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Abstract
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The growing problem of antibiotic resistance and the lack of promising prospective antibiotics
have forced us to search for new classes of antibiotics. Among the candidates to develop into
future antibacterials are antimicrobial peptides (AMPs). These

potent, broad spectrum compounds are important components of innate immunity of organism
from all kingdoms of life. One such family of mini-proteins from plants is called cyclotides,
whose members are defines by cyclic backbone and a cystine knot (CCK), which confers to
them extreme stability in the face of biological, chemical and physical insults.

    Some cyclotides possess Gram-negative specific antibacterial activity; the purpose of this
thesis was to characterize how these molecules kill bacteria, and how bacteria would respond to
treatment with cyclotides. For this purpose, Salmonella enterica and Escherichia coli mutants
resistant to the cyclotides cycloviolacin O2 and cycloviolacin O19, respectively, were selected.
These mutants were characterized by whole genome sequencing, genetic reconstitution, fitness
measurements, and cross-resistance studies. These studies identified a number of genetic
pathways for resistance development to cyclotides. These mutants displayed variable fitness
profiles in laboratory growth media and in mice competition experiments, with some mutants
possessing a fitness advantage in mice. Cross-resistance studies resulted in the identification of
several cases of cross-resistance and collateral sensitivity between cyclotides and other AMPs/
antibiotics.

     Antimicrobial effects of cyclotides were assayed in different conditions and in bacterial
organisms with different surface characteristics. In addition, immunolocalization experiments
were performed to explore the biological distribution of cyclotides in plants and to determine
the mechanism of action of cyclotides in bacteria, respectively. Antibodies raised against cyO2
were used for this purpose. Immunohistochemical techniques applied to plant cells, tissues and
organs provided the information that cyclotides were distributed in all plant organs, and were
found in tissues vulnerable to pathogen attack, and that cyclotides were stored in the vacuoles of
plant cells. Immunogold staining of cyclotide treated cells of S. typhimurium, showed effects of
cyclotide treatment on the cell envelope components as well as cytoplasm. A higher number of
cyclotide molecules was associated with the cell envelope, but a considerable fraction of them
penetrated into the cytoplasm.
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To your idealistic ambitions  
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1. Backdrop 

The 20th century was an anomaly in human history; we created so much but 
destroyed so much more, developed a lot but ruined even more. This applies 
as much to the rise and fall of antibiotic discovery as it does to anything else. 

Improved sanitation, the availability of clean water, vaccination programs 
and antibiotic therapy were factors that weighed heavily in giving us an ad-
vantage over infectious agents in many parts of the world.  The serendipitous 
discovery and successful use of the first antibiotic, penicillin, ushered in an 
era of unprecedented discovery resulting in a repertoire of effective antibac-
terial agents. The use of these drugs was not limited to the treatment of in-
fectious diseases, rather the whole modern healthcare evolved with the avail-
ability of new antibiotics: advanced surgical procedures, organ transplanta-
tions, cancer therapy and care of pre-term babies all rely on availability of 
effective antibiotics. Therefore, repercussions of the emergence of antibiotic 
resistance go far beyond treatment of community-acquired infections (which 
in and of themselves can not be taken lightly). Evolution of antibiotic re-
sistance was perhaps anticipated but its trajectory and extent might have 
been different had we used the antibiotics prudently.  

Most classes of antibacterial agents have originated from natural sources 
(Newman & Cragg, 2016). The rational design approaches of the genomic 
era have so far failed to provide new antibiotics. Perhaps it is time to go back 
to nature, not only to find new antibiotics but also to learn the principles of 
interaction with bacteria and how to manage infections. Pharmacognosy is 
the interdisciplinary science that explores nature to find medicinal agents. 
Modern pharmacognostic tradition at Uppsala University embraced pharma-
cology and biochemistry as areas of interest, in addition to the traditional 
subjects of ethnobotany and phytochemistry. Antibiotic resistance is a post-
modern phenomenon, and perhaps the task of a post-modern pharmacogno-
sist should not be limited to discovering the active principles but also to find 
the underlying principles governing the action of these active principles. The 
studies performed during the course of this thesis work are a step in this di-
rection. 
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2. Cyclotides 

2.1 Discovery 
Cyclotides belong to a family of plant mini-proteins, which have been isolat-
ed from a number of flowering plant families. A Norwegian physician, 
Lorents Gran, who was working on a Red Cross mission in Zaire, discovered 
the compounds, which are now known as cyclotides, in the 1960s. He ob-
served that during childbirth, the native women used a tea of a local herb 
called Kalata-Kalata (Oldenlandia affinis, Rubiaceae). He collected the plant 
specimen and brought it back with him to Norway, where he characterized 
pharmacological properties of the active principal and determined its partial 
structure (Gran 1973a; Gran 1973b). It was not until more than 20 years later 
that the complete structure of this prototypic cyclotide, Kalata B1, was 
solved (Saether et al., 1995). Around that time, three independent research 
groups investigating different biological activities (hemolytic, anti-HIV and 
neurotensin inhibitory activities) reported four additional cyclotides in 1993-
94 (Schöpke et al., 1993; Gustafson et al., 1994; Witherup et al., 1994).  

These pioneering studies inspired considerable research aimed at discov-
ering cyclotides. Since then, cyclotides have been discovered in six families 
of flowering plants, which include the Rubiaceae, Cucurbitaceae, Fabaceae, 
Solanaceae, Poaceae and Violaceae. The latter, the violets have been the 
richest source of cyclotides by far. All violet species in which cyclotide 
presence has been explored appear to express cyclotides and a single violet 
species can express more than 150 of them, an estimated number of over 
150,000 cyclotides is present in violets (Gerlach et al. 2013; Burman et al. 
2015; Hellinger et al. 2015). 

2.2 Cyclotide structure 
The cyclotide scaffold is defined by a cyclic cystine knot (CCK), which is a 
structural motif composed of two features: (i) a head-to-tail cyclized back-
bone and (ii) a network of three disulfide bonds, one of which pierces 
through the ring formed by the other two bonds and the cyclized backbone 
(Rosengren et al., 2003; Craik et al., 1999). The third interweaving disulfide 
bond gives the molecule a knotted topology and a stable character. This for-
tified structure is extremely resistant to thermal, biological and physical deg-
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radation (Colgrave et al., 2004). In addition to conferring stability to cyclo-
tides, the CCK arrangement, by virtue of occupying the core of the cyclotide 
molecule, pushes a stretch of hydrophobic residues onto the surface, making 
cyclotides rather hydrophobic. This arrangement together with another sur-
face-exposed patch of hydrophilic residues, confers an amphipathic character 
on cyclotides, which is responsible for their membrane active properties 
(Park et al., 2014). The stretches of amino acids between the cysteines are 
termed as loops. Cyclotides are composed of approximately 30 amino acids. 

 
Figure 1. The three-dimensional structure of the cyclotide cycloviolacin O2 (pdb ID: 
2KNM):  a unique cyclic backbone together with a knotted arrangement of cyclo-
tides defines the cyclic cystine knot (CCK). Disulfide bonds are labelled yellow. 

 
Typically, cyclotides are divided into two sub-families, the Möbius (proto-
type: Kalata B1) and the bracelet (prototype: cycloviolacin O2), depending 
on the presence of a cis-Pro bond in the loop 5: only the Möbius have this 
bond (Craik et al., 1999). The two sub-families have other differing features 
too e.g. bracelets, generally have a higher number of positively charged resi-
dues, and tend to be more active in biological assays (Herrmann et al., 
2006). Some atypical classes of cyclotides have also been described, which 
may or may not be considered a part of one of the two above mentioned sub-
families. These include, (i) the so-called hybrid cyclotides, which possess 
features of both the sub-families (e.g. tricyclon A, (Mulvenna et al., 2005)), 
(ii) the trypsin-inhibiting cyclic knottins from the curbit family (e.g. McoTI-I 



 14 

and II (Hernandez et al., 2000)), and (iii) the increasing number of linear 
cyclotides, which have the cyclotide fold because of the cystine knot but are 
acyclic (e.g violacin A, psyle C, and the chassatides (Ireland et al., 2006; 
Gerlach et al., 2010; Nguyen et al., 2012)). 

2.3 Pharmaceutical and agricultural interest in 
cyclotides 
Cyclotides have attracted significant interest from the pharmaceutical and 
agricultural sectors. This is because of their inherent biological activities and 
structural plasticity, the latter of which enables the grafting of additional 
activities onto the cyclotide scaffold. Cyclotides can be obtained in relatively 
large amounts, owing to their high expression levels in plants and their ame-
nability to chemical synthesis (Tam et al., 1999; Aboye et al., 2011; Akcan 
& Craik, 2013), recombinant expression (Jagadish et al., 2015; Camarero et 
al., 2007) and production in plant cell cultures (Dörnenburg, 2009). The 
discovery of butelase 1 (Nguyen et al., 2014), an asparagine/aspartate pep-
tide ligase, and its application in cyclization and ligation of peptides as well 
as proteins promises to be a quick and effective way of producing cyclotides 
(Nguyen et al., 2016). 

Biological activities of cyclotides 
Reported biological activities of cyclotides include: uterotonic (Gran, 1973), 
hemolytic (Schöpke et al., 1993), anti-HIV (Gustafson et al., 1994), neuro-
tensin inhibitory (Witherup et al., 1994), anti-microbial (Tam et al., 1999; 
Pränting et al., 2010), anti-insecticidal (Jennings et al, 2001), cytotoxic 
(Lindholm et al., 2002), anti-fouling (Göransson et al., 2004), and nematoci-
dal (Colgrave et al., 2008). 

Grafting of additional activities onto the cyclotide scaffold 
Cyclotides are amenable to significant sequence variation. Every amino acid 
other than the six conserved cysteine residues can be replaced, in principle, 
by another amino acid. Of late, such an approach has been used to graft dif-
ferent biological activities onto the cyclotide scaffold. The resulting mole-
cule, with the bioactive sequence incorporated into the cyclotide scaffold, 
would have stability of the cyclotide coupled with the bioactivity of the 
grafted sequence. Some examples of biological activities are angiogenic 
activity (Chan et al., 2011), melanocortin receptor binding (Eliasen et al., 
2012), immunoregulatory (Wang et al., 2014), matriptase inhibitory (Quim-
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bar et al., 2013), and angiotensin receptor binding activity (Aboye et al., 
2016).  

2.4 Mechanism of action of cyclotides 
Cyclotides are considered to exert most of their biological effects by binding 
to and acting on membranes. It has long been known that cyclotides exert 
their cytotoxic effects by rupturing the membranes in a way that resembles 
necrosis (Svangård et al., 2007). More specifically, cyclotides bind phospho-
lipids with a phosphatidylethanolamine (PE) head group (Kamimori et al., 
2005; Burman et al., 2011; Henriques et al., 2011). Antimicrobial, cytotoxic, 
and cell penetrating effects of cyclotides all involve binding to PE phospho-
lipids (Burman et al., 2011; Henriques et al., 2014; Henriques et al., 2015). 
All of this information comes from biophysical studies on model mem-
branes.  

2.5 Cyclotides as antimicrobial peptides 
Antimicrobial effects of cyclotides have been reported in several independ-
ent studies: (i) Tam and co-workers reported potent antimicrobial activity of 
four synthetic cyclotides (Tam et al., 1999), (ii) Gran et al. reported the 
weak antimicrobial activity of two cyclotides, isolated from Oldenlandia 
affinis (Rubiaceae), (Gran et al., 2008), (iii) Pränting et al. demonstrated 
potent, Gram-negative selective activity of the cyclotide cycloviolacin O2 
from Viola odorata (Violaceae), (Pränting et al., 2010), (iv) Wong et al. 
reported potent antimicrobial activity of hedyotide B1, isolated from Hedyo-
tis biflora (Rubiaceae), against both Gram-positive and Gram-negative bac-
teria (Wong et al., 2011), (v) Nguyen et al., reported the Gram-negative-
specific activity of one linear cyclotide isolated from Panicum laxum (Po-
aceae), and three linear cyclotides from Chassalia chartacea (Rubiaceae), 
(Nguyen et al., 2013; Nguyen et al., 2012), and (vi) Nguyen et al. reported 
Gram-negative specific activity of a number of cyclotides from Clitorea 
ternatea (Nguyen et al., 2016). 

The antimicrobial potential of cyclotides is evident from these studies. 
However, the mechanistic aspect of the cyclotide interaction with bacteria is 
predominantly inferred from biophysical studies on liposomes and mamma-
lian cells. This thesis attempts to explore the cyclotide interaction with 
whole cells of Gram negative bacteria and their resistant mutants. 
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3. Antimicrobial peptide resistance 

3.1 The interplay between antimicrobial peptides and 
bacteria 
We cannot live in isolation, cut off from our environment; we have to main-
tain our links with it, even though it happens to be loaded with microbes. 
This does not only apply to our environment but we ourselves harbor kilo-
grams of bacteria. To maintain a balanced relationship with our microbiome 
and be ready for pathogens, we rely on our innate immune system. The in-
nate immune system is composed of cells and the molecules these cells se-
crete into their surroundings. Antimicrobial peptides (AMPs) are one of the 
main classes of effector molecules of the innate immune defense. Not only 
do they kill bacteria directly but they also modulate the immune response to 
infection in a variety of ways (Takahashi & Gallo, 2017; Hancock et al., 
2016) 

AMPs are a part of the first line of defense of organisms belonging to all 
kingdoms of life. Most AMPs have a combination of hydrophobic and posi-
tively charged amino acid residues giving them an amphiphilic character 
which enables them to bind to negatively charged bacterial surfaces and 
integrate with their cytoplasmic membrane. Most AMPs possess a broad-
spectrum antimicrobial activity, are effective at low concentrations, and kill 
bacteria rapidly. Although no universally-accepted scheme of classification 
of AMPs exists, one way of broadly classifying them is to divide them into 
the following three categories. (i) α-helical peptides (such as human catheli-
cidin LL-37 and frog magainin), (ii) β-sheet containing peptides (such as 
human and plant defensins), and (iii) other peptides which might be rich in 
certain amino acid residues (such as human histatins rich in histidines and 
porcine PR-39 which is a proline-arginine rich peptide) or have special struc-
tural characteristics e.g. cyclic AMPs (such as θ-defensins from Rhesus 
monkeys, cyclotides from plants and bacteriocins from bacteria). 
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Figure 2. Three dimensional structures of AMPs belonging to three different classes. 
From top to bottom, human β defensin, hBD-2 (pdb ID: 1E4Q), an α-helical peptide 
from African clawed frogs, magainin 2 (pdb ID: 2MAG), and a cyclic peptide from 
rhesus monkeys, the θ-defensin, RTD-1 (pdb ID: 1HVZ). Yellow: disulfide bonds, 
Blue: positively charged residues 

AMPs and bacteria have co-evolved, and their interplay has shaped both of 
them. Indeed, many believe that the different types of AMPs found in nature 
might have originated as a response to bacterial resistance strategies. For 
example, disulfide bonds may have been selected to overcome protease deg-
radation. Similarly, accumulation of positive charges, variation of peptide 
sequences, and multiple modes of action of AMPs might have evolved in 
response to bacterial resistance mechanisms (Peschel & Sahl, 2006). There-
fore, the occurrence of AMP resistance in bacteria is not an extraordinary 
event. The following section highlights some of the sources of AMP re-
sistance genes. 
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3.2 Sources of AMP resistance genes 
Pathogens 
Pathogenic bacteria develop strategies to circumvent the actions of AMPs. In 
order to infect a host successfully, a pathogen has to cross multiple barriers. 
Among the host deterrents it encounters early on in infection are antimicro-
bial peptides. Over an evolutionary timescale, pathogens have developed a 
number of ways to counteract the host defense; these measures are broadly 
termed as virulence factors. When it comes to AMPs, the relevant virulence 
factors are usually termed as intrinsic resistance mechanisms to AMPs. Such 
intrinsic resistance mechanisms can be broadly divided into three categories. 

 
• Mechanisms that limit the access of AMPs to their target 
• Mechanisms that degrade the AMPs 
• Mechanisms that turn off host expression of AMPs 

 

 
Figure 3. Bacterial resistance mechanisms to AMP 

Mechanisms that limit the access of AMPs to their target 
There are many ways of achieving the first outcome: (i) the most commonly 
observed way is by reducing negative charge on the surface; for example, by 
addition of D-alanine to negatively charged teichoic acid in Gram-positive 
bacteria (Poyart et al., 2003) or by addition of aminoarabinose to lipopoly-
saccharide (LPS) of Gram-negative bacteria (Gunn et al., 2000), (ii) reduced 
outer membrane permeability by addition of an acyl chain to LPS in Salmo-

+++++
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nella enterica (Guo et al., 1998). (iii) Reduced intake in to the cells e.g. Sap 
transporters expressed by Enterobacteriaceae and Pasteurallaceae (Parra-
Lopez et al., 1993; Shelton et al., 2011) (iv) Efflux of antimicrobial peptides 
e.g. by Mtr efflux pump in Neisseria gonorrhea (Shafer et al., 1998). (v) 
Release of AMP neutralizing molecules e.g exopolysaccharide synthesis (Jin 
et al., 2004).  

Mechanisms that degrade the AMPs 
The mechanism that degrade the AMPs include the proteases that are secret-
ed by both Gram-positive as well as Gram-negative bacteria, for example, 
metalloproteinase aureolysin produced by Staphylococcus aureus and Sal-
monella typhimurium protease PgtE can cleave α-helical peptides 
(Schmidtchen et al., 2002; Guina et al., 2000). 

Mechanisms that turn off host expression of AMPs 
Some pathogens have the ability to turn off the host defense response against 
them. A prominent example is that of the Shigella species, which downregu-
lates the expression of LL-37 and β-defensin by expressing virulence genes 
encoded on a plasmid (Islam et al., 2001; Raqib et al., 2006; Sperandio et 
al., 2008). These genes encode effector molecules, which are injected into 
the host cells where they interfere with host signaling pathways. 

AMP-producing bacteria 
Bacteria produce AMPs called bacteriocins. The AMP producers carry re-
sistance genes that protect them from being killed by their own peptides. 
These bacteriocin resistance genes can confer resistance in a variety of ways, 
for example by encoding efflux pumps, bacteriocin sequestering proteins and 
by providing competitors for target binding (Chatterjee et al., 2005; Cotter et 
al., 2005).  

De-novo evolution of resistance upon treatment with AMPs 
A number of studies have demonstrated that bacteria can develop resistance 
to AMPs upon treatment. The landmark study by Perron and co-workers 
demonstrated that Pseudomonas fluorescens and Escherichia coli could de-
velop stable, high-level resistance to paxiganan (Perron et al., 2006). The 
resistant mutants did not suffer a reduction in exponential growth rate. Sub-
sequently, many studies have focused on understanding acquired resistance 
to AMPs. Habets and Brockhurst demonstrated that Staphylococcus aureus 
can develop resistance to paxiganan, as well as go through compensatory 
evolution to overcome the cost of resistance, and that resistance to paxiganan 
results in cross-resistance HNP-1, a human α-defensin (Habets & Brock-
hurst, 2012). Some studies performed in our laboratory, which address ac-
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quired bacterial resistance to AMPs are as follows: Lofton and co-workers 
have demonstrated that S. typhimurium can readily develop resistance to 
three AMPs upon serial passaging, and that two of the three isolated muta-
tions conferred cross-resistance to all of the three AMPs (Lofton et al., 
2013). Pränting and co-workers selected PR-39 resistant S. typhimurium 
mutants, which had a comparable fitness to wild type bacteria in laboratory 
growth media and mice (Pränting et al., 2008). Song et al. isolated colistin 
resistant mutants of S. typhimurium, which were readily selected and carried 
a low fitness cost (Song et al., 2009). Pränting et al., selected small colony 
variant mutants of S. typhimurium resistant to protamine, which were cross-
resistant to several AMPs and antibiotics (Pränting et al., 2010). 

 
 
 



 21 

4. Present Investigations 

This chapter gives an account of the work performed during the course of 
this thesis. In addition to a description of the aims, methods and results, an 
attempt has been made to analyze the adopted methodology, and to highlight 
some of its advantages and limitations. 

 4.1 Aims 
Experiments performed during this thesis work were aimed at investigating: 

 
• Resistance development to cyclotides in Gram-negative bacteria 
• Mechanism of action of cyclotides and identification of their bacterial 

target(s) 
• Isolating a set of cyclotides and using the most active cyclotides to engi-

neer potent cyclotide-based antibacterial agents  

4.2 Methodology: Advantages & Limitations 
Isolation of cyclotide resistant mutant bacteria 
Resistance development to cyclotides was investigated in two Gram-
negative bacterial organisms: Salmonella enterica serovar Typhimurium 
LT2 (Paper I) and Escherichia coli K12 MG1655 (Paper II). Both of these 
are extensively studied laboratory strains, and an extensive variety of genetic 
tools are available to study them. E. coli is more susceptible to cyclotides 
than S. typhimurium: it has a 10 times lower MIC value (Pränting et al., 
2010). The increased susceptibility of E. coli to cyclotides enabled us to 
carry out the selection experiment on solid growth media, since such an ex-
periment typically requires higher quantities of peptides (Paper II). Studies 
conducted on these model organisms provide unique insights into genetics of 
resistance evolution. However, any attempt to extrapolate the results ob-
tained from these model organisms to the pathogenic organisms against 
which AMPs are being developed as therapeutics should be done carefully. 

Two different methods were used for selection of cyclotide resistant mu-
tants. In paper I, serial passaging in an increasing concentration of the proto-
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type bracelet cyclotide cycloviolacin O2 (cyO2) was done. Passaging was 
performed every 24 hours by a 100-fold dilution of overnight cultures of 
cyclotide-treated bacteria in fresh growth media containing cyO2. CyO2 
concentration was raised after every 10 cycles. Such a protocol enables for 
accumulation of resistance-conferring mutations with mild fitness costs (Per-
ron et al., 2006; Lofton et al., 2013). However, such a selection protocol 
typically results in a resistance phenotype that cannot be attributed to a sin-
gle genetic modification. Genetic reconstitution of single mutations address-
es this concern but the resulting single mutants typically do not exhibit high 
levels of resistance and require laborious time kill experiments to detect 
resistance (Lofton et al., 2013; Kubicek-Sutherland et al., 2017; Paper I). On 
the other hand, selection of mutants on solid growth media usually results in 
isolation of mutants with single mutations that confer relatively higher level 
of resistance (Pränting et al., 2008; Paper II). Mutations with a high fitness 
cost could also be recovered on solid growth media (Pränting et al., 2010). 
However, as previously mentioned, this method requires higher quantities of 
peptides, and peptides may have diminished activity in solid growth media. 

The cyclotide used in paper I was the prototype bracelet cyclotide cyclo-
violacin O2 (cyO2), which is the most active cyclotide against Gram-
negative bacteria. The choice of cycloviolacin O19 (cyO19) in Paper II was 
primarily based on its availability. It is a structurally similar peptide to cyO2 
with a similar activity profile.  

 

Table 1. Peptides used in this work 
 
Peptide Origin Primary sequence 
cyO2 Plants cyclo-GIPCGESCVWIPCISSAIGCSCKSKVCYRN 
cyO3 Plants cyclo-GIPCGESCVWIPCLTSAIGCSCKSKVCYRN 
cyO19 Plants cyclo-GTLPCGESCVWIPCISSVVGCSCKSKVCYKD 
PR-39 Pig RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPPRFP 
LL-37 Human LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 
CNY100H-L Synthetic CKYILLLRRQLARAWRRGLR 

Characterization of resistant mutants 
Cyclotide resistant mutants were characterized by a combination of microbi-
ological, genetic (Paper I & II), biochemical and biophysical (Paper IV) 
tools. Cyclotide resistant mutants were whole-genome sequenced using Il-
lumina sequencing platform. The CLC Genomics Workbench was used to 
assemble sequencing reads and to detect regions with sequence variation 
(Paper I & II). Since the isolated mutants in the paper I carried a number of 
mutations, single mutations were reconstituted in wild type background us-
ing lambda red recombineering and P22 transduction. The level of resistance 
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in these mutants was determined by time kill kinetics. In paper II, the mu-
tants contained single mutations and were used directly in further studies.  

Two Salmonella mutants obtained in paper I were further characterized by 
immunohistochemistry coupled with electron microscopy in paper IV. Data 
obtained from application of these techniques coupled with lipid A analyses 
of these mutants gave us an insight into mechanism of action of the peptides 
and mechanism of resistance of bacteria, which was contrary to the infer-
ences drawn from our prior knowledge of genetics of these organisms. 

Fitness measurements of resistant mutants 
Fitness of cyclotide resistant mutants in the absence of peptide treatment was 
studied as exponential growth rate in a rich and a minimal growth medium 
(Paper I & II). These experiments were performed using a Bioscreen C in-
strument, which can detect relatively large fitness changes (>3%), however 
detection of smaller variations in fitness requires more sophisticated compe-
tition experiments.  

In-vivo fitness of cyO2 resistant mutants was measured in a mouse infec-
tion model. Mice were infected intraperitoneally with a mixture of isogenic 
wild-type and resistant strains. Two days after infection, the mice were sacri-
ficed, the recovered viable cells of both the wild type and the mutant from 
liver and spleen were counted, and the competitive indices were calculated. 
Using this approach, one could determine the effect of cyO2 resistance on 
competitive ability. However, this experimental set up has a couple of limita-
tions. Firstly, the intraperitoneal route of administration precludes the need 
to traverse the gastrointestinal tract, which is especially important for the 
mutants with altered LPS profiles. Secondly, while an acute infection model 
enables us to understand the mutant in the short term, it does not provide any 
information about the long-term survivability of the mutant. 

Immunolocalization of cyclotides in plants and bacterial cells 
Cyclotide localization was studied in cells, tissues and organs of plants (Pa-
per III), as well as bacterial cells (Paper IV). Polyclonal antibodies to the 
cyclotide cycloviolacin O2 raised in rabbits were used for this purpose. Pa-
per III provides the first example of the use of such antibodies. In this study, 
fixed plant specimens were treated with antibodies and studied by immuno-
histochemical techniques. The same methodology was used for bacterial 
cells in paper IV, with the difference that the cells were treated with cyO2 
before fixation and antibody treatment. These experiments enabled us to 
examine the biological distribution of cyclotides in plants (Paper III) and the 
mechanism of action of the cyclotide cyO2 against Gram-negative bacteria 
(Paper IV). The advantage of these experiments was that these used whole 
cells instead of simplified models. However, in our experimental set up for 
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antibacterial effects of cyO2, a very high concentration of the peptide was 
used; therefore, effects which are observable only at a lower concentration, 
could not be seen. In addition, the antibacterial effects over time were also 
not observed. Both plant and bacterial experiments required the fixation of 
cells prior to immunostaining, which could be another factor affecting the 
results.   

Isolation of cyclotides 
All cyclotides used in these studies were isolated using the standard peptide 
extraction and purification protocols developed in our laboratory over the 
years (Claeson et al, 1998; Göransson et al., 1998; Göransson et al., 2004; 
Herrmann et al., 2006). This method involves 2-3 rounds of 60% aqueous 
methanol extraction, followed by defattening with dichloromethane and a 
subsequent ion-exchange or reverse-phase solid phase extraction. The extract 
is then subjected to two rounds of RP-HPLC for purification of individual 
compounds. In paper V, the same methodology was used to purify as many 
as possible cyclotides in quantities that could be tested for antibacterial ac-
tivity. This approach of working with plant extracts was in contrast to bioas-
say-guided screening and isolation strategies.  

4.3 Findings 
Gram-negative bacteria readily develop resistance to cyclotides 
(Paper I & II) 
Resistant mutants to the cyclotides cyO2 and cyO19 were selected in liquid 
and solid growth media, respectively. In a serial passaging experiment, all of 
the fourteen independently passaged lineages of S. typhimurium could sur-
vive a concentration of cyO2 that was 5-19 times after 100-150 serial pas-
sages, corresponding to approximately 600-1050 generations (Paper I). Sin-
gle clones were isolated from these populations, which had a 3-6 fold re-
duced susceptibility to cyO2. Ten mutations in nine different genes were 
reconstituted in a wild type background. All but one of these reconstituted 
mutants displayed reduced susceptibility to cyO2. 

In paper II, cyO19-resistant mutants of E. coli were isolated on a solid 
growth medium, containing approximately two times the liquid MIC concen-
tration of cyO19. Nine out of the ten isolated mutants were 2- to 6-fold less 
susceptible to cyO19. The mutation rate to cyclotide resistance was approx-
imately 5×10-7 per cell per generation in this study. 
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Combination of resistance mutations results in higher level of 
resistance to cyO2 (Paper I) 
Different single mutations conferred resistance to cyO2. To determine if the 
combination of these mutations could result in an increased level of re-
sistance, double-mutants were constructed. For this purpose, an ftsW muta-
tion, which was observed in four of the five whole-genome sequenced mu-
tants was chosen and the other mutations were combined with it in the same 
genetic background. With the exception of two combinations, the resulting 
double-mutants exhibited approximately 1.5- to 4-fold higher MIC values as 
compared to the single-mutant. Percent survival of these mutants was also 
increased after four hours of treatment with cyO2, as determined by time kill 
assays.  

Cyclotide-resistant mutants can have varying levels of fitness in 
laboratory growth media (Paper I & II) 
CyO2-resistant mutants isolated from the serial passaging experiment exhib-
ited a fitness cost of 19-35% as compared to wild-type when fitness was 
measured as the exponential growth rate in a rich and a minimal growth me-
dium (Paper I). However, when single mutations were reconstituted in the 
wild type background, the fitness costs were variable, ranging from up to 
10% fitness reduction to a minor fitness advantage in case of the ftsW muta-
tion (Paper I). 

CyO19-resistant mutants isolated from solid growth media exhibited a 
growth disadvantage in both rich and minimal growth media. Total yield 
after 24 hours was reduced in general, and the onset of exponential phase 
was delayed in the minimal medium (Paper II). 

Some cyclotide resistant mutants have a fitness advantage in 
mice (Paper I) 
Nine cyclotide-resistant mutants were competed with their congenic wild-
type strains in a mouse infection model. No fitness reduction was observed 
for any of the mutants after two days of infection. Four of the nine mutants 
showed a fitness advantage over the congenic wild-type strains. An envZ 
mutant exhibited up to a 200-fold fitness advantage over the wild type. 

Resistance to other antibiotics/AMPs can result in cross-
resistance or collateral sensitivity to cyO2 (Paper I, II, V) 
A number of cases of cross-resistance to cyO2 were observed. These include 
an sbmA mutant resistant to PR-39, a phoP mutant resistant to LL-37, 
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CNY100H-L and wheat germ histones (Paper I), and an rcsF mutant re-
sistant to mecillinam (Paper V). On the other hand, a colistin-resistant pmrA 
and another colistin-resistant pmrB mutant (Paper I), a protamine-resistant 
hemL mutant (Paper I), and a vacJ mutant with intermediate susceptibility to 
tigecycline (Paper V) were collaterally sensitive to cyO2.  

The cyO19 resistant mutants isolated in paper II were cross-resistant to 
cyO3 and cyO2. However, these mutants did not exhibit cross-resistance in 
MIC assays to a diverse set of AMPs (Paper II). These mutants were collat-
erally sensitive to wheat germ histones, but this effect needs validation by 
time kill assays (Paper II). 

A smaller proportion of cells from a culture of resistant mutants 
binds to cyO2 as compared to wild-type cells (Paper IV) 
CyO2-susceptible and resistant cells of S. typhimurium were treated with the 
same concentration of cyO2. These cells were fixed, treated with cyO2-
specific antibodies and analyzed by immunogold staining coupled to trans-
mission electron microscopy. CyO2 treatment resulted in similar morpholog-
ical changes in wild-type and resistant cells, but a higher proportion of un-
stained cells were observed in the resistant mutants as compared to wild-
type. However, the resistant cells that were actually stained contained more 
gold particles/µm2 as compared to the wild-type cells.  

CyO2-resistance mutations do not necessarily reduce surface 
charge (Paper IV) 
Mass spectrometric analysis of lipid A isolated from wild-type and three 
cyO2-resistant isolates of S. typhimurium was performed. Two of the re-
sistant mutants contained a higher abundance of aminoarabinose substituted 
lipid A species as compared to the wild-type, thereby reducing the negative 
charge on the outer membrane. However, contrary to the expectation, the 
third mutant, which contained a pmrA mutation, completely lost the amino-
arabinose decoration of lipid A, and at present we cannot explain why this 
mutant is less susceptible than the wild-type. The phosphoethanolamine 
modification levels were the same in both the wild-type and all resistant 
mutants. 

CyO2 treatment results in morphological changes in the cell 
envelope and cytoplasm (Paper IV) 
CyO2 treatment resulted in the loss of wrinkled appearance of the outer 
membrane, a shrunken periplasm, pili-like outgrowth, broken membrane 
fragments stained with gold particles (bound to cyO2-binding antibodies), 
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and local rupture of the membrane and leakage of cytoplasmic contents 
(Figure 5B). The cytoplasmic contents were more diffuse and the nucleoid 
adopted a distinct appearance in many electron micrographs. A higher num-
ber of cyclotide molecules was found associated with cell envelope struc-
tures, but a considerable number of molecules traversed the membrane to 
enter into the cytoplasm. 

 

 
Figure 4. Application of anti-cyO2 antibodies in immunohistochemistry for epifluo-
rescence microscopy and immunogold for transmission electron microscopy to de-
pict the (A) role of cyclotides in plants producing them and (B) their mode of anti-
bacterial activities. 

Immunolocalization of cyclotides in plants points towards their 
biological role as host defense molecules (Paper III) 
Immunohistochemical techniques were used to study the distribution pattern 
of cycloviolacin cyclotides in organs, tissues and cells of plants. Cyclotide 
localization was studied in leaves, roots and petioles of the two violet spe-
cies, Viola odorata and Viola uliginosa. Cyclotides were detected in both 
plants in all assessed organs, though the pattern of distribution varied be-
tween the two species. Cyclotides were found in tissues which are vulnerable 
to pathogen attack, e.g. leaf epidermis and mesophyll. Within the cells, cy-
clotides were located inside the vacuoles. 

CyO2 is an inhibitor of Mycobacterium smegmatis and Proteus 
mirabilis (Paper V) 
CyO2 activity against the two microorganisms was tested using MIC assays. 
These two organisms were tested for two reasons: (i) M. smegmatis is a 
model organism for M. tuberculosis, which is the causative agent of tubercu-
losis (TB). The increasing problem of resistance development in TB and lack 
of effective new antibiotics makes it imperative to search for antibacterial 
agents targeting this organism. P. mirabilis is commonly associated with 
community-acquired urinary tract infections. (ii) Both of these microorgan-
isms have distinct surface characteristics that make them difficult to treat. 
The mycobacterial cell wall has a thick, hydrophobic layer rich in mycolic 

200 µM 500 nm 
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acid and P. mirabilis has a constitutively expressed pmrAB system, resulting 
in extensive phosphoethanolamine modification of LPS and a consequently 
reduced susceptibility to AMPs. Growth of both microorganisms was inhib-
ited by cyO2 treatment. The MIC value of cyO2 for P. mirabilis was 1.56 
µM, and 22.5 µM for M. smegmatis. 

4.4 Follow-up studies 
Cross-resistance/collateral sensitivity profiles of AMP-resistant 
mutants 
In this project, time-kill assays have been used to test the susceptibility of 
AMP-resistant mutants to a diverse set of antibiotics and positively-charged 
antibiotics at multiple concentrations to characterize the cross-resistance or 
collateral sensitivity profiles of these mutants. Among these mutants, PhoPQ 
mutants have demonstrated the highest degree of cross-resistance. On the 
other hand, cyO2-resistant pmrA mutants exhibited largest variations in sus-
ceptibility depending on the peptide in question.   

Collateral sensitivity between colistin and cyclotides 
In this project, the mechanism of mutual collateral sensitivity between col-
istin and cyO2 resistant PmrAB mutants was studied. Expression levels of 
the three genes cptA, pmrC and arnT, which are all regulated by PmrAB two 
component regulatory system were examined by qPCR. Gene products of 
cptA and pmrC are responsible for decorating the LPS core and lipid A, re-
spectively, with phosphoethanolamine, and arnT is responsible for addition 
of aminoarabinose to lipid A. As it can be seen in Figure 6, expression of 
these genes was up-regulated in colistin-resistant mutants and down-
regulated in cyO2-resistant mutants. These observations are in line with the 
mass spectrometric analysis of lipid A (Paper IV), in which loss of amino-
arabinose modification was observed for a cyO2 resistant mutant with a 
pmrA mutation. A serial passaging experiment with alternative cycling of 
cyO2 and colistin will reveal if such a treatment regimen would result in 
delayed onset of resistance. 



 29 

 
Figure 5.  mRNA expression analysis of pmrAB-regulated genes in pmrA/B mutants 
resistant to different AMPs. RNA was harvested in exponential phase and levels 
were measured by RT-PCR. Error bars represent the standard deviation. Values for 
each gene are relative to the corresponding wild-type value (set to 1.0).  
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 5. Perspectives and proposals 

The investigations performed during the course of this work were the result 
of a collaborative project between the Division of Pharmacognosy at the 
Department of Medicinal Chemistry, and the Department of Medical Bio-
chemistry and Microbiology. The scope of these investigations reflects the 
broad questions the two different research groups are trying to answer. In 
spirit of his shared PhD between the two departments, the author of this the-
sis would like to briefly discuss some findings of this work from both of 
these angles in an attempt to provide possible future directions. 

5.1 Cyclotide-resistance studies and mechanism of 
action of cyclotides 
The studies performed in this work have identified a number of genetic 
pathways to resistance to cyclotides. Some of the genes involved in re-
sistance development in S. typhimurium are regulators of other genes at ei-
ther the transcriptional (phoPQ, pmrA, envZ) or post-transcriptional level 
(pnp, rnc, rpoC), while others might have more direct effect on resistance 
development (ftsW, sbmA and yjeP). What do these mutations tell us about 
the mechanism of action of cyclotides? It is an open question. The answer to 
it lies in phenotypic characterization of the effects of these genetic modifica-
tions. A first step to characterize the effect of the regulatory proteins would 
be to perform an expression analysis of the genes that are under their control. 
As suggested by the qPCR and lipid A analysis of pmrA mutations, the actu-
al effect of these genetic modification could be the opposite of what conven-
tional wisdom based on genetic data dictates. In addition, functional charac-
terization of these mutants is important. Thus, assaying for differences in 
outer and inner membrane permeability using fluorescent or antibiotic 
probes could give hints about the effects of these mutations. One step in this 
direction is to perform the microscopy experiments for a broader set of mu-
tants.  

SbmA is a putative transporter protein, which transports several peptides 
into the cytoplasm. Mutations in SbmA are involved in resistance develop-
ment to several AMPs with intracellular targets, e.g. microcin J25 (Solomon 
& Farias 1995), PR-39 (Pränting et al., 2008), Bac7 and other proline rich 



 31 

peptides (Matiuzzo et al., 2007). The observation that an sbmA-deletion mu-
tant resistant to the peptide PR-39 was cross-resistant to cyO2 was a first 
indication about cyclotide internalization into the bacterial cytoplasm. In an 
independent experiment, immunogold staining of cyclotide-treated cells 
confirmed the cytoplasmic presence of cyclotides. These observations are 
supported by previous observations by Yeshak and co-workers, who found 
that the cyclotide cyO2 was bound to DNA in a cancer cell line (Yeshak et 
al., 2012). Henriques et al. have also demonstrated internalization of Kalata 
B1 through membranes (Henriques et al., 2015). 

 
On the other hand, cyO19-resistance mutations in E. coli (prc, nlpI, envZ) 
have a common theme, which is their responsiveness to osmotic stress. Some 
of the S. typhimurium mutants share this feature as well (envZ, yjeP, pnp). If 
one considers the electron micrographs of cyO2-treated cells, the induction 
of osmotic stress seems to be the penultimate step before final rupture of 
cells. Bacterial cells survive turgor pressure and osmotic stress because of 
their cell walls, which are composed of peptidoglycan. This peptidoglycan 
layer is much thicker in Gram-positive as compared to Gram-negative bacte-
ria, which have a single layer of peptidoglycan. It is tempting to speculate 
that the intrinsic resistance of Gram-positive bacteria to cyclotides might be 
a result of the protective effect of the peptidoglycan. In line with this argu-
ment, mutations in many genes involved in peptidoglycan synthesis (ftsW, 
prc, nlpI) conferred resistance to cyclotides.  

Equally important is the characterization of the AMP/antibiotic-resistant 
strains that are collaterally sensitive to cyO2. How a pmrA/B mutation result-
ing in an altered outer membrane, a hemL mutation with a defect in electron 
transport chain and a vacJ mutation with an altered phospholipid trafficking 
between the membranes can result in enhanced susceptibility to cyclotides is 
an important question to address. With the currently available data one could 
argue that these pmrA/B mutations result in up-regulation of cptA and pmrC, 
which in turn result in increased modification of LPS core and lipid A with 
phosphoethanolamine, which then is the binding target for cyclotides. 
Hence, by exposing the cyclotide target on the outer surface, these mutants 
bind more cyclotide molecules and become more susceptible to cyclotides. A 
similar argument could be made for the vacJ mutant, which contains a six-
nucleotide insertion. It is known that loss of function of vacJ results in the 
accumulation of phospatidylethanolamine phospholipids in the outer leaflet 
of the outer membrane in E. coli (Malinverni & Silhavy, 2009). To validate 
this theory, a first step could be to test the vacJ knockout from the KEIO 
strain collection for cyO2 susceptibility. A phosphoplipid analysis of the 
outer membrane could provide a structural evidence/counter evidence and 
immunogold staining could provide a functional binding assay of cyO2. 



 32 

5.2 Cyclotide resistance as a model for understanding 
resistance development to AMPs 
Cyclotides as a family of plant mini-proteins provide a unique opportunity to 
understand resistance development in a systematic way. In this thesis work, 
resistant mutants to two closely related bracelet cyclotides, cyO2 and cyO19, 
were selected and tested for cross-resistance to another closely related cyclo-
tide cyO3. However, other antimicrobial cyclotides have been isolated which 
are different from these cycloviolacin cyclotides from the same plant, Viola 
odorata. It would be interesting to determine the level of cross-resistance 
between these different cyclotides, and to determine if any structural similar-
ities correlate with cross-resistance profiles.  

It is generally believed that cocktails of peptides result in avoidance of re-
sistance, but to the author’s knowledge, no empirical proof of this statement 
exists. Would use of cocktails of cyclotides in a serial passaging experiment 
delay the onset of resistance development? If a plant extract is used instead 
of mixing pure peptides in such a combination therapy, what would be the 
effect? 

Fitness effects of cyclotide mutations have been studied during this thesis 
work. These studies should be complemented by fitness measurements in 
mice using a non-lethal model of infection, in which long-term effects of 
cyO2-resistance mutations are evaluated. Additionally, experiments with an 
oral route of infection should be performed to evaluate the effect of these 
mutations on early stages of infection. 

Observation of collateral sensitivity between antimicrobial agents is not a 
novel discovery of this thesis work. However, stumbling on three instances 
of collateral sensitivity in a relatively small study aimed at identifying cross-
resistance makes one wonder if this is just a chance discovery, or somehow 
more common in cyclotides or just an underappreciated phenomenon in gen-
eral? Collateral sensitivity has been reported for other antimicrobial agents  
(Imamovic & Sommer, 2013: Kim et al., 2014); however, the defined genet-
ic background of the mutants studied in this thesis and the preliminary data 
on the mechanism of collateral sensitivity provide the impetus for pursuing 
the mechanistic studies, expanding the scope to include a broader set of mu-
tants, and exploring its applications.       
 
At the beginning of this work, the aim was to study bacterial resistance to 
cyclotides; to characterize the mode of antibacterial action of cyclotides, and 
to use this knowledge to evaluate their antimicrobial potential. During the 
course of this work, the bacterial mutational pathways to resistance to cyclo-
tides were identified, and the effect of these mutations on bacterial fitness 
and cross-resistance potential was characterized. The interaction of cyclo-
tides with Gram-negative bacteria was visualized, and their activity against 
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bacteria with different surface characteristics was explored. Finally, the dis-
tribution of cyclotides in cells, tissues and organs of plants was determined.  
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6. Appendix 

Significance of AMP resistance: conjectures, 
misconceptions and refutations 
The period of the 1980-ies and 1990-ies was the time when discovery of 
major classes of antimicrobial peptides resulted in an optimistic outlook on 
the potential of these fascinating molecules, which were found in virtually 
all organisms where they were looked for. These molecules were nature’s 
antibiotics, which it had used for millennia without apparent resistance de-
velopment. These were contrasted with the antibiotics, which within half a 
century of their introduction as therapeutics were becoming obsolete owing 
to widespread resistance problems. A mechanistic rationale for these pep-
tides being immune to resistance development was developed which pro-
posed that since AMPs have non-specific and multiple targets, it was not 
feasible for bacteria to develop resistance to them (Hancock & Chapple, 
1999; Schroder 1999; Zasloff, 2002).  
In response to these suggestions, population biology arguments presented by 
Bell & Guoyon offered that sustained use of AMPs could not only select for 
resistance, but it would potentially select for mutants resistant to host de-
fense peptides (Bell & Guoyon. 2003). Some counter-arguments to these 
contentions accepted that resistance development to possible AMPs is possi-
ble but posited that it is unlikely, and when/if it occurs, the likelihood of 
cross-resistance to host defense peptides is not high (Hancock, 2003). This 
dialogue inspired numerous studies that asked the following questions:  
       (i) Would sustained exposure of bacteria to AMPs select for resistance?  

  (ii) If the resistant mutants arise, would they be cross-resistant to host 
defense peptides? 

 
The results of some of these studies are reviewed in section 3.2 of this thesis 
(under the heading, De-novo evolution of resistance upon treatment with 
AMPs), and elsewhere (See Andersson et al., 2016, and the references there-
in). These studies have demonstrated that resistance evolution to AMPs is 
common, and that resistance development to an AMP can result in cross-
resistance to not only similar AMPs but to AMPs from different origins and 
structures. 
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In addition to these studies focusing on acquired resistance to AMPs, a num-
ber of studies have demonstrated the in vivo significance of various intrinsic 
AMP resistance mechanisms possessed by pathogenic bacteria in animal as 
well as human models. Loss of AMP resistance mechanisms including sur-
face modifications, AMP transport and other mechanisms hampers infectivi-
ty of these pathogens (See Bauer & Shafer, 2015 and the references therein). 
These studies demonstrate that pathogenic bacteria can develop AMP-
resistance mechanisms, and that these mechanisms contribute to pathogene-
sis of these bacteria.  

In addition, horizontal transfer of colistin resistance in E. coli was recent-
ly demonstrated (Liu et al., 2016). The mcr-1 gene encoded on this plasmid 
has been retroactively recovered from human fecal samples indicating ani-
mal to human transfer (Hu et al., 2016). The fact that bacteria have actually 
horizontally-transferred AMP resistance genes adds another dimension to the 
discussion. 

Despite these studies, one frequently encounters assertions that resistance 
to a certain AMP does not exist. Both recently published literature as well 
oral communications at conferences display such claims. These claims are 
usually based on serial passaging experiments with obvious methodological 
errors such as poor choice of peptide concentration and too short exposure 
time.  

Clearly, the message that AMP-resistance is not an extraordinary event is 
not getting across and some steps need to be taken. For example, a standard 
recommended guideline for evaluation of resistance development potential 
of a given AMP that enters drug development needs to be formulated. These 
guidelines should cover the choice of methods, concentrations of AMPs used 
during selection, duration of exposure and issues such as how much could be 
inferred from using the procedure. Subtle differences in the terminology 
could also help in changing the mindsets, for example, use of the phrase 
“selection of resistance” as “compared to “induction of resistance”.  
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7. Popular Science Summary 

How plant proteins kill bad bugs and how the bugs 
evade the kill? 
 
Can plant proteins be future antibiotics? If we want to use them as antibiot-
ics in future, we need to know how they kill bacteria and how bacteria re-
spond to a sustained treatment with these proteins. Would the bacteria de-
velop the ability to resist their action and if they do, how would they do it? 
This thesis tries to gives answers to these questions. 
 
Microbes are all around us. They surround us from everywhere and are a 
part of our existence. Every one of us carries about a couple of kilograms of 
bacteria in the gut. They are beneficial for us and we are useful for them. We 
have developed a balance with “our” bacteria. Our bodies have allowed them 
to live in certain locations. They have, in turn protected us from the nasty 
germs. However, not all is good and like any other long-standing relation-
ship, there are complicating factors. One of them is that during the last cen-
tury, we have indulged in an over-use of antibiotics. This has enraged the 
bacterial community at large. Even some friendly bacteria have turned into 
enemies and we are in a mess. 

Bacteria have mobilized their resources to counteract this human on-
slaught. This is manifest in the wide array of defense mechanisms they have 
accumulated over the years. These various ways of defending the action of 
antibiotics are termed as resistance mechanisms. Our old antibiotics are be-
coming useless. We definitely need new ones. However, even if we succeed 
in finding new antibiotics, bacteria are eventually going to develop the abil-
ity to resist their effects too. Therefore, it is a matter of utmost importance to 
not only find new antibiotics but also to try to predict how bacteria are going 
to respond to them. This is precisely, the purpose of this PhD thesis. 
 
In this thesis, I worked with a family of mini-proteins produced by plants. 
These proteins have attracted significant interest from pharmaceutical and 
agricultural industries. These proteins are called cyclotides (for cyclic pep-
tides). Why would cyclotides be of special interest to pharmaceutical indus-
try? Drugs developed by pharmaceutical industry are either small molecules 
or large proteins. The small molecule drugs are stable but not selective, 
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which means they would have both desirable and unwanted effects. On the 
other contrary, proteins are selective but not stable, which means they could 
not administered as tablets, and have to be injected. Cyclotide based drugs 
have selectivity as well as stability.  

One of the potential applications of cyclotides is there use as antibacterial 
drugs. However, before developing them as drugs we need to know how 
they kill bacteria and how bacteria would likely respond to a sustained 
treatment with cyclotides. 
 
In my thesis work, I tried to answer these questions.  
 
By microscopic imaging, we visualized the interaction of a cyclotide with a 
bacterium called Salmonella. Cyclotides associated predominantly with the 
bacterial surface, though a considerable number of molecules entered inside 
the cells. Both the outer and inner components of cyclotide-treated bacterial 
cells were different from those of the untreated cells: the outer surface of 
cyclotide treated cells was distorted and shrunken leading to rupture in cer-
tain instances. The inner component, cytoplasm, had a diffused appearance. 
In other experiments described below, we developed bacteria which could 
tolerate a higher concentration of cyclotides. When we visualized these cells 
after treatment with cyclotides we found that there were many more such 
cells that did not bind cyclotides. However, once these “tolerant” cells bound 
cyclotide molecules, it resulted in similar effects to the effects on “normal” 
cells. 

In another set of experiments, we tried to see if two different types of bac-
teria belonging to the same family can develop the ability to resist the killing 
by these proteins. We found it to be the case. The bacteria could quickly 
develop the ability to resist the actions of these proteins. Bacteria could 
achieve this in a number of ways. We know which changes in the DNA re-
sult in resistance and since the DNA codes for proteins, a change in the DNA 
would result in a change in the proteins it codes, we know which proteins are 
involved in resistance. However, the exact details of the effect of these struc-
tural changes still elude us. Still two ways of acquiring resistance are more 
clear. One of them is the surface changes that result in decreased binding of 
cyclotides to bacteria, and the other is the bacterial compensation to the out-
ward pressure exerted by cyclotide induced leakage from the boundaries of 
the cells. 

If bacteria develop resistance to these proteins, would this ability extend 
to a resistance to other proteins too (a phenomenon termed as cross-
resistance)? We found out that the resistant bacteria, in many cases, become 
more sensitive or less sensitive to other proteins. Both of these effects are 
interesting because if we use these proteins in future for treating bacterial 
infections, we would consume these proteins in large amounts. Use of these 
proteins in large amount would then drive the bacteria to develop resistance 
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to these proteins. Now, if there is cross-resistance between these plant pro-
teins and natural human defense proteins, it might mean that by becoming 
resistant to these proteins, the bacteria might become resistant to human 
defense system. In this way, we might equip bacteria with the means to cir-
cumvent our own defense. On the other hand, the observation that resistance 
to one protein can result in an enhanced sensitivity to other proteins gives us 
an opportunity to develop effective treatment strategies in which we could 
use combinations of different proteins to avoid the rapid emergence of re-
sistance. 

 
My thesis work has contributed to our understanding of the interaction of 
cyclotides with bacteria. This knowledge provides the basis on which the 
potential of these fascinating proteins as antibiotics could be evaluated. 
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