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Abstract
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The cyclotides are a family of naturally occurring peptides characterized by cyclic cystine knot
(CCK) structural motif, which comprises a cyclic head-to-tail backbone featuring six conserved
cysteine residues that form three disulfide bonds. This unique structural motif makes cyclotides
exceptionally resistant to chemical, thermal and enzymatic degradation. They also exhibit a
wide range of biological activities including insecticidal, cytotoxic, anti-HIV and antimicrobial
effects.

The cyclotides found in plants exhibit considerable sequence and structural diversity, which
can be linked to their evolutionary history and that of their host plants. To clarify the
evolutionary link between sequence diversity and the distribution of individual cyclotides across
the genus Viola, selected known cyclotides were classified using signature sequences within
their precursor proteins. By mapping the classified sequences onto the phylogenetic system of
Viola, we traced the flow of cyclotide genes over evolutionary history and were able to estimate
the prevalence of cyclotides in this genus. In addition, the structural diversity of the cyclotides
was related to specific features of the sequences of their precursor proteins, their evolutionary
selection and expression levels.

A number of studies have suggested that the biological activities of the cyclotides are
due to their ability to interact with and disrupt biological membranes. To better explain this
behavior, quantitative structure-activity relationship (QSAR) models were developed to link
the cyclotides’ biological activities to the membrane-interactive physicochemical properties
of their molecular surfaces. Both scalar quantities (such as molecular surface areas) and
moments (such as the distributions of specific properties over the molecular surface) were
systematically taken into account in the development of these models. This approach allows
the physicochemical properties of cyclotides to be geometrically interpreted, facilitating the
development of guidelines for drug design using cyclotide scaffolds.

Finally, an optimized microwave-assisted Fmoc-SPSS procedure for the total synthesis of
cyclotides was developed. Microwave irradiation is used to accelerate and improve all the key
steps in cyclotide synthesis, including the assembly of the peptide backbone by Fmoc-SPPS, the
cleavage of the protected peptide, and the introduction of a thioester at the C-terminal carboxylic
acid to obtain the head-to-tail cyclized cyclotide backbone by native chemical ligation.
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Side chains of amino acids and their physicochemical properties 
 

   

    

 
 
The 20 naturally occurring amino acids are classified into five categories according 
to the physicochemical properties of their side chains: hydrophilic (~), hydrophobic 
($), flexible (G), rigid (P), and disulfide-forming (C). The hydrophilic residues are 
further divided into positively charged (+), negatively charged (=) and uncharged (*) 
groups. Similarly, the hydrophobic residues ($) are divided into aromatic (#) and al-
kyl (<) groups.   
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1. Introduction 

1.1. The cyclic cystine knot (CCK): a unique structural 
motif 
The cyclotides are proteins of around 30 amino acids characterized by their 
common cyclic cystine knot (CCK) structural motif (Craik, Daly et al. 1999), 
which comprises a cyclic head-to-tail backbone featuring six conserved cys-
teine residues that form three disulfide bonds (Figure 1). 

 

 
Figure 1. Schematic representation of the three-dimensional structure of a cyclotide, 
showing the CCK framework. The cysteine residues are labelled with Roman numer-
als. The cyclic cystine knot (CCK) motif is defined by the head-to-tail cyclic backbone 
and three disulfide bonds. The closure of the cyclic backbone is indicated by the 
dashed line linking the peptide’s C- and N-terminal residues (CE and NE) in loop 6. 
The cystine knot consists of the three disulfide bonds, which are shown in yellow. 
Two of these disulfide bridges (CI-IV and CII-V) and their connecting backbone seg-
ments (loops 1 and 4) define an embedded ring within the peptide’s structure; the third 
disulfide bridge (CIII-VI) extends through this embedded ring. 

1.2. All living organisms produce proteins, but what 
about proteins with CCK? 
All living organisms found in all kingdoms of life produce proteins (Figure 
2). Cyclotides (i.e. proteins with the CCK motif) have only been identified in 
plants, to date. However, proteins having only one of the two defining ele-
ments of the CCK motif – a cyclic backbone but no cystine knot (Trabi and 
Craik 2002) or a linear backbone with a cystine knot (Zhu, Darbon et al. 
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2003)—are found in a wide range of organisms distributed over all the king-
doms of life.  
 

Figure 2. Schematic phylogenetic tree showing the five kingdoms of life: bacteria 
(Monera), fungi, animals, plants and protists. The LUCA, or last universal common 
ancestor of life, is an unknown ancestral organism that had the biosynthetic pathways 
required to produce proteins using information encoded in genomic DNA. 

The angiosperms, or flowering plants, are divided into three classes: the 
dicots, the monocots, and the eudicots (see e.g. Bremer B 2009). Several true 
cyclotides, i.e. proteins with head-to-tail cyclic backbones and a CCK motif, 
have been found in eudicots but not in monocots, and no genes encoding true 
cyclotides have been identified in any of the 11 whole genome sequences 
available for monocot species (Figure 3) (Mulvenna, Mylne et al. 2006, 
Zhang, Hua et al. 2015). However, so-called linear cyclotides, which have 
acyclic backbones but do contain a cystine knot motif and extensive sequence 
homology with true cyclotides, are found in both eudicots and monocots. 

 
Because of this distribution of linear and cyclic cyclotides among the angi-

osperms, it has been suggested that the modern cyclotides (both linear and 
cyclic) evolved from linear ancestors (Mulvenna, Mylne et al. 2006, Gruber, 
Elliott et al. 2008). However, the evolutionary origin of the linear cyclotides 
remains unknown.  

 
To date, cyclotides have been discovered in eudicot families including the 

Rubiaceae (coffee) (Gran 1973), Violaceae (violets) (Hashempour, Koehbach 
et al.), Fabaceae (legume) (Poth, Colgrave et al. 2011), Solanaceae (potato) 
(Poth, Mylne et al. 2012) and Cucurbitaceae (cucurbit) (Craik, Daly et al. 
2004), and in the monocot family of the Poaceae (grass) (Nguyen, Lian et al. 
2013). However, these proteins have not yet been detected in any basal angi-
osperms.  
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Figure 3. Evolution and distribution of cyclotides in flowering plants. 

1.3. Cyclotide precursors in flowering plants are very 
diverse 
Cyclotides are synthesized from precursor proteins that are expressed riboso-
mally and then undergo post-translational processing involving enzymatic 
cleavage and cyclization of the cyclotide domain, which is partially mediated 
by asparaginyl endopeptidase (AEP) (Jennings, West et al. 2001, Mulvenna, 
Foley et al. 2005, Mylne, Colgrave et al. 2011, Harris, Durek et al. 2015). The 
precursor sequences are multi-domain proteins whose domain architecture 
varies between plant families and cyclotide types. However, from the N- to 
the C-terminus, they typically feature an endoplasmic reticulum (ER) target-
ing signal, an N-terminal propeptide (NTPP), an N-terminal repeat (NTR), a 
cyclotide domain (CD), and a C-terminal repeat (CTR) (Figure 4). The ER 
and cyclotide domains generally exhibit substantial sequence homology be-
tween plant families from taxonomically different orders. The sequence be-
tween the ER and cyclotide domains is known as the N-terminal prodomain 
(NTPD), and is subdivided into N-terminal propeptide (NTPP) and N-terminal 
repeat (NTR) regions. 
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Figure 4. Typical architecture of a cyclotide precursor. A. The architecture of cyclo-
tide precursors with (bottom) and without (top) multiple cyclotide domains. B. Se-
quence alignment of selected full cyclotide precursor proteins from violets. Vok1 is 
precursor of kalata S (the first and third cyclotide domains) and kalata B1 (the sec-
ond cyclotide domain) from Viola odorata. The VbCP 25 and VbCP 26 are precur-
sor sequences of Viba 31 and Viba 32, respectively, from Viola baoshanensis. 

1.4. Cyclotides are classified on the basis of their 
cyclotide domain sequences  
The cyclotides were initially classified into two main subfamilies on the basis 
of a single structural trait: the presence or absence of a conceptual 180° twist 
in the cyclic backbone caused by a conserved cis-Pro residue in loop 5 (Figure 
5) (Craik, Daly et al. 1999). Cyclotides that contain this twist are referred to 
as Möbius cyclotides; those without it are referred to as bracelet cyclotides. 
Some loops (loops 1 and 4) have high sequence similarity between the sub-
families while others (loops 2 and 3) are conserved only within individual 
subfamilies.  

 
After the introduction of this structural classification system, many new 

cyclotides were discovered (e.g. kalata B8 as structural hybrid, Violacin A as 
linear, and MCoTI-I as trypsin inhibitor). Collectively these peptides exhibit 
substantial sequence diversity and some of them could be satisfactorily clas-
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sified using the structural criterion outlined above. These unclassifiable pep-
tides, which exhibit sequence characteristics of both the Möbius and bracelet 
subfamilies, were termed hybrid cyclotides (Daly, Clark et al. 2006). A third 
minor subfamily, known as the trypsin inhibitors (TI), has been discovered in 
gourd plants (Hernandez, Gagnon et al. 2000). These peptides contain the 
CCK motif but do not otherwise exhibit any sequence homology with the other 
subfamilies (Craik, Daly et al. 2004). In addition, linear cyclotide derivatives 
that exhibit substantial sequence homology with typical cyclotides but lack 
cyclic backbones have been reported (Ireland, Colgrave et al. 2006, Nguyen, 
Lian et al. 2013). 

 

 

 

 
Figure 5. Classification of cyclotides on the basis of their structures and sequences. 
A. Multiple sequence alignment of diverse cyclotide sequences. B. Schematic repre-
sentation of the bracelet and Möbius topologies. C. Schematic representation of the 
trans- and cis-Proline conformations in a tripeptide (G-P-A). In the peptide backbone, 
the ω angle may only take values of 180º (trans) or 0º (cis). 
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1.5. Cyclotides have diverse biological activities  
In plants, cyclotides appear to function as defense agents. Accordingly, they 
have been shown to exhibit insecticidal (Jennings, West et al. 2001), anthel-
mintic (Colgrave, Kotze et al. 2008, Huang, Colgrave et al. 2010), antifouling 
(Göransson, Sjögren et al. 2004) and molluscicidal (Plan, Saska et al. 2008) 
activities. In addition, cyclotides with uterotonic (Gran, Sandberg et al. 2000), 
antineurotensin (Witherup, Bogusky et al. 1994), antibacterial (Tam, Lu et al. 
1999, Ovesen, Brandt et al. 2011), anti-HIV (Gustafson, Sowder et al. 1994), 
anticancer (Lindholm, Göransson et al. 2002) and immunosuppressive 
(Grundemann, Koehbach et al. 2012) activities have been discovered. Multi-
ple studies have suggested that these diverse activities have a common mech-
anistic origin, relating to the cyclotides’ ability to interact with and disrupt 
biological membranes (Henriques, Huang et al. , Simonsen, Sando et al. 2008, 
Huang, Colgrave et al. 2010, Burman, Herrmann et al. 2011).  

1.6. Pharmacognostic approach in cyclotide research  
Pharmacognosy focuses on the identification and development of medicines 
from natural sources (Larsson, Backlund et al. 2008). The word ‘pharmacog-
nosy’ literally means the knowledge of drugs (two Greek words; pharmaknon 
for drug and gnosis for knowledge). The more modernized definition is ‘mo-
lecular science that explores naturally occurring structure-activity relation-
ships with drug potential’. Since then, the meaning of pharmacognosy has 
evolved into an interdisciplinary field of science that spans a wide range of 
subjects. A pharmacognostic research model was recently proposed as Figure 
6.  

 
Cyclotide was discovered by the traditional pharmacognostic strategies. In 

1965, Finn Sandberg, professor in pharmacognosy at Uppsala University, 
firstly reported the traditional use of Oldenlandia affinis in the Central African 
Republic (Sandberg 1965). The local women ingested that plant as herbal in-
fusion to facilitate childbirth. Some years after, one of the cyclotides, kalata 
B1, was first discovered as a main active component by Dr. Loren Gran (Gran 
1973, Sletten and Gran 1973). He brought that plant from Congo to his home 
country, Norway, and discovered the cyclotide protein sequence. The name 
‘kalata B1’ was after the native name of the plant ‘Kalata-Kalata’.  
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Figure 6. Model illustrating the interdisciplinary nature of pharmacognostic re-
search. The work presented in this thesis was conducted between the organism, data, 
chemical structure and biological activity cornerstones. Figure reprinted with per-
mission from the author (Larsson, Backlund et al. 2008). 

Afterwards, the cyclotide research has been extended by other research 
fields. The structure of kalata B1 was firstly found by nuclear magnetic reso-
nance (NMR) analysis (Saether, Craik et al. 1995). Until then, nothing had 
been known about the presence of cyclic backbone in cyclotides. Around this 
time, three different groups independently reported the occurrence of cyclo-
tides and from different plant origins and their different biological activities, 
i.e. hemolytic violapeptide I from Viola arvensis (Schöpke, Hasan et al. 1993), 
the HIV-inhibitory circulins from Chassalia parvifolia (Gustafson, Sowder et 
al. 1994) and neurotensin binding inhibitor circulins from Psychotria longipes 
(Witherup, Bogusky et al. 1994). The number of proteins with CCK structural 
motif grew over following years. Consequently, the name ‘cyclotides’ was 
suggested after cyclo-peptides as a collective name for the protein with CCK 
structural motif (Craik, Daly et al. 1999).  
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2. Research aims  

The work presented in this thesis was part of a research project concerning 
plant proteins focusing on the disulfide-rich small proteins at the Division of 
Pharmacognosy, Department of Medicinal Chemistry, Uppsala University. 
The ultimate long-term aims of the project are to find the overall distribution 
of disulfide-rich small proteins in nature, and understand their mechanism of 
action in biological activity, and explore them for drug development.  
 

The objectives of this thesis were:  
 
1. To explain the evolution of the cyclotides by considering their natural 

distribution together with their sequence and structural variation (Paper I). To 
this end, the cyclotides were classified on the basis of the full sequences of 
their precursor proteins and their domain architecture, and the classified 
groups were analyzed in relation to their structural traits. To explain the selec-
tive forces whose effects have produced the cyclotides we see today, the struc-
tural properties of the cyclotides were analyzed in relation to the sizes of the 
classified groups and their expression levels. Finally, to estimate the distribu-
tion of cyclotides in the genus Viola, we traced the flow of cyclotide genes 
through its phylogenetic tree.  

 
2. To develop a qualitative structure-activity relationship (QSAR) model 

for the cyclotides in order to facilitate future drug development (Paper II), and 
to use molecular descriptors to explain the general membrane-binding activity 
and selectivity of the cyclotides (Paper III). To this end, the activity of cyclo-
tides was explained using geometrically interpretable molecular descriptors 
that could be used to draw up guidelines for drug design, for example by high-
lighting specific residues and physicochemical properties that could be modi-
fied to enhance activity. In addition, the application of these simple molecular 
descriptors to non-natural amino acids was examined.  

 
3. To develop an optimized protocol for the total synthesis of cyclotides 

using solid phase peptide chemistry (SPPS) (Paper IV). This involved opti-
mizing microwave-assisted reactions for Fmoc-SPPS of the peptide backbone, 
the cleavage of the protected peptide, and the introduction of a thioester at the 
C-terminal carboxylic acid to obtain the head-to-tail cyclized cyclotide back-
bone by native chemical ligation. 
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3. Evolution and distribution of cyclotides in 
Violets  

Paper I explains the evolution of the cyclotides on the basis of their natural 
distribution across the Violaceae and their sequence and structural diversity. 
In this study, the family Violaceae and genus Viola were chosen as ideal model 
to explain cyclotide evolution with the following reasons: among the flower-
ing plants, a large number of cyclotide precursor sequences have been de-
scribed from Viola, and the phylogenetic system is currently well described. 
To find the evolutionary link between sequence diversity and their distribution 
across Violaceae, cyclotides were firstly classified according to the sequences 
of their precursor proteins. And then, the classified sequences were mapped 
onto the phylogenetic tree of the Violaceae in order to trace the flow of cyclo-
tide genes and estimate their distribution within this family.  

3.1. Phylogenetic studies on the family Violaceae  
The Violaceae are a medium-sized family including about 22 genera and 
1,000– 1,100 species worldwide (Tokuoka 2008, Wahlert, Marcussen et al. 
2014). Three of these 22 genera–Viola, Rinorea, and Hybanthus–account for 
98% of the species in the family. Viola is the largest genus in the family, hav-
ing 580– 620 species in total (Ballard, Sytsma et al. 1998, Yockteng 2003, 
Marcussen, Jakobsen et al. 2012). Representatives of this genus are distributed 
worldwide in the temperate regions and montane habitats in the tropics.  
 

There are well-established phylogenetic systems for the Violaceae family, 
and especially for the genus Viola. In particular, there is an infrageneric sys-
tem describing the phylogenetic relationships within the genus and dividing it 
into sections, series, and species. The phylogenetic study of the Violaceae be-
gan in the 19th century, and was initially based on the analysis of morpholog-
ical characteristics (Gingins 1823, Becker 1925, Clausen 1927, Clausen 1931, 
Clausen 1964). Subsequently, its phylogeny was refined using molecular phy-
logenetic techniques (Ballard, Sytsma et al. 1998, Marcussen, Heier et al. 
2015). 
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Gingins originally divided Viola into five sections based on the morphol-
ogy of the stigma (Gingins 1823). Becker later divided Viola into 14 sections, 
28 subsections, and 7 series (Becker 1925). Becker’s classification system was 
extensively revised by Clausen to account for petal color, pistil, shape, chro-
mosome number, and geographical distribution (Clausen 1927, Clausen 1931, 
Clausen 1964). Afterwards, Ballard proposed eight sections based on mor-
phology, natural hybridization, chromosome numbers, and the disposition of 
previously recognized infrageneric groups and unassigned species (Ballard 
1996). Recent advances suggest at least 17 phylogenetic lineages referable to 
sections (Fan, Chen et al. 2015, Marcussen, Heier et al. 2015).  
 

 A molecular phylogenetic study was performed using internal transcribed 
spacer (ITS) DNA sequences for 44 taxa representing many infrageneric 
groups (Ballard, Sytsma et al. 1998). Recently, a species-level phylogeny for 
Viola was reconstructed, inferring at least 16-21 events of allopolyploidisation 
in the history of the genus (Marcussen, Heier et al. 2015) (Figure 7). Hence 
the species-level phylogeny of Viola is really a network and not a tree as indi-
cated by ITS alone. As will be shown late, this is reflected in the distribution 
of cyclotides. All in all, phylogeny conforms well with the delimitation of 
sections, many of which were based solely on morphology and chromosome 
numbers. However, morphology is too variable to be used to infer relation-
ships above section level. 

Figure 7. Most parsimonious HOLM network for the 16 provisional sections of Viola. 
Around 600 Viola species are currently known to exist; they are classified into 16 
sections. All of these species originated from a single ancestral species via processes 
of allopolyploid speciation that began around 31 Mya. Reprinted with the journal’s 
permission (Marcussen, Heier et al. 2015). 
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3.2. Previous studies of cyclotides on family Violaceae  
Typically, cyclotide sequences from plants have been identified by protein se-
quencing (Schöpke, Hasan et al. 1993, Claeson, Göransson et al. 1998, 
Göransson, Luijendijk et al. 1999) and by analysis of cDNA (Simonsen, Sando 
et al. 2005, Burman, Gruber et al. 2010). However, despite many attempts, it 
has not been possible to isolate proteins corresponding to the intact precursor 
sequences. Currently, with development of next generation sequencing (NGS) 
technology, the first transcriptome–all mRNA sequences from a specific or-
ganism–have been sequenced. The presence and sequence of the precursor 
proteins is thus determined by examining the expression of their mRNA se-
quences in planta. Sequences are considered to be confirmed at the protein 
level and the mRNA level if they are based on protein sequencing and tran-
scriptome analysis, respectively.  
 

Protein-level analysis commonly involves using LC-MS to screen the dis-
tribution of cyclotides in plants. Cyclotides’ LC-MS elution times and molec-
ular masses are often indicative of their structure: Mӧbius and bracelet cyclo-
tides elute late from hydrophobic reversed-phase C18 columns because their 
molecular surfaces have many exposed hydrophobic residues. Conversely, hy-
brid cyclotides elute early because they lack such hydrophobic residues. In 
addition, the molecular mass provides information on the peptide’s approxi-
mate length.  

 
Recently, Burman et al performed the protein-level cyclotide screening 

from majority genera belong to family Violaceae, representing 1/6 of all spe-
cies (Figure 8) (Burman, Yeshak et al. 2015). In that study, the occurrences of 
cyclotides were mapped with their distribution in Violaceae on a large scale. 
The prevalence of cyclotides in all species belong to Violaceae was concluded 
with large structural diversity via chemical modifications (e.g. glycosylation).   

 
Cyclotides have been detected in every Viola species analyzed to date. Pro-

tein-level analyses typically reveal the presence of 20-40 different cyclotides 
in individual Viola species (Figure 9), while transcriptome-level analyses gen-
erally reveal 10-100 cyclotides; this large variation could be due to experi-
mental factors such as DNA degradation.   
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Figure 8. Cyclotide screening in Violaceae. A. Classification of Violaceae in accord-
ance with the phylogenetic system. The genera containing isolated cyclotides are in-
dicated by bullet points. B. Geographical origins of herbarium specimens sampled. 
Redrawn from (Burman, Yeshak et al. 2015). 
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Figure 9. LC-MS chromatogram and fingerprint of Viola mandshurica and Viola ori-
entalis. The labels ‘H’, ‘M’, and ‘L’ indicate high, moderate, and low abundance, 
respectively. Compounds from plant extracts elute from the hydrophobic column at 
different times and are detected by MS. LC-MS fingerprints are then generated from 
the eluents’ retention times and signal intensities. To remove non-cyclotides, the plant 
extracts were reduced and alkylated; as such peptide containing three disulfide bonds 
can be identified. The fingerprints compare LC-MS results for untreated plant extracts 
to those obtained after alkylation. In total, 41 and 24 cyclotides were found in V. 
mandshurica and V. orientalis, respectively. 

3.3. Morphological diversity of Violets 

‘Violets’ is the common name for all species belonging to the large genus 
Viola, whose members exhibit substantial morphological diversity. In general, 
Viola species belonging to the same infrageneric section have several mor-
phological characters in common, notably in the differentiation of the growth 
axis, style shape, flower color and base chromosome number (x). For instance, 
the Viola species belonging to the Chamaemelanium section are mostly rhi-
zomatous with lateral aerial stems, yellow-flowered with a capitate and papil-
lose style, and with x=6 chromosomes. Those belonging to the Plagiostigma 
section are mostly rhizomatous with or without lateral stolons (“stemless”), 
white- or blue-flowered with a glabrous and laterally-distally edged style, and 
with x=12. Those from the Melanium section are rhizomatous and apically 
stemmed with large stipules, multicolored flowers with a papillose style and a 
wide range of chromosome numbers from x=2 to 64. Species of section Viola 
are mostly rhizomatous with or without lateral aerial stems or stolons, blue-
flowered with a non-edged or papillose style, with x=10. Furthermore, most 
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Viola species are rhizomatous with herbaceous stems but some sections have 
woody stems (Ballard and Sytsma 2000).  

 
The Viola species examined in this work are listed along with their infra-

generic sections in Table 1. Viola is the largest genus within the Violaceae 
family, and its substantial genetic diversity is reflected in both morphological 
diversity and the diversity of its cyclotide sequences. In general, speciation is 
a consequence of genomic changes. As part of the gene pool of the Violaceae, 
the cyclotide-encoding genes will have evolved along with the speciation of 
their host plants. 

 
Paper I presents a transcriptomic analysis of five Viola species: V. acu-

minata (sect. Viola), V. verecunda, V. albida var. takahashii and V. mands-
hurica (sect. Plagiostigma), and V. orientalis (sect. Chamaemelanium). The 
species names of these violets are derived from either their morphology or the 
location in which they were first discovered. Thus, the name ‘acuminata’ re-
flects this species’ sharply angled leaves, while V. albida was named for its 
white petals. Becker discovered V. mandshurica in Manchuria (满洲) in China, 
and V. orientalis is prevalent in the Eastern world.  

 
The morphological features of the leaves of V. albida var. takahashii have 

been analyzed rigorously to determine its place in the phylogeny of the violets. 
It was suggested to be a natural hybrid between V. chaerophylloide and V. 
albida because its leaves exhibit characteristic features of both species (Kim 
1986). However, this proposed hybridization was revised because their leaf 
shapes, independent endemic and high fertility (Jang 2012). Those three spe-
cies have large variations in their leaf shapes, and form complex (Figure 10). 

 
Some of the Viola look similar, but they actually are different species. For 

example, two, V. mandshurica and V. yedoenesis, are clearly distinguishable 
species (Yoo and Jang 2013). The identification with the winged petiole alone 
often could be misleading in their identification. It is because they both have 
winged petioles, and the petioles have the morphological variation during the 
cleistogamic/chasmogamic periods in Violaceae family. However, there are 
two distinctive differences based on the presence of hairs on 1) the lateral se-
pal and 2) leaves and petiole (Figure 10). In contrast to V. yedoensis, V. mands-
hurica does have hair on the lateral sepal (flowers), and which is most clearly 
detectable. Also, whereas V. mandshurica does not display hairs on the leaves 
and petiole, V. yedoensis contains hairs regularly distributed on the counter-
parts.  

 
Interestingly, those two Viola species have been used as medicinal plants 

in China and Korea. The use of those Viola is described in Dongui Bogam (東
醫寶鑑) (Heo 1610) and Bencao Gangmu (本草綱目) (Li 1593). Jahwajijung (紫
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花地丁), the name of Viola species, is stemmed from their sepal color (purple; 
紫花), and the shape of the root and its strongly anchoring character on soil in 
analogy of nail (地丁). In the oriental medicine, its taste and the pharmacolog-
ical characters (性味) have been studied with bitter, pungent and cold (苦辛 
and 寒·無毒). As medicinal plants, it has been used for alleviation of fever (淸
熱利濕), detoxifying and resolvent for obstinate swelling (解毒消腫). Also, it 
has been used to treat jaundice (黃疸), skin rash (疔瘡), pink eye (目赤), shigel-
losis (痢疾), mycobacterial cervical lymphadenitis; scrofula (瘰癧), vomiting/ 
diarrhea (復瀉), venomous snake bites (毒蛇咬傷) and pressure ulcer/sore  (背
發無名諸腫).  

 
Viola orientalis belongs to the diploid (x=6) section Chamaemelanium 

whose ancestor, by repeated hybridization with the now-extinct MELVIO lin-
eage and following polyploidisation, gave rise to the remaining north-temper-
ate lineages of the genus Viola. The South American sections Andinium and 
Leptidium are successive sister lineages to the rest of the genus Viola.  Sect. 
Andinium are mainly Andine rosette plants with leaves in many rows, multi-
colored flowers, a style with lateral and apical protrusions (“crest”), and x=7. 
Leptidium are subshrubs, many with nectar-less pollen-flowers (Freitas and 
Sazima 2003), variously colored, and a simple tapering style, and probably 
x=14 (Marcussen, Heier et al. 2015).    
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Figure 10. Morphological diversity in Viola. (Upper) a. Viola orientalis, b. Viola 
accuminata, c. Viola mandshurica, d. V. albida var. takahashii and e. Viola vere-
cunda. f. Viola coronifera. (Middle) a-f. Morphological variations of leaf in Viola 
albida var. takahashii. (Lower) Morphological differences between Viola yedoensis 
(a-d) Viola mandshurica (e-h). a. and e. whole plants, b. and f. flowers, c. and g. 
leaves, d. and h. peduncles. The figure was reprinted with the authors’ permissions: 
the picture f. (upper) was from Watson (Watson and Flores 2011) and the rest pictures 
were from Yoo (Yoo and Jang 2013). 



 27

3.4. Discovery of new cyclotide precursor sequences  
Paper I reported the discovery of 158 new cyclotide precursor sequences (Ta-
ble 1). Of these, 138 were discovered during a transcriptomic analysis of the 
five Viola species described above (V. albida var. takahashii, V. mandshurica, 
V. orientalis, V. verecunda and V. acuminata), while the remaining 20 were 
obtained by combining the transcriptomic data generated during this study 
with transcriptome data for V. canadensis from the 1kp-project (www.on-
ekp.com). 

3.5. Nomenclature of cyclotides and precursors 
Each of the discovered cyclotides was assigned a three-component name (Ta-
ble 1). The first component is derived from the binomial Latin name of the 
host plant species in which the corresponding precursor sequence was discov-
ered, and can be valta (Viola albida var. takahashii), viman (Viola mands-
hurica), vorie (Viola orientalis), viver (Viola verecunda), or vacum (Viola 
acuminata). The third component of the name specifies the molecular species 
of the cyclotide in question, and the second is a number specifying which of 
the cyclotides having that molecular species and host species is referred to. 
Thus, the name vacum2-HS4 refers to the second cyclotide from V. acuminata 
whose molecular species is HS4. The molecular species are named after their 
NTR signature sequences, i.e. the residues present at positions -9 and -8 in the 
sequence of the cyclotide precursor. Three-component names were also as-
signed to the cyclotide precursor sequences, using a similar system: the first 
component is the same as in the cyclotides, the second is the sequence’s nu-
merical rank (which is independent of that for the corresponding cyclotide), 
and the third specifies the precursor’s molecular species.  
 

This naming convention is based on that used in previous publications, and 
in all cases where a precursor had previously been assigned a name, that name 
was retained. However, the prefix “prc-” was added to the names of precursor 
sequences that had not previously been named. Thus, prc-viul A is the name 
of the precursor of the viul A cyclotide from Viola uliginosa.   
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Table 1. Nomenclature of cyclotides and precursors.  

The numbers in square parentheses after the names of the plant species indicate the number of 
cyclotide precursor sequences derived from that species. Viola sections are denoted by the first 
three letters of their names: Plagiostigma by PLA, Chamaemelanium by CHA, Viola by VIO, 
and Melanium by MEL. Within sect. Plagiostigma, V. mandshurica and V. albida belong in 
subsect. Patellares (Boiss.) Rouy & Foucaud, V. verecunda in subsect. Bilobatae (W.Becker) 
W. Becker and V. baoshanensis in subsect. Diffusae (W.Becker) Chang. Within sect. Viola, V. 
odorata belongs to subsect. Viola and V. acuminata, V. adunca, and V. uliginosa in subsect. 
Rostratae (W.Becker) W. Becker. No subsections are applicable to sect. Chamaemelanium. a 

Species whose transcriptomes were analyzed in Paper I are V. mandshurica, V. albida for. 
takahashii, V. verecunda, V. acuminata and V. orientalis; the names of these species are shown 
in bold; b V. baoshanensis (Zhang, Liao et al. 2009, Zhang, Li et al. 2015); c V. odorata (Dutton, 
Renda et al. 2004, Ireland, Colgrave et al. 2006); d V. uliginosa (Slazak, Jacobsson et al. 2015); 
eV. pinetorum and V. adunca (Kaas and Craik 2010). f V. tricolor (Mulvenna, Sando et al. 2005, 
Hellinger, Koehbach et al. 2015); g V. biflora (Herrmann, Burman et al. 2008); f The transcrip-
tome data for V. canadensis were obtained from the 1kp project (www.onekp.com), and the 
corresponding cyclotide precursor sequences were determined in this work. 

3.6. Classification of cyclotide precursors using their 
sequence signatures  
A sequence signature is defined as a region in an alignment or group of align-
ments where a specific sequence pattern is observed in the protein sequences 
from all members of one or more taxa (organisms) but not in other taxa (Gupta 
1998). A pattern may be a particular amino acid substitution or a set of specific 
insertions or deletions (i.e. indels). To date, protein sequence signatures have 

Precursor name Cyclotide 

name 

Species Sections 

vima 

valt 

 

vive 

VbCP 

Viman 

valta 

 

viver 

Viba  

Viola mandshurica W.Becker [37] a,  

Viola albida Palib. var. takahashii (Nakai) 

Kitag. [29] a,  

Viola verecunda A.Gray [23] a,   

Viola baoshanensis W.S.Shu, W.Liu & 

C.Y.Lan [42] b 

PLA 

PLA 

 

PLA 

PLA 

voc 

prc-Viul 

vacu 

Vaf, Val 

vodo 

Viul 

vacum 

N.A. 

Viola odorata L. [5] c,  

Viola uliginosa Bess. [12] d  

Viola acuminata Ledeb. [23] a  

Viola adunca Sm. [2] e 

VIO 

VIO 

VIO 

VIO 

prc-vitri, prc-tri-

cyclon 

vitri, tri-

cyclon 

Viola tricolor L. [44] f MEL 

vori 

Vbc 

vica 

prc-Vpf, prc-Vpl 

vorie 

vibi 

vican 

Vpf, Vpl 

Viola orientalis W.Becker [26] a,  

Viola biflora L. [6]g,  

Viola canadensis L. [19] f  

Viola pinetorum Greene [2] e 

CHA 

CHA 

CHA 

CHA 
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mainly been used to deduce phylogenetic relationships among distantly re-
lated organisms. In general, the sequence signature approach has the ad-
vantage of not being subject to the limitations of the methods and assumptions 
used to generate phylogenetic trees. For example, it is not sensitive to the re-
liability of sequence alignment, differences in evolutionary rates, or the deci-
sion to include or exclude specific sequence regions from the phylogenetic 
analysis.  

 
 In contrast to the protein sequences used as phylogenetic markers, individ-

ual Viola species have many (between 20 and 100) cyclotide precursor se-
quences, which vary quite widely. In paper I, an approach based on signature 
sequences was used to classify the cyclotide precursors in terms of the cyclo-
tides’ structural traits (Figure 11). As noted in the preceding sections, the first 
structural classification of the cyclotides was based on the twist of the cyclic 
backbone, i.e. presence or absence of a cis-Pro residue in loop 5 (Craik, Daly 
et al. 1999). However, many other cyclotides were subsequently discovered 
that cannot be classified in this way, such as structural hybrid and linear cy-
clotides. A more versatile system of classification was there-fore developed 
based on the full sequences of the cyclotides’ precursor proteins. It was as-
sumed that the cyclotide domain sequences have undergone evolutionary 
changes together with other domains in their precursor sequences, so the evo-
lutionary relationships between cyclotides can be evaluated more accurately 
by considering the precursor sequences in their entirety than by focusing ex-
clusively on the cyclotide domains.  

 
We therefore classified the precursor sequences using sequence signatures 

from the prodomain comprising the NTPP and NTR domains. The prodomain 
contains a large indel in the NTPP region, located between positions -56 and 
-38 in the up-stream region in the consensus sequence of the precursors, where 
the N-terminal cleavage site of the cyclotide domain is defined as position 
zero. This indel coincides with the peptides’ structural classification as Mö-
bius or bracelet cyclotides: the insertion region was found in the precursor 
sequences of prototypical bracelet cyclotides, and the deletion region in those 
of prototypical Möbius cyclotides (i.e. cyO2 and kB1 from the bracelet and 
Möbius structural subfamilies, respectively). This correlation was also ob-
served in other cyclotide precursor sequences whose cyclotide domains exhib-
ited high sequence similarity with the prototypical members of those classes. 
Based on these observations, it was suggested that this indel in the NTPP do-
main can be used to classify cyclotide precursor sequences into the Möbius or 
bracelet lineages.  

 
Within each of these lineages, it was found that the sequence signatures of 

both the NTPP and NTR can be related to sequence traits that determine which 
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structural subfamily (i.e. linear or cyclic, and prototypical or hybrid) the cor-
responding cyclotide belongs to (Figure 11). Moreover, within each structural 
subfamily, it was found that the cyclotide precursors could be classified on the 
basis of their sequence homology in the NTPP and NTR domains. That is to 
say, minor sequence variations within each structural subfamily could be re-
lated to the sequence homology in these two regions. This finding was used to 
classify the precursors within each lineage into two additional taxonomic or-
ders, named the molecular series and molecular species. Precursors exhibiting 
sequence homology in both the NTPP and NTR domains were assigned the 
same molecular species (Figure 12), while precursors having the same se-
quence signatures in the NTR domain alone were assigned to the same molec-
ular series.     
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3.7. Distribution of cyclotides in Violets  
Previously reported studies had only examined cyclotide precursors from four 
sections of the genus Viola (Herrmann, Burman et al. 2008, Hellinger, 
Koehbach et al. 2015, Slazak, Jacobsson et al. 2015, Zhang, Li et al. 2015). 
Paper I integrated data for all of the previously reported precursor sequences 
and analyzed the distribution of the precursors in relation to infrageneric sec-
tions. This revealed that many molecular species are evenly or sporadically 
distributed across these four sections (Figure 13). The distribution of molecu-
lar species among these sections appears to be related to the gene flow of cy-
clotide precursors, mediated by the sections’ speciation. For example, molec-
ular species found in all four sections were presumably formed prior to the 
speciation of the common ancestor. Alternatively, they could have been 
formed after the common ancestor’s speciation and then flowed into each sec-
tion separately by hybridization during the genus’ early diversification. How-
ever, the presence of molecular species that are specific to different sections 
demonstrates that speciation is not exclusively due to hybridization. 

 
The genus Viola currently includes approximately 600 species. A huge 

number of cyclotide precursors (~60000 in total), corresponding to 100 per 
individual species (Hellinger, Koehbach et al. 2015), is estimated to be dis-
tributed across the genus. However, around 31 Mya, the genus was only rep-
resented by one species, whose gene pool contained only one suite of cyclotide 
genes. The vast multiplicity of cyclotide precursor genes found today must 
have been derived from this early common ancestor. The sequence variation 
between molecular species may have resulted from genomic changes associ-
ated with the speciation of the ancestral species into the 600 species known 
today.  

 
Paper I explains the cyclotide distribution across four sections of the Viola, 

which collectively account for 61-65% of all known Viola species. Further 
insights into the distribution of cyclotides across the genus will be obtained in 
the near future by studying the distribution of cyclotides in other sections (e.g. 
Rubellium and Andinium) that diverged from the four studied herein at a rela-
tively early stage in the evolution of Viola.   

 
 
 
 



 34

      

 

 
 
Figure 13. Distribution of molecular species across individual Viola sections, and 
their phylogenetic relationships. A. Proportion of molecular species found across the 
different sections within Viola. The four different sections are indicated and the per-
centages indicated the proportion of molecular species found in each section. The 
outer rings show results obtained by only counting complete sequences, while the in-
ner ring show results based on both complete and partial sequences. The left-hand 
figure shows results calculated based on numbers of precursor sequences, and the 
right-hand figure shows results based on the numbers of molecular species. B. Phylo-
genetic relationships between sections and genera of Violaceae used in the analyses 
conducted within this work. Viola Sections are abbreviated as follows: Plagiostigma 
as PLA, Viola as VIO, Melanium as MEL, Chamaemelanium as CHA, Rubellium as 
RUB, and Andinium as AND. Dotted lines indicate hybridization between sections. 
Genera and sections studied using transcriptomic methods are indicated with asterisks 
(*). The total number of species within Viola is estimated to be 580-620, most of 
which (61-65%) belong to these four sections. The first ancestor of the genus (α) is 
dated to 31 Mya, and the common ancestor of the four studied sections (β) is dated to 
24 Mya (Marcussen et al., 2015). The phylogeny of Viola is based on the work of 
Marcussen et al. (2010, 2015) and that of Violaceae is based on the work of Wahlert 
et al. (2014). 
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4. Structure-activity relationships of cyclotides 
(Paper II and III) 

It appears clear that cyclotides are involved in host defence, and that mem-
brane interaction is one of the mechanism involved. Paper II explains the 
membrane activity of cyclotides using geometrically interpretable descriptors. 
In order to this, the key physicochemical properties–the lipophilic and elec-
trostatic surfaces– are systematized into scalars (surface area) and moments 
(the distribution of the surfaces over the molecular surface). Furthermore, we 
analyzed individual residues’ structural contribution to the physiochemical 
properties of the protein as a whole using ‘exposed surface ratio of each resi-
due’. Also, such systematic approach was extended to explain the membrane 
selectivity in paper III.  

4.1 Physicochemical properties and molecular 
descriptors 
As of the time of writing, over 200 molecular descriptors have been developed 
(MOE). However, these descriptors are all based on a much more limited set 
of fundamental physicochemical properties. Physicochemical properties are 
extensions of well-known physical and chemical properties.  
 

i) The physical properties relevant to the development of molecular de-
scriptors are derived from the distribution of atomic mass within the molecular 
structure (i.e. atomic coordinates and connectivity). The molecular structure 
defines the molecule’s geometric shape (and hence quantities such as the mo-
lecular surface area and volume), the atomic connectivity determines molec-
ular flexibility (Lowell H. Hall 1991), and the mass distribution within the 
molecular structure determines the radius of gyration (Lobanov, Bogatyreva 
et al. 2008) and eccentricity (Taylor and Aszodi 2004).  

 
ii) The chemical properties can be divided into two classes: hydrophobic 

and hydrophilic. The hydrophobic properties are then further subcategorized 
into negative/positive charge and uncharged polarity. These properties are de-
fined by the molecule’s electronic distribution and provide information on the 
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attractive or repulsive force between molecules as well as the driving forces 
of chemical reactions.  

  
Physical and chemical properties are two sides of the same coin when it 

comes to describing molecules. In practical terms, chemical properties are 
measured by studying physical properties, and analyses of physicochemical 
properties provide useful descriptions of molecular interactions. For example, 
the hydrophobic surface area of the molecule provides information on both 
hydrophobic interactions as a type of chemical force and the hydrophobic 
“strength” of the molecule.  

 
Lipophilicity is a physicochemical property that is related to hydrophobi-

city and polarity (van de Waterbeemd, Karajiannis et al. 1994). It is deter-
mined by measuring a compound’s octanol/water partition coefficient (logP), 
and reflects the compound’s preference for octanol over water. A typical 
membrane lipid consists of two fragments: a long hydrophobic (non-polar) tail 
and a polar hydrophilic head. Taking octanol as a representative lipid, the tail 
would be the octyl chain, and the head the hydroxyl group. The partitioning 
between water and octanol is described by the equation logP = a∙V +Λ, where 
V is a volume-related term describing the molecule’s expulsion from the aque-
ous environment and the Λ term represents the sum of all the polar interactions 
affecting the partition coefficients (‘a’ is a positive constant). Thus, the 
strength of the hydrophobic interactions is proportional to ‘V’. Because logP 
has a positive linear correlation with the volume parameter of nonpolar 
groups, the side chains of amino acids with bulky n-alkyl chains such as Ile 
and Val display high lipophilicity and hydrophobicity. In contrast, aryl side 
chains with pi-conjugation such as Trp and Tyr exhibit high lipophilicity but 
only intermediate hydrophobicity.  

4.2. Physicochemical properties as scalars and moments 
A given physicochemical property (e.g. the molecular surface area that exhib-
its a particular chemical property) can be measured either as a scalar quantity 
having only a magnitude (which in this case would just be the area) or as a 
moment having both magnitude and direction (the direction in this case being 
the offset of the area from the center of the molecule).  

 
These scalar and moment quantities are independent properties (Figure 14): 

if the surface area showing the relevant physicochemical property doubles, the 
magnitude of the moment may be doubled, halved, or unchanged, depending 
on the distribution of the ‘new’ area on the molecular surface.  
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Figure 14. Examples showing that doubling the (scalar) surface area showing a phys-
icochemical property of interest (represented by the gray area) can either double (B) 
or halve (C) the corresponding moment. 

Paper II systematically characterizes key physicochemical properties of cy-
clotides – their lipophilic, hydrophobic and positively charged surface areas – 
in terms of both the sum of areas on their surfaces exhibiting the selected 
properties, and the distribution of those areas on the molecular surface relative 
to the molecule’s center (i.e. the moments).  

4.3. Lipophilic index values can be computed for 
unnatural amino acids. 
Because some of the cyclotides examined in Paper II contain chemically mod-
ified amino acids, it was necessary to create a lipophilicity scale that can de-
scribe such residues. The lipophilicity of the side chains was therefore pre-
dicted using their logP values, and it was shown that the developed approach 
can in principle be applied to any unnatural amino acid (Appendix I). 
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4.4. The exposed surface ratio measures the extent to 
which a residue’s physicochemical properties affect 
those of the peptide as a whole.  
Paper III introduces the concept of the exposed surface ratio of residues’ side-
chains, and its effects on protein structure. This quantity is defined as the ratio 
of the exposure of the side chains, i.e. their solvent-accessible surface area 
(SASA) in the cyclotide structure, to that of a tripeptide (G-X-G) in an ex-
tended conformation (φ = ψ = 180°). The exposed SASA of the amino acid 
(X) in G-X-G is taken as a reference, and it is assumed that the exposed surface 
ratio is higher than 1.0 when the side-chain is oriented towards the exterior of 
the peptide in convex loops. However, depending on the size of the residues 
in its vicinity, the exposed surface ratio of a given residue may be less than 1 
even if it is in a convex loop.     
 

The exposed surface ratio is a useful concept because it relates to the extent 
to which the physicochemical properties of each individual residue affect 
those of the protein as a whole, and can be used to evaluate the effects of 
conformational changes in individual residues on the overall protein structure. 
The steps involved in computing and using the exposed surface ratio are ex-
plained below: 

 
i) The 3D-conformation of cyclotides is typically determined by NMR 

(Rosengren, Daly et al. 2003), X-ray (Wang, Hu et al. 2009) and homology 
modelling (Svangård, Göransson et al. 2003). All of these conformations 
should be different, but the magnitude of the difference between pairs of con-
formations can vary. The magnitudes of the differences between confor-
mations are reflected in the variation of the exposed surface ratios of the side 
chains (Figure 15). The data presented in this figure clearly show that the var-
iation in the exposed surface ratio for cyO2 is greater than that for kB1, indi-
cating that the side chains of the former protein move more and are more con-
formationally flexible. However, compared to most proteins, all cyclotides are 
very rigid because the cyclic cystine knot (CCK) motif constrains their con-
formational flexibility. 
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Figure 15. Superimposed conformations derived from NMR structures. The left hand 
image shows superpositions of twenty conformations of the cyclotides kB1 (pdb code: 
1nb1) (top) and cyO2 (2knm) (bottom). The exposed surface ratios of the residues in 
each protein are shown on the right hand side. 

ii) For each individual conformation of each cyclotide, the contribution of 
each residue to the physicochemical properties of the protein as a whole can 
be estimated. This is illustrated for the lipophilic intensity in Figure 16. Eval-
uating the lipophilic intensity reveals the functions of residues in relation to 
the protein’s structure. However, to obtain a more detailed understanding, we 
compared the lipophilic intensities of the cyclotides in their native fold to a 
hypothetical unfolded conformation in which φ = ψ = 180°. This showed that 
the cystine knot motif enhances the cyclotides’ overall lipophilicity by in-
creasing the exposed surface area of lipophilic residues on the molecular sur-
face. Because the cystines are deeply buried in the protein core, they do not 
interact directly with the membrane. However, the CCK motif forces the back-
bone of the loops to curve outwards, causing some lipophilic residues in con-
vex loops to be oriented towards the exterior of the peptide with high solvent-
accessible surface areas, despite the energetically unfavorable nature of such 
conformations. Such residues are found in loops 5 and 2 of kB1 and cyO2, 
both of which are four amino acids long, have ends whose positions are con-
strained by the cystine knot, and feature a tryptophan residue (W23 and W10 
in kB1 and cyO2, respectively) with a high lipophilic surface area that is di-
rectly adjacent to a proline residue. In kB1, the surface area of W23 is lower 
than in the linear conformation because a large proportion of the residue’s 
surface is hidden by the side chain of V10 in loop 2.  
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kB1 

 
cyO2 

Figure 16. Lipophilic surface area (lipophilic intensity) profiles for each residue on 
the native folds of kB1 (1nb1) and cyO2 (2knm).   
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4.5. Procedure for computing the electrostatic moment.  
To explain the distribution of electrostatic forces over the surfaces of the cy-
clotides, a new procedure was introduced that is outlined below using the ex-
ample of the tripeptide Gly-Ack-Gly, where Ack is acetylated lysine (Figure 
17). The acetylation means that the side chain amino group of lysine is chem-
ically modified and does not bear a positive charge.  

 
A. Calculation of electrostatic potentials. The electrostatic potential is deter-

mined using the Poisson-Boltzmann Equation (PBE) with a 0.5 Å grid spacing. At a 
given point r = (x, y, z), the electrostatic potential, u(r), represents the negative of the 
work that must be done to move a unit charge from infinity to a position r within the 
electric field. Each set of coordinates is assigned an electrostatic potential value of the 
form [x, y, z, u(r)].  

 
B. Calculation of the center of the positively charged surfaces. The location of 

the peptide’s hydrogen bond donor (HBD) center (PC) is defined as the center of the 
volume enclosed by the isosurface that interacts with an aqueous oxygen probe de-
rived from the SPC water model (Berendsen, Postma et al. 1981) at -1.6 kcal/mol. 
This point was taken to represent the center of the molecular surface that displays a 
positive charge. At a given position r, the hydrogen bond potential, HBP(r), is defined 
as the interaction energy with the aqueous oxygen probe: HBP(r) = q ∙ u(r) + v . 
Here, qO is -0.82 and represents the partial charge of the aqueous oxygen probe, while 
vO is the van der Waals potential of the oxygen atom. The HBP(r) term also incorpo-
rates a pairwise summation of the Coulombic (q ∙ u(r)) and van der Waals interac-
tions (v ) in the form of a Lennard-Jones potential: v = 	∑ A 	|r − r | −B 	|r − r | , where Ai and Bi are OPLS van der Waals parameters (Jorgensen, 
Maxwell et al. 1996) and ri is the coordinate of the ith atom of the protein. After the 
assignment of hydrogen bonding potentials on the grids [x, y, z, HBP(r)], the coordi-
nates are selected to define the isocontour surface on which HBP(r) < -1.6 kcal/mol 
in Cartesian coordinates (x, y, z).  

 
C. Calculation of the center of hydrophobic surfaces. The hydrophobic center 

(HC) is defined as a center of the grid surface reactive to a DRY probe (Goodford 
1985) at -0.2 kcal/mol. The DRY probe calculates the hydrophobic energy at each 
grid point: E = 	∑ 	E + S − ∑ 	E , where S is the entropy, which is taken to 
be a constant (-0.848), Evdw is the van der Waals interaction energy, and Ehb is the 
energetic cost of disrupting the hydrogen bonding network in the protein hydration 
shell.  

 
D. Calculation of the electrostatic moment. The HBD amphipathic moment 

measures the distance from the center of the hydrophobic surface to the center of the 
hydrogen bond donor surface. 
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Figure 17. Illustration of the procedure used to compute EM. A. Chemical structure 
of Gly-Ack-Gly (left), and the corresponding electrostatic potentials (right). The N-
terminal amine group bears a positive charge and the C-terminal carboxyl group 
bears a negative charge. B. PC is the positively charged center, and the distance from 
the center of the mass (MC) to the positively charged center (PC) is the electrostatic 
moment. C. The hydrophobic surface is represented with by the green mesh. HC is 
the hydrophobic center, and  is the hydrophobic vector. D. The length of  
is the electrostatic moment. 

 
The lipophilic and electrostatic moments computed as described above are 

frequently but not invariably positively correlated (Figure 18). This is because 
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both are mainly determined by the amino acid composition in naturally occur-
ring cyclotides. The most important variables in this context are the abundance 
of hydrophobic residues and positively charged residues. Generally, lipophilic 
residues are confounding with hydrophobic residues, and lipophobic residues 
are confounding with both positively charged residues and negatively charged 
residues. However, in naturally occurring cyclotide structures, the physico-
chemical variation due to negatively charged residues is not very large: 70% 
of known cyclotides (=200/285) contain no more than one negatively charged 
residue (Glu) in their sequences, and that negatively charged residue is buried 
inside the protein structure in most cases.   

Figure 18. Data for 285 naturally occurring cyclotides indexed in CyBase April 
2015 (www.cybase.org.au). Cyclotides whose lipophilic and electrostatic moments 
are positively correlated are represented by points located inside the dotted ellipse. 
The cyclotides’ structures were predicted with the CycloMod tool (Kaas and Craik 
2010). 
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4.6. Use of QSAR to analyze membrane activity and 
selectivity 
In the paper II, the model was used to describe the QSAR of the cytotoxicity 
and anthelmintic activity of cyclotides. With its extended scope, Paper III pre-
sents an analysis of the correlation between cyclotides’ structures and their 
antibacterial and membrane activities. Unfortunately, the availability of activ-
ity data for cyclotides in general is limited and the data that can be obtained 
are sparsely distributed, with many undetermined IC50 values. In addition, the 
activities of cyclotides are inconsistently investigated and so even for those 
cyclotides that have been tested, there is only partial information on their ac-
tivity in different cell lines. Therefore, I interpreted the structure-activity rela-
tionships for these proteins using hierarchical clustering: the cyclotides were 
grouped using the newly established molecular descriptors (Figure 19), and 
their membrane activities were associated with individual groups. In the den-
drogram, shown in Figure 19, the cyclotides are clustered into five groups: 
MCoT (■), Cter (♦), cyO (▲), Tric (▼) and kB (●). 

Figure 19. Dendrogram of 18 cyclotides and their physicochemical properties, eval-
uated using four molecular descriptors: the lipophilic surface area and lipophilic mo-
ment (LS, LM), and positively charged surface area and electrostatic moment (ES, EM). 
The cyclotides were clustered into five groups: MCoT (■), Cter (♦), cyO (▲), Tric 
(▼) and kB (●). Negatively charged surface regions are colored in red, positively 
charged regions in blue, and the hydrophobic regions in green. 
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Grouping the cyclotides in this way made it possible to explain their differ-
ent selectivities for phosphatidylethanolamine (PE)- and phosphatidylcholine 
(PC)-containing membranes. For comprehensive interpretation of membrane 
selectivity in relation to the five groups, I introduced the 2D plot with the af-
finities of each cyclotide according to their two membrane types, as shown in 
Figure 20A. I defined the concept of the PE selectivity (i.e. the relative affinity 
for PE membranes relative to PC membranes) for each group as its ratio of 
PE/PC membrane activity, i.e. the slope of the line from the origin (0,0) to the 
group’s grid center. Also, the total membrane lytic activity for each group was 
defined as the absolute value of this coordinate (i.e. the length of the line). It 
should be noted that the PE selectivity of a given cyclotide group need not 
relate directly to its total membrane lytic activity. For example, the kB group 
is more PE-selective than the cyO group, but the total membrane activity of 
the latter exceeds that of the former.  
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Figure 20. Analysis of membrane selectivity for different cyclotides. A. Selectivity 
for binding to PE-containing (POPE:POPG) and PC-containing (POPC:POPG) mem-
branes. Members of the five cyclotide groups are marked with symbols: MCoT (■), 
Cter (♦), cyO (▲), Tric (▼) and kB (●). The PE selectivity of each group is the gra-
dient of the line from zero to the group’s center, and the group’s total membrane lytic 
activity is the length of the line. Thus, kB has a greater PE selectivity than cyO (the 
slope of line α is steeper than that of line β), but the total membrane lytic activity of 
cyO is greater than that of kB (the length of line β is longer than that of line α). B. Plot 
of the PE-selectivity and total membrane lytic activity for the five cyclotide groups. 
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5. Microwave-assisted total synthesis of 
cyclotides (Paper IV) 

Having described the sequence diversity and its importance for activity, a 
common problem in natural product chemistry remains: the access to pure 
compounds to be tested. Some cyclotides can be isolated in high amounts (e.g. 
kB1), whereas others are only found at low abundance. For that reason, solid 
phase peptide synthesis (SPPS) has become a valuable tool for studies on cy-
clotides. 

 
Paper IV describes methods for the microwave-assisted Fmoc-SPPS of cy-

clotides. The protocol presented in this paper is based on a strategy that com-
bines optimized microwave assisted chemical reactions for Fmoc-SPPS of the 
peptide backbone, the cleavage of the protected peptide and the introduction 
of a thioester at the C-terminal carboxylic acid to obtain the head-to-tail cy-
clized cyclotide backbone by native chemical ligation. To exemplify the utility 
of this protocol in the synthesis of a wide array of different cyclotide se-
quences, various representative members of three cyclotide subfamilies were 
prepared: the Möbius cyclotide kalata B1, the bracelet cycloviolacin O2, and 
the trypsin inhibitor MCoTI-II. In addition, a ‘‘one-pot’’ reaction promoting 
both cyclization and oxidative folding of the crude peptide thioester was de-
veloped for kalata B1 and MCoTI-II.  
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Figure 21. Synthetic strategy for the preparation of cyclotides. A. The partial pre-
cursor sequence of kB1 and cyO2 (Upper). The cyclotide sequences of kB1 and 
cyO2 for synthesis (Lower). For native chemical ligation, Cys 5 and Gly 6 are often 
used as the N- and C- termini, respectively. The choice of Gly as the C-terminus pre-
vents epimerization during thioesterification and cyclization. B. Strategy for cyclo-
tide synthesis. 

Peptide chains of approximately 30 amino acids were prepared by sequen-
tial Fmoc-SPPS coupling reactions. Each of these reactions involves several 
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intermediate steps and washes with various reagents, which is easily per-
formed in SPPS because the growing peptide chains are immobilized on a 
resin. Microwave irradiation was used to enhance the efficiency of these cou-
pling reactions because as peptide chains grow on the resin, they are prone to 
aggregation and so become less accessible to reagents.  

 
The elongated peptide chains were cleaved from the resin under mild con-

ditions. In traditional Fmoc-SPPS, the peptide chains can be cleaved under 
strong or mild conditions. Strong conditions involve the use of a strong acid 
(e.g. 95% TFA) to cleave the peptides from the resin, which also removes the 
commonly used protecting groups. Mild conditions utilize a weak acid (e.g. 
1% TFA or 10% AcOH in DCM). The acid (TFA and AcOH); the solvent is 
DCM to avoid over-weakening the acid as would happen in water. Mild con-
ditions were used because it was necessary to preserve the protection of all of 
the side chain functional groups that could potentially undergo thioesterifica-
tion to prevent side reactions. The C-terminal carboxylic acid group must be 
converted into the corresponding thioester prior to the cyclisation step, but 
glutamic acid and aspartic acid residues contain carboxylic acid moieties in 
their side chains, which would interfere with the thioesterification if they be-
came unprotected. 

 
We optimized the thioesterification reaction by testing a range of different 

solvents (DMF proved to be optimal) and microwave conditions. The original 
protocol for this reaction utilizes PyBOP, p-acetamidothiophenol and DIPEA 
in DCM (von Eggelkraut-Gottanka, Klose et al. 2003). Generally, microwave 
irradiation does not lower the activation energy of chemical reactions but in-
stead accelerates the reaction by increasing the molecules’ ability to overcome 
this energetic barrier, often resulting in shorter reaction times than can be 
achieved with conventional heating (Hayes 2002).  

 
A buffered one-pot protocol was developed to achieve cyclization and ox-

idative folding in a single process. The cyclization occurs via native chemical 
ligation (NCL), which proceeds quickly in the presence of unprotected cyste-
ines that form intramolecular interactions (Tam and Lu 1998, Hackeng, 
Griffin et al. 1999). Because the p-acetamidothiophenol thioester formed at 
the C-terminus during the thioesterification step is a good leaving group, the 
cyclisation step does not require any preliminary activating process (Blanco-
Canosa and Dawson 2008).  
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6. Concluding remarks and future perspectives 

Over the last few decades, a large body of information on the cyclotides has 
been accumulated. These proteins have been structurally characterized, their 
sequences have been determined by direct analysis and by studying the corre-
sponding mRNA, and their biological activity has been explored. In addition, 
the structures of more than 30 cyclotides have been determined by NMR, in-
cluding naturally occurring and artificially mutated examples. In total, over 
300 cyclotide sequences have been determined.  

 
During my doctoral studies, I aimed to integrate the results of these works 

and to relate the membrane activity of the cyclotides to their structures (Papers 
II and III). In addition, I sought to explain why the cyclotides happened to be 
distributed with large sequence diversity among flowering plants (Paper I). I 
therefore attempted to relate their natural distribution to their evolutionary his-
tory.  

 
I believe that the work presented in Papers II and III will facilitate the de-

velopment of drugs with CCK scaffolds. Paper II explains the membrane ac-
tivity of cyclotides using geometrically interpretable descriptors. The physi-
cochemical properties required to explain the cyclotides’ membrane activities 
are systematically analyzed in terms of scalars (surface area) and moments 
(the distribution of specific properties over the molecular surface). Further-
more, it is shown that the ‘exposed surface ratio of each residue’ provides 
information about individual residues’ structural contribution to the physio-
chemical properties of the protein as a whole. Such information could poten-
tially be useful in the development of guidelines for drug design by highlight-
ing residues whose modification could profoundly change the protein’s prop-
erties to yield enhanced activity.  

 
In addition, an optimized Fmoc-SPSS protocol for the synthesis of both 

natural cyclotides and variants incorporating non-natural amino acids was de-
veloped (Paper IV). Over 200 non-natural amino acids are commercially 
available, and their incorporation into synthetic cyclotides could greatly en-
hance the sequence diversity of these proteins. Because the molecular de-
scriptors developed in Papers II are applicable to both natural and non-natural 
amino acids, it becomes possible to efficiently design diverse cyclotide se-
quences to fit within a tightly defined physicochemical space. By combining 
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this ability with guidance from the QSAR model, it should be possible to re-
duce the cost (in terms of both money and time) of identifying potent new 
drug candidates. 

 
Despite the successes achieved in this work, paper II highlighted a number 

of challenges that remain to be addressed. Cyclotides oligomerize when dis-
solved in water at high concentrations (Nourse, Trabi et al. 2004, Rosengren, 
Daly et al. 2013), and some of them retain their ability to interact with mem-
branes after doing so. However, the QSAR model (Paper II) explains the mem-
brane interactions of the cyclotides in terms of the monomeric contact surface, 
and therefore cannot be applied to the analysis of oligomers. There is thus a 
need to develop more general descriptors and QSAR equations. 

 
In addition, I think it would be interesting to study flexibility as a physico-

chemical property in relation to membrane activity. We excluded flexibility 
(Lowell H. Hall 1991) from our initial analyses for two reasons: i) existing 
molecular descriptors only consider flexibility relating to the connectivity of 
covalent bonds, and cannot describe conformational changes in the hydrogen 
bond network; and ii) the existing flexibility descriptors are collinear with mo-
lecular weight. However, the variation of the exposed surface ratio determined 
using NMR solution structure data reflects the conformational flexibility of 
individual residues. In my opinion, the thermal vibrations associated with this 
conformational flexibility could play an important role in membrane disrup-
tion. This hypothesis is somewhat supported by the observation that cyO2 has 
greater conformational flexibility than kB1 and also has a higher membrane 
activity. In this regards, I speculate that the enhancing lipophilicity of loop 2 
and loop 5 in cyO2 and kB1, respectively, would improve their general mem-
brane activity. In those loops, the positions of tryptophan residue provide the 
sidechain with flexible conformations; also, the replacement with large lipo-
philic residues increases the lipophilic moment and lipophilic surface areas. 
The lipophilicity of chemically modified amino acids is listed in the appendix 
I.  

 
Although QSAR models provide mathematical descriptions of the correla-

tion between structure and activity, they remain influenced by the subjective 
opinions and choices of the individuals who develop them. For example, we 
select the physicochemical properties to be included in the models on the basis 
of our knowledge and understanding of the systems we study. To establish 
better QSAR models, it will be necessary to perform more fundamental re-
search so as to reduce the guesswork and intuition involved in this process of 
selecting variables.  
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In paper I, we estimated the distribution of cyclotides in four infrageneric 
sections of the genus Viola. Because the cyclotide precursors exhibit consid-
erable sequence diversity, the precursors were classified based on their se-
quence signatures. Together with the classification of the precursors, this 
made it possible to trace the flow of the cyclotide genes through the phyloge-
netic tree of the genus Viola. In my opinion, similar approaches could be used 
to explain the distribution and evolution of other proteins and peptides found 
throughout the kingdom of life.  

 
In addition, we explained the structural diversity of cyclotides in terms of 

the evolution of their precursor sequences. Their structural diversity was fur-
ther extended by relating their structures to their expression levels. To date, 
cyclotides have mainly been classified on the basis of structural traits such as 
the presence or absence of a cis-Pro residue in loop 5, as in the case of the 
Mӧbius and bracelet cyclotides. More recently, it has been shown that the 
structural diversity of the cyclotides is greater than was previously recognized, 
with the discovery of hybrid and linear cyclotides. Paper I explains how thus 
structural variation is related to the sequences of the cyclotide precursors, and 
can be linked to the evolution of the Violaceae and natural selection.  

 
However, many challenges remain to be addressed in relation to Paper I. 

Flowering plants exhibit immense biodiversity, and we still do not know how 
the known diversity of cyclotides is related to this more general diversity. Ge-
nomic changes occur in gene pools during the process of speciation, and the 
genes encoding cyclotides are likely to be as strongly affected by such changes 
as every other type of gene. Further research in this area could help to explain 
the sporadic distribution of cyclotides among the angiosperms.  

 
In addition, the known cyclotide sequences can be studied more extensively 

to identify previously unrecognized biological functions. Although the cyclo-
tides’ biological activity is generally believed to stem from their membrane 
interactions, recent studies have shown that some cyclotides bind to receptors 
(Koehbach, O'Brien et al. 2013). Paper I describes many new cyclotides, some 
of which may have different functions to the known membrane-active pro-
teins.    

 
In Paper I, I aimed to explain the evolution of the cyclotides using 

knowledge from several different fields of study with consilience (Wilson 
1998, Choi 2011). For example, to explain the distribution of cyclotides in the 
violets, we used information on the phylogenetic tree of the genus Viola de-
rived from plant taxonomy. In addition, to integrate the structural diversity of 
the known cyclotides, we classified their precursor sequences using 
knowledge from studies on protein evolution. Finally, to explain their natural 
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selection and evolutionary history, we studied their physicochemical proper-
ties in relation to the acting selective forces, using knowledge from physical 
chemistry. This clearly shows how scientific evidence from independent and 
unrelated sources can converge to strong conclusions about complex biologi-
cal issues such as the evolution of the cyclotides.  

 
Over the last few decades, academic research has become increasingly spe-

cialized and focused on ever-more specific topics. As a result, large amounts 
of knowledge have accumulated within individual fields but not been well 
communicated to or utilized by workers in other, tangentially related fields. I 
believe that we may be quite easily able to find new solutions to longstanding 
problems by breaking down these barriers between different disciplines, and 
that the adoption of the principle of consilience will be particularly advanta-
geous in protein science. I hope that my thesis work will serve as one step 
towards this goal.  
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7. Summary of popular science 

We human beings share our planet with a vast diversity of living organisms 
that are divided across five great kingdoms of life: bacteria, protists, fungi, 
plants and animals. All living organisms contain DNA, and produce proteins 
based on the information it encodes. One class of proteins, known as the cy-
clotides, is found only in flowering plants and has two unusual structural fea-
tures – a cyclic backbone and a so-called cyclic cystine knot (CCK). This 
raises many questions –what is the origin of this structural motif? Why do 
plants synthesize these proteins? And is there any way we can use their intri-
guing properties to improve human lives? My thesis work aims to answers 
these questions. 

 
Within the plant kingdom, some plants look quite similar while others look 

very different. For example, some plants flower and others don’t. Similarly, 
some plants have net-like veins while others have parallel veins. These differ-
ences in shape (or morphological features) are due to genetic differences that 
occur during the speciation of plants, i.e. the divergence of an ancestral species 
into two or more new species. To date, cyclotides have only been found in 
flowering plants. Moreover, the emergence of the CCK structural motif is 
probably related to genomic changes resulting from the speciation events that 
led to the evolution of flowering plants. Violets are one of the flowering plant 
genera known to produce cyclotides. In my thesis work, I investigated the 
evolution of cyclotides and related it to their distribution among the violets. 
Typically, a single Viola species will express 20-100 cyclotides, with different 
species expressing different cyclotides. At present, around 600 violet species 
are known to exist around the world. However, all of these 600 species origi-
nate from a single ancestral species that existed approximately 30 million 
years ago. Thus, the diversity of the existing cyclotides has increased dramat-
ically over the last 30 million years, in parallel with the speciation of the mem-
bers of the Viola genus.  

 
Cyclotides are synthesized by plants for host defense as a result of evolu-

tionary selection. In the same way as humans rely on their immune systems to 
defend themselves against bacteria or other infectious agents, plants produce 
defensins to protect themselves against herbivores and pathogens. For thou-
sands of years, humans have used herbal medicines based on crude or pro-
cessed plant materials to treat various illnesses. Unfortunately, because herbal 



 55

medicines contain many different chemical compounds, it is not generally 
clear how they work. However, in recent years, advances in science and tech-
nology have made it possible to isolate individual compounds from traditional 
medicines, determine their structures, and assess their biological functions. 
Some chemical compounds that play very important roles in herbal medicine 
can be produced in purer forms and used in modern medicine. However, this 
can present several difficulties. First, the amount of high purity material that 
can be obtained from plants is often low. Second, the natural compound may 
be less selective than one would like (and may therefore have unwanted side-
effects). Third, the unmodified natural compound may have poor pharmaco-
kinetics. It is therefore very common for medicinal chemists to produce drugs 
that are similar to but subtly different from these natural compounds to make 
them into better drugs. Chemical synthesis thus gives us access to a wider 
diversity of compounds for drug development than we could otherwise obtain.  

 
The CCK motif of the cyclotides makes them very structurally resilient: 

they retain their biological activity even after being heated in boiling water, 
while most proteins lose their native structure and activity upon much less 
aggressive heating or when exposed to strong acids such as stomach acid. For 
example, insulin is an extremely important protein drug, but because of its 
fragility, it must be administered by injection rather than by oral consumption. 
The resilience of the CCK motif therefore makes it a very attractive scaffold 
for drug development. However, the synthesis of the CCK motif is challeng-
ing. As part of my thesis work, I developed an efficient microwave-assisted 
procedure for preparing this motif, which will greatly facilitate the study of 
CCK-based drug candidates.  

 
Many of the cyclotides are quite toxic, which raises another question: how 

can we modulate their toxicity to make them suitable for medicinal uses? 
Good drugs typically have very selective toxicity, and do not cause side ef-
fects. For example, antibiotics should kill bacteria very efficiently without 
harming human cells. Similarly, cancer drugs should aggressively inhibit the 
growth of cancer cells without harming normal cells. Cyclotides exert their 
defensive effects in plants by selectively disrupting the cell membranes of in-
vading organisms. Their interactions with membranes are due to physico-
chemical forces such as electrostatic and hydrophobic interactions, and they 
can interact with membranes from many different organisms because all bio-
logical membranes are composed of various kinds of lipids. However, cyclo-
tides with similar structures show different affinities for specific types of 
membranes. Another part of this thesis sought to explain the relationships be-
tween cyclotides’ structures and their activity towards specific types of bio-
logical membrane. The physicochemical properties of the cyclotides, such as 
their weight, shape, hydrophobic area, hydrophilic area, positively charged 
area, negatively charged area, and so on, were computed from their structures 
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and then correlated with their activities. The resulting information was then 
used to express the relationship between structure and activity mathematically, 
in a way that will hopefully be useful in the design of new cyclotides with 
medicinal uses.  
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Appendix I 

 
 
 
 

Name Structure LogP 
(Norm) 

SASA Names Structures LogP 
(Norm) 

SASA 

Abu 
(2-Aminobu-
tyric acid) 

0.73 110.8 Aib 
(α-Amioisobu-
tyric acid)  

0.054 125.6 

Ath 
(anthreneal-
anine) 

0.609 321.6 Ahx 
(6-Aminohexa-
noic acid) 

0.037 219.5 

Bal 
[β-(benzothien-
3-yl) alanine] 

 
 

0.396 239.4 Bip 
(Biphenylala-
mine) 

0.533 320.0 

Cha 
(β-Cyclohexyl-
alanine) 

0.365 213.4 Chg 
(α-Cyclohexyl-
glycine) 

0.378 187.6 

Dap 
(Dia-
minopimelic 
acid) 

-0.369 215.0 Dip 
(Diphenylala-
nine) 
 

 

0.501 315.6 
 

HmF 
(Homophenyl-
alanine) 
 

0.346 225.6 Hse 
(Homoserine) 

 

0.081 113.2 

Lys(Dnp), 
(Dfk)  
(N-ε-Dinitro-
phenyl-lysine) 

 

0.345 375.6 Tmk 
[Lys(Me3)] 
 

 

-0.461 247.0 

Nle 
(Norleucine) 

0.356 202.7 Orn 
(Ornithine) 

-0.126 210.1 

1-Nal 
 

0.436 245.0 2-Nal 

 

0.440 260.2 

Tff 
(Methy-4-tri-
flouromethoxy-
phenylalanine) 

 

0.407 272.2 Dff 
(Methyl-2,6-
difluoro-
phenylalanine) 

0.294 200.7 
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a. Scaled parameter = (raw parameter + 3.800) / 6.457, where the value of 3.800 is 
the raw parameter logP(Arg+) and the value of 6.457 is the sum of the absolute values 
of the raw parameters logP(Arg+) and logP(Ile). Normalized parameter = scaled pa-
rameter – scaled parameter of logP(Gly). b. The SASA of amino acid (X) is the ex-
posed solvent accessible surface area of the side chain of X in Gly-X-Gly when the 
tripeptide has ψ and φ angles of 180°, and the contribution of the Cα atom in the side 
chain of X is excluded. To the author’s knowledge, these definitions of the lipophilic 
index and the surface areas of the residues are original to this thesis.  
 

 

Name Structure LogP 
(Norm) 

SASA Names Structures LogP 
(Norm) 

SASA 

Tfb 
[4-(trifluor-
methyl) 
benylbro-
mide] 

0.815 460.2 Bmn 
[2-(bromo-
methyl)naph-
thalene] 

0.896 486.5 

Oic 
 
  

0.282 206.2 Tic 

 

0.283 210.6 

4NF 
 
4-Nitro-
phenyl-ala-
nine 

 

0.253 232.1 
 

 2ff 
2-Triflouro-
methyl-Phe 

0.388 232.1 

1-ISF 
 
1-Isopropyl-
phenyl-ala-
nine 

 

0.490 285.4 4Mxf 
4-Methoxyl-
Phe  
 
 

 

0.268 225.4 

4-AnF 
Aminophenyl-
alanine 

0.118 205.3 Dhf 
(3,4)-Dihy-
droxyl-Phe  

0.111 209.9 

4Flf 
 
4-Fluoro-
phenyl-ala-
nine   

0.284 203.8 4-Clf 
 
4-Flourophenyl-
alanine 

0.321 216.8 

4Idf 
4-Ido-
phenyl-ala-
nine 

 

0.424 243.6 2mw 
D-2-Methyl-
tryptophan 

0.248 256.9 

L-2-Pal 
(2pf) 
 
3-(2-
Pyridyl)-L-
alanine  

0.681 185.0 L-3-Pal 
(3pf) 
3-(3-Pyridyl)-
L-alanine 

 

0.614 181.5 
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