol, 4 equiv.) was
suspended in 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU; 0.5M, 2 mL, 1 mmol, 4 equiv.) and activated by addition of DIPEA
(180 mL, 1 mmol, 4 equiv.). Fully assembled peptide was cleaved and deprotected
with TFA/TIPS/water (95/2.5/2.5%, 2 h). Reaction scale was 0.25 mmol.

The reduced peptide was then subjected to oxidative folding in buffer systems of 0.1 M NH4HCO3, 2 mM/GSH/ 2 mM GSSG (standard buffer) containing either 30% MeOH (aq.) or 30% DMSO (aq.) or only standard buffer
over 1-48 h. The oxidative folding reaction was monitored by RP-HPLC and
ESI-MS by removing aliquots and quenching with 2% formic acid at those
time intervals. The native peptide was accumulated as a single peak after 8 h
with the yield of about 70% in the DMSO containing buffer. Native peptide
was eluted with longer retention time than reduced counterpart similar to
cyclotides (Daly, 1999b) indicating an overall hydrophobic fold. The folding
pattern and efficiency was similar in all the buffer systems that indicate
tripatide was readily amenable for in vitro folding in ordinary buffer systems. The identity of synthetic peptide was confirmed by co-injecting isolated and synthetic tripatide, which was found to co-elute. Typical RP-HPLC
traces illustrating the folding in 30% DMSO (aq.) are shown in Figure 9.
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Figure 9. RP-HPLC traces illustrating the oxidative folding profile of tripatide in
30% aq. DMSO. R is duced and N is oxidatively folded tripatide.

4.3 Solution NMR structural determination
Given the unique sequence of tripatide and its potential application in peptide based drug design and biomolecular engineering, determination of its
solution structure and comparing structural similarity with known polypeptides was clearly warranted. Therefore, it was subjected to detailed structural
analysis using solution NMR techniques. 2D 1H NMR analysis including
DQF-COSY, TOCSY and NOESY showed that narrow line width and well
dispersed amide region (10.1-7.4 ppm) indicating a highly ordered structure.
Resonance assignments were achieved using standard 2D assignment strate-
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gies (Wüthrich, 1986). The tripatide comprise three proline residues for
which Pro25 and Pro27 were confirmed to be in trans conformation while
Pro14 in cis conformation based on the presence of Hαi-1-Hδi (trans) or Hαi1-Hαi (cis) NOEs between preceding residue (i-1) and proline (i), respectively. Secondary Hα shifts, i.e. deviations of the observed Hα shifts relative to
shifts observed in random coil peptides are indicative of secondary structure.
Figure 10A shows the secondary shifts for tripatide.

Figure 10. A) Hα chemical deviation of tripatide from random coil shift showing
secondary structural elements and B) ribbon representation of tripatide structure.

3D structural fold of tripatide comprises a triple stranded β-sheet comprising
residues 7-8, 22-26 and 30-34 (Figure 10B). The strands are connected by a
series of turns including well defined β-turns comprising residues 3-6, 10-13
and 17-20, and a less defined turn comprising residues 26-29. The elements
of secondary structure are stabilized by an extensive network of hydrogen
bonds, and it is clear that these interactions together with the disulfide bonds
are the major contributors to the stability of the overall fold.
In an attempt to determine disulfide connectivity by using the NMR structural data, the derived set of structural restraints were used to calculate structures using all fifteen possible disulfide connectivities. All combinations
without the 1-17 bond are highly unfavorable. In contrast all three variants
with 1-17 disulfide bond: 1-17, 8-23, 16-33; 1-17, 8-33, 16-23 and 1-17, 816, 23-33 all agrees very well with the available NMR data and only show
minor violations to experimental restraints. Furthermore, when compared not
only do families with different disulfide bond connectivities superimpose
well within the families but if separate families were overlayed the different
variants are close to identical. In fact even the projection of the side chains
of the six cysteines (χ1angle) are identical between two models, with differences in χ2 angles sufficient to allow different connectivities. Thus strategies
for detemining disulfide connectivities based on projection of side chains, as
previously done for cyclotide (Rosengren, 2003) was not possible. Moreover, disulfide bond determination by chemical means was also not successful
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due to very low yields of partially reduced species and absence of positively
charged residues for enzymatic cleavage where most cysteines are localized.
A sequence alignment of tripatide with selected related ICK peptides that
have more sequence similarity with tripatide, is shown in Figure 11A. Subjecting the determined structure to a structure similarity search using the
DALI server showed that tripatide is closely related to ICK peptides also in
terms of secondadry and tertiary structures. The most similar structures were
spider toxins, in particular agelenin, which structurally compared in Figure
11B.

Figure 11. A) Comparison of sequences of selected ICK peptides with tripatide, B)
overlay structures of tripatide (blue) and agelenin (grey) (pdb code: 2E2S).

Tripatide contains multiple Gly/Cys residues, constituting 34% of the peptide composition. This is interesting, since Gly/Cys rich peptides, such as
avesin A, hevein and related Cysteine/Gly-rich domain of chitin-binding
proteins have been found to have chitin binding properties with potential
antimicrobial activity (Li and Claeson, 2003; Broekaert, 1992; Broekaert,
1990). Despite this potential feature, preliminary chitin binding test of
tripatide was unsuccessful. However, inhibitor cystine knots such as agelenin, which showed relatively closer sequence similarity to tripatide, exhibited insecticidal and ion channel binding activity showing the potential of
this peptide in peptide based drug design and biomolecular engineering that
further needs to be confirmed.
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5 Fmoc-based synthesis and oxidative folding
of bracelet, cycloviolacin O2
(Papers II and III)

5.1 The bracelet cyclotides
Cyclotides are mainly categorized into bracelet and Möbius subfamilies.
Bracelet constitutes the major part of cyclotides and highly intractable to
currently available synthetic and oxidative folding strategies, which is of
course, a major concern in the context of this thesis and the studies it is
based upon. Previously two strategies were used to obtain native bracelet
cyclotides, random oxidation strategy and a two step regioselective protection approach (Tam, 1999a; Tam and Lu, 1998). However, both approaches
have not been resulted in high yields. Unlike tripatide, cyclotides require
additional cyclization steps. To develop a suitable cyclization and oxidative
folding strategy, a series of steps were optimized using the model bracelet,
cycloviolacin O2 (cyO2) including selection of a suitable linker and resin for
linear chain coupling and subsequent protected peptide generation.

5.2 Synthesis of linear chain and protected peptides
The approach adapted for the linear chain assembly of cyO2 was identical to
that applied for the synthesis of tripatide. However, in the synthesis of cyO2,
a linear activated peptide (peptide thioester) must be constructed to form
cyclic peptide. For this purpose, the sequence of cyO2 was assembled, using
a similar procedure to that applied in the tripatide synthesis, on highly acid
labile linker (4-carboxytrityl linker) that was used to release protected peptides for thioesterification.
Initial attempts to assemble linear peptide on 2-chlorotrityl chloride resin
were unsuccessful because of incomplete coupling starting from the fifth or
sixth residue addition. Consequently, chlorotrityl resin was replaced with
Gly preloaded NovaSyn TGT resin, which has the same 4-carboxytrityl linker. The chemical properties of this resin are similar to those of 2-chlorotrityl
resin but it offers additional advantage of the highly polar PEG-polystyrene
base matrix with better solvating power. Since it provides suitable targets for
both thioester introduction and native ligation, the Gly16-Cys17 site selected
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for the planned native ligation/cyclization and hence starting point for linear
chain assembly. The linear peptide was synthesized by manual Fmoc-SPPS
using HBTU/DIPEA activation protocol. The temporary Nα-Fmoc was removed by 2x1 min treatments with Pip/DMF (50% v/v). Whenever necessary, as judged by ninhydrin tests, residues were recoupled. Once the full
linear chain peptide assembled, protected peptides were cleaved from the
resin with optimized mild cleavage protocol of CH3COOH/TFE/DCM
(1:1:8, 3h) (Figure 12). The resulting peptide was repeatedly washed with nhexane, concentrated in vacuo and directly used for thioester formation.
Linear chain assembly and protected peptide formation was also performed using manual microwave peptide synthesizer (CEM Corp, Matthews,
NC), with significantly reduced reaction time for coupling (from 32 min to
about 8 min) and protected peptide formation (from 3 h to 45 min), together
with increased coupling and deprotection efficiency. The protocol was then
applied successfully to two other members of cyclotides: Möbius, kB1 and
trypsin inhibitor, MCoTI-II (Paper III).

Figure 12. Synthetic strategy for synthesizing protected peptide, peptidyl-thioester
and cyclic peptide with sequence CSCKSKVCYRNGIPCGESCVWIPCISSAIG.
Peptide thioester was efficiently cyclized under neutral pH (pH 7.4), denaturing (6
M guanidine) and reductive (6 equiv. DTT) conditions.

5.3 Peptide cyclization using peptidyl α-thioester
Formation of peptidyl α-thioester is a key step in native ligation/cyclization.
To introduce thioester at the C-terminus of protected peptides, previously
published method (Eggelkraut-Gottanka, 2003) was adapted, with modification, i.e. PyBOP/4-acetamidothiophenol/DIPEA (5/15/500 μL, 3 h) in DCM.
A high equivalent of DIPEA was used since C-terminal residue, Gly is not
prone to epimerization and high equivalent of DIPEA increases the rate of
thioester formation (Paramonov, 2005). The standard TFA-scavenger cleavage protocol was used to remove side-protecting groups on protected peptidyl α-thioester. Following thioesterification, peptide α-thioester was effi-
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ciently cyclized to generate the reduced backbone cyclized single peptide as
illustrated in Figure 12.
Similarly, taking advantage of microwave irradiation, the duration of thioesterification of cyO2 in more polar aprotic solvent, DMF, was optimized
to be as PyBOP/acetamidothiophenol/DIPEA (5/5/10, 5 min) reducing both
the reaction time and thioesterifying reagent equivalents (Paper III). The
microwave based thioesterification was successfully applied in kB1 and
MCOTI-II synthesis, in which the resulting crude peptides were cyclized and
oxidatively folded in ‘one pot’ reaction in 0.25 M Tris-HCl containing 50%
iPrOH, 8/2 mM GSH/GSSG.

5.4 Optimization of oxidative folding conditions
Once the reduced cyclic peptides have been obtained, the last and in many
cases, the rate-limiting step is oxidative folding. This is a combination of
two mutually dependent systems: oxidative folding to native conformation
and connecting cysteines in only one of the 15 possible combinatorial forms,
i.e. the native conformation (for example cyclotides have native disulfide
connectivity of I-IV, II-V, III-VI). Although this is topologically complex,
formation of such native folding is straightforward for Möbius and trypsin
inhibitory cyclotides, even under one pot cyclization and oxidative folding
conditions (Kimura, 2006; Thongyoo, 2006; Daly, 1999b). However, it is a
bottleneck when dealing with bracelet cyclotides. In order to circumvent this
problem, several external factors that reportedly enhance oxidative folding
of peptides and proteins were explored, including salt concentration and
temperature (Kubo, 1996), pH, metal ions, co-solvents, (DeLa Cruz, 2003)
and duration of reaction but without significant improvement.
In this screening, folding at low temperature in the presence of co-solvent
of 40% MeOH containing 0.4 mM EDTA, and GSH/GSSG (2/1 mM) resulted in small yield of native peptide, raising possibilities that prompted more
detailed investigation (Figure 13). Non-ionic detergents, such as Brij 35,
Tween 40, and Tween 60, which reportedly improve folding of hydrophobic
peptides (DeLa Cruz, 2003) by increasing surface exposure of hydrophobic
patches have also shown to improve the native yields of this peptide. Although all these detergents proved to improve the folding, we chose to continue with Brij 35 since it quantitatively favors the last RP-HPLC eluting
hydrophobic peaks (major misfolded intermediate (MI) and native (N)), and
because other detergents usually solidify at the temperature and concentration used. Following further optimization of oxidative folding by varying
redox systems, duration of reaction and temperature, the best identified
choice of folding conditions was GSH/cytamine, 48 h of reaction time and
3°C (Figure 13).
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Figure 13. Effect of redox agents and temperature on folding in Tris-HCl (0.1M, pH
8.5), EDTA (1 mM), MeOH (40%) and Brij 35 (6%). A) Folding in the
GSH/cystamine redox system over 24 h gave higher yields than in the GSH/GSSG
system. Concentrations of 2/2 mM GSH/cystamine favored a higher total yield of
hydrophobic peptides (N, MI). B) Higher total yields were achieved at lower temperatures; hence 2/2 m MGSH/cystamine at 3°C was used in subsequent experiments.

However, under all experimental conditions tested up to this point, misfolded products (particularly MI) with the same mass as native peptide but significantly differing in RP-HPLC retention time were predominant. Surfaces
of cyO2 are composed of larger surface exposed hydrophobic patch and
smaller localized surface exposed hydrophilic patch. In order to favor the
contact of both of these surfaces, we have replaced 40% MeOH with 20%
DMSO. DMSO reportedly aids oxidative folding of peptide with basic and
hydrophobic residues (Tam, 1991) and this was found to be the case with
cyO2 as its presence improved yields. Based on this, concentration of
DMSO, influence of various additives and duration of reaction were then reoptimized to maximize the yield of native peptide under these conditions
(Figure 14). In that process, 35% DMSO, 2 mM GSH/2 mM cystamine and
6% Brij 35 over 48 h of reaction times were found to be optimum resulting
in 40% N.
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Figure 14. Folding in DMSO with Tris-HCl (0.1M, pH 8.5) and EDTA (1 mM) at
3°C. A) Effects of DMSO with and without different reagents: the presence of all
folding additives (DMSO/Brij 35/GSH/cystamine) gave the highest yield after 24 h
B) The DMSO concentration was then optimized to 35%. * Indicates condition that
was further optimized to give yields with > 50%.

The reaction environment under such conditions, i.e. presence of oxidizing
agent (DMSO) at higher pH, (Tam, 1991; Friedman and Koenig, 1971) resulted in plateau whereby MI and N reached equilibrium and no further increment of N could be observed. This might result from complete oxidation
of reshuffling agent, GSH, (Friedman and Koenig, 1971) that might have
converted to GSSG thereby trapping reshuffling of non-native 3SS species.
Accordingly, we added an extra amount of GSH/cystamine after 24 h under
controlled conditions that resulted in improved yield (52% N).
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5.5 NMR structural studies and disulfide bond
determination
NMR spectral assignments for native cyO2, synthetic cyO2 and the MI were
carried out by 2D NMR techniques (TOCSY and NOESY) at 290 K as described before (Rosengren, 2003; Wüthrich, 1986). The chemical shifts were
referenced to water peaks at 4.85 ppm. A comparison of the αH secondary
shifts of the three peptides, shown in Figure 15, reveals that native and synthetic cyO2 have similar values, demonstrating they both have the same 3D
structure but MI differs significantly. Attempts to determine 3D structure of
MI were unsuccessful due to absence of interresidue NOEs under a range of
different experimental conditions. Hence, chemical means were used to determine the disulfide bridges. Partial reduction and alkylation of MI with
NEM resulted in three major partially reduced products (one 2SS, and two
1SS) which was then completely reduced with DTT and subsequently alkylated with iodoacetamide in analogy with a previously published protocol
(Göransson and Craik, 2003). Cleavage of each product with trypsin and
MS/MS sequencing revealed the disulfide connectivity of MI as Cys1-Cys5,
Cys10-Cys17 and Cys19-Cys24, showing that the intermediate has completely non-native disulfide bond connectivity with significantly different
3D-structure from native peptide (Figure 15).

Figure 15. A) NMR secondary shift comparison. Isolated (red) and synthetic (green)
cyO2 have similar values, which differ significantly from those for the MI (blue), B)
disulfide connectivity pattern of MI (upper panel) and native cyO2 (N) (lower panel).
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5.6 Conclusion
The occurrence and stability of oxidative folding intermediates are influenced by the solvent accessibility, and both the reactivity and proximity of
thiol and disulfide groups (Arolas, 2006; Cemazar, 2003; Bulaj, 1998;
Friedman and Koenig, 1971). The major misfolded product MI accumulated
to a significant level and resistant to reshuffling, probably since it has buried
three non-native disulfide bonds and/or a conformationally biased non-native
fold. Hence, rearrangements of such species must be preceded by conformational unfolding step that allows disulfide bonds to be reshuffled to form
native bridges with native fold. DMSO due to its both hydrophilic and hydrophobic surface stabilizing and non-ionic detergents, brij35 due its hydrophobic surface interacting nature found to assist this process.
In contrast, members of other subfamilies of cyclotides, Möbius, kB1 and
trypsin inhibitor, MCoTI-II, are characterized by a major two-disulfide bond
(2SS) intermediate having native like 3D fold and disulfide connectivity.
However, for kB1 it was rather a kinetic trap that needs disulfide bond reshuffling to a direct precursor (Daly, 2003a; Daly, 2003b) while in MCoTI-II
it was a direct precursor (Cemazar, 2006). Scrambled 3SS intermediates
have also been observed in oxidative folding pathways of other cystine knot
microproteins such as hirudin, (Chang, 2000) tic anticoagulant peptide,
(Chang, 1996) amaranthus α-amylase, (Cemazar, 2004; Cemazar, 2003) and
potato carboxypeptidase inhibitor (Chang, 1994).
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6 Folding pathways to lock in the native
disulfide bonds (Paper IV)

6.1 Oxidative folding of cyclic cystine knot
microproteins
Oxidative folding involves the combination of two interdependent processes,
i.e. mutual conformational folding and disulfide bond formation to lock in
the single native state (Arolas and Ventura, 2010; Chang, 2010; 2007). These disulfide bonds can stabilize the native structure significantly, both by
lowering the entropy of the unfolded state and by forming stabilizing interactions in the native fold.
Having established the first folding condition for the bracelet cyclotides,
it appeared necessary to study the heterogeneity of the folding intermediates
accumulating in the folding process of cyclotides. Currently, the oxidative
folding pathways of cyclotides are only partly known. Previous studies
showed the presence of two disulfide intermediates with native-like fold and
disulfide connectivities on the oxidative folding pathways of Möbius, kB1
and trypsin inhibitor, MCoTI-II cyclotides (Cemazar, 2006; Daly, 2003a;
Daly, 2003b). The intermediate identified was on-pathway for MCOTI-II but
not for kalata B1. In this work, the influence of folding conditions on the
heterogeneity and kinetics of folding intermediates that characterized the
folding pattern of each subfamily was valued and compared.

6.2 Quantification of heterogeneous folding
intermediates
In this study, intermediates accumulated in the oxidative refolding processes
were trapped in a time-course fashion by covalent chemical modification of
unreacted Cys thiols under low pH condition to quench the folding process
and simultaneously alkylate free thiols. Intermediates could be in fully reduced (R), one-disulfide (1SS), two-disulfide (2SS) or three-disulfide (3SS)
form. The alkylation reaction was performed with N-ethylmaleimide (NEM)
at pH 3. The increases in mass of NEM trapped intermediates would be n ×
125 mg/mmol, where n is the number of free thiols. The alkylated species
were then easily separated as a group of 1SS, 2SS, 3SS, N and R, thus assist-
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ing in tracking and determining the heterogeneity and kinetics of folding.
Without using NEM alkylation, differentiation between these species is usually difficult due to their close or overlapping [M+2H]2+ or [M+3H]3+ form
in MS analysis, together with isotopic contribution.
Cyclotides containing three disulfide bonds can potentially adopt 75 different disulfide isomers (15 × 1SS, 45 × 2SS, 15 × 3SS). All these 75 isomers could potentially occur during oxidative folding though most of them
are not observed due to unfavorable energetics. Oxidative folding pathway
is, therefore, characterized by the heterogeneity, kinetics and structures of
these isomers that accumulate along the process of oxidative folding.
For this study, native cyclotides from both subfamilies, Möbius (kB1 and
kB2) and bracelet (cyO2), as well as a hybrid cyclotide (kB8) were fully
reduced with dithiothreitol (DTT) and their oxidative refolding was initiated
under four different folding conditions. The folding conditions were initially
optimized using kB1 as a model peptide using NH4HCO3 buffer systmem
with or without iPrOH in varying concentrations of redox agents. Four optimized buffers suitable for these studies were then selected, i.e. 1) 0.1 M
NH4HCO3 containing 2mM GSH/GSSG (standard buffer), 2) 0.1 M
NH4HCO3 containing 2mM GSH/GSSG, 50% iPrOH, 3) 0.1 M NH4HCO3,
20% DMSO and 4) modified cyO2 buffer (0.1 Tris-HCl, 1 mM EDTA, 6%
Brij35, 35% DMSO, 2 mM cystamine, 2 mM GSH at room temp).
The intermediates accumulated during oxidative refolding processes were
quenched and labeled by NEM alkylation of free thiols at various time intervals (0.03, 0.5, 1, 2, 4, 6, 24, and 72 h). The resulting samples were analyzed
by LC-MS and quantified using area under the curve (AUC) for each species
(R, 1SS, 2SS, 3SS and N) obtained by integration of LC-MS signal intensities of selected ions. The time vs. % AUC plot of each species (R, 1SS, 2SS,
3SS, N and R) showed the kinetics, and extent of accumulation of each species in the folding pathways under specific folding conditions. Typical oxidative refolding intermediates accumulated in cyO2 buffer are shown in
Figures 16.
The analysis showed that the presence of iPrOH favored formation of native-like species such as 2SS or 3SS, while the presence of increased concentration of GSSG favored the formation of species with higher oxidation
states such as 3SS, some of which are non-native in the absence of iPrOH.
kB1 and kB2 were also efficiently folded in cyO2 buffer reaching about 80%
N, although small percentages of 2SS and non-native 3SS accumulated (Figures 16 and 17). Native fold of kB8 in the same buffer was reached equilibrium with non-native 3SS at about 60% native fold without significantly
accumulating 2SS. On the other hand, native cyO2 seems to reach equilibrium with non-native 3SS in the ratio of 3:7 (Native: non-native).
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Figure 16. Folding kinetics in cyO2 buffer of: A) kB1, B) kB2, C) kB8 and D)
cyO2. N and M in the graph represent native and non-native folded 3SS species,
respectively.

Analysis of the oxidative folding pattern of these peptides showed that Möbius (kB1 and kB2) have relatively similar folding pattern in most buffer
systems while the bracelet cyclotide, cyO2, has different folding profile with
maximal native fold in cyO2 buffer. The hybrid peptide, kB8, seems to exhibit folding pattern that is intermediate between those of the two subfamilies, but with slightly higher similarity to the Möbius pattern (Figures 16 and
17).
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Figure 17. Folding efficiency as judged by native percentage yield under four different folding conditions

6.3 The diversity of cyclotide folding pathways
Although all cyclotides are of comparable size and have the same number of
disulfides, their folding pathways, kinetics and efficiency of native fold formation significantly vary in vitro (Figures 16 and 17). As previously reported in various studies of disulfide rich peptides, this could be due to differences in degrees and properties of surface exposed residues (Wang, 2009a;
Daly, 2003a; Daly, 2003b; Chang, 2000; Creighton, 1997). In Möbius cyclotides (kB1 and kB2) surface exposed hydrophobic patches are localized in
loops 2, 5 and 6 whereas in bracelets (cyO2) that surface is localized in loops
2 and 3, but bracelets have also hydrophilic patches in loop 5. However, the
hybrid (kB8) lacks such large hydrophobic patches and is generally characterized by more hydrophilic surfaces. These variations in surface properties
likely influence their folding properties.
Therefore, combining the previous oxidative folding studies (Cemazar,
2006; Daly, 2003a; Daly, 2003b) with the results obtained in the work presented in Papers II and IV, the following major pathways can be proposed,
in accordance with previously described folding models (Chang, 2010): 1) a
mixed folding pathway characterized by heterogeneous intermediates (1SS,
2SS, and 3SS) (Paper IV), but selected 2SS intermediate (Daly, 2003a;
Daly, 2003b) adopting native disulfide bonds and native-like structure (the
nucleation-condensation model, exemplified by Möbius, such as kB1 and
kB2), 2) very few 2SS intermediates (Cemazar, 2006) having native disulfide bonds and native-like structures (the framework model, exemplified by
trypsin inhibitor, MCOT-II), and 3) homogeneous 3SS intermediates (Pa-
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pers II and IV) comprising primarily non-native structures (the hydrophobic
collapse model, exemplified by bracelet, cyO2 ). Details are illustrated in
Figure 18. Observations of such specific intermediates were, however, found
to be dependent on folding conditions employed.

Figure 18. A) Schematic representation of the energy landscape of cyclic cystine
knot microprotein oxidative folding. The energy of the peptide species is displayed
as a function of their disulfide connectivity and conformation. MI (red) is the major
misfolded intermediate, in addition to other 3SS intermediate in the oxidative refolding pathway of cycloviolacin O2, whereas 2SS (light blue) is the major oxidative
folding intermediate in folding pathways of Möbius and MCoTI-II. All intermediates eventually converge to native fold (N, green). B) The right hand panel shows
detailed folding pathways for each subfamily: Möbius, MCoTI-II, bracelet, (left to
right). Folding pathways of Möbius cyclotides (left line) seem to be heterogeneous
(yielding 1SS, 2SS and 3SS intermediates) while that of cyO2 (right line) is homogenous (3SS) in the cyO2 buffer system. The folding of both cyclotides is characterized by off-pathway intermediates (indicated as *), unlike MCoTI-II (middle line)
that has a limited direct precursor on-pathway, indicated as [2SS]. [[ 2SS]] in cyO2
pathways indicates the non-observed but likely occurring 2SS intermediates.
Adapted from Cemazar et al with modifications (Cemazar, 2004).
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7 From native to engineered macrocyclic
cystine knotted peptides (Paper V)

7.1 Backbone engineering of the cyclotide scaffold
In contrast to most known proteins, cyclotides have a unique surface exposed patch of hydrophobic residues since the peptide core is occupied by
tightly packed cystine knot, leaving no room for internalization of hydrophobic residues (Jagadish and Camarero, 2010; Göransson, 2009; Craik,
2006; Daly, 1999b). Cyclotides have wide ranges of bioactivities, together
with exceptional stability (Colgrave and Craik, 2004). Bracelet cyclotides,
such as cyO2, circulin A, and B are particularly potent in bioactivity tests,
such as cytotoxicity and/or anti-HIV activity assays, indicating their potential utility as therapeutics (Burman, 2010; Gunasekera, 2008b; Ireland, 2008;
Craik, 2004; Gustafson, 2000; Hallock, 2000; Gustafson, 1994b). However,
their in vitro hemolytic activity and the narrow therapeutic index highlight
the challenges that needs to be addressed before these peptides can be used
as drug lead candidates (Burman, 2010; Gustafson, 2000; Hallock, 2000;
Gustafson, 1994b).
As noted in Chapter 5 and 6, bracelet cyclotides have been largely intractable for chemical synthesis that mimics the native peptide fold (Gunasekera,
2008a; Tam and Lu, 1997). Consequently, biomolecular engineering and use
of this cyclotide subfamily as peptide based drug scaffolds have been hindered. Hence, two main challenges need to be addressed: 1) the oxidative
folding to obtain peptide with improved yields, built on previously developed methods and 2) removal of the undesired cytotoxicity/hemolytic activity to generate an inert molecular scaffold.
Bracelet cyclotides have several non-conserved residues dispersed in different loops as illustrated in Figure 19. The variation in size and composition
of the loops might reflect the variation in their structural importance for specific types of biological activities, such as cytotoxicity, antimicrobial, or
anti-HIV activity (Gruber, 2008; Lindholm, 2002; Göransson, 1999; Tam,
1999a; Gustafson, 1994b). By systematically investigating the influence of
non-conserved residues on the folding and cytotoxicity of the resulting engineered-cyclotides we aimed to generate a cyclotide with lower cytotoxic
activity than the wild-type, which could potentially be used as a stable inert
scaffold for protein engineering. In this work, the polymer-peptide hybridization approach previously used for conotoxin-SIIIA (Green, 2007) was
adapted to address such challenges in bracelets.
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Figure 19. The generalized backbone framework of bracelet cyclotides, showing
relatively conserved and relatively variable loci. Backbone spacers represent partly
non-conserved loops.

7.2 Rational design strategy using backbone spacers
Peptidomimetics has proved to be effective approach for designing analogs
of small peptides, such as opiod peptides (Hruby and Agnes, 1999) and somatostatins (14 amino acids) (Janecka, 2001). However, modification of
disulfide rich peptides by the molecular size reduction methods commonly
used in peptidomimetics often results in reduction or losses of both bioactivity, and the stability. This is mainly due to removal of the interlocking cystine
knots and the essential residues, as observed with ω-conotoxin GVIA (PriceCarter, 1998). An alternative approach has been successfully applied in engineering SIIIA-conotoxin (Green, 2007), analogs of neuropeptide Y
(Langer, 2001), antibiotic tyrocidine A (Trauger, 2001), and glucagon like
peptide-1 (Doyle, 2001), resulting in improved bioactivities and pharmacokinetic properties. In this approach, non-essential residues were systematically replaced with inert, flexible backbone spacers improving the peptides’
bioactivity and stability.
In the work reported in Paper V, such replacements were used to explore
the impact of non-conserved residues and their replacement on bioactivity
and oxidative folding. It is desirable for a drug scaffold to be biologically
inert. Therefore, this approach might be useful for transforming cyclotides
into inert scaffolds to utilize them as peptide based molecular template.
Hence, analogs of bracelet cyclotides, named mer-cyclotides, were designed
on the basis of backbone hybridization with inert backbone spacers. The
backbone spacers were flexible polymers including aminohexanoic acid
(Hex, U), and PEG spacers: 5-amino-3-oxapentanoic acid (Pen, J), and 8amino-3,6-dioxaoctanoic acid (Oct, B). These building blocks were used to
replace non-conserved residues. The non-conserved residues targeted for
replacement were selected by comparing related sequences of bracelet cyclotides and using cyO2 as a base template, as illustrated in Figure 20. The six
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designed analogs shown in Figure 20 B and D were then synthesized using
Fmoc-SPPS.

Figure 20. Rational design of bracelet cyclotide analogs: A) Sequence comparison
of selected bracelet cyclotides, B) Designed analogs based on similarity analysis, C)
Building blocks used in analog design, D) 3D structure of cyO2 showing site of
modification (pdb of cyO2 is 2KNM). BP is bracelet modified with PEG at loops
3(Oct-Pen) and 5(Pen); BA is bracelet modified with PEG and 6-aminohexanoic
acid at loops 3(Oct-Hex) and 5(Pen); BPD is the same as BP but in loop 6, Asn is
replaced with Asp; BP26 is bracelet modified with PEG at loop 6 (Oct) and Ile in
loop 2 is also replaced with Gly; BP26J is the bracelet modified with PEG at loop
6(Pen) and also Ile at loop 2 is replaced with G, and BP3 is bracelet modified with
PEG only at loop 3(Oct-Pen). Residues selected for replacement are highlighted in
different colors. cyA, cyO1, cyO3, and cyO4 in sequence comparison are abbreviations for cyclopsychotride A, cycloviolacin O1, O2, O3 and O4, respectively.

7.3 Synthesis, biological and structural evaluation of
mer-cyclotides
In the previously described cyclization of cyO2, thioesterification of protected peptides was used, followed by cyclization in solution. For the synthesis
of the mer-cyclotides, an approach with fewer steps that included one-pot
thioesterification and cyclization was adapted. All the designed hybrids were
assembled on rink amide MBHA resin following Fmoc-SPPS, as previously
reported (Harpaz, 2010; Pentelute, 2010; Tiefenbrunn, 2010; Blanco-Canosa
and Dawson, 2008) with some important modifications. In Blanco-Canosa
and Dawson approach, the removable carboxyl terminal activating linker
was assembled using mono Fmoc-3,4-diaminobenzoic acid (Fmoc-Dbz),
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which need to be synthesized since this compound is not commercially
available. Hence, this approach significantly prolongs the overall synthesis
of the peptides. In the report presented in Paper V, we showed a convenient
method of loading the linker (Dbz) using commercially available diFmoc3,4-diaminobenzoic acid (diFmoc-Dbz).
In the synthesis of mer-cyclotides, Dbz was coupled as a first residue,
which was then used for carboxyl terminal activation and subsequent solution phase in situ thioesterification and cyclization of peptides, as illustrated
in Figure 21. Coupling of Gly and polymer-type-amino acids were performed at two equivalents (0.5 mmol) relative to reaction scale (0.25 mmol),
while all other residues (including diFmoc-Dbz) were assembled following
the established procedure (Blanco-Canosa and Dawson, 2008). The fully
assembled hybrid analogs were acylated on the resin using 4nitrophenylchloroformate over 55 min and then activated with DIPEA over
20 min, resulting in activated N-acylbenzimidazolone (Nbz). The activated
mer-cyclotide-Nbz was cleaved from the resin, thioesterified in situ (without
thioester isolation) and natively ligated to form reduced cyclic peptide at
neutral pH. Typical LC-MS traces of in situ thiolysis and cyclization products of crude mer-cyclotide-Nbz are shown in Figure 22. All the analogs
were efficiently activated and cyclized, with ∼10% RP-HPLC purified overall yields of cyclized mer-cyclotides, based on resin loading.

53

Figure 21. Fmoc-SPPS of mer-cyclotides and subsequent acylation, activation and
cyclization. The shaded region on two Fmoc groups shows the newly employed Dbz
coupling strategy. The rest elliptically shaded region highlights the activated groups.

The resulting reduced cyclic peptides were oxidatively folded in ordinary
buffer systems containing such as 0.1 M NH4HCO3/2 mM GSH/2 mM
GSSG (standard buffer) with improved yields relative to template (native
cyO2). Analogs BP, BPD and BA, with replaced loops 3 and loop 5 were
folded with two major isomers in the ratio of ∼3 e: 2 l, hereafter referred to
as early(e) and late(l) eluting, respectively (folding of BP is shown in Figure
23A). Evaluation of the cytotoxic activity of selected analogs, both isomers
of BP and BA, indicated that they were devoid of the potent cytotoxicity
associated with native cyO2 (0.2 μM) (Lindholm, 2002), at a concentration
tested: BP (BPe at 38.5 (192-fold relative to native cyO2), BPl at 25.6 μM
(128-fold)) and BA (BAe at 15.3 μM (76-fold), BAl at 7.3 μM (36-fold)).
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Figure 22. LC-MS traces of cyclized crude A) BP26J, and B) BP26 with MS part on
the right hand side (base peak ions shown). * Indicates the desired cyclic product.

To further explore the possibility of generating the single native-like analogs, an approach recently reported by Gunasekera et al was adapted
(Gunasekera, 2008a). In this report the replacement of Ile in loop 2 with Gly,
together with insertion of an extra Thr residue in loop 6 preceding Tyr residue of bracelet cyclotide cyO1, resulted in efficient folding. In the study
described in Paper V, cyO2 was used as a framework, whereby Ile in loop 2
was replaced with Gly and (Thr)-Tyr-Arg sequence was replaced with Oct
(analog BP26) or only (Thr)-Tyr with Pen (analog BP26J), where (Thr) indicates the extra residue inserted as reported by Gunasekera et al (Figure 20C
and D). Both analogs were efficiently folded to yield one major product under standard buffer system NH4HCO3, 2 mM GSH/GSSG) (BP26J) or under
standard buffer containing 50% iPr-OH (BP26) but with retention time in
RP-HPLC earlier than their respective reduced counterparts (Figure 23B).
Evaluation of the cytotoxicity of the analog BP26 at a maximum concentration of 50 μM (250-fold) indicated that it has no cytotoxic activity as compared to native cyO2.
In order to have further insights into the influences of loop 3 and 5 replacements, another analog BP3 with only loop 3 replaced with PEG (OctPen) was designed (Figure 20). This analog was found to fold under standard
buffers with or without 50% iPr-OH, similar to BP, BA and BPD, but accumulating one major product that elutes late in RP-HPLC (Figure 23C).
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Figure 23. Oxidative folding product of: A) BP, B) BP26, and C) BP3, for each
analog the left panel shows RP-HPLC traces for reduced (R) whereas right panel
shows traces of corresponding folded form (f). Thiols were removed before folding.

Further 1D 1H NMR analysis of selected analogs, BP (both isomers), BP26
and BP26J showed that amide region of BP26, BP26J and early eluting isomers of BP (BPe) exhibited spectra with several overlapping peaks, whereas
late eluting isomers of BP (BPl) exhibited well resolved 1D 1H NMR (Figure
24A). These findings indicated that the late eluting isomers of BP, BPD and
BA, which showed the same folding pattern, have a well-folded structure.
Furthermore, 2D 1H NMR analyses comprising TOCSY and NOESY at
298K on both isomers of BP showed that unlike early eluting form (BPe),
the late eluting (BPl) isomer of BP had a well dispersed narrow line NMR
peaks in the amide region. The Hα chemical shift deviation from random
coil chemical shift for BPl and native cyO2 is shown in Figure 24B. Consequently, BP3 (which resulted in one major late eluting product) also likely
have well-structured native-like fold although this need to be confirmed by
further analysis.
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Figure 24. A) 1D 1HNMR analysis of BP26, BP26J and both variants of BP, B) Hα
chemical shift deviation of BP (late eluting variant, BPl) from random coil in comparison with native cyO2. All the NMR analysis was performed on Varian NMR
(800 MHz) at the Swedish NMR Centre. 2D 1H NMR comprising TOCSY with
mixing time of 80 ms and NOESY with mixing time of 300 ms at 298k were performed on both isomers of BP. Spectra were acquired with 4096 data points in f2
and 512 increments in f1 dimension. Water suppression was achieved using a modified WATERGATE sequence (Piotto, 1992). Chemical shifts were referenced to
water signal at 4.76 ppm. Note: dark bar represents BPl (with upper sequence) while
light grey bar represents cyO2 (with lower sequence).

The absence of cytotoxic activity with BP26 might indicate that either Tyr
residue in loop 6 or the native conformational folding might be essential for
bioactivity since this analog has no well-structured peaks in the amide region
in 1D 1H NMR analysis. In addition, previous studies have shown that modi-

57

fication of both Lys and an Arg residues in cyO2 has slight influence on
cytotoxicity of the native peptide (Herrmann, 2006).
The loss of activity of BP and BA, despite having well folded structures,
might indicate that residues in loop 3 and probably two residues, KS in loop
5 is essential to preserve strong native cytotoxicity (Göransson, 2009;
Herrmann, 2006). Residues in loop 3 (I14-Ser15) were found to form stabilizing network of hydrogen bonding with Glu6 residue in loop 1 contributing
to strong cytotoxicity (Göransson, 2009; Herrmann, 2006). Therefore, loop 3
could be a target for engineering out the undesired cytotoxic/hemolytic activity. In contrast, to exploit such native bioactivity, it is clearly essential to
preserve loop 3.

7.4 Conclusion
Reducing the cytotoxicity of native cyclotides by hybridization with inert
polymers to generate mer-cyclotides together with amenability of the resulting mer-cyclotides to synthetic approach is a promising method in exploiting
diverse family of cyclotides. Furthermore, the approach of practically easy
direct coupling of commercially available diFmoc-Dbz linker in Fmoc-SPPS
and the relatively short final processing steps, i.e. acylation/activation as
well as in situ thiolysis and cyclization make these methods an attractive
system of combinations that can be used to reduce unwanted bioactivity for
utilization of bracelets as inert scaffolds.
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8 Concluding Remarks

This thesis describes attempts to engineer the ultra-stable cystine knot
framework of microproteins and associated design, chemical synthesis and
structural studies. The work included synthesis and oxidative folding of acyclic and macrocyclic cystine-knotted peptides with further biological and
structural evaluation. A novel acyclic cystine knot microprotein with 35
amino acids, named tripatide, was discovered. In the first phase of the studies, Fmoc-SPPS of tripatide, followed by oxidative folding, showed that this
peptide readily amenable to standard peptide synthesis. Solution NMR analysis of this peptide, which has a unique sequence, showed that it is structurally related to inhibitor cystine knot peptides.
The work reported in this thesis mainly included the synthesis and engineering of bracelet cyclotides. For this purpose, methods for synthesizing the
model peptide, cycloviolacin O2, including protected peptide synthesis/thioesterification and cyclization, were initially developed. The reduced
cyclic peptide was then oxidatively folded under optimized conditions, including the presence of co-solvent, DMSO and non-ionic detergent, Brij35 at
3°C, affording improved yield of more than 50% of the native peptide.
Following that study, the heterogeneity and efficiency of oxidative folding pathways of Möbius, hybrid and bracelet cyclotides were evaluated in
four different buffers. The results showed that Möbius cyclotides have heterogeneous folding pathways, accumulating one-, two-, and three- disulfide
bond intermediates while bracelets have homogenous three disulfide bond
intermediates. However, the major intermediates accumulating in the folding
pathways vary depend on the reaction conditions.
Building on previous studies of cycloviolacin O2 synthesis and oxidative
folding, the internal factors contributing to inefficient folding and potential
toxicity of bracelet cyclotides were evaluated via bracelet-polymer hybridization. Interestingly, hybrid analogs designed by replacing non-conserved
residues in loop 3 (ISSAI) and 5 (KS) were oxidatively folded, resulting in
two isomers, neither of which exhibited cytotoxicity at the maximum concentration tested for respective products. Furthermore, 1D and 2D 1HNMR
analysis showed that in each case one of the two isomers, which eluted late
in RP-HPLC, were well structured.
In the future am eager to see cyclotides, particularly bracelet cyclotides,
with improved bioactivity profiles, as these peptides found to be very attractive with diverse sequences and potent in vitro bioactivities that are also
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associated with undesired bioactivities such as hemolytic and cytotoxic activities. With the currently available techniques the solution to oxidative
folding and removal of undesired cytotoxic activity doe not seem to be
straightforward. Some deviation such as systematic hybridization of these
peptides with inert polymers might be required. However, with the ongoing
improvements in techniques for the solid phase synthesis of cyclic peptides,
and emergency of biomolecular engineering, an alternative approaches for
solving these problems may (hopefully) soon be met
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9 Summary of popular Science

Peptides and proteins are polymers composed of amino acids linked in
chains by amide bonds that are found in all known organisms, in which they
provide structural support and participate in diverse functions including as
hormones, neuropeptides, and antibiotics. Humans have been using these
peptides as therapeutics exploiting low toxicity nature of the peptides since
they are already in many functions of the human body and they also readily
metabolized to amino acid building blocks. Such peptides have been isolated
in the laboratory from various plants and animals.
Most peptides and proteins have both an amino end and a carboxyl end.
Consequently, most of them are readily degraded to small peptide fragments
by enzymes in the gastrointestinal tracts. This generally leads to loss of their
natural bioactivities. However, cyclic peptides, in which both an amino end
and a carboxyl end are connected, are much more resistant to enzymatic
degradation.
This thesis focuses on a class of peptides called cyclotides. The discovery
of cyclotides was started in the 1970's when Lorents Gran, a Norwegian
physician, reported that African women in Zaire used a herb to accelerate
childbirth. The local native Zairian used to call this plant ‘kalata-kalata’ and
the scientific name was Oldenlandia affinis. Lorents Gran took this plant
back to Norway and isolated a substance, which was found to promote uterine contractions. This was the first discovery of cyclotide. Since then, numerous cyclotides have been isolated from Oldenlandia affinis and various
other plants. The cyclotides can also produced by chemical synthesis and
molecular biology approaches.
Cyclotides comprise a class of small proteins with special properties that
distinguishes them from other peptides and proteins. As the name implies,
cyclotides are cyclic and thus their amino acid chain lack the amino end and
the carboxyl end. This circular chain of amino acids is further tied together
with three disulfide bonds. The cyclization and further tying together with
the extra disulfide bonds of the amino acid chain make them compact and
rigid. These properies make them extremely stable to heat, chemical and
enzymatic digestion. Such characteristics are very unusual for proteins and
peptides that have both ends open and hence are readily digested by intestinal enzymes.
These properties attracted the attention of many researchers engaged in
peptide-based drug discovery. In addition to isolation from plants, several of
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these peptides were synthesized in the laboratory for further studies. Merrifield (1963) pioneered a method for the synthesizing peptides, which was
called solid phase peptide synthesis. In the solid phase peptide synthesis, the
reactions involved are performed using a solid support on which the first
residue is attached. The subsequent amino acids are assembled stepwise, by
mixing a solution of appropriate amino acids with the solid support and
washing the product attached to the solid support with a suitable solvent.
In the reactions used to produce cyclotides, the peptides need to be assembled on a solid support to generate, ultimately, a peptide with a Cterminal thioester and N-terminal cysteine. Following complete assembly of
such a peptide, cyclization can be performed in aqueous solution at neural
pH. With this approach they can be efficiently cyclized. Once cyclic peptides
have been obtained, the next step towards producing cyclotide is to fold
them to a compact and rigid state with characteristics disulfide bonds. This
has been found to be challenging for certain group of cyclotides.
Cyclotides have broad potential applications. They have diverse natural
biological activities including antimicrobial, anti-HIV, enzyme inhibitory
and insecticidal activities. The stability of cyclotides also offer a great potential that can be utilized to stabilize non-natural bioactive peptides that are not
stable on their own. As a result of these potential applications, interests in
utilization of these peptides is remarkably increasing with time.
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