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Abbreviations and conventions 

3-D three-dimensional 
aa amino acid 
BuOH n-butanol
CCK cyclic cystine knot 
CCRF-CEM leukaemia cell line 
CHD 1,2-cyclohexanedione 
CO2 carbon dioxide 
DPA dipicolinic acid 
EC50 the concentration giving 50% effect 
ER endoplasmic reticulum 
EtOH ethanol 
FDA fluorescein diacetate  
FMCA fluorometric microculture cytotoxicity assay 
GluC endoproteinase, hydrolyse peptide bonds after Glu residues 
HPLC high performance liquid chromatography 
IAM iodoacetamide 
IC50 the concentration giving 50% inhibition 
LC liquid chromatography 
MGG May-Grünwald-Giemsa 
MS mass spectrometry 
MTD maximum tolerated dose 
MTT 3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
NCI National Cancer Institute 
NCI-H69 small cell lung cancer cell line 
NMR nuclear magnetic resonance 
NTR N-terminal repeat 
PBS phosphate-buffered saline solution 
PDB Protein Data Bank of RCSB, www.rcsb.org/pdb 
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
RMSD root mean square deviation 
RP reversed phase 
RPMI 8226/s myeloma cell line 
SAR structure–activity relationship 
SCX strong cation exchange 
SI survival index 
SPE solid phase extraction 
Tb terbium 
U-937 GTB lymphoma cell line 



Three and one letter codes for the amino acids discussed in this thesis and 
their polarity or charge as defined in the program QUANTA (Accelrys Inc., 
San Diego, USA). 
Amino acid 3 letter code 1 letter code Polarity 
Alanine Ala A hydrophobic 
Arginine Arg R positively charged 
Asparagine  Asn N hydrophilic 
Aspartic acid Asp D negatively charged 
Cysteine Cys C hydrophilic 
Glutamine Gln Q hydrophilic 
Glutamic acid Glu E negatively charged 
Glycine Gly G hydrophobic 
Histidine His H hydrophilic 
Isoleucine Ile I hydrophobic 
Leucine Leu L hydrophobic 
Lysine Lys K positively charged 
Methionine Met M hydrophobic 
Phenylalanine Phe F hydrophobic 
Proline Pro P hydrophobic 
Serine Ser S hydrophilic 
Threonine Thr T hydrophilic 
Tryptophan Trp W hydrophobic 
Tyrosine Tyr Y hydrophilic 
Valine Val V hydrophobic 
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1. Cyclotides 

Cyclotides are a unique family of gene-encoded cyclic polypeptides of plant 
origin (Craik et al. 2004; Göransson et al. 2004b). The approximately 30 
amino acid residue peptides have a well-defined tertiary structure (Fig. 1) 
and are also referred to as small cyclic proteins (Jennings et al. 2001). As 
reflected in the name of the family (i.e. cyclo peptides), the N and C termini 
of these cyclotides are post-translationally joined by an ordinary peptide 
bond, forming a continuous cyclic backbone (Craik et al. 1999). In addition, 
three disulphide bonds forming a knotted arrangement confer further stabil-
ity and topological complexity on members of the family (Saether et al.
1995; Rosengren et al. 2003). Today, 51 cyclotide sequences have been re-
ported, representing the largest known family of circular proteins. 

Fig. 1. The schematic structure and sequence of the cyclotide kalata B1. The three 
disulphides (in yellow) are arranged in a so-called cystine knot; the ring formed by 
two disulphide bonds (i.e. I–IV and II–V) and their intervening backbone (i.e. loops 
1 and 4), is threaded by the III–VI disulphide bond (Saether et al. 1995). Arrows 
show the direction of the genetic translation of the sequence, and the mark between 
Asn and Gly in loop 6 indicates the start of the genetic translation. 
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In this thesis, the terms ‘cyclic’ or ‘circular proteins’ refer to gene-encoded 
proteins in which the N and C termini are joined in a peptide bond, to be 
distinguished from other cross links such as disulphide bonds that might 
comprise part of proteins and peptides and non-ribosomally produced cyclic 
peptides. Thus, larger cyclic peptides and proteins remained somewhat of an 
anomaly until the mid 1990s, when the cyclic structure of the cyclotides was 
first reported (Schöpke et al. 1993; Gustafson et al. 1994; Witherup et al.
1994; Saether et al. 1995). 

Today, the cyclic protein group also includes several bacterially produced 
cyclic proteins and extends beyond plants and bacteria to mammals, where a 
few years ago unusual theta-defensin antimicrobial peptides were discovered 
in the rhesus monkey (Tang et al. 1999; Tran et al. 2002). Examples of cir-
cular proteins from natural sources are presented in Table 1. The role of the 
cyclic backbone is not completely understood, but it could be involved in 
stability improvements and biological activity (Trabi and Craik 2002; Craik
et al. 2003). 

Table 1. Proteins in which the N and C termini are joined by a peptide bond (i.e. 
head-to-tail cyclized backbone), isolated from natural sources. All sequences are 
easily accessed at http://research.imb.uq.edu.au/cybase/html/index.php.

Protein Source No. aa References 

cyclotides Violaceae and Rubiaceae  ca. 30 Appendix A 

MCoTI I-II Momordica cochinchinensis 34 (Hernandez et al. 2000; Felizmenio-
Quimio et al. 2001) 

SFT-1 Helianthus annuus 14 (Luckett et al. 1999) 
bacteriocin AS-48 Enterococcus faecalis 70 (Samyn et al. 1994) 
grassericin A Lactobacillus gasseri 58 (Kawai et al. 1998) 
circularin A Clostridium beijerinckii 69 (Kemperman et al. 2003) 
trbC Escherichia coli 78 (Kalkum et al. 2002) 
T pilin Agrobacterium tumefaciens 74 (Kalkum et al. 2002) 
RTD (1-3) Macaca mulatta 18 (Tang et al. 1999; Tran et al. 2002) 

The cyclic cystine knot 
Three disulphide bonds in a knotted arrangement is a well-established motif 
in nature and is classified as the cystine knot motif (Pallaghy et al. 1994). 
This motif has been found in polypeptides from a variety of organisms, in-
cluding plants, fungi, spiders, and marine molluscs, with functions such as 
protease inhibitors, ion channel blockers, and anti-bacterial agents (Craik et 
al. 2001; Chiche et al. 2004). Since the biological functions of these mole-
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cules are diverse, the primary role of the motif appears to be to provide a 
compact and stable framework for the presentation of certain amino acid 
residues for specific interactions (Pallaghy et al. 1994). 

The knotted topology of a cyclotide was originally determined for kalata B1 
using NMR data (Saether et al. 1995). A disulphide arrangement not com-
prising a knot has also been suggested (Skjeldal et al. 2002), but the initially 
established disulphide connectivity has since been confirmed using high 
resolution NMR (Rosengren et al. 2003) and chemical methods involving 
directed disulphide bond formation (Göransson and Craik 2003). The I–IV, 
II–V, and III–VI connectivity has also been established for other cyclotides 
using both NMR and chemical methods (Derua et al. 1996; Craik et al.
1999; Tam et al. 1999; Rosengren et al. 2003; Barry et al. 2004; Chen et al.
2005; Jennings et al. 2005; Mulvenna et al. 2005). Although the disulphide 
bonding pattern of all cyclotides has not been experimentally established, the 
cystine knot motif is most likely conserved in all of them. 

The cystine knot motif present in the cyclotides coupled to the head-to-tail 
cyclic backbone is a unique motif only found in this family, and is called the 
cyclic cystine knot (CCK) (Craik et al. 1999; Craik 2001). The CCK motif 
has been shown to give the cyclotides exceptional thermal, enzymatic, and 
chemical stability (Sletten and Gran 1973; Colgrave and Craik 2004), prop-
erties that are unusual for linear peptides and proteins and make the 
cyclotides attractive in pharmaceutical applications (Craik et al. 2002).  

From gene to cyclotide sequence 
Cyclotides are genetically encoded translation products that are cleaved from 
larger linear precursor proteins (Fig. 2) and then cyclized (Jennings et al.
2001; Daly et al. 2003; Dutton et al. 2004; Mulvenna et al. 2005). The linear 
precursors have been described for cyclotides from the plant species Old-
enlandia affinis DC. (Rubiaceae), Viola tricolor L., and Viola odorata L. 
(Violaceae) (Jennings et al. 2001; Dutton et al. 2004; Mulvenna et al. 2005). 
In these species, cyclotides are derived from a multi-gene family of one or 
more copies of cyclotide coding sequences (Jennings et al. 2001; Dutton et 
al. 2004; Mulvenna et al. 2005). 

The cleavage reactions needed in order to obtain cyclotide sequences occur 
N-terminally after a Lys/Gly/Asn residue and C-terminally after an Asn/Asp 
residue in loop 6 (Fig 1). However, the post-translational biosynthesis, in-
cluding the cyclization of the backbone and the formation of the cystine 
knot, is not known (Jennings et al. 2001; Daly et al. 2003; Dutton et al.
2004).  
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Fig. 2. Generalized structure and organization of a multi-transcript gene of 
cyclotides from Viola tricolor. The linear precursor has an ER signal sequence and a 
tail region (shaded grey), two N-terminal repeat (NTR) pro-regions (white), fol-
lowed by the mature sequences of cyclotides (black), and ends with a tail region 
(white) (Mulvenna et al. 2005). The digits indicate the number of base pairs. 

Despite the constraints imposed by the CCK motif and the small total num-
ber of amino acids, the surface-exposed loops show great sequence variation 
and the cyclotides can be divided into two subfamilies according to their 
sequence similarities: the Möbius cyclotides with a twisted backbone due to 
a cis peptide bond of a Pro and the bracelet cyclotides with a non-twisted 
backbone (Craik et al. 1999). The only residues conserved across all 
cyclotides are the six Cys residues making up the cystine knot and the resi-
due Glu in loop 1 (Fig. 3 and Appendix A). In addition, the number of amino 
acid residues in the backbone segments involved in the ring structure of the 
cystine knot, that is loops 1 and 4, is conserved in these cyclotides (loop 1 
always contains three residues and loop 4 just one residue). 

Historical perspectives 
The history of the cyclotides extends several decades, and has an ethno-
pharmacological origin (Gran et al. 2000). In the mid 1960s, a brief report 
was published on the use of the plant Oldenlandia affinis in the Central Afri-
can Republic as a folk medicine for facilitating childbirth (Sandberg 1965). 
At that time, nothing was reported of the chemistry of the bioactive sub-
stances in the plant. Independently in the 1970s, the use of a drug called 
‘Kalata-Kalata’, prepared and given during labour in Zaire (today the De-
mocratic Republic of the Congo), was observed (Gran 1973c). This drug was 
prepared by boiling the herb Oldenlandia affinis in water to make a decoc-
tion that was ingested or applied directly to the opening birth channel (Gran
et al. 2000). Investigations of the uterotonic activity of the plant revealed 
that the activity was associated with a 29-amino-acid peptide, which was 
named kalata B1 (Gran 1973b). At that time most of the amino acids in the 
peptide were deduced from amino acid analyses, but the exact sequence and 
the circular nature of the backbone had not been established. However, the 
exceptional stability of the peptide and the fact that the N-terminal was 
blocked were reported (Sletten and Gran 1973). 
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Fig. 3. The amino acid sequences of (A) the Möbius and (B) the bracelet cyclotide 
subfamilies summarized in sequence logos generated by WebLogo (Crooks et al.
2004). A sequence logo is a graphic representation of the sequence similarities of a 
multiple-sequence alignment. The sequence alignment used for generating the se-
quence logos of the two cyclotide subfamilies are presented in Appendix A. The 
overall height of each stack of letters indicates the sequence conservation, while the 
height of each letter in a stack reflects the relative frequency of the corresponding 
amino acid. The hydrophilic residues are marked in yellow, hydrophobic residues in 
grey, negatively charged residues in red, and the positively charged in blue. 

It was not until 20 years later that the complete sequence and the 3-D struc-
ture of kalata B1, including its cystine knot topology, were described 
(Saether et al. 1995). In fact, the authors had completed their description of 
the structure some years earlier, but were so surprised by their findings of 
the circular backbone and knotted arrangement of the disulphide bonds that 
they hesitated to publish at first (Craik et al. 2004). In the early 1990s the 
cystine knot structures of linear growth factor proteins were discussed, and 
the unpublished co-ordinates of kalata B1 were compared with growth factor 
cystine knot proteins and reported in 1993. The cystine knot in kalata B1 
was found to be the mirror image of that in the growth factors (McDonald 
and Hendrickson 1993). Then, 1993–1994 three independent studies dealing 
with cyclic sequences of plant peptides containing approximately 30 amino 
acid residues and six Cys residues were published (Schöpke et al. 1993; 
Gustafson et al. 1994; Witherup et al. 1994). Encouraged by these findings, 
Saether et al. reported the first 3-D structure of a cyclotide including the 
CCK motif (Saether et al. 1995). 
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In 1995, the pharmacognosy research group in Uppsala started a project to 
isolate plant polypeptides (in the 10–50 amino acid residues size range) with 
drug development potential or for use as pharmacological tools (Göransson
et al. 2004b). A protocol was developed for obtaining from plant material a 
fraction highly enriched in polypeptides that could be screened for biological 
activities (Claeson et al. 1998). Using this protocol, the first cyclotides from 
our group were reported (Claeson et al. 1998; Göransson et al. 1999). 

From the mid 1990s until today, a series of cyclotides from the plant families 
Violaceae and Rubiaceae have been reported. A complete list of their origin 
and sequences are presented in Table 2 and Appendix A. 

Table 2. Cyclotides and their origin. Examples of identical cyclotides in different 
plant species have been reported, but this table only refer to in which plant the 
cyclotide originally was discovered. 

Plant families and species Cyclotide References 

Violaceae 
Hybantus parviflorus Baill. hypa A (Broussalis et al. 2001) 
Leonia cymosa Mart. cycloviolin A-D (Hallock et al. 2000) 
Viola arvensis Murray varv A 

varv B-H 
violapeptide I 

(Claeson et al. 1998) 
(Göransson et al. 1999) 
(Schöpke et al. 1993) 

Viola cotyledon Ging. vico A-B (Göransson et al. 2003) 
Viola hederacea Labill. cycloviolacin H1 

vhl 1 
vhr 1 

(Craik et al. 1999) 
(Chen et al. 2005) 
(Trabi and Craik 2004) 

Viola odorata L. cycloviolacin O1-O12 
vodo M-N 

(Craik et al. 1999) 
Paper I 

Viola tricolor L. vitri A 
tricyclon A 

Paper III 
(Mulvenna et al. 2005) 

Rubiaceae
Chassalia parvifolia Schum. circulin A-B 

circulin C-F 
(Gustafson et al. 1994) 
(Gustafson et al. 2000) 

Oldenlandia affinis DC. kalata B1 
kalata B2-B5, S 
kalata B6-B7 

(Gran 1973a) 
(Craik et al. 1999) 
(Jennings et al. 2001) 

Palicourea condensata Strandl. palicourein (Bokesch et al. 2001) 
Psychotria longipes Müll.Arg. cyclopsychotride A (Witherup et al. 1994) 
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Biological activities 
The unique and fascinating structure of the cyclotides is associated with a 
number of reported biological activities. In fact, these were first discovered 
due to their potent effects on several diverse targets. The first isolated 
cyclotide, kalata B1, induced strong contractions in the uteri of rats and rab-
bits and also in tissue from human uteri (Gran 1973b). In the 1990s, a num-
ber of reports appeared dealing with cyclotides discovered using bioassay-
guided isolation. The first of these, violapeptide I, was isolated as responsi-
ble for the haemolytic activity of an aqueous extract of Viola arvensis
(Schöpke et al. 1993). This was followed by the isolation of cyclopsy-
chotride A from Psychotria longipes, which was found to inhibit the binding 
of neurotensin in a receptor-binding assay (Witherup et al. 1994). The Na-
tional Cancer Institute (NCI) programme screening for natural products to be 
used as HIV inhibitors found several cyclotides, that is the circulins (A–F) 
from Chassalia parvifolia (Gustafson et al. 1994; Gustafson et al. 2000; 
Gustafson et al. 2004), the cycloviolins (A–D) from Leonia cymosa (Hallock
et al. 2000), and palicourein from Palicourea condensata (Bokesch et al.
2001)

Synthesized cyclotides have been shown to have antibacterial effects (Tam
et al. 1999). In addition, kalata B1 and B2 exert potent insecticidal effects 
against the larvae of Helicoverpa punctigera and Helicoverpa armigera, so 
they most likely function in the plant as part of its host defence (Jennings et 
al. 2001; Jennings et al. 2005). Also, results from our group have shown that 
cycloviolacin O2 inhibits barnacles (Balanus improvisus) from settling; the 
observed anti-fouling effect was potent, non-toxic, and reversible 
(Göransson et al. 2004a). 

Anticancer effects have been reported for a series of cyclotides. Synthesized 
circulin B and cyclopsychotride A have been reported to exhibit cytotoxic 
activity against mouse fibroblasts (Tam et al. 1999). Our group has shown 
that in a panel of 10 different human tumour cell lines (including some cell 
lines with a defined resistance mechanism), varv A, varv F, and cyclovio-
lacin O2 exhibited potent anticancer activity (Lindholm et al. 2002). The 
cytotoxicity profile of the panel of 10 human tumour cell lines showed low 
correlation with the activity patterns of anticancer drugs in clinical use, sug-
gesting a cytotoxic mode of action different from that of known anticancer 
drugs. In addition, the tested cyclotides displayed up to an eight-times-higher 
effect on primary cultures of chronic lymphocytic leukaemia cells than on 
normal human lymphocytes (Lindholm et al. 2002). 



18

Aims of the present study 
This study is part of an ongoing research project concerning polypeptides of 
plant origin, with an emphasis on cyclotides, at the Division of Pharmacog-
nosy, Uppsala University. The long-term scientific objective of the project is 
to build an understanding of the biological functions of this unique family of 
cyclic proteins, and to explore their possible use in biotechnological, phar-
maceutical, and agricultural applications. 

The specific objectives of this thesis were: 
to further establish, develop, and refine analytical and preparative 
methods for the separation of cyclotides from plant biomass, so as 
to enable their rapid analysis and isolation; 
to determine the amino acid sequences and model the 3-D struc-
tures of additional cyclotides, so as to enable us to describe their 
patterns and structural motifs; 
to proceed in the study of the structure–activity characteristics of 
the cytotoxic effects of cyclotides on human cancer cell lines, so as 
to investigate structural elements that are important in the 
cyclotide–cell interaction; 
to further characterize the cytotoxic mode of action on human can-
cer cell lines, and if possible, propose a mechanism for their cyto-
toxicity; and 
to conduct preliminary anti-tumour studies and animal experiments 
concerning cyclotides, so as to initiate the evaluation of cyclotide 
activity in tumour models both in vitro and in vivo.
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2. Cyclotide isolation and structure 

The process of isolating a pure cyclotide from a plant material, a process 
essential for structural elucidation and biological testing, involves several 
steps. The process we employed starts with the extraction of the cyclotides 
from the source, is followed by the fractionation of the extract to capture 
cyclotides and discard other compounds, and finishes with the separation of 
individual pure cyclotides (Göransson et al. 2004b). 

Plant material 
The majority of known cyclotides have been discovered in the plant family 
Violaceae (see Table 2). The Violaceae family includes approximately 900 
species divided into approximately 25 genera worldwide (Ballard et al.
1999). The largest genus in the family, and the only genus found in Sweden, 
is Viola (Mossberg and Stenberg 2003), which comprises around 600 species 
(Ballard et al. 1999). Of the 600 Viola species, 19 can be found in Sweden 
(Mossberg and Stenberg 2003).  

The expression profile of cyclotides in Viola species, analysed using HPLC 
mass spectrometry (LC-MS), indicates the incidence of complex mixtures, 
with some species containing more than 50 different cyclotides (Göransson
et al. 2003). The species examined so far express unique mixtures of 
cyclotides, but examples of identical cyclotides in different species, or even 
in different plant families, have also been reported (Göransson et al. 2003). 
When analysing different plant parts of a single species, some cyclotides 
appear to be specific to a certain plant part (Göransson et al. 2003; Trabi and 
Craik 2004). The discovery of a cyclotide multi-gene family of individual 
members encoding one to three mature cyclotide domains helps explain the 
complex mixture of cyclotides expressed in the plant materials (Jennings et 
al. 2001; Dutton et al. 2004; Mulvenna et al. 2005). 

When collecting plant material in the search for cyclotides, it is crucial to 
know whether there is a specific plant part, optimal time, or particular har-
vesting location that may help increase the yield of total cyclotides or of a 
particular single cyclotide. Knowledge of cyclotide expression is very lim-
ited, and it is unknown whether cyclotides are produced continuously or 
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whether their expression is triggered by external factors. In an attempt to 
gain a better understanding of cyclotide expression, a study of both seasonal 
and geographical variations in cyclotide expression was conducted jointly by 
cyclotide researchers in Sweden and Australia. This study used the Austra-
lian violet, Viola hederacea, and the Swedish violet, Viola odorata, as model 
plants (Paper II). 

In examining different plant parts, we found that Viola odorata expressed 
the highest cyclotide levels in the leaves, and that expression appeared to 
peak during the warmest period of the year in Sweden (i.e. July). Plant mate-
rials harvested on the same day at different locations in the Uppsala region 
showed similar overall profiles of the most abundant cyclotides (Paper II). 

In Australia, cyclotide levels in Viola hederacea remained almost constant 
throughout the year in all plant parts examined, though some cyclotides were 
present only at certain times of the year. Counter to the findings in Sweden, 
in Australia there was no apparent correlation between climatic seasonal 
changes and cyclotide expression. However, the seasonal climatic changes in 
Sweden are larger than in Queensland, Australia. Plant materials harvested 
in two different locations in Queensland showed similar cyclotide profiles. 
Location thus appears to be of minor importance to both plant species exam-
ined in this study (Paper II). 

To be able to work with plant material on a large scale (Papers I and III–V), 
commercial-grade plant material of Viola odorata and Viola tricolor was 
purchased from Galke GmbH (Gittelde, Germany). The results of LC-MS 
analysis of the cyclotide pattern in the purchased plant material were found 
to be in agreement with comparable results for the Viola species collected in 
Uppsala (Papers I and III). 

Extraction and fractionation 
Several methods for the extraction and fractionation of cyclotides from plant 
biomass have been developed (Claeson et al. 1998; Göransson et al. 1999; 
Broussalis et al. 2001; Göransson et al. 2004b). Kalata B1 was extracted by 
boiling the plant material in water, and success of these rather harsh extrac-
tion conditions reflects the exceptional stability of the cyclotides (Gran 
1973a). More recent procedures for cyclotide extraction involve a main ex-
traction with 50% ethanol or methanol, and the subsequent removal of chlo-
rophyll and other lipophilic compounds omnipresent in plants using solvent 
partitioning techniques with dichloromethane (Craik et al. 1999; Göransson
et al. 2004b). 
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The methods used in Papers I and III, commence with the dried and pow-
dered plant material being pre-extracted with dichloromethane to remove 
chlorophyll and other lipophilic substances. Then the dichloromethane ex-
tract is discarded and the plant material is left to dry before the main extrac-
tion is carried out using 50% ethanol. Tannins, known to interfere with bio-
assays, are removed from the ethanol extract by passing it through a column 
of polyamide (Fig. 4). 

In the research presented in Papers IV and V, the plant material was first 
extracted with 50% ethanol, followed by solvent–solvent extraction with 
dichloromethane (1:1). This procedure, compared to the previously used 
protocol, reduces the step involving dichloromethane evaporation from the 
plant material. Also, for the isolation of pure cyclotides prior to biological 
testing, the polyamide removal of tannins was no longer needed (Fig. 4). 

Based on our acquired knowledge of cyclotides, new methods have been 
developed step-by-step. The conserved features, remarkable stability, and 
hydrophobic surface properties of cyclotides have been exploited for this 
purpose, for example, by making use of hydrophobic surface properties in 
using n-butanol partitioning (Broussalis et al. 2001) (Papers I, III–V) (Fig. 
4). The n-butanol partitioning captures cyclotides, but also removes more 
hydrophilic compounds such as polysaccharides (Göransson et al. 2004b). 

Isolation and purification 
The procedure for the isolation of cyclotides has been greatly facilitated by 
the availability of reliable directly coupled LC-MS. Plant extracts can easily 
be screened for cyclotide content using LC-MS (Broussalis et al. 2001) (Pa-
per II). Still, assessing mixtures of closely related peptides is an intriguing 
analytical challenge. 

The major cyclotides occurring in Viola odorata have been identified (Craik
et al. 1999). To increase our knowledge of the structural variation of 
cyclotides, some minor cyclotides of relatively low abundance in Viola odo-
rata were captured using strong cation-exchange chromatography (SCX). 
The two novel cyclotides vodo M and vodo N were isolated and sequenced 
(Paper I) (Fig. 4). 

When investigating Viola tricolor by means of fractionation guided by cyto-
toxic activity (Paper III), RP-HPLC was the main technique employed (Fig. 
4). Three cyclotides – vitri A, varv A, and varv E – were isolated and se-
quenced in this way. This was the first report of cyclotides from the species 
Viola tricolor: the vitri A was found to have a novel sequence, whereas varv 
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A and varv E, previously found in Viola arvensis (Claeson et al. 1998; 
Göransson et al. 1999), were isolated from Viola tricolor for the first time. 
For the large-scale isolation of cycloviolacin O2 for chemical modifications 
(Paper IV) and biological testing (Paper V), the RP-HPLC strategy was used 
(Fig. 4). 

Fig. 4. Isolation schemes illustrating the approaches used in this research for 
cyclotide isolation and analysis. The initial steps involve extraction of the cyclotide 
from the plant material and removal of chlorophyll and other lipophilic substances. 
In the next steps, the extract is fractionated to capture the cyclotides. In the final 
steps, single cyclotides are purified, mainly through sequential RP-HPLC. Cyclo O2 
is short for cycloviolacin O2. 
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Sequence determination 
Mass spectrometry (MS) is an important tool for use in the rapid identifica-
tion and detailed characterization of cyclotides. The molecular mass, the 
cyclic backbone, and the number of disulphide bonds can be established 
using MS. 

To determine the number of disulphide bonds, cyclotides are reduced and 
alkylated (Fig. 5). This process of reduction and alkylation with io-
doacetamide or bromoethylamine generates derivatives having increased 
molecular mass (348 Da or 264 Da, respectively), because of the presence of 
six conserved disulphide-linked Cys (58 Da for each reduced and carbami-
domethylated Cys and 44 Da for each reduced and aminoethylated Cys). 

To establish the cyclic backbone, the reduced and alkylated cyclotides are 
enzymatically cleaved. Digestion of reduced and alkylated cyclotides with 
endoproteinase GluC normally results in single products, each with an ob-
served increase in molecular mass of 18 Da. This occurs because most 
cyclotides contain one conserved Glu residue, and because the native 
cyclotides are head-to-tail cyclic, and one oxygen and two hydrogens are 
added (i.e. the +18 Da) during digestion (Fig. 5). 

Once the main characteristics of a cyclotide (i.e. molecular mass, head-to-tail 
cyclic backbone, and number of disulphide bonds) have been established by 
means of MS, techniques such as quantitative amino acid analysis and Ed-
man degradation are then used to determine the full amino acid sequence. 
Using this strategy, three novel cyclotide sequences and two known se-
quences of new origin have been determined (Papers I and III). 

Enzymatic cleavage products of cyclotides have often been found to be too 
large or to have unsuitable charges for MS sequencing. Because of the circu-
lar backbone and the conserved number of Cys residues in the cyclotides, 
there are nominally six backbone loops between successive Cys residues. To 
obtain shorter fragments with suitable charges for MS sequencing, a method 
has been developed that includes the introduction of positive charges on the 
six Cys through aminoethylation (Göransson et al. 2003). The aminoethy-
lated cyclotide can then be recognized and cleaved by trypsin, resulting in 
six fragments corresponding to the loop regions between the six Cys, frag-
ments that are suitable for MS sequencing (Fig. 5). In this procedure, the 
trypsin recognizes aminoethylated Cys as a tryptic cleavage site, presumably 
due to its structural similarity to the native cleavage site of Lys. The molecu-
lar formula is determined in this way using microgram quantities of material; 
this strategy was used for the identification of cycloviolacin O2 (Papers IV–
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VI) and for analyzing the chemical modifications of this cyclotide (Paper 
IV).

Fig. 5. Outline of the method for structurally elucidating cyclotides using MS. (A) 
The cyclotide is reduced and (B) alkylated to allow analysis of the number of disul-
phide bonds. Then it is digested, either (C) by endoproteinase GluC to demonstrate 
the cyclic structure, or (D) by trypsin to obtain the six loop segments suitable for MS 
sequencing. AE indicates aminoethylated Cys. 

3-D modelled structures 
The 3-D structures of proteins are central to understanding amino acid se-
quence data and the relationships between sequence, structure, and function. 
Conserved structures are likely to correspond to essential sites for the struc-
ture or function of the protein. Thus, insight into the 3-D structure of a pro-
tein facilitates the planning of experiments aimed at improving our under-
standing of protein function (Higgins and Taylor 2000). 

Using homology modelling, a 3-D model of a protein sequence of unknown 
structure (target) is constructed on the basis of sequence similarity to pro-
teins of known structures (templates) (Sali and Kuriyan 1999). The construc-
tion process mainly consists of finding the appropriate template and target–
template sequence alignment, followed by model building and model evalua-
tion (Marti-Renom et al. 2000). The high sequence similarity among the 
cyclotides allows the construction of 3-D models of high accuracy, using 
cyclotides with experimentally determined structures as templates. Experi-
mentally determined 3-D structures of cyclotides are listed in Appendix B. 

The cyclotides vodo M and vodo N have been characterized using homology 
modelling techniques (Paper I). A search of the Protein Data Bank (PDB) 
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revealed that the kalata B1 sequence [PDB entry 1kal, (Saether et al. 1995)] 
was most similar to those of vodo M and vodo N, with sequence identities of 
65% and 76%, respectively. The alignments were produced using the 
QUANTA software (Accelrys Inc., San Diego, USA) and the 3-D structures 
were generated by MODELLER (Sali and Blundell 1993). The structures of 
vodo M and vodo N superimposed on that of kalata B1 show root mean 
square deviations (RMSD) of 0.64 Å and 0.65 Å, respectively; this is indica-
tive of only minor deviations between the backbone structures of the models 
and the template, most of these changes being confined to the turn regions. 

Evaluating the accuracy of 3-D protein models is essential for interpreting 
them. There are many model evaluation programs based on stereochemical 
analysis, such as PROCHECK (Laskowski et al. 1993), or based on 3-D 
energy profiles evaluating the environment of each residue in a model with 
respect to the expected environment as found in high-resolution X-ray struc-
tures (Marti-Renom et al. 2000), such as PROSAII (Sippl 1993). 

Using PROCHECK to analyse the stereochemical quality of the models of 
vodo M and vodo N, the covalent geometry of the modelled structures was 
found to be in agreement with that of the template. To further check the 
quality of the homology models with reference to known rules of protein 
folding, energy profiles were calculated using PROSAII. The energy profiles 
of both models were found to deviate to some extent from that of the tem-
plate; nevertheless, these deviations did not diminish our general impression 
of the model’s accuracy. 

The 3-D structure of cyclotides, as reflected in the models of vodo M and 
vodo N, is compact; the cyclic backbone, constrained by three disulphide 
bridges at its core, gives the molecules a globular shape with flattened sides. 
The 3-D modelled structures of vodo M and vodo N show clear clusters of 
hydrophobic and hydrophilic residues across opposite faces, leading to an 
amphipathic spatial distribution of amino acids (Fig. 6). In addition, con-
served residues that might contribute to strong polar interactions with a tar-
get are located at similar positions in the molecules: the negatively charged 
Glu is located on the flatter surface, while the positively charged Arg and 
Lys are located on the peripheral edges. 

The geometry of the cystine knot core is very similar in both the targets and 
the template, underlining the high level of conservation of this motif and the 
structural similarities of the cyclotides, despite variation in size and amino 
acid sequences. The cystine knot motif superimposes itself over cyclotides of 
experimentally determined 3-D structure, including the largest cyclotide, 
palicourein, with an RMSD of no more than 0.91 Å (Barry et al. 2004). 
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Because the core of the cyclotides is occupied by the disulphide bonds, the 
side chains of all other residues, including hydrophobic ones that would 
normally reside in the centre of the peptides, are forced to the outside. This 
inside-out arrangement leads to a number of cyclotide characteristics, such 
as extended hydrophobic surface patches (Paper I) (Craik et al. 2004) and 
late elution time in RP-HPLC (Göransson et al. 2004b). 
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Fig. 6. Molecular surface plots of some 3-D models of cyclotides. The surfaces are 
coloured to indicate polarity, red indicating negatively charged residues, blue indi-
cating positively charged residues, white indicating hydrophobic residues, and yel-
low indicating hydrophilic residues. Each cyclotide is presented in four molecular 
surface plots, representing rotations of 90° around the vertical axis, as indicated at 
the top of the figure. The modelled structures show amphipathic structures with 
hydrophobic amino acids presented at the surface (even in a polar environment). 
Cyclo O2 is short for cycloviolacin O2. 
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3. Cyclotide cytotoxicity 

Although new and potent anticancer drugs are on the market and cancer 
treatment has advanced, there is still an urgent need for new anticancer 
agents (Nygren 2001; Cragg and Newman 2005). Many tumour types re-
spond poorly to a given drug or develop drug resistance during treatment 
(Nygren 2001). In addition, many anticancer drugs clinically used today 
have serious adverse effects, causing misery to the treated patients (Gunnars
et al. 2001). 

Methods used today in the search for new anticancer agents include cell-
based in vitro assays in microtitre format, to analyse cancer cell damage. 
Previously, initial screening for anticancer drugs used a variety of mouse 
tumours in vivo (Frei 1982). Advances in tumour biology in vitro in the 
1960s and 1970s made it possible for the NCI to introduce, in the mid 1980s, 
an in vitro human cell line panel representing major forms of human cancer 
(Frei 1982; Alley et al. 1988). 

In vitro methods are cheaper, easier to quantify, and ethically more accept-
able than in vivo experiments are. On the other hand, these methods cannot 
replace detailed in vivo models that give insight into biology and pathogene-
sis. Preclinical studies of a cytotoxic substance (i.e. a substance causing cell 
death) usually include initial testing in cell-based in vitro assays, followed 
by the evaluation of toxicity and anti-tumour effects in vivo (Frei 1982; Holl-
ingshead et al. 1995) 

Our group has shown that cyclotides are potent cytotoxic agents (Lindholm
et al. 2002). In a human cancer cell line panel that included cell lines with 
drug resistance, the cyclotides showed a potent cytotoxicity profile different 
from those of clinically used anticancer drugs. A distinct profile indicates a 
compound with a cytotoxic mode of action different from that of the anti-
cancer drugs tested in the panel. Additionally, the tested cyclotides displayed 
a selective effect on primary cultures of chronic lymphocytic leukaemia cells 
compared to normal human lymphocytes. These initial findings prompted 
further studies of cyclotide cytotoxic activity. 
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Cancer cell line assay 
The fluorometric microculture cytotoxicity assay (FMCA) is a cell-based in
vitro method, measuring fluorescence generated by the hydrolysis of fluo-
rescein diacetate (FDA) to fluorescein by cells with intact plasma mem-
branes (Larsson and Nygren 1989). Briefly stated, 96-well microtitre plates 
are prepared with both test-compound solutions (e.g. cyclotides) and control 
solutions (e.g. phosphate-buffered saline solution, PBS). The cancer cells 
suspended in cell-growth medium are dispensed onto the prepared microtitre 
plates. After incubation at 37 C and 5% CO2, the cells are washed with PBS, 
and then FDA is added. The plates are reincubated for 40 min, and the gen-
erated fluorescence is measured.  

Cytotoxic compounds cause cell death through different mechanisms, but in 
the in vitro environment all affected cells will eventually lose their mem-
brane integrity (Fig. 7). Hence, measurement of intact plasma membrane is a 
straightforward method for cytotoxic evaluation in FMCA. The fluorescence 
is proportional to the number of living cells, so the survival index (SI) – 
defined as the ratio of fluorescence in wells of the test compound to that in 
wells of the control – can thus be calculated (Larsson and Nygren 1989; 
Dhar et al. 1996). 

Cyclotide isolation guided by cytotoxic activity 
Cyclotides isolated from Viola arvensis and Viola odorata have been shown 
to exhibit potent cytotoxic activity in a human cancer cell line panel 
(Lindholm et al. 2002). In the search for novel cyclotides with potent cyto-
toxicity, a crude fraction of Viola tricolor rich in small lipophilic proteins 
was prepared and subjected to fractionation guided by cytotoxic activity 
(Paper III). 

Two human cancer cell lines, the lymphoma cell line U-937 GTB and mye-
loma cell line RPMI-8226/s, were used in the cytotoxicity-guided fractiona-
tion of Viola tricolor; these two cell lines were selected due to their sensitiv-
ity to clinically used anticancer drugs. The most potent compounds isolated 
(i.e. the compounds with the lowest IC50 values) were shown to be three 
cyclotides: the novel cyclotide vitri A, as well as varv A and varv E (the 
latter two previously described from Viola arvensis). All three cyclotides 
showed concentration-dependent cytotoxicity, with IC50 values in the micro-
molar concentration range. 

In the myeloma cell line, the three cyclotides were approximately equipo-
tent, but in the lymphoma cell line, vitri A with a net charge of +2 turned out 
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to be approximately ten and six times more potent than varv A and varv E, 
(both with a net charge of ±0), respectively. These findings were in accor-
dance with a previously proposed structure–activity relationship regarding 
the cytotoxic activity of cyclotides: cyclotides with a positive net charge 
(e.g. cycloviolacin O2) exhibited more potent toxicity than neutral ones did 
(e.g. varv A), indicating the importance of positively charged amino acids 
for the cytotoxic activity (Lindholm et al. 2002).  

Structure–activity studies 
Chemical modification of a biologically active compound may be used as a 
tool in specifically investigating the relationship between the compound’s 
structure and its interaction with a biological target. Nature often provides 
the first clues to such structure–activity relationships (SAR) in the form of 
biosynthetic congeners (Koehn and Carter 2005). Analysing the primary 
sequences of cyclotides, apart from the six Cys residues, Glu is the only 
residue conserved throughout all cyclotides. This indicates the importance of 
Glu. Furthermore, at least one positively charged amino acid (Arg or Lys) is 
a conserved feature of the cyclotide family (Fig. 3). 

The relationship between the exposure of the charged amino acid residues in 
cycloviolacin O2 and its cytotoxic activity was examined using a strategy 
involving the selective masking of different charged residues (Paper IV). 
The activities of the different analogues were compared, using the human 
lymphoma cell line U-937 GTB. The chemical modifications and the subse-
quent changes in cytotoxic activity are presented in Table 3. 

Table 3. IC50 values of native and chemically modified cycloviolacin O2, on the 
human lymphoma cell line U937-GTB, presented as best fit values of three repli-
cates with the 95% confidence interval calculated using GraphPad Prism 4 
(GraphPad Software Inc., San Diego, USA). 

Modified amino acid Modification IC50 (µM) 

Native cycloviolacin O2 - 0.75 (0.63-0.88) 
Glu Methylation 36 (32-40) 
2 Lys Acetylation 2.3 (2.0-2.5) 
Arg CHD modified Arg 0.95 (0.82-1.1) 
2 Lys + Arg Acetylation + CHD modified Arg 5.1 (4.8-5.5) 
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Concealing the negative charge on the Glu residue of cycloviolacin O2 low-
ered its cytotoxic potency by a factor of 48, whereas concealing the positive 
charge on the single Arg residue did not noticeably lower its potency. When 
both positive charges on the two Lys residues were modified, a three-fold 
reduction in potency was observed, while disguising all three positive 
charges on cycloviolacin O2 resulted in a seven-fold loss in potency. These 
results support the previous hypothesis concerning the importance of posi-
tively charged residues to cytotoxic activity (Lindholm et al. 2002) and de-
fine the key role of the conserved negatively charged Glu in target interac-
tions.

To investigate the importance of the cystine knot, which presents hydropho-
bic amino acids on the surface of the cyclotides, reduced and alkylated 
cycloviolacin O2 was subjected to cytotoxic testing. After the reduction and 
alkylation of the three disulfide bonds, no cytotoxic activity was observed, 
indicating the importance of the intact disulphide network to cytotoxicity. 
Breakage of the cystine knot motif most likely ends the hydrophobic amino 
acid residues in the backbone loops from being exposed on the surface of the 
cyclotide, as was also reflected in the decreased RP-HPLC retention time. 
Hence, disturbing the defined amphipathic structure of the cyclotide dimin-
ishes its cytotoxic activity. 

The functional significance of the cystine knot motif does not exclude the 
possibility that the cytotoxic effects may be due to only a small part of the 
sequence. Therefore, the cytotoxicity of synthetic peptides corresponding to 
the surface-exposed loops of cycloviolacin O2 (i.e. GES, VWIP, ISSAIG, 
KSKV, and YRNGIP) was established (the single amino acid Ser of loop 4 
was not tested). All loops tested were devoid of cytotoxic activity, and it is 
reasonable to assume either that the 3-D structure of the presented amino 
acid residues in the native molecule are of great importance, or that the 
whole molecule is needed for the cytotoxicity (Paper IV). 

The SAR study of cycloviolacin O2 shows that both the charged residues 
and the network of disulphides are crucial for its cytotoxic activity, and that 
electrostatic interactions in combination with the amphipathic structure are 
involved in the mode of action of cyclotide cytotoxicity. 



32

Kinetics and morphology 
The first step in characterizing the mode of cell death is to study the kinetics 
of the cytotoxic effect as well as the cell morphology after exposure to a 
cytotoxic compound. Generally, cell death (i.e. cytotoxic effect) can be di-
vided into two major pathways: passive cell death (necrosis), and the active, 
programmed process (apoptosis) (Fig. 7). It has been discussed whether this 
classification is sufficient to describe all aspects of cell death, and it has also 
been shown that both pathways share some important steps (Zamzami et al.
1997; Lockshin et al. 2000). In this thesis, the terms ‘necrosis’ and ‘apop-
tosis’ are used to describe morphological changes. Necrosis refers to passive 
cell death in which lethal changes cause swelling of the cytoplasm and even-
tually the disruption of the cell membrane. Apoptosis is used for an active 
cell death characterized by nuclear condensation and fragmentation, and the 
formation of apoptotic bodies (McConkey 1998). 

Fig. 7. Morphological characteristics of the two major pathways of cell death (i.e. 
the passive necrotic and active apoptotic pathways) in the in vivo and in vitro envi-
ronments. 

Conceptually, cell death through necrosis can occur rapidly – for some cyto-
toxic compounds (e.g. triton X-100) even within minutes (Martinsson et al.
2001a). Apoptosis has a longer on-set period, due to the required activation 
of several intercellular pathways and a required active gene expression es-
sential for active cell death (McConkey 1998). Etoposide, a clinically used 
anticancer drug that rapidly induces apoptosis, produces nuclear condensa-
tion and fragmentation within 2–4 h of addition to the human lymphoma cell 
line U-937 GTB (Martinsson et al. 2001b). 
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Using an in vitro cytotoxicity assay based on measuring the intactness of the 
plasma membrane (e.g. FMCA), necrotic cells are at all times measured as 
dead cells while apoptotic cells in an early stage may be detected as viable 
due to the presence of an intact plasma membrane. Eventually, the plasma 
membrane of apoptotic cells will be disrupted, and the cells will assume a 
necrotic appearance in the in vitro environment (Majno and Joris 1995) (Fig. 
7). Consequently, cytotoxic activity established with FMCA at early time 
points is indicative of a necrotic mode of cell death, whereas cytotoxic activ-
ity that occurs at late time points is likely due to an apoptotic mode of cell 
death.

The kinetics of the cytotoxic effect of cycloviolacin O2 on the human lym-
phoma cell line U-937 GTB were followed by FMCA at 4, 8, 24, and 72 h 
(Paper V). The concentration–response curves at the different time points 
overlap, and the IC50 values were calculated to coincide at approximately 0.7 

M. After incubation with 4 µM cycloviolacin O2, no viable cells could be 
detected at any of the time points.  

To assess time points within minutes of exposure, microscope slides were 
prepared by centrifuging a cell suspension (i.e. cytocentrifugation), which 
allows reliable assessment of cell morphology. The harvested cancer cells 
retain their original size and shape but are flattened, giving excellent nuclear 
presentation. To investigate the mode of cell death after cyclotide exposure, 
the Cytospin slides were May-Grünwald-Giemsa (MGG) stained (Fig. 8) 
(Paper V). The cell morphology in MGG-stained slides was characterized by 
the existence of intact cytoplasmic membranes and fragmented nuclei. The 
cytotoxic effect induced by cycloviolacin O2 occurred rapidly, with morpho-
logical signs of disintegrated membranes appearing within 5 min (Figs. 8–9). 
The kinetics of the cytotoxic effect and the morphological characteristics of 
cyclotide-exposed cells suggest a necrotic mode of cell death. 
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Fig. 8. MGG-stained human lymphoma U-937 GTB cells. The pictures show (A) 
viable cells in the control, (B) cells exposed to 25 µM etoposide for 4 h, (C) cells 
exposed to 1% triton X-100 for 4 h, and cells exposed to cycloviolacin O2 for (D) 5 
min, (E) 1 h, and (F) 24 h. 

Fig. 9. Kinetics of changes in morphology. Prolonged exposure to 4 µM of cyclovio-
lacin O2 increases the number of necrotic cells and decreases the number of viable 
cells. The bars represent the mean values ± SEM calculated in GraphPad Prism 
(GraphPad Software Inc., San Diego, USA). 
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Membrane effects and liposomes 
The cellular homeostasis of ions and organic molecules is regulated at the 
plasma membrane with the assistance of specific integral and peripheral 
proteins embedded in the lipid bilayer (i.e. proteins working as transporters, 
receptors, ion-channels, and pumps). Cytotoxic compounds can cause cell 
death by causing the formation of permeable pores in the cell membrane. 
Through these pores, protons, metal ions, and even proteins can leak in and 
out of the affected cell. Once the bilayer is disturbed, the transmembrane 
electrochemical potential collapses, and cell death occurs within minutes of 
the cytotoxic compound interacting with the target membrane (Leuschner 
and Hansel 2004). 

Because of the complexity of the cell membrane, a simplified model system 
had to be used in investigating the cytotoxic mechanism of the cyclotides. 
Although the chemical composition of actual biological membranes varies, 
the physical properties of membranes are mainly governed by the amphi-
philic nature of the phospholipids forming a bilayer in water (Langel 2002). 
The liposome concept is used in a preparation process in which amphiphilic 
phospholipids are hydrated with an aqueous medium and form bilayers, 
which aggregate to form vesicles (Langel 2002) (Fig. 10). 

The liposome assay described in Paper V is based on the ability of Tb3+ to 
form strongly fluorescent complexes with dipicolinic acid (DPA). Lipo-
somes are prepared with entrapped Tb3+, and DPA is added to the surround-
ing buffer. Accordingly, if the membrane is disrupted, Tb3+ is released into 
the surrounding buffer and forms a complex with DPA that emits fluores-
cence (Fig. 10). This assay was originally developed as a visual well plate-
screening assay to detect transmembrane pore-forming peptides (Rausch and 
Wimley 2001). In the study reported in Paper V, the method was modified to 
give a quantitative assay using a spectrofluorometer, which gives discrete 
values for Tb3+ release – in contrast to the more qualitative visual detection 
method. Quantitative measurement of fluorescence also enables high sensi-
tivity. 

Liposomes were prepared from the phospholipid 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) (Paper V). The POPC concentration in 
the vesicles was determined using the Stewart assay (Stewart 1980). The 
liposome assay was carried out in v-shaped, 96-well microtitre plates at 
room temperature. As membrane disruption is liposome concentration de-
pendent, it is the peptide-to-lipid ratio that is important for determining the 
effect. A total lipid concentration of 2.2 µM was found to be suitable, pro-
viding satisfactory signals through the 5-fold dilution in the spectrofluoro-
meter. Monitoring the kinetics of Tb3+ release from cyclotide-exposed lipo-
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somes showed that cycloviolacin O2 exerted its full effect within minutes. 
Without compromising the data, the equivalent results from the fluorescence 
measurements were stable for several hours, so for practical reasons when 
handling the assay, 1 h of incubation was used in all experiments. The meas-
ured fluorescence is proportional to Tb3+ leakage from the liposomes, and 
the signal is used to construct concentration–response curves. 

Fig. 10. Schematic depiction of liposome preparation and of the membrane disrup-
tion assay. (A) The phospholipids are hydrated with a terbium buffer and vortexed 
extensively to form a lipid suspension. The resulting multi-lamellar vesicles are then 
(B) freeze–thawed 10 times to assure formation of unilamellar liposomes and maxi-
mum entrapment of Tb3+. To achieve liposomes of the same size, the suspensions 
are extruded 25 times through a 100-nm polycarbonate filter. (C) External Tb3+ is 
then removed by the passage of aliquots of vesicles through a Sephadex G-25 col-
umn (Amersham Biosciences, Uppsala, Sweden). (D) DPA is added to the surround-
ing buffer. (E) The test substance is added to the liposome; if the membrane is dis-
rupted, Tb3+ will leak out and form a fluorescent complex with DPA. 

Cycloviolacin O2 was tested in the liposome assay to determine its mem-
brane-disrupting effect. Alamethicin, a 20 amino acid residues peptide from 
the fungi Trichoderma viride, known to form pores of a defined size (He et 
al. 1996a; He et al. 1996b), was used as a control. Both peptides show a 
concentration-dependant response on the POPC liposomes. The EC50 value 
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for cycloviolacin O2 was calculated to be 14.3 µM, which corresponds to a 
peptide-to-lipid molar ratio of 6.5. For alamethicin, the EC50 value was cal-
culated to be 0.4 µM, for a peptide-to-lipid ratio of 0.2. In addition, the slope 
of the alamethicin curve differed from that of cycloviolacin O2, the maxi-
mum effect of alamethicin being almost 3 times higher than that of cyclovio-
lacin O2. In conclusion, alamethicin was more potent in the liposome assay 
than cycloviolacin O2 was and the two substances likely do not share a 
common mode of action. 

Hollow fibre assay in vitro
The in vitro cytotoxicity assays used today are mainly based on monolayer 
or suspension cultures of human cancer cell lines. Evaluating the cytotoxic-
ity of a compound using an in vitro assay provides useful and informative 
preliminary data. However, significant differences exist between monolayers 
or suspension cultures of human cancer cell lines in vitro and the complex 
environment of solid tumours in vivo (Casciari et al. 1994; Hassan et al.
2005). Solid tumours display a gradient of nutrition concentration and pH, 
which can cause regional variations in cell viability, metabolism, and sensi-
tivity to treatment. As solid tumours grow, they develop subpopulations of 
different characteristics and activities (Casciari et al. 1994; Hassan et al.
2005)

To further evaluate the cytotoxic effect of a compound, the hollow fibre 
assay in vitro has been shown to mimic the complex 3-D structure of solid 
tumours in vivo (Casciari et al. 1994; Hassan et al. 2005). The NCI origi-
nally developed the hollow fibre assay in the 1990s, for in vivo anti-tumour 
experiments that circumvented the time-consuming and expensive traditional 
animal models (e.g. xenograft models) (Hollingshead et al. 1995). In this 
method, human cancer cell lines are cultured in semi-permeable hollow fi-
bres and implanted intraperitoneally or subcutaneously into the animals. On 
the last day of the experiment, the fibres are removed from the animals and 
the net tumour growth is established by MTT staining. 

The hollow fibre assay modified for in vitro studies has been shown to pro-
vide important information regarding a compound’s anti-tumour properties. 
Preliminary answers concerning a compound’s ability to penetrate tumour 
cell layers and its effect on tumour heterogeneity may be obtained, answers 
that could not be obtained from in vitro cell line culture models (Casciari et 
al. 1994; Hassan et al. 2005). 

Paper VI evaluated the anti-tumour properties of cycloviolacin O2 with ref-
erence to three different human cancer cell lines (i.e. the lymphoma cell line 
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U-937 GTB, the leukaemia cell line CCRF-CEM, and the small cell lung 
cancer cell line NCI-H69), by comparing its effect on suspension cultures 
using FMCA and on 3-D tumours using the hollow fibre assay in vitro. The 
calculated IC50 values for the three cancer cell lines used in the FMCA and 
in the hollow fibre assay were in the same micro-molar concentration range. 
Accordingly, cycloviolacin O2 was found to possess the capacity to pene-
trate tumour cell layers, producing anti-tumour effects on the heterogeneous 
tumour cells encapsulated in hollow fibres in vitro. These findings supported 
the further anti-tumour evaluation of cycloviolacin O2 in vivo.

Toxicity in vivo
Generally, a safe and tolerable dose for use in anti-tumour experiments is 
determined by studying drug toxicity in non-tumour-bearing animals. To 
determine a safe and tolerable dose of cycloviolacin O2 for subsequent hol-
low fibre experiments in vivo, the maximum tolerated dose (MTD) in mice 
was first established (Paper VI). 

Eight non-tumour-bearing mice were intravenously injected with 0.5–2.0 
mg/kg dosages of cycloviolacin O2. After administration, the animals were 
observed in their cages for a week, after which they were euthanized and 
autopsy was performed. At 0.5–1.5 mg/kg dosages of cycloviolacin O2, 
animals showed no signs of discomfort when observed, and autopsy revealed 
that major organs exhibited no morphological signs of toxicity. Animals that 
received 2.0 mg/kg of cycloviolacin O2 (two mice) showed signs of discom-
fort immediately after administration: one mouse died within 20 min, while 
the other fully recovered after approximately 30 min. Still, no signs of toxic-
ity were observed in major organs. Accordingly, 1.5 mg/kg of cycloviolacin 
O2 is proposed as the MTD in mice (Paper VI). 

Hollow fibre assay in vivo 
To establish a compound’s pharmacokinetic and pharmacodynamic proper-
ties, an animal model is needed. The hollow fibre assay in vivo can provide a 
rapid initial assessment of the ability of a compound to disperse from ad-
ministration compartments across various types of physiological and mem-
brane barriers (Decker et al. 2004). The hollow fibre assay in vivo is a model 
that allows the simultaneous evaluation of different cell lines and up to 8 
fibres have been implanted in a single animal (Jonsson et al. 2000). 

The tumour cells encapsulated in the hollow fibres are physically separated 
from the host tissue, thereby minimizing the effect of the tumour cells on the 
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host tissue, and reducing discomfort to the animal. However, the model is 
not a replacement for traditional xenograft studies in which host–cell interac-
tions are more complex; however, it does offer a fast and effective tool that 
uses less compound and fewer animals to screen which compounds should 
be further tested in other in vivo models (Hollingshead et al. 1995). 

To further evaluate the anti-tumour effect of cycloviolacin O2, in vivo stud-
ies were performed using the hollow fibre method (Hollingshead et al.
1995). Nude mice originally were used in the assay, but immunocompetent 
animals can also be used (Jonsson et al. 2000). In paper VI, immunocompe-
tent mice were used as the model animal in the hollow fibre assay in vivo. So 
far, no pharmacokinetic studies have examined the cyclotides, and no data 
regarding cyclotide distribution and metabolism in vivo was known at the 
start of our experiment. To ensure that a safe dose would be administrated to 
the mice, the dose chosen for the experiment was 1 mg/kg. 

For the in vivo study, hollow fibres of different colours were filled with the 
three human cancer cell lines used for the in vitro experiments (i.e. the lym-
phoma cell line U-937 GTB, the leukaemia cell line CCRF-CEM, and the 
small cell lung cancer cell line NCI-H69). The fibres encapsulating the hu-
man cancer cell lines were implanted subcutaneously in 16 animals. The 
following day the animals were randomly dived into two groups of eight 
animals each. One group received an i.v. injection of 1 mg/kg cycloviolacin 
O2 dissolved in saline solution, and the other an i.v. injection of saline solu-
tion for control purposes. Five days after the administration, the fibres were 
removed from all animals and the net tumour growth was established using 
MTT staining (Fig. 11). The net tumour growth in treated versus control 
animals was not significantly different, so it was concluded that cyclovio-
lacin O2 at a dose of 1 mg/kg had no anti-tumour effect in this in vivo model. 

The reason for the anti-tumour activity in vitro and the absence of this effect 
in vivo could not be established from the present experiments. There could 
be several reasons for this. The pharmacokinetic properties of cyclotides 
could offer one explanation. So far, no data are available regarding cyclotide 
distribution and metabolism. Cyclotides might be so large or highly bound to 
plasma proteins that they remain in the intravascular space after i.v. admini-
stration and thus do not reach the subcutaneously implanted tumours.  
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Fig. 11. The study design of the hollow fibre assay in vivo. The fibres were filled 
with cancer cells and incubated in vitro for 72 h prior to subcutaneous implantation 
into anesthetized mice. The day after implantation, 8 animals received one single 
dose of cycloviolacin O2, i.v. injected into their tail veins. Five days from the ad-
ministration of the cyclotide, the fibres were removed from the animals and the net 
growth of the tumours established by MTT-staining and compared to the net growth 
of the tumours from the control animals. 

A limitation of the short-term mode of the hollow fibre assay in vivo is that it 
is a resistant model, due to the poor vascularization of the fibres in 5–6 days. 
The lack of blood vessels around the fibres in short-term experiments may 
contribute to a low anti-tumour effect, as has been shown when clinically 
used drugs are evaluated with the assay (Phillips et al. 1998; Jonsson et al.
2000). Even so, this situation may still be of clinical relevance: tumours gen-
erally have a poor blood supply, and there is a need for new drugs with good 
delivery properties (Jonsson et al. 2000). Another limitation of the current 
experimental design is that the cyclotide was only administrated once during 
the study. Repeated administrations sometimes show a greater reduction in 
tumour size and more closely reflect the clinical situation (Hassan et al.
2001). Further studies are needed to establish the pharmacokinetic properties 
of cycloviolacin O2, and to arrive at a final evaluation of the anti-tumour 
activity of this compound in vivo.
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4. Discussion 

Isolation and structure characterization 
Plant protein research is still in its infancy compared to human protein re-
search. In natural product chemistry, the isolation and structural elucidation 
of proteins has been regarded as difficult, expensive, and time-consuming 
compared to that of low-molecular compounds (O'Keefe 2001). This thesis 
describes methods for the extraction and fractionation of small cyclic pro-
teins, methods that we used for cyclotide isolation. The protocols used in-
clude standard procedures in the natural product chemist’s laboratory, and 
the final purification of cyclotides may be achieved using ordinary RP-
HPLC.

In our group, the initial fractionation protocol developed was intended for 
the isolation of plant polypeptides of 10–50 amino acid residues in size. The 
protocol was found to be very suitable for cyclotide isolation (Claeson et al.
1998; Göransson et al. 1999). The processes used for isolating cyclotides 
have been refined over the years. Although the changes from the original 
protocol are minor, they have been shown to be significant in terms of labo-
ratory time used and the final cyclotide yield. Major challenges in cyclotide 
isolation include establishing preparative and analytical methods to access 
closely related cyclotides that co-elute on RP-HPLC columns and isolating 
cyclotides of relatively low abundance in the plant material. 

Increased knowledge of cyclotide structural characteristics has enabled us to 
capture cyclotides occurring in relatively low concentrations in plant ex-
tracts. In all cyclotide sequences described so far, at least one positively 
charged amino acid residue is present. This conserved feature was exploited 
when capturing the two novel cyclotides, vodo M and vodo N, using strong 
cation exchange chromatography (Paper I).  

Techniques used for protein structure elucidation, such as quantitative amino 
acid analysis, Edman degradation, and high resolution NMR, are expensive 
and of limited availability to most natural product chemists (O'Keefe 2001). 
Our group developed methods for amino acid sequencing using MS 
(Göransson et al. 2003). Thus today, the complete sequence of a cyclotide 
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may be established using MS only, and most importantly, no more than mi-
crogram quantities of the substance are required (Paper IV–VI). 

For the analysis of the 3-D structure of novel cyclotides, a method for con-
structing 3-D homology models was established (Paper I). Additionally, the 
3-D models of vodo M and vodo N were described and structural character-
istics such as amphipathicity and the importance of charged amino acid resi-
dues were discussed. When modelling vodo M and vodo N in early 2000, the 
calculations were done using dedicated work stations and the graphic display 
was generated using expensive software; today, however, this may be done 
on all kinds of computers. Also, the needed programs have become much 
more user friendly, and moreover are often free of charge for academic re-
search.

Since a single plant species may contain more than 50 different cyclotides 
(Göransson et al. 2003; Trabi and Craik 2004), future cyclotide isolation and 
structure characterization will most likely reveal a tremendous number of 
novel sequences with new structural characteristics. For example, a new 
cyclotide from Viola tricolor, tricyclon A, was recently described as the first 
cyclotide lacking the amphipathic structure (Mulvenna et al. 2005). Novel 
cyclotide sequences are of great importance in the further analysis of the 
structures that are conserved throughout the family and in describing the 
significance of these structures. 

Structure–activity properties 
In the search for novel cyclotides with structural characteristics of signifi-
cance for biological activity, the isolation procedure may be guided by the 
activity of a relevant target. Indeed, several cyclotides have been discovered 
through screening programs and bioactivity-guided isolation (Gran 1973c; 
Schöpke et al. 1993; Gustafson et al. 1994; Witherup et al. 1994). Paper III 
described the fractionation of a cyclotide-enriched extract guided by cyto-
toxic activity; this in turn led to the isolation of three cyclotides of potent 
cytotoxic activity. In agreement with a previous study, the cyclotide with a 
positive net charge was found to be more potent than the neutral ones 
(Lindholm et al. 2002). 

The structural characteristics of cyclotides, discussed in Papers I and III, 
were systematically investigated in Paper IV. The specific masking of the 
charged residues in cycloviolacin O2 demonstrated that not only positively 
charged amino acid residues, but the negatively charged Glu, played major 
roles in its cytotoxic activity. Charged amino acid residues might be in-
volved in an initial electrostatic interaction with the cell membrane. In fact, 
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the antibacterial activity reported for synthesized cyclotides is salt depend-
ent, supporting the theory that the initial interaction is electrostatic; the im-
pact of the positively charged amino acids involved in this interaction has 
also been discussed in analogy to other cationic and cysteine-rich anti-
microbial peptides (Tam et al. 1999). In this context, our discovery that the 
negatively charged Glu plays a key role in cytotoxicity is a rather unusual 
finding. 

The role of the negatively charged Glu residue in the 3-D structure of the 
cyclotides has been studied using NMR, and Glu is thought to be crucial for 
intramolecular stabilization through hydrogen binding to loop 3 (Rosengren
et al. 2003). For the Glu-modified cycloviolacin O2, no dramatic change in 
elution time was observed via RP-HPLC, and the amphipathic structure was 
most likely still intact (Paper IV). Hence, the Glu residue might contribute to 
cyclotide cytotoxicity by being involved in the interaction with the cell 
membrane; another possible explanation is that Glu is important for intermo-
lecular interactions or for interaction with an intracellular target.

The amphipathic structure, characteristic of the cyclotides, was also studied 
in relation to cytotoxicity (Paper IV). Disturbing the amphipathic structure 
by reducing and alkylating the disulphide bonds in cycloviolacin O2, abol-
ished the cytotoxicity, indicating that other factors than just the net charge 
influence the activity of the cyclotides. The cyclotide lacking the hydropho-
bic patch, tricyclon A, has been shown to have minimal haemolytic activity 
compared to that of cyclotides with the amphipathic structure (Mulvenna et 
al. 2005). 

The cyclic backbone of the cyclotides has also been shown to be essential for 
its biological activity. Acyclic permutants of kalata B1 abolish its haemolytic 
(Simonsen et al. 2004) and anti-HIV effect (Daly et al. 2004). The head-to-
tail cyclic structure has also been exploited in attempts to improve the stabil-
ity and biological activity of other peptides. Cyclization of melittin from the 
honey bee (Apis mellifera) increased its antibacterial activity and decreased 
its haemolytic activity (Fernandez-Lopez et al. 2001). Furthermore, the cy-
clization of a conotoxin from Conus magus maintained its activity and selec-
tivity for the neuronal nicotinic acetylcholine receptor and improved its re-
sistance to the proteolysis of proteases in plasma (Clark et al. 2005).  

Mode of action 
A broad range of biological activities has been attributed to the cyclotides, 
but the mechanisms of these activities have not yet been studied. A mecha-
nism involving membrane interactions has been suggested to explain the 
antimicrobial, haemolytic, and cytotoxic effects of the cyclotides. This sug-
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gestion is based on their structural resemblance (with the exception of their 
cyclic backbone) to other cytotoxic peptides that are known to have this 
mechanism of action (Lindholm et al. 2002; Kamimori et al. 2005). 

Membrane interactions may also explain more specific effects reported for 
some cyclotides. For example, the uterotonic activity of kalata B1 and the 
neurotensin antagonist activity of cyclopsychotride A appear to be effects of 
a specific mechanism (Gran 1973b; Witherup et al. 1994). If kalata B1 dis-
rupts cell membranes, Ca2+ will be one of the ions to move across the mem-
brane, thus mediating muscle contraction, in this case of the uterus. 
Cyclopsychotride A has been shown to increase intracellular Ca2+ levels in a 
concentration-dependent way, and this response could not be blocked by 
using a known neurotensin antagonist. The cyclotide showed a similar be-
haviour in two unrelated cell lines that did not express neurotensin receptors, 
suggesting that the peptide acted through another mechanism (Witherup et 
al. 1994).  

As a first step in characterizing the cytotoxic mode of action, the kinetics of 
the cytotoxic activity and the gross cell morphology after cyclotide exposure 
were investigated in the present thesis research. In Paper V, cycloviolacin 
O2 was shown to cause the rapid disintegration of the cytoplasmic mem-
brane of human cancer cells. The rapid on-set of cytotoxicity after cyclotide 
exposure and the morphological changes accompanying cell death, indicat-
ing it occurs through the passive necrotic pathway and suggest that the 
cyclotide causes these characteristics through a membrane-disruptive 
mechanism. 

A previous study has shown that cyclotides interact with model membrane 
systems, and especially with negatively charged ones (Kamimori et al.
2005). The authors explain this by citing a two-state reaction model, in 
which the initial complex is formed by the lipid membrane and the peptide 
via electrostatic interactions, and the second corresponds to the insertion of 
the peptide into the lipid bilayer. Although the above model supports the 
theory of membrane disruption as the mode of action of many biological 
activities displayed by the cyclotides, no functional studies have so far been 
performed.

The functional models explaining the interactions between membranes and 
membrane-disruptive agents are usually based on liposomes containing en-
trapped solutes with detectable properties (Torchilin and Weissig 2003). In 
the study presented in Paper V, the liposome assay was based on the release 
of encapsulated Tb3+ and the subsequent formation of fluorescent complexes 
with DPA, in the presence of membrane-disrupting substances (Rausch and 
Wimley 2001). In this liposome assay, cycloviolacin O2 showed a concen-
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tration-dependent Tb3+ leakage from POPC liposomes and the membrane-
disrupting properties of this cyclotide were described functionally for the 
first time. 

Several models of the insertion of a membrane-disrupting peptide into the 
hydrophobic core of the membrane have been proposed (Huang 2000; 
Leuschner and Hansel 2004; McPhee and Hancock 2005), common ones 
being the barrel-stave and carpet models. In the barrel-stave model, amphi-
pathic peptides that form alpha-helices are inserted into the hydrophobic 
core of the membrane, forming transmembrane pores. The carpet model is 
characterized by the attachment of amphipathic peptides to the membrane, 
covering it in a carpet-like manner. The destruction of the target membrane 
occurs only after a critical concentration of membrane-bound peptides has 
been reached, which disintegrates the bilayer structure by disrupting the 
curvature of the target membrane. 

In Paper V, we compare the effect of cycloviolacin O2 with that of alamethi-
cin, which is known to form pores in membranes through the barrel-stave 
configuration (He et al. 1996a; He et al. 1996b). In our liposome assay, the 
concentration–response curves of cycloviolacin O2 and alamethicin have 
different profiles, indicating that these peptides have different modes of ac-
tion for membrane disruption. Furthermore, the maximum membrane-
disrupting effect of cycloviolacin O2 is three times lower than that of alame-
thicin, and thus the cyclotide is not able to release all of the internal Tb3+.
Although the finding is not yet firmly established, our results suggest that 
cycloviolacin O2 forms a pore of different characteristics from those formed 
by alamethicin, and possibly via a different pore-forming mechanism from 
that of the barrel-stave model (e.g. the carpet model). 

Cytotoxicity and selectivity 
In agreement with the findings of the cyclotides cytotoxic activity, it has 
been found that some other membrane-disrupting peptides interact with the 
tumour cell membrane within minutes, and that their activity is independent 
of known drug resistance mechanisms (Leuschner and Hansel 2004). More-
over, the cytotoxicity of cyclotides has shown a certain degree of selective 
toxicity against cancer cells compared to normal cells (Lindholm et al.
2002), a feature shared with some cytotoxic peptides (Zasloff 1987; Baker et 
al. 1993; Chen et al. 1997). From a clinical perspective this is crucial, since 
toxicity to normal cells causes severe adverse effects. However, it is not 
clear what makes cancer cells more susceptible to some of these peptides 
than normal cells are. 
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One possible explanation may be related to the fact that membranes isolated 
from mammalian tumour cells are different in their composition, structural 
organization, and functional properties compared to normal cells. One such 
difference that could be of importance for the selective cytotoxicity of 
cyclotides and other cationic cytotoxic peptides is that tumour cell mem-
branes are slightly more negatively charged than normal cell membranes are: 
tumour cell membranes contain 3–7 times more of the negative phosphati-
dylserine than normal cells do (Utsugi et al. 1991; Leuschner and Hansel 
2004). Additionally, phosphatidylserine is located in the outer leaflet of the 
cancer cells, resulting in a more negatively charged outer membrane, 
whereas the phosphatidylserine of normal cells is located exclusively in the 
inner leaflet of the membranes (Leuschner and Hansel 2004). The fact that 
tumour cells are more negatively charged may offer an explanation for the 
selective cytotoxicity, in that they are more prone to binding positively 
charged peptides. 

Not only is phospholipid composition of membranes possibly altered in can-
cer cells; there are also reports of changes in cholesterol content that have a 
profound influence on membrane fluidity. Cancer cells are not always cho-
lesterol poor in comparison to normal cells, but it seems that in most cases 
decreased cholesterol content and increased membrane fluidity accompanies 
the process of cell transformation (Hendrich and Michalak 2003). These 
differences in membrane composition and fluidity may also help explain the 
observed selective toxicity to cancer cells compared to normal cells 
(Leuschner and Hansel 2004; Papo and Shai 2005), but if and how this apply 
to cyclotides remain to be shown. 

Anti-tumour activity  
The potent cytotoxic activity of the cyclotides on human cancer cell lines has 
prompted further evaluation of their anti-tumour properties. In the clinic, a 
major issue is the poor response of solid tumours to drug treatment (Casciari
et al. 1994). In this regard, the hollow fibre assay has been shown to be a 
good model for studying the anti-tumour properties of a compound in vitro.

In Paper VI, the cyclotide cycloviolacin O2 was reported to show potent 
anti-tumour properties on three different cell lines in vitro using the hollow 
fibre assay. The IC50 values of these three cell lines were in agreement with 
the IC50 values of the same cell lines used in suspension cultures. These re-
sults imply that cycloviolacin O2 displays anti-tumour properties that in-
clude the penetration of solid tumours and the ability to kill a heterogeneous 
cell population (a characteristic of solid tumours). 
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Encouraged by these results, we conducted the first study of a cyclotide’s 
anti-tumour properties in vivo, using the hollow fibre assay on mice and a 
safe and tolerable dose of cycloviolacin O2 injected intravenously into the 
tail vein. However, no effect on tumour growth was found in this in vivo
anti-tumour model with the parameters used in this particular study. Pharma-
cokinetic studies are needed to establish the distribution of cyclotides in vivo
prior to further anti-tumour animal experiments. 

Cyclotides and plant biology 
Plants are constantly exposed to various pathogens. For their survival, plants 
have developed numerous self-defence mechanisms that incorporate both 
physical and chemical factors. The physical barrier of the plant cell wall 
provides an effective first-line protection against invaders. Chemical factors, 
including the production of secondary metabolites and defence-related pep-
tides, are also active against many potential pathogens (Lay et al. 2003; 
Jones and Takemoto 2004; Castro and Fontes 2005). 

Defence-related peptides are ancient weapons, widespread in the plant king-
dom and produced by other organisms ranging from fungi to human beings 
where they are produced as a major part of their immediate non-specific 
defence against infection (Boman 1991; Lehrer et al. 1991; Hancock 2001; 
Selsted and Ouellette 2005). These peptides have a large variety of se-
quences and structures, but certain features are common: they are typically 
cationic and Cys rich; they fold into 3-D amphipathic structures; and they 
exert a potent and broad-spectrum defence against bacteria, fungi, and vi-
ruses (Broekaert et al. 1995; Broekaert et al. 1997; Hancock and Lehrer 
1998; Ganz 2001; Zasloff 2002). 

The antibacterial and insecticidal activities of cyclotides suggest that they 
play a role in the defence system of the cyclotide-producing plant. Also, they 
share structural characteristics with other known host-defence peptides, as 
described above. Although the functional significance of the fascinating 
cyclotide family in plants is currently not fully understood, it appears likely 
that they form the basis of a distinct structure–activity relationship necessary 
for the plant. Determining the expression profiles of cyclotides in both natu-
ral and controlled environments might give further information as to plant 
use of these fascinating small cyclic proteins. The methods used in the intro-
ductory study of the seasonal and geographical variation of cyclotide expres-
sion (Paper II) may prove useful in further studies of cyclotide expression, 
also conducted in controlled environments.  
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5. Concluding remarks 

When I started this research, my aim was to study the cytotoxic cyclotides, 
to contribute to the understanding of their structural and biological character-
istics from a pharmaceutical point of view. Indeed, most of the studies con-
ducted during the course of this project are included in the preclinical phase 
of drug discovery, and it has been a great challenge to work in all these vari-
ous areas. 

Overall, working on this thesis has represented an intriguing journey from 
the isolation and structural characterization of novel cyclotides, via struc-
ture–activity relationship studies, to functional investigations of the cyto-
toxic mode of action. In addition, the potent activity of the cyclotide 
cycloviolacin O2 in the in vitro tumour assay generated optimism regarding 
continuing the research with an anti-tumour study in an animal model. Thus, 
it was most disappointing when the first anti-tumour study of a cyclotide in
vivo did not show any significant effect on the net tumour growth. However, 
the results of our in vivo experiments are of value for further animal experi-
ments.

I believe that by learning more about the basic mechanisms of the cytotoxic 
effects of cyclotides, it may be possible to optimize their anti-tumour effect 
and improve their pharmacokinetic properties. From the great variety of 
cyclotide sequences, it appears that amino acid substitution or addition in the 
peripheral loop regions does not alter the core structure of the cyclotide. A 
detailed and more complete understanding of the structure–activity relation-
ship of the cyclotides would allow the design of analogues that may have 
increased activity against tumours, maintained selective cytotoxic effect, and 
enhanced pharmacokinetic properties. 

Additionally, cyclotides have attracted interest from a molecular scaffold 
point of view, in that they could serve as templates for incorporating other 
biologically active peptide sequences into this well-defined and highly stable 
framework. Rapid development of the alternative administration of protein 
formulations, for example, through inhalation, may increase the chances of 
seeing the drug development of a cyclotide-like protein in the near future. 
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Research into the cyclotides is still in its exciting initial stages, and these 
compounds are most likely much more abundant in nature than is indicated 
by the number of structures known today. Advances are made step by step, 
and knowledge of the cyclotides has expanded exponentially over the last 
few years. Their unique topological features along with their biological ac-
tivities make the cyclotides attractive as tools in life science research. 
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6. Populärvetenskaplig sammanfattning 

Cyklotider – nya substanser i cancerforskningen 
Människan har i alla tider använt naturen som en källa till bot mot sjukdo-
mar, först enligt tradition och senare i modern tid som rena substanser i lä-
kemedel. Cyklotider är en grupp av små proteiner, som framförallt finns i 
violer. Dessa proteiner har påvisat lovande effekt på cancerceller. En studie 
har visat att cyklotider har en selektiv effekt mot cancerceller, dvs att can-
cerceller dör fortare än friska celler. Detta är viktigt eftersom en substans 
som dödar friska celler orsakar allvarliga biverkningar. I denna studie visa-
des också att verkningsmekanismen, dvs hur cyklotider dödar cancerceller, 
skiljer sig från redan kända cancerläkemedel. En substans med selektiv ef-
fekt och ny verkningsmekanism är mycket viktig inom cancerforskningen i 
sökandet efter nya effektivare cancerläkemedel med mindre biverkningar. 

Cyklotider har en mycket speciell kemisk struktur, som skiljer dem från 
andra proteiner – de är cirkulära, vilket också bidragit till namnet på grup-
pen. Cirkulära proteiner är ett sällsynt fenomen i naturen men det ger protei-
net fördelaktiga egenskaper som till exempel större motstånd mot nedbryt-
ning av enzymer och mindre känslighet för värme. Dessa egenskaper ökar 
intresset för cyklotider inom läkemedelsforskningen, där stabilitetsfrågor för 
proteiner är ett stort problem. 

Historien om cyklotidernas upptäckt börjar redan på 70-talet, då en norsk 
läkare vid namn Lorents Gran gjorde en intressant observation vid förloss-
ningar i Zaire. Han observerade att ett te bryggt på örten Oldenlandia affinis
gavs enligt tradition till kvinnor som skulle föda barn, för att påskynda för-
lossningen. Finn Sandberg, svensk professor i farmakognosi 1954-86, rap-
porterade några år tidigare användningen av denna ört vid förlossningar från 
en annan del av Afrika. Lorents Gran isolerade senare en substans i växten 
som orsakade livmodersammandragningar. Substansen fick namnet kalata 
B1 och är den först kända cyklotiden, men det var inte förrän 20 år senare 
som man kunde fastställa att den hade en cirkulär struktur. Förutom effekter 
på livmoder och cancerceller, finns det forskning som har visat att cyklotider 
har effekt mot virus, bakterier, insektslarver, havstulpaner och nervrecepto-
rer.
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Denna avhandling handlar om cyklotider och i huvudsak om deras struktur 
och effekt på cancerceller. För att kunna analysera en cyklotids struktur och 
effekt måste man först isolera cyklotiden ur en växt. Isoleringen sker i flera 
steg, eftersom en växt innehåller många olika ämnen. Därefter använder man 
olika tekniker för att bestämma och karaktärisera strukturen. I denna avhand-
ling beskrivs två nya cyklotider isolerade från luktviol och en ny cyklotid 
från styvmorsviol. Dessutom beskrivs två cyklotider från styvmorsviol som 
man tidigare isolerat från åkerviol. 

Idag känner vi till strukturen för cirka 50 cyklotider och det gör att vi kan dra 
vissa slutsatser om skillnader och likheter mellan olika cyklotider. Jämförel-
sen mellan olika strukturer är mest relevant om man kan studera tredimen-
sionella strukturer. I denna avhandling beskrivs en metod för att simulera 
tredimensionella strukturer av cyklotider med hjälp av dataprogram. Simule-
ringen bygger på experimentellt bestämda cyklotidstrukturer. Därefter kan 
man söka efter samband mellan struktur och effekt i den tredimensionella 
rymden. Detta är viktigt eftersom cyklotidernas påverkan på cancerceller 
sker i tre dimensioner. Sambandet mellan struktur och effekt studerades se-
dan experimentellt. Strukturen hos en cyklotid förändrades på kemisk väg, 
för att se hur effekten på cancerceller påverkas av en förändrad struktur. 
Resultaten från denna studie visar att vissa delar av strukturen är extra viktig 
för effekten på cancerceller. 

För att ta reda på hur cyklotider dödar cancerceller, den så kallade verk-
ningsmekanismen för celldöd, studerades detta i mikroskop. Mikroskopbil-
der gav en indikation på att cyklotider dödar cancerceller genom att förstöra 
det yttersta lagret hos cellen, det så kallade cellmembranet som håller ihop 
cellen och dess innehåll. Detta visade sig också ske mycket snabbt. Redan 
inom fem minuter från det att man utsatt cancerceller för cyklotider, upp-
täcktes döda celler. Effekten på cellmembranet studerades sedan mer ingå-
ende på konstgjorda membran. Denna studie visar att cyklotider gör hål i 
cellmembranet, vilket orsakar att cellen går sönder och dör. Cancerceller har 
ett något annorlunda cellmembran än friska celler. En teori är att denna 
skillnad mellan friska celler och cancerceller förklarar den selektiva effekten 
mot cancerceller. 

Som ett sista projekt i denna avhandling studerades en cyklotids effekt på 
tumörer hos möss. Först fastställdes den högsta möjliga dosen man kunde ge 
till möss utan att se några större biverkningar. Sedan kapslades mänskliga 
tumörer in i små plastfibrer. Fibrerna opererades in under huden i nedsövda 
möss Därefter injicerades cyklotid i blodet på hälften av djuren i studien 
medan den andra hälften bara fick en koksaltlösning injicerat. Efter analys 
av tumörtillväxten kunde man inte se någon skillnad hos möss som fått cyk-
lotid jämfört med möss som fått koksaltlösning. Anledningen till detta är att 
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cyklotiden troligen inte når fram till tumören och orsaken till detta kommer 
att studeras vidare. 

Denna avhandling bidrar till ett ökat kunnande om cyklotider, framförallt om 
deras struktur och deras effekt på cancerceller. Resultat i avhandlingen visar 
också hur det går till när dessa små cirkulära proteiner från violer dödar can-
cerceller, vilket kan komma att ha betydelse vid sökandet efter morgonda-
gens cancerläkemedel. 
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Appendices

Appendix A: Cyclotide sequences 

Sequences of the cyclotides divided into the two subfamilies; the Möbius subfamily 
and the bracelet subfamily. The alignments were produced using CLUSTAL W at 
EMBnet (www.ch.embnet.org/software/ClustalW.html) at the default settings and 
with minor adjustments by the author.

Name Amino acid sequence 

Möbius Loop no. I   II   III IV   V   VI 

kalata B1 GLPVCGETCVGGTCNTPGCTCS-WPVCTRN

kalata B2 GLPVCGETCFGGTCNTPGCSCT-WPICTRD

kalata B3 GLPTCGETCFGGTCNTPGCTCDPWPICTRD

kalata B4 GLPVCGETCVGGTCNTPGCTCS-WPVCTRD

kalata B6 GLPTCGETCFGGTCNTPGCSCSSWPICTRN

kalata B7 GLPVCGETCTLGTCYTQGCTCS-WPICKRN

varv A/kalata S GLPVCGETCVGGTCNTPGCSCS-WPVCTRN

varv B GLPVCGETCFGGTCNTPGCSCDPWPMCSRN

varv C GVPICGETCVGGTCNTPGCSCS-WPVCTRN

varv D GLPICGETCVGGSCNTPGCSCS-WPVCTRN

varv E/cycloviolacin O12 GLPICGETCVGGTCNTPGCSCS-WPVCTRN

varv F GVPICGETCTLGTCYTAGCSCS-WPVCTRN

varv G GVPVCGETCFGGTCNTPGCSCDPWPVCSRN

varv H GLPVCGETCFGGTCNTPGCSCETWPVCSRN
violapeptide I1

GLPVCGETCVGGTCNTPGCSCS-RPVCTXN
1Unspecified amino acid reported as X. 
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Bracelet Loop no.I    II    III   IV    V    VI 

cycloviolacin O1 GI--P-CAESCVYIP-CTVTALLGCSC---SNRVCY--N

cycloviolacin O2 GI--P-CGESCVWIP-CISS-AIGCSC---KSKVCY-RN

cycloviolacin O3 GI--P-CGESCVWIP-CLTS-AIGCSC---KSKVCY-RN

cycloviolacin O4 GI--P-CGESCVWIP-CISS-AIGCSC---KNKVCY-RN

cycloviolacin O5 GT--P-CGESCVWIP-CISS-AVGCSC---KNKVCY-KN

cycloviolacin O6 GTL-P-CGESCVWIP-CISA-AVGCSC---KSKVCY-KN

cycloviolacin O7 SI--P-CGESCVWIP-CTITALAGCKC---KSKVCY--N

cycloviolacin O8 GTL-P-CGESCVWIP-CISS-VVGCSC---KSKVCY-KN

cycloviolacin O9 GI--P-CGESCVWIP-CLTS-AVGCSC---KSKVCY-RN

cycloviolacin O10 GI--P-CGESCVYIP-CLTS-AVGCSC---KSKVCY-RN

cycloviolacin O11 GTL-P-CGESCVWIP-CIS-AVVGCSC---KSKVCY-KN

cycloviolacin H1 GI--P-CGESCVYIP-CLTS-AIGCSC---KSKVCY-RN

cycloviolin A GVI-P-CGESCVFIP-CIS-AAIGCSC---KNKVCY-RN

cycloviolin B GTA---CGESCYVLP-CFTV---GCTC---TSSQCF-KN

cycloviolin C GI--P-CGESCVFIP-CLTT-VAGCSC---KNKVCY-RN

cycloviolin D GF--P-CGESCVFIP-CIS-AAIGCSC---KNKVCY-RN

circulin A GI--P-CGESCVWIP-CIS-AALGCSC---KNKVCY-RN

circulin B GVI-P-CGESCVFIP-CIST-LLGCSC---KNKVCY-RN

circulin C GI--P-CGESCVFIP-CITS-VAGCSC---KSKVCY-RN

circulin D KI--P-CGESCVWIP-C-VTSIFNCKC---ENKVCY-HD

circulin E KI--P-CGESCVWIP-C-LTSVFNCKC---ENKVCY-HD

circulin F AI--P-CGESCVWIP-CISAA-IGCSC---KNKVCY-R-

cyclopsychotride A SI--P-CGESCVFIP-CTVTALLGCSC---KSKVCY-KN

hypa A GI--P-CAESCVYIP-CTITALLGCSC---KNKVCY--N

kalata B5 GT--P-CGESCVYIP-CISGV-IGCSC---TDKVCYL-N

palicourein GD-PTFCGETCRVIPVCTYSAALGCTCDDRSDGLC-KRN

tricyclon A GGTIFDCGESCFLGT-CYTK---GCSCG--EWKLCYGTN

vhl 1 SIS---CGESCAMISFCFTEV-IGCSC---KNKVCYL-N

vhr 1 GI--P-CAESCVWIP-CTVTALLGCSC---SNKVCY--N

vico A GSI-P-CAESCVYIP-CFTG-IAGCSC---KNKVCY-YN

vico B GSI-P-CAESCVYIP-CITG-IAGCSC---KNKVCY-YN

vitri A G-I-P-CGESCVWIP-CITS-AIGCSC---KSKVCY-RN

vodo M GA--PICGESCFTGK-CYT---VQCSC---SWPVCT-RN

vodo N GL--PVCGETCTLGK-CYTA---GCSC---SWPVCY-RN
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Appendix B: 3-D structures 

Cyclotides with 3-D structures deposited in the RSCB Protein Data Bank (PDB) 
(http://www.rcsb.org/pdb/).

Cyclotides Technique/Method PDB entry References 

circulin A NMR 1BH4 (Daly et al. 1999) 
cycloviolacin O1 NMR 1DF6 (Craik et al. 1999) 
cycloviolacin O1 NMR 1RBJ (Rosengren et al. 2003) 
kalata B1 NMR 1KAL (Saether et al. 1995) 
kalata B1 NMR 1JJZ (Skjeldal et al. 2002) 
kalata B1 NMR 1K48 (Skjeldal et al. 2002) 
kalata B1 NMR 1RB1 (Rosengren et al. 2003) 
kalata B2 NMR 1PT4 (Jennings et al. 2005) 
palicourein NMR 1R1F (Barry et al. 2004) 
tricyclon A NMR 1YP8 (Mulvenna et al. 2005) 
vhl-1 NMR 1ZA8 (Chen et al. 2005) 
vhr-1 NMR 1VB8 (Trabi and Craik 2004) 
vodo M Homology models 1ZLO Paper I 
vodo N Homology models 2AKS Paper I 
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