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ABSTRACT 

Nicole C. Parsley: Exploring Cysteine-rich Botanical Bioactive Peptides via Mass Spectrometry 

(Under the direction of Leslie M. Hicks) 

A rise in clinical multidrug-resistant microbes threatens global health, agriculture, and 

economy. Botanical natural product peptides are an underexplored source of antimicrobial 

therapeutics with novel and unique chemistries to infuse an increasingly dry drug pipeline. 

However, complex natural product matrices, inherent sequence variability, low abundance, and 

dynamic / circadian expression challenge the identification of novel antimicrobial peptides 

(AMPs): analytical methods are needed to explore the expansive chemical space offered by 

natural product AMPs. 

Mass spectrometry (MS) drives primary natural product discovery, where modern 

instruments coupled with ultra-high performance liquid chromatography (UHPLC) can identify 

and resolve low abundance peptidyl species in complex mixtures with unprecedented limits of 

detection, resolving power, and mass accuracy. As such, the Hicks lab has developed PepSAVI-

MS (Statistically-guided bioActive Peptides prioritized Via Mass Spectrometry), an adaptable 

method leveraging mass spectrometry, sensitive bioactivity assays, and statistical analysis to 

rapidly identify AMPs in natural product extracts.  

Despite significant biochemical diversity, conserved features among AMPs can guide 

PepSAVI-MS identification of novel bioactive sequences. Antimicrobial peptides are often 

cysteine-rich; extensive disulfide formation among cysteine residues greatly enhances AMP 

stability and thus highlights the therapeutic attractiveness of this molecular class. Chemical 

derivatization strategies can be exploited to detect the presence of cysteine-rich peptides (CRPs) 

in complex matrices by mass shift analysis, where extracts before and after the reduction of 
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disulfides and alkylation of cysteine residues produces a characteristic mass shift observable by 

LC-MS. Mass shift analysis can be leveraged to identify and prioritize putatively bioactive mass 

species in a sea of botanical macromolecules and rich secondary metabolites typically obscuring 

analyses (Chapters 2-5). 

Cyclotides are a class of head-to-tail cyclized, plant-derived CRPs with diverse and 

potent intrinsic bioactivities. Examination of Viola spp. via PepSAVI-MS and mass shift analysis 

has revealed new anticancer and antifungal bioactivities of a known cyclotide, cycloviolacin O8 

(Chapter 3), and six novel antibacterial cyclotides, cycloviolacins I1-6 (Chapter 4). Elements of 

the discovery process can be modified to improve AMP identification, including alternative 

botanical tissue sources (Chapter 7), target pathogens (Chapter 3), mass spectral fragmentation 

techniques (Chapter 3), and bioactivity assay formats (Chapter 6). Furthermore, cyclic peptides  

recalcitrant to MS/MS fragmentation often challenge MS-based sequence characterization; as 

such, common cyclotide MS/MS “fingerprint” ions are determined and rapidly provide 

molecular information for novel cyclotide mass species prior to full sequence elucidation 

(Chapter 5). Herein, robust analytical methods support the exploration of complex botanical 

extracts and expand the biochemical repertoire of natural product AMPs.  
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CHAPTER 1:  Introduction 

1.1 Modern Antimicrobial Resistance 

Rapidly emerging antimicrobial resistance (AMR) poses a significant threat to public health 

and is responsible for substantial global economic burden. Common bacterial and fungal 

infections are becoming untreatable as new mechanisms for AMR develop, accelerated by the 

misuse and overuse of antimicrobial drugs.
1, 2

 The U.S. Centers for Disease Control and 

Prevention (CDC) estimate that > 2.8 million antibiotic-resistant infections occur in the United 

States every year, in which 35,000 cases are fatal.
3
 Decreased productivity in U.S. health care 

systems due to AMR costs a staggering $35 billion in economic loss every year.
1, 4

 Unless 

measures are taken to reduce and prevent further AMR, it is predicted that 10 million deaths 

globally will result from AMR annually by the year 2050, costing a global sum of $100 trillion.
5-

7
  

We are already living in a “post-antibiotic” era.
3
 Emerging multi- and pan-drug resistant 

microbes evade conventional therapeutics and challenge the effective treatment of nosocomial 

infections. In particular, the ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter 

species) are responsible for an increase in clinical multidrug resistant infections associated with a 

higher risk of mortality and escalating health care costs.
8, 9

 Named for their ability to “escape” 

the effects of antimicrobial drugs,
10

 the ESKAPE pathogens, consisting of both Gram positive 

and Gram negative bacteria, employ diverse resistance strategies 
11

 and are the focus of extensive 

AMR research efforts. 

Development of resistance is an ancient and natural evolutionary process
12

; however, AMR 

is accelerated by the global misuse of antimicrobials at the clinic/hospital level, the high 
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accessibility of unregulated (“over-the-counter”) antimicrobials, and non-surveillance of AMR 

development in developing nations.
13

 An estimated 30-50% of prescribed antibiotic treatment 

regimens, including drug choice and treatment duration, are incorrect or unnecessary.
1, 14

 Once 

developed, microbial resistance can spread rapidly throughout medical facilities via horizontal 

gene transfer,
15

 exacerbated by aerosolized bacteria 
16

 and bacterial vectors, such as cockroaches, 

spreading common nosocomial pathogens (i.e. S. aureus, P. aeruginosa, Escherichia coli, K. 

pneumoniae, and carbapenem-resistant Enterobacteriaceae).
17

 Furthermore, agricultural 

processes contribute significantly to global AMR, where the excessive use of antimicrobial 

treatments to support and sustain crop and livestock vitality has increased the prevalence of 

multidrug resistant pathogens in the food chain. Alarmingly, 80% of antibiotics sold in the 

United States are used to promote growth and prevent microbial infection in healthy livestock.
4, 

18
 Animal-based foods are the source of most foodborne microbial diseases, and are thus major 

outlets for spreading multidrug resistant genes.
19

  

Antimicrobial stewardship strategies have been proposed to mitigate AMR through increased 

infection cure rates and decreased AMR development, adverse effects, treatment failures, and 

hospital burden.
20

 Analysis of local antibiotic use/resistance data in hospitals and antibiotic 

cycling coupled with public education can drive responsible antibiotic usage; however, care must 

be taken to not compromise patient care.
21

 While antimicrobial stewardship offers tremendous 

promise towards the regulation of AMR, developing and implementing effective stewardship 

programs requires extensive collaboration among medical professionals
22-25

 and local/state 

public health officials.
26, 27

 Although AMR will occur naturally, antimicrobial stewardship 

practices may slow or prevent widespread AMR; as such, until antibiotic stewardship programs 

are developed and standardized, the prevalence of clinical and agricultural AMR and its 
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implications for morbidity, mortality, and economy, necessitates novel antimicrobial leads to 

combat multidrug resistant pathogens.  

1.2 Shortcomings of the Drug Discovery Pipeline 

Antimicrobial development and commercialization was one of the most important and 

defining features of the twentieth century. In the early 1900’s “pre-antibiotic” era, infectious 

disease spread by highly virulent microorganisms caused significant morbidity and mortality
28

: 

pneumonia deaths soared to 40%,
29, 30

 70% of amputations during World War I  resulted from 

untreatable wound infections,
29, 31

 and the average human life expectancy, in a time when 

infectious disease was the leading cause of death, was a meager 47 years.
32

 The advent of the 

first antibiotics, i.e. the organoarsenic Salvarsan (1910), sulfonamide Protonsil (1935), and β-

lactam penicillin (1945), immediately and dramatically improved quality of life and laid the 

foundation for continuing antimicrobial drug discovery efforts.
33

 Subsequent years (1950-1970) 

witnessed the “Golden Age” of antibiotic discovery in which pharmaceutical companies, 

motivated by facile microbial-sourced antibiotic identification and high profits, produced over 

half of the antimicrobial drugs used today.
34

 

Despite the clinical success of antimicrobial therapies, the drug pipeline has run dry initiating 

a modern “pre-antibiotic” era. Practical and financial factors have contributed to the modern 

dearth of viable antimicrobial therapeutic options; resistance to an antimicrobial evolves 

typically < 10 years
35

 (sometimes even as few as two)
36

 after its release to the market, whereas 

new drug candidates require at least 10-12 years to transcend the drug pipeline to clinical 

relevance.
37

 Further disincentivizing industry involvement, the identification of novel 

chemistries after the initial flourish of antibiotic discovery presented significant analytical and 

biological challenges – the latter particularly in overcoming penetration barriers and active 
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transport mechanisms (e.g. efflux pumps) in difficult-to-treat Gram-negative pathogens.
38

 As 

such, most “new” antibiotics are in fact chemically-modified forms of existing drugs, with few 

new classes of antibiotics discovered in the last 50 years (e.g. teixobactin
39

). Success rates of 

clinical drug development reveal that only 20% of infectious disease products entering into phase 

1 human clinical trials will ever be approved for human use.
40

 Additionally, drugs that treat 

chronic conditions generate significantly more revenue than those that treat acute ailments (e.g. 

infectious disease), and are thus more attractive targets for pharmaceutical interests. As 

infectious disease is responsible for one-third of present day global mortality, innovative 

solutions are required to infuse the drug pipeline with novel antimicrobial compounds. 

1.3 Bioactive Peptides for Antimicrobial Therapy 

Bioactive peptides represent a vast, underexplored source of novel chemistries with 

tremendous therapeutic potential. Peptide-based compounds exhibit substantial 

sequence/structural diversity, post-translational modifications (PTMs), and unique mechanisms 

of action and may serve to complement traditional small molecule therapeutics as antimicrobial 

agents.
41

 The molecular size and chemical diversity of peptides can be leveraged to achieve 

specific advantages over other drug classes; peptidyl compounds often exhibit high 

affinity/specificity for a molecular target, reducing toxicity and off-target effects,
41, 42

 and can 

participate in the disruption of protein-protein interactions that elude small molecules.
43, 44

 

Furthermore, peptides may offer tissue-penetration, used alone as innately bioactive molecules or 

in mixtures to enable the delivery/targeting of other therapeutic payloads.
45, 46

 Additionally, 

established biosynthetic (e.g. bacterial/yeast expression systems) and synthetic (e.g. solid-phase 

peptide synthesis) methods are available to produce diverse peptide-based compounds on a 
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commercial scale, where reduced production costs elevate peptides as attractive drug 

candidates.
41, 47, 48

  

Inherent instability in vivo and low oral bioavailability has historically thwarted advances in 

therapeutic peptide development. Extreme pH environments and metabolism via digestive 

enzymes in the gastrointestinal (GI) tract (e.g. pepsin)/secreted by luminal bacteria hydrolyze 

amide bonds and rapidly destabilize/degrade proteinaceous compounds.
49, 50

 Intestinal absorption 

is challenged by the molecular size and chemical properties of peptide drugs.
44

 Accordingly, 

most clinically available protein-based drugs are delivered via intramuscular, subcutaneous, or 

intravenous injection; however, oral delivery of medicines is preferable regarding patient 

compliance, ease of administration, and production cost.
44, 50

 

Advances in peptide synthesis techniques may alleviate peptide instability in vivo and 

improve peptide pharmacologic performance/facilitate oral delivery. Stapling via a hydrocarbon 

“brace” can lock peptides into a bioactive structure, e.g. α-helical proteins, thus improving 

stability and resistance to proteolysis while enhancing target specificity and cell penetrating 

properties.
51, 52

 Cyclization through side chains (e.g. disulfides), backbone interactions (e.g. 

“head-to-tail cyclization”), side chain to backbone linkages, or via artificial linkers may enhance 

peptide stability by limiting proteolysis and conformational entropy while preserving biological 

function.
53, 54

 Additionally, peptides can be grafted into highly stable, cyclic molecular scaffolds, 

where native amino acid segments are interchanged with peptides exhibiting desired 

bioactivities.
55
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1.4 Natural Product Peptides as Lead Compounds 

Antimicrobial peptides (AMPs) are ancient defense molecules; AMPs have offered a 

competitive advantage for countless biological species throughout history, evolving in potency 

and complexity alongside organism development. Expressed by all forms of life, AMPs 

demonstrate broad functions;
56, 57

 > 2600 naturally occurring AMPs have been identified among 

AMP databases.
58, 59

 In higher organisms, ribosomally-synthesized AMPs are fundamental to 

innate immune response, defending against microbial and viral pathogens, whereas prokaryotes 

may offensively secrete AMPs to secure resources and territory.
56

 Antimicrobial peptides often 

exhibit broad spectrum activity and may function only in synergism as AMP combinations or 

with small molecule antibiotics.
57, 60

 AMPs often achieve bioactivity via the insertion of an 

induced or permanent amphipathic motif into a target membrane – effecting physical disruption 

and subsequent permeabilization.
61, 62

 Target specificity is largely dictated by membrane 

composition 
63

; the membranolytic mechanism of action (MOA) employed by AMPs has 

historically prevented the development of widespread AMP resistance in nature, requiring 

remodeling of basic membrane structure.
56

 Furthermore, intracellular MOAs have been 

identified, where the translocation of AMPs across pathogen membranes enables the disruption 

of key cellular process, e.g. DNA/RNA and protein synthesis.
56, 61, 64

 With the recent surge of 

clinical multidrug resistant pathogens, AMPs have become increasingly attractive therapeutic 

candidates with broad spectrum activity and novel MOAs, as standalone drugs or in combination 

therapies. 

Accordingly, numerous commercially-available drugs are derived from natural sources or are 

a semi-synthetic derivative of natural products.
65

 Bioactive peptides have debuted in the clinic as 

promising therapeutic agents, where peptide antibiotics such as vancomycin are listed on the 



 

 

 

 7 

World Health Organization's List of Essential Medicines.
66

 Approved in 1971, triple antibiotic 

ointment (brand name Neosporin) is a Neomycin/polymyxin B/bacitracin broad-spectrum 

antibacterial topical treatment, where polymixin B and bacitiran are peptide antibiotics. Colistin 

is a 60 year old antibiotic commonly used as the ‘last-line’ treatment for numerous multi-drug 

resistant Gram-negative infections.
67

 Despite the therapeutic value peptide-based drugs present, 

however, only seven AMPs are currently approved by the Food and Drug Administration 

(FDA),
68, 69

 with nine and 27 AMPs in preclinical and clinical trials, respectively.
70

 Interestingly, 

all FDA-approved AMPs are either bacterially-derived or semi-synthetic glycopeptides, though 

AMPs in clinical trials have broad origins – from mammals to insects, fungi, and marine sponges 

and snails.
69, 71

 Though the limitations of peptide-based drugs often discourage natural product 

AMP drug development, this chemical class should be pursued for the broad activity spectrum, 

reduced occurrence of resistance, and synergistic potential it presents. 

1.5 Botanical Antimicrobial Peptides 

Plants are sessile organisms whose survival necessitates the expression of abundant 

secondary metabolites, enabling environmental adaptations and protection against pathogens.
72, 73

 

As such, botanical peptides are a rich source of novel chemistries with potent and diverse 

biological activities, though plant AMPs are greatly underrepresented in the clinic. Antimicrobial 

peptides generated through immune response pathways can be constitutively expressed or 

induced upon pathogen stress/environmental signals.
74

 Ranging in size from two (e.g. cyclic 

dipeptides in green tea
75

) to > 50 residues (e.g. defensins
76, 77

), plant AMPs exhibit significant 

sequence and secondary/tertiary structural diversity. However, certain characteristics are 

commonly seen among plant AMPs, such as positive charge (facilitating interactions with 

negatively-charged phospholipids on target membranes), significant 
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hydrophobicity/amphipathicity (e.g. amphipathic α-helix), and enhanced stability through 

extensive disulfide bonding.
78, 79

 Numerous plant AMP families have been characterized (e.g. 

defensins, knottins, thionins, and lipid transfer proteins
76

), and are grouped by similarities in 

sequence, number and spacing of cysteine residues, and/or tertiary structure.
78, 80

 

1.6 Sources of Botanical Antimicrobial Peptides 

Traditional medicines are a rich source of bioactive compounds, where botanical remedies 

have been a mainstay of African
81, 82

 and Eastern
83

 ethnomedicines for centuries; it is estimated 

that 80% of the World’s emerging populations rely on traditional medicines
81

 Historically, 

essential oils, extracts, and poultices were used for the treatment of microbial and viral infections 

(cough, cold, fever), inflammatory disease (skin disease, migraine) and oxidative stress (cancer, 

hypertension).
84, 85

 In some instances, modern medicine has concurred with traditional usage, 

where analyses of the chemical constituents present in traditional medicinal plants have revealed 

abundant bioactive secondary metabolites with potent bioactivities.
86-88

 The expansive 

biochemical repertoire presented by traditional botanical medicines encourages further 

exploration and evaluation of these species as putative clinical therapeutics with potent and 

diverse biological activities. 

1.7 Methods for Natural Product Discovery 

Bioassay-guided fractionation is a long established technique 
89, 90

 where a complex bioactive 

sample is subject to iterations of activity testing, fractionation, and subsequent reanalysis of 

activity until the bioactive constituent(s) is(are) identified.
91

 Sample separations are primarily 

performed via liquid chromatography (LC), though other separation methods may be necessary 

(gel/thin layer/gas chromatography),
92

 and analysis of fraction constituents is achieved with mass 

spectrometry (MS) or spectroscopic methods (e.g. nuclear magnetic resonance).
91

 For decades, 



 

 

 

 9 

bioassay-guided fractionation has been leveraged to identify the bioactive constituents in 

botanical natural product extracts with activity against microbial pathogens, including Gram-

positive/negative bacteria and fungi,
93-97

 allows for a direct measure of bioactivity, and can be 

tailored to any bioactivity assay.  However, this strategy often favors the re-identification of 

highly abundant/active and previously-characterized compounds and requires significant sample 

quantities, necessitating the development of novel and sensitive analytical methods for the 

discovery of less abundant bioactive constituents.  

Genome mining is a bioinformatics strategy wherein the genomes of sequenced organisms 

are ‘mined’ for biosynthetic gene clusters to predict novel chemical species. Targeted 

biosynthetic gene clusters are identified via homology to known, classified gene clusters 

producing enzymes that participate in the non-ribosomal assembly of bioactive secondary 

metabolites.
98

 Sophisticated computational algorithms are used to predict biosynthetic gene 

clusters, e.g. BiosyntheticSPAdes
99

 and antiSMASH
100

, and the structures of putative bioactive 

compounds resulting from tailoring enzymes, e.g. PRISM.
101

 Biosynthetic gene clusters can be 

cloned and heterologously expressed in biological systems to produce novel, putatively bioactive 

products. Recent advances in high-throughput genetic sequencing have generated a wealth of 

publicly-available genomic information. The Platform of the Joint Genome Institute (JGI IMG-

ABC) boasts the largest collection of automatically mined gene clusters ( 960,000 putative gene 

clusters); however, most of these clusters and their products are not yet characterized.
102

 Genome 

mining can be used as a powerful complement to proteomics experiments, however this 

technique requires sequence information, significant bioinformatics analyses/processing, and 

does not provide a direct measurement of bioactivity. 
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Novel methodologies are needed to identify low abundance bioactive species expressed 

in minimal quantities of natural product extracts derived from species lacking genetic 

information. With the implementation of high resolving power mass spectrometry, sensitive 

bioactivity assays, and sophisticated statistical analyses, identification of AMPs from complex 

natural products is viable via the PepSAVI-MS (Statistically-guided bioActive PEPtides 

prioritized VIa Mass Spectrometry) pipeline developed in the Hicks laboratory.
103

 Following this 

pipeline, peptide libraries are screened for growth inhibition in adaptable, high-throughput 

bioactivity assays and the relative abundances of peptidyl species in each fraction are determined 

via mass spectrometry. Statistical analysis via an elastic net regression model ranks the most 

probable peptidyl species responsible for the observed bioactivity. PepSAVI-MS does not 

require multiple iterations of fractionation, nor knowledge of existing gene clusters. PepSAVI-

MS uniquely allows for simultaneous contributions from multiple molecular species contributing 

to synergistic interactions. The components of peptide libraries can be tailored readily to contain 

constitutive or inducible AMPs and AMPs derived from alternative source materials, e.g. 

bacterial and fungal secretomes
104, 105

 or various plant tissues (Chapter 7). The flexibility of the 

PepSAVI-MS pipeline allows for the incorporation any bioactivity metric, including alternative 

assay formats, such as traditional disc-diffusion assays
104, 105

 or microfluidic platforms (Chapter 

6). Strategies to prioritize target species or focus the analysis on a specific protein class of 

interest (e.g. cyclotides), such as derivatization and mass shift analysis, will further streamline 

the process of rapid bioactive peptide discovery (Chapters 2-5). Mass spectrometry-based 

methods have enabled the identification and/or sequence characterization of novel AMPs in 

traditional botanical species
106, 107

 (Chapters 3-5). Isolation of the putative bioactive peptides 
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detected in complex plant fractions will allow for subsequent characterization and facilitates 

future mechanistic studies (e.g. MOA). 
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CHAPTER 2:  Cysteine-rich Antimicrobial Peptides: Identification via Mass Spectrometry 

2.1 Introduction 

Antimicrobial peptides (AMPs) are promising lead compounds (Chapter 1); however, the 

varied biophysical and biochemical characteristics of AMPs (secondary/tertiary structure, post-

translational modification, molecular weight, and bioactivities) present additional hurdles 

towards rapid and accurate bioactive peptide identification. Furthermore, the expression and 

abundance of AMPs are dynamic and influenced by environment, pathogen stress, season, and 

circadian rhythms.
1-4

 As such, the bioactive chemical repertoires of promising botanical species 

remain largely unexplored; new approaches are needed to overcome complexity, diversity, and 

periodicity to efficiently mine the vast chemical space accessed by AMPs.  

Early AMP identification and characterization was achieved with traditional biochemical 

methods (e.g. peptide isolation and sequencing via Edman degradation).
5
 However, significant 

advances in instrumentation have elevated mass spectrometry (MS) as a prime analytical 

technique with unrivaled experimental flexibility, specificity, sensitivity, and limits of detection. 

As such, MS-based peptidomics drive modern AMP discovery and characterization, with the 

ability to identify and resolve low abundance peptide species in complex natural product 

extracts.
5
 Orthogonal tandem MS methods,

6
 such as collision-induced dissociation (CID) and 

electron transfer dissociation (ETD), and chemical derivatization strategies facilitate 

characterization of peptides in complex extracts without prior isolation. However, extreme 

chemical diversity often complicates comprehensive bioactive peptide identification. Additional 

strategies are needed to expedite the accurate identification and characterization of natural 

product peptides. 
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2.2 Cysteine-rich Antimicrobial Peptides 

Despite significant sequence and structural diversity among AMP families, cysteine-rich 

peptides (CRPs) are highly represented among botanical AMP constituents
7-10

 (Table 2.1). 

Cysteine-rich peptides orchestrate various elements of physiology, reproduction, 

growth/development, and defense against pathogens.
11-15

 Disulfide bonding among cysteine 

residues scaffolds CRPs, affording stability via reduced conformational entropy and enhanced 

enzyme and chemical resistance; as such, bioactive CRPs are attractive drug candidates with the 

potential to survive harsh physiological conditions. Cysteine/disulfide number and cysteine 

spacing along the peptide backbone contribute to the classification of botanical AMP families,
8
 

e.g. knottins exhibit three conserved disulfides,
16-18

 whereas defensins may contain three to five 

disulfide bonds.
19

 Additionally, CRPs can be found in ultra-stable, cyclic conformations; cyclic 

CRPs often require in vitro enzymatic digestion (e.g. endoproteinase Glu-C) to cleave the cyclic 

backbone and facilitate MS
2 

sequence characterization (as is demonstrated in Chapters 3-6). The 

diversity of CRPs can vary substantially among sources, while the comprehensive 

characterization of the suite of CRPs in a single botanical species can elude even the most 

sensitive analytical methods.  

Conserved features among AMP families, e.g. high cysteine content, can guide MS-based 

methods towards the identification of putative bioactive sequences. As such, chemical 

derivatization strategies can be exploited to detect CRPs in complex natural product matrices by 

mass shift analysis. With this approach, extracts are subject to chemical reduction and 

subsequent cysteine derivatization via alkylation; mass species possessing cysteine residues 

produce a mass shift readily observable with mass spectrometry. As each cysteine residue is 

expected to be singly derivatized (e.g. a carbamidomethyl group is added to each cysteine when 
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using iodoacetamide) (Figure 2.1, Table 2.1), this method identifies both the presence and 

quantity of cysteine residues in a given mass species. Mass shift analysis is often the first step 

towards the identification of CRPs in botanical extracts.
20, 21

  

2.3 Methods 

2.3.1 Mass Shift Analysis 

Reduction of disulfide-bound cysteine residues and subsequent cysteine derivatization with 

iodoacetamide prevents disulfides from reforming and results in a predictable mass shift 

proportional to the number of cysteine residues in a peptide (Figure 2.1). Samples subject to 

mass shift analysis must be split (approximately in half) prior to reduction/alkylation: half are 

subject to reduction/alkylation, and the other half are set aside to assess intact masses. Both 

samples will be analyzed via LC-MS to identify mass shifts before and after reduction/alkylation 

consistent with the presence of multiple cysteine residues/disulfides. 

Protocol: 

1. Ion-exchange or reversed-phase liquid chromatography (LC) fractions are often used for 

mass shift analysis. The concentration of these samples can be crudely estimated from the 

280 nm LC trace; 280 nm peaks in cyclotide-containing fractions often reach ~3000-4000 

mV.  

2. After elution from the LC system, samples are dried in a vacuum concentrator and 

resuspended in 200 µL LC-MS grade water to achieve a “1X” concentration. 

a. If samples are eluted from a reversed-phase system, solvent (organic) evaporation in 

the CentriVap is sufficient. 
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b. If samples are eluted from an ion-exchange system (aqueous with a volatile salt, e.g. 

ammonium formate), desalting must be performed by solid-phase extraction (detailed 

in step 6) and subsequently dried in the CentriVap. Alternatively, fractions can be 

dried in the CentriVap, reconstituted in 1.5 mL MilliQ water, dried again in the 

CentriVap, and this process repeated at least three times to remove volatile salts. 

Often, the latter process fails to completely desalt samples, and is highly dependent 

on CentriVap performance.  

3. Dilute approximately 10 µL of 1X fraction in 40 µL 100 mM ammonium bicarbonate, pH 

7.8 (total volume 50 µL). Depending on the anticipated number of experiments to be 

performed with this material, the amount of 1X fraction can be scaled up. For example, if 

reducing, alkylating, and enzymatically-digesting for both mass shift analysis and 

MS/MS sequence coverage, 30 µL or more 1X sample is preferable; scale up the amount 

of ammonium bicarbonate buffer accordingly (e.g. 30 µL sample in 120 µL ammonium 

bicarbonate buffer, for a total volume of 150 µL). 

4. Reduce samples with 10 mM dithiothreitol (DTT), working concentration, at 45 °C, 

shaking at 850 rpm for 30 min. Fresh DTT must be prepared daily in 100 mM ammonium 

bicarbonate, pH 7.8. 

5. Alkylate the reduced samples with 100 mM iodoacetamide (IAM), working 

concentration, at room temperature (~ 25 °C), shaking at 850 rpm for 15 min in the dark.  

a. Iodoacetamide is not stable in solution; as such, care must be taken to cover IAM 

stock and IAM-containing sample with tin foil to reduce light exposure.  

b. Fresh IAM must be prepared daily in 100 mM ammonium bicarbonate, pH 7.8.  
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c. Additionally, IAM reactions must be quenched, e.g. with excess DTT, shortly after 

the 15 minute reaction time, as the frequency of cysteine over-alkylation and off-

target alkylation of non-cysteine residues via N- and O-linkages, increases with 

time.
22, 23

 In the Hicks laboratory, we commonly see peptide N-terminus and 

tryptophan alkylation if alkylation is allowed to proceed for longer than ~15 min. 

6. Remove interfering contaminants / salts via solid phase extraction (SPE) with Pierce C18 

spin columns (Thermo Scientific) per manufacturer protocols, with one exception as 

described below. Samples must be acidified to pH 3 with 5% formic acid or 

trifluoroacetic acid prior to SPE.  

a. Pierce C18 spin columns: After wetting resin with 50/50 water/methanol, and prior to 

equilibrating resin in 95/5/0.1% water/acetonitrile/trifluoroacetic acid, perform a 

“pre-elution” step by adding 200 µL of 70/30/0.1% acetonitrile/water/trifluoroacetic 

acid.  

b. High organic pre-elution is not included in the manufacturer protocol; however, it is 

an essential step to mitigate polymer contamination derived from the spin column 

device prior to loading samples. Without this pre-elution step, polymers, particularly 

polyethylene glycol (PEG), will leach into the final sample elution and negatively 

affect subsequent LC-MS analysis.  

7. Dry SPE elutions in a vacuum concentrator (CentriVap) and resuspend in 0.1% formic 

acid in LC-MS grade water for LC-MS/MS analysis. Resuspend as 1X concentration (the 

amount of sample used originally for reduction and alkylation, e.g. 10 µL).  

a. Often, cyclotide-containing samples at 1X concentration must be diluted 100X to 

achieve ~1 µg per 5 µL injection. 
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8. Optional step: Even in a reduced and alkylated form, cyclic CRPs are recalcitrant towards 

MS/MS fragmentation, challenging sequencing efforts. As such, enzymatic digestion is 

leveraged to pre-linearize cyclic species in vitro. Perform Glu-C digestion to cleave 

cyclic species at the C-terminus of glutamic acid residues by incubating reduced and 

alkylated samples with 1:200 enzyme:substrate (endoproteinase Glu-C:sample) at 37 °C, 

shaking at 850 rpm, for 3 h. Perform SPE as described previously (Step 6). 

a. Endoproteinase Glu-C cleaves at the C-terminus of aspartic acid residues ~ 100 X 

slower than that of glutamic acid residues. As such, longer incubation times (e.g. 12+ 

h) may increase aspartic acid cleavage.  

2.3.2 Mass Shift Data Acquisition 

Protocol: 

1. Inject ~1 μg of acidified intact, reduced/alkylated, or reduced/alkylated/Glu-C digested 

sample onto the nano-LC-ESI-MS/MS. 

a. All mass shift data described herein were acquired on a NanoAcquity (Waters, 

Milford, MA) coupled to a TripleTOF5600 MS (AB Sciex, Framingham, MA) 

equipped with a Symmetry C18 trap column (100 Å, 5 μm, 180 μm × 20 mm, Waters) 

and HSS T3C18 analytical column (100 Å, 1.8 μm, 75 μm × 250 mm, Waters). A flow 

rate of 0.3 μL/min and a 30 minute linear ramp of 5%−50% mobile phase B (mobile 

phase A, 1% formic acid in water; mobile phase B, 1% formic acid in acetonitrile) 

were used for UPLC peptide separation. The TripleTOF5600 MS was operated in 

positive-ion, high-sensitivity mode. 
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2. MS experiments consisted of a 2 s cycle, with an MS survey scan using a mass range of 

350−1600 Da in 250 ms, and IDA where the first 20 MS
2 

spectra were collected over a 

mass range of 100-1800 Da in ~87 ms each. 

2.3.3 Mass Shift Data Analysis 

Protocol: 

1. Generate de-isotoped peak lists for the intact and reduced/alkylated samples using 

Progenesis QI for Proteomics software (Nonlinear Dynamics, v.2.0) by importing intact 

and reduced/alkylated .wiff files into separate Progenesis files (do not align). Use a 

retention time filter of 14−45 min and maximum charge of +10.  

2. Export “Peptide ion data” .csv files (one for each of the intact and reduced/alkylated 

samples) from Progenesis. 

3. Paste the intact and reduced/alkylated mass (Da) columns from the two .csv files 

generated in Progenesis (step 2) into a single .csv file, with the intact and 

reduced/alkylated masses in columns 1 and 2, respectively.  

4. Use the Python Mass Shift Analysis script 

(https://github.com/hickslab/MassShiftAnalysis) to identify mass shifts corresponding to 

a defined number of disulfide bonds/cysteine residues.  

a. The mass shift searched by the Python script can be modified by opening the script 

(in Notepad++ or IDLE) and modifying the number of disulfides/cysteine residues 

searched and mass of alkylating agent (Figure 2.2, Table 2.2). 

5. Numerous mass species (often > 100) will be detected in the mass shift analysis of a 

given botanical species. The accuracy of peak assignments and mass shifts must be 

confirmed via manual interrogation of intact and reduced/alkylated mass spectral data. 
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2.4 Results 

Mass shift analysis was used to probe the extent of putative CRPs containing three, four, or 

five disulfide bonds in botanical extracts (Table 2.3). Viola spp. consistently reported abundant 

disulfide-rich masses, where Viola odorata, Viola inconspicua, and Viola communis exhibited 

numerous mass shifts corresponding to three disulfides – consistent with cyclotides. Analyses of 

all plant materials demonstrated mass shifts consistent with at least three disulfide bonds, 

however, manual investigation of the mass spectra of numerous botanical species (e.g. 

Psychotria zombamontana, Larrea tridentata, Datura stramonium, and Hyoscyamus niger) did 

not support masses exhibiting the anticipated mass shifts, likely a result of poor peak picking or 

spectral noise. Trichosanthes kirilowrii is of particular interest for follow-up studies, exhibiting 

numerous mass shifts consistent with three disulfides – all demonstrating similar high abundance 

MS/MS “fingerprint” ions, indicating that these masses contain similar sequence motifs. 

Additionally, Cucurbita foetidissima and Cucurbita pepo warrant further investigation; MS/MS 

spectra of masses exhibiting three disulfide mass shifts should be inspected for sequence 

information. 

2.5 Conclusion 

Conserved AMP features can inform mass spectral methods for the identification and 

characterization of novel sequences in highly complex natural product extracts. Cysteine-rich 

peptide identification can be achieved through an established cysteine derivatization strategy and 

mass shift analysis. Mass species exhibiting mass shifts consistent with three or more disulfides 

must be further characterized. Tandem mass spectrometry can be leveraged to elucidate the 

putative CRP sequence, and bioactivity assays can be performed on peptide library fractions 

containing the mass species (Chapters 3-4).  
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2.6 Tables 

Table 2.1. Disulfide characteristics of common AMP structural classes. Hevein-like and defensin 

classes exhibit significant cysteine/disulfide diversity, as such, only one possible cysteine pattern 

is represented.

 Structural class Size (kDa) No. Disulfides Disulfide Pattern 

Knottin 3 3 C1–C4, C2–C5, C3–C6 
Hevein-like peptides 4 3 to 5 C1–C4, C2–C5, C3–C6 

Thionin 5 4 C1–C8, C2–C5, C3–C6, C4–C7 
Defensin (γ-thionin) 5 3 to 5 C1–C8, C2–C5, C3–C6, C4–C7 

Lipid transfer protein 9 4 C1–C6, C2–C3, C4–C7, C5–C8 
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Table 2.2. Common alkylating agents used for cysteine derivatization. 
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Table 2.3. Botanical materials analyzed via mass shift analyses for three, four, and five disulfides 

(masses > 1500 Da). *Thoroughly investigated via manual search of MS data. † Manually 

searched, however, should be verified with more thorough investigation. NA = Data not 

available.

 Source Material 
Mass Shift:  
Disulfides 

Latin Name 
Common 

Name 
Family Tissue Dry/Fresh Three Four Five 

Cucurbita foetidissima Buffalo gourd Cucurbitaceae Seed - 37 16 5 
Cucurbita maxima 

"Warty Goblin" 
Warty Goblin Cucurbitaceae Seed - 0† NA NA 

Cucurbita pepo"Jack-O-
Lantern" 

Jack-O-
Lantern 

Cucurbitaceae Seed - 0† 20 19 

Cucurbita pepo 
Field 

pumpkin 
Cucurbitaceae Flower - 51 28 24 

Datura stramonium Jimsonweed Solanceae Aerial Fresh 0* 42 21 
Helianthus annuus 

"Mammoth" 
Sunflower Asteraceae Seed - 84 64 49 

Helianthus annuus 
"Skyscraper" 

Sunflower Asteraceae Seed - 31 26 21 

Hyoscyamus niger Henbane Solanceae Aerial Fresh 0* 207 184 
Lagenaria siceraria Bottle gourd Cucurbitaceae Seed - 14* 26 17 

Larrea tridentata 
Creosote 

bush 
Zygophyllales Seed - 0* 2 7 

Pisum sativum "Alaska" Alaska pea Fabaceae Seed - 0* 55 58 
Pisum sativum var. 

saccharatum 
Sugar snap 

pea 
Fabaceae Seed - 0† NA NA 

Psychotria 
zombamontana 

Red bird-
berry 

Rubiaceae Aerial Dry 0* 4 7 

Trichosanthes kirilowii Snake gourd Cucurbitaceae Seed - 5* 46 39 
Viola inconspicua - Violaceae Aerial Fresh 44* 107 78 
Viola inconspicua - Violaceae Root Fresh 44† NA NA 

Viola odorata Sweet violet Violaceae Aerial Fresh 25* NA NA 
Viola communis, March - Violaceae Aerial Fresh   54 100 82 
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2.7 Figures 

 

Figure 2.1. Reduction and alkylation of cysteine residues facilitates mass shift analysis, where 

each cysteine participating in a disulfide bond (oxidized) and free cysteine residue (reduced) will 

produce a mass shift of 57.02 and 58.02 Da with alkylation via iodoacetamide, respectively.  
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Figure 2.2. Modifications to the mass shift analysis Python script can be made by opening 

MassShiftAnalysis.py in any text editor (e.g. Notepad++, IDLE); cysteine number (blue star) and 

alkylating agent mass (green star) are easily edited to accommodate new experimental 

parameters.  
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CHAPTER 3:  PepSAVI-MS reveals anticancer and antifungal cycloviolacins in Viola 

odorata  

*Reproduced with permission, Parsley, N. C.; Kirkpatrick, C. L.; Crittenden, C. M.; 

Ghassemi Rad, J.; Hoskin, D. W.; Brodbelt, J. S.; Hicks, L. M. PepSAVI-MS reveals 

anticancer and antifungal cycloviolacins in Viola odorata. 2018. Phytochem. 152, 61-70.. 

Copyright 2018 Elsevier. 

https://www.sciencedirect.com/science/article/abs/pii/S0031942218301006 

3.1 Introduction 

Antimicrobial peptides (AMPs) have guided the coevolution of countless biological species 

over hundreds of millions of years, the arsenal of naturally-occurring molecular weapons 

growing in potency and complexity as organisms compete for resources and real-estate. 

Conserved across all domains of life, AMPs are ancient defense molecules with broad 

functions.
1-4

 In multicellular organisms, highly diverse ribosomally-synthesized AMPs are 

fundamental to the innate immune response, driving off invading bacterial, fungal, and viral 

pathogens, whereas prokaryotes may wield narrow-spectrum bactericidal AMPs to procure their 

place in ecological niches.
5-8

 Acting by physical disruption of target membranes via an induced 

or permanent amphipathic motif,
9, 10

 the mechanism of action (MOA) employed by most known 

AMPs has historically prevented the development of widespread AMP resistance in nature, 

requiring major remodeling of basic membrane structure.
11

 Antimicrobial peptides often exhibit 

broad spectrum activity across diverse phyla, however, AMPs can be highly specialized, 

targeting specific and unique membrane constituents.
12, 13

 Unlike neutrally-charged mammalian 

cells, both cancer and microbial cells rich with anionic molecules can be selectively targeted by 

AMPs with cell death caused by either membranolytic or intracellular mechanisms.
7, 13-16 

 With 

https://www.sciencedirect.com/science/article/abs/pii/S0031942218301006
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the recent surge of clinical multidrug resistant pathogens and cancers, AMPs have become 

increasingly attractive therapeutic candidates boasting novel and diverse MOAs.
7, 17, 18 

Bioactive peptides exist in all organisms, however the abundance and diversity of these 

molecules is vastly underexplored as their identification in a sea of macromolecules and small 

molecule metabolites presents significant analytical challenges. With the implementation of high 

resolving power mass spectrometry, sensitive bioactivity assays, tailored and streamlined 

automated data processing and statistical analyses, identification of AMPs from complex natural 

extracts is viable via the PepSAVI-MS pipeline.
19, 20

 Following this pipeline, peptide libraries are 

screened for growth inhibition in adaptable, high-throughput bioactivity assays and the relative 

abundances of peptidyl species in each fraction are determined via mass spectrometry. Statistical 

analysis via an elastic net regression model ranks the most probable peptidyl species responsible 

for the observed bioactivity. PepSAVI-MS does not require multiple iterations of fractionation as 

in bioassay-guided fractionation,
21

 nor knowledge of existing gene clusters as in genome 

mining.
22

 PepSAVI-MS uniquely allows for simultaneous contributions from multiple molecular 

species contributing to synergistic interactions. The components of peptide libraries can be 

tailored readily to contain constitutive or inducible AMPs by modifying experimental conditions. 

While a necessary and unique benefit of PepSAVI-MS, the ability to account for synergistic 

effects as well as contributions from multiple peptidyl species greatly increases the number of 

putative bioactive targets. As such, strategies to prioritize target species or focus the analysis on 

a specific protein class of interest (e.g. cyclotides as presented herein) will further streamline the 

process of rapid bioactive peptide discovery. 
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Cyclotides are a class of cyclic, disulfide-rich, plant-derived peptides found primarily in the 

Violaceae and Rubiaceae families that boast a diverse range of innate bioactivities ranging from 

antibacterial, anticancer, anti-HIV, mulloscicidal and insecticidal 
23-29

 indicating a highly stable, 

evolvable scaffold. Approximately 400 unique cyclotide sequences have been documented; 

however, tens of thousands up to 150,000 are estimated to exist in nature.
30-33

 The extraordinary 

stability conferred by the highly complex cyclic cysteine knot (CCK) motif found in all known 

cyclotides makes the conserved three-dimensional structure of this peptide class an ideal scaffold 

for protein engineering.
34-37

 Naturally-occurring and modified cyclotides have already found 

application in both medicine and commercial agriculture. Grafting therapeutic peptides into 

cyclotide scaffolds alleviates the issue of peptide instability in vivo, and has the potential to 

deliver a variety of highly specific and efficacious peptide-based therapeutics via oral 

administration and to intracellular targets.
37, 38

 Meanwhile, Sero-X, a potent bioinsecticide 

derived from the cyclotide-containing extract of Clitorea ternatea, was approved for use on 

cotton plants in Australia in early 2017. Highly effective at controlling insect pests, Sero-X does 

not harm beneficial insects such as bees and ladybugs, and exemplifies the next level of safe and 

effective biocontrol that can be achieved with peptide-based treatments.
39

 

While mass spectrometry has been used to successfully identify many cyclotides, the 

standard approach includes pre- and post-reduction and alkylation with iodoacetamide to reveal 

any peaks with a mass shift of 348.16 Da
32

 and linearization using endoproteinase Glu-C via a 

single conserved glutamic acid residue,
40

 or other enzymes,
41

 enabling efficient fragmentation to 

obtain primary protein sequence, possibly in tandem with transcriptome-mining,
42

 While 

successful, sample loss from the numerous sample preparation steps hinders the sequence 

elucidation of less abundant peptidyl species. Likely, the challenges associated with purifying 
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structurally similar cyclotides and cyclotide sequencing are why hundreds of putative cyclotide 

masses have been identified via reduction/alkylation methods, but only a fraction of these masses 

have been sequenced.
30, 31

 A top-down approach in which cyclotides are analyzed undigested 

would ameliorate sample loss issues,
43

 but has not been demonstrated for cyclotides. While the 

commonly used collision induced dissociation (CID) is a practical method for short, linear 

peptides or enzymatically-digested proteins, CID often provides insufficient fragmentation of 

intact cyclic peptides. Ultraviolet photodissociation (UVPD) is an emerging technique that yields 

highly complex but rich fragmentation data, generating several possible types of fragmentation 

events (e.g. a, b, c, x, y, and z) (Supplemental Figure 1).
44

 UVPD has been used to fragment 

circular (stapled) peptides,
45

 but no cyclotides have been sequenced with UVPD previously.  

The botanical species Viola odorata L. (Violaceae) abundantly produces >30 known, unique 

cyclotide sequences with potent and diverse bioactivities,
46

 and may harbor up to 166 cyclotide 

species as indicated by mass shift analysis.
31

 A V. odorata peptide library was screened against 

breast, prostate, and ovarian cancer cell lines for validation of the PepSAVI-MS pipeline,
19

 

Constituents of this complex botanical extract demonstrated substantial cancer cell cytotoxicity 

in all assays, particularly across cyclotide-containing library fractions. While known and novel 

cycloviolacin O2 (cyO2) activity was verified, our results indicated additional cyclotide species 

responsible for the activity observed in the cancer cell panel. Further analysis presented herein 

revealed another cyclotide, cycloviolacin O8 (cyO8), as a putative anticancer peptide (Figure 1). 

Isolated cyO8 demonstrated micromolar bioactivities against MDA-MB-231 breast, PC-3 

prostate, and OVCAR-3 ovarian cancer cell lines. Additionally, the V. odorata library was 

shown to exhibit robust activity against the filamentous fungus Fusarium graminearum, 

responsible for the devastating disease Fusarium Head Blight (FHB); however, the bioactive 
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constituents were not identified.
19

 Herein, PepSAVI-MS revealed the F. graminearum antifungal 

activity of cyO8, which was confirmed with isolated peptide. While cy08 has known 

anthelmintic activity against nematode larvae,
47

 this work expands the reported bioactivities to 

anticancer and antifungal for this cyclotide. Additionally, a simple reduction/alkylation strategy 

was implemented to further refine molecular targets revealed with PepSAVI-MS, identifying 

several putative anticancer and antifungal cyclotides that require further molecular 

characterization. As these masses are low in abundance, traditional MS-based sequencing 

methods are not sufficient and alternative sequence elucidation techniques are required. Using 

cyO8 as a representative species, we show the complexity of cyclic-peptide 193 nm UVPD 

fragmentation and attempt to discern common cyclotide fragmentation patterns to inform 

application to future de novo sequencing algorithms.  

3.2 Results  

3.2.1 Mining V. odorata 

Validation of the PepSAVI-MS pipeline produced numerous, previously uncharacterized V. 

odorata molecular species as highly ranked anticancer and antifungal targets.
19

 Further 

exploration indicated that the original filtering conditions imposed were highly stringent, i.e. 

filtering out all m/z outside of the bioactivity region excluded peptides that might be detected via 

mass spectrometry but not yet high enough abundance to be revealed in the bioactivity 

assessment. As such, we refined the filtering conditions to include one strong cation exchange 

(SCX) fraction on either side of the bioactivity region and remodeled the cancer panel bioactivity 

to produce refined lists of ranked putative anticancer compounds with bioactivities against 

MDA-MB-231 breast, PC-3 prostate, or OVCAR-3 ovarian cancer cell lines (Supplemental 

Table 1). The V. odorata cyclotide cyO8 (MW 3225.42 Da) was ranked among the top 20 
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contributors to ovarian and prostate cancer cell cytotoxicity. Additionally, a clear region of 

bioactivity was seen in the cyclotide-containing fractions 25-31 against F. graminearum (Figure 

2). Statistical modeling of the bioactivity region revealed cyO8, in both the +3 and +4 charge 

states, as a highly ranked antifungal candidate (Supplemental Table 1). Additionally, mass 

3152.41 Da was ranked in the top 20 contributors to F. graminearum antifungal activity, and 

may represent the known cyclotides cycloviolacin O3 (MW 3152.38 Da) or cycloviolacin O7 

(MW 3152.41 Da) from V. odorata or Vitri A (MW 3152.38) from Viola tricolor, as some 

cyclotide sequences are not unique to a single botanical species. 

3.2.2 Validation of novel bioactivities revealed by PepSAVI-MS 

Ranked peptides identified via PepSAVI-MS must be isolated for sequence and structure 

characterization and verification of putative bioactivities. To confirm the anticipated anticancer 

and antifungal activities of cyO8, V. odorata SCX fractions were further processed with 

reversed-phase LC to achieve cyO8 isolation from the complex mixture of plant peptides. 

Purified cyO8 was shown to be active against the three cancer cell lines tested. Inhibitory 

concentration (IC50) values were determined for each cell line: MDA-MB-231 breast (1.15 µM), 

PC-3 prostate (1.05 µM), and OVCAR-3 ovarian (0.80 µM) (Figure 3). CyO8 cytotoxicity 

against non-cancerous human dermal fibroblast cells was determined to be ~3X less (3.13 µM) 

than cancer cell lines (Figure 3). Isolated cyO8 was shown to be active against F. graminearum 

with an IC50 of 25-30 µM (a two-fold serial dilution was performed and visually assessed for the 

minimum inhibitory concentration; after 72 h the well containing 24 μM cyO8 showed only the 

beginnings of fungal growth). 
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3.2.3 Revealing novel, putatively bioactive V. odorata cyclotides 

Taking advantage of the highly conserved three disulfide bonds in cyclotides, reduction and 

alkylation of V. odorata combined SCX fractions 12-45 produced numerous mass shifts of 

348.16 ± 0.05 Da, consistent with the alkylation of three disulfide bonds.
32

 Interrogation of this 

data resulted in 25 candidate masses likely belonging to the cyclotide family (Table 1). Eight 

putative cyclotide species correlated to masses identified in PepSAVI-MS bioactivity screens 

against cancer cell lines and/or F. graminearum: 3154.38 Da, 3156.36 Da, 3165.49 Da, 3166.48 

Da, 3170.38 Da, 3171.38 Da, 3184.39 Da, and 3257.37 Da (Table 1).  

3.2.4 Characterization of 3257 Da putative cyclotide 

Reduction, alkylation, and linearization with Glu-C of the most abundant 3257.37 Da 

containing V. odorata SCX fraction resulted in incomplete yet informative CID MS
2
 spectra 

(Figure 4). The 32 Da mass difference between the putative cyclotide and the known, highly 

abundant cyclotide, cyO8, could be localized to a tryptophan residue, showing a mass shift of the 

peak m/z 533 to m/z 565, and likely represents a double oxidation of the side chain, a known 

post-translational modification in cyclotides.
33

 Of the 24 remaining candidate cyclotide masses, 

some are likely known cyclotides with singly (oxindolyalanine, oia) or doubly-oxidized 

tryptophan (N-formylkynurenine, nfk) residues based on mass differences of multiples of 16 Da: 

3154.38 Da (cyO2oia), 3184.39 Da (cyO3nfk), and 3170.38 Da (cyO2nfk). However, several 

putative bioactive cyclotides, 3156.36 Da, 3165.49 Da, 3166.48 Da, and 3171.38 Da remain 

uncharacterized. 

3.2.5 UVPD fragmentation of cyO8  

Fragmentation of cyclic molecules must occur twice to observe fragment ions, as the first 

cleavage results only in ring opening and no initial mass change. Incomplete fragmentation of 
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intact cyclotides with traditional tandem MS approaches (e.g. CID, ECD/ETD) and sample loss 

from numerous reduction, alkylation, and digestion steps has traditionally hindered the sequence 

determination of low abundance cyclotide species.
30, 31

 Generating rich fragmentation data of all 

ion types,
48

 high energy UVPD has the potential to circumvent these sequencing challenges, 

particularly if fragmentation patterns can be established to aid in de novo sequence assignment.  

Absorption of high energy (193 nm) photons produced during UVPD allows access to excited 

electronic states that result in extensive fragmentation and production of numerous types of 

fragment ions. CyO8 fragmentation obtained by 193 nm UVPD using complex V. odorata 

library fractions yielded the spectrum presented in Figure 5A. Predominant fragmentation events 

during UVPD occurred at the C-terminus of the two proline residues in the cyO8 sequence; 

however, fragmentation was seen throughout most sequence iterations (Figure 5B).  Peak labels 

in Figure 5A indicate the residue in position 1 of the identified fragment sequence and the ion 

type (for example, y4(8) is the sequence that results in an initial fragmentation event between 

residues 7 and 8 and a second cleavage corresponding to a y4 fragment). The majority of 

fragment ions were not observed from any one particular sequence iteration, and only about 50% 

of the cyO8 residues could be confidently assigned. Although the cyO8 precursor mass was 

abundant, MS
2
 fragments generated by UVPD were low intensity because the total abundance 

was distributed among numerous fragment ions. Spectral overlap precluded assignments in the 

m/z 800-900 and 1000-1200 regions, and isobars or fragment ions within a 30 ppm mass 

tolerance led to sequence ambiguity, in some cases up to five different sequence possibilities for 

one observed m/z (Supplemental Tables 2-6).  
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3.3 Discussion 

Previously, we have shown that cyclotide-containing V. odorata fractions exhibit anti-cancer 

bioactivities against MDA-MB-231 breast, PC-3 prostate, and OVCAR-3 ovarian cancer cell 

lines.
19

 In addition to the known activity of cyO2, refinement of data filtering criteria in 

PepSAVI-MS revealed additional known and putative cyclotides with possible antiproliferative 

activity against cancer cell lines. Specifically, cyO8 which is a known nematocidal cyclotide, 

was ranked highly in our modeling. Subsequent isolation and targeted bioassays revealed 

anticancer activities of cyO8 at low micromolar IC50 values. Additionally, cyO8 demonstrated 

approximately three times less cytotoxicity against human dermal fibroblast cells than to the 

human cancer cell lines. Commonly used pharmaceuticals targeting breast, ovarian, and prostate 

cancers exhibit IC50 values from low nanomolar to low micromolar concentrations, pushing cyO8 

to the higher end of the treatment range. 

While innate antibacterial, anticancer, and antiviral cyclotide bioactivities have been 

thoroughly explored over the past 35 years, the antifungal properties of cyclotides have seldom 

been reported, and typically pertain only to common lab strains of Candida sp.
49, 50

 We are 

excited to report cyclotide antifungal activity against the agriculturally-relevant, filamentous 

fungus F. graminearum, with a MIC value of 25-30 µM. Interestingly, several of the V. odorata 

fractions promoted fungal growth in the F. graminearum bioactivity assays, highlighting a 

potential issue that may be encountered when screening additional fungal species with the 

PepSAVI-MS pipeline and the need to filter datasets wider than the observed bioactivity region. 

Fortunately, cyO8 was a potent fungal inhibitor, as weaker activities may not be observed if 

growth promotion masks bioactivity. The appearance of the semi-abundant cyO3/cyO7 in the F. 

graminearum top 20 ranked compounds is consistent with recently published work in which 
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cyO3 was identified as a low micromolar inhibitor of the opportunistic human pathogenic yeast, 

Candida albicans.
49

 Though exceptionally stable and resistant to harsh conditions, cyclotides 

make particularly promising topical biofungicides as the eventual, natural degradation of these 

molecules controls environmental concentrations and prevents unwanted accumulation in soils.
13

 

Several putative cyclotide masses identified from the pre- and post- reduction/alkylation 

analysis were found among the ranked lists for the human cancer cell lines and F. graminearum. 

Of these masses, we anticipate several may be known cyclotides with oxyindolyalanine or N-

formylkynurenine tryptophan modifications. As most of these species are present in very low 

abundances, we have only been able to confirm the identity of 3257.37 Da as a doubly-oxidized 

tryptophan cyO8 (cyO8nfk) via CID tandem mass spectrometry. Tryptophan oxidation has been 

documented previously in cyclotides as the solvent-exposed tryptophan residue is more 

susceptible to modification, and is thought to play a role in cyclotide degradation pathways in 

vivo.
33, 51-53

 The 24 remaining putative cyclotide species have yet to be characterized. Several of 

these potential anticancer and antifungal cyclotide species have recently been reported by other 

groups in large scale reduction/alkylation experiments to identify novel cyclotides; 3154 Da and 

3171 Da were reported by Gӧransson et al.,
30

 whereas similar masses, 3166.23 Da, 3170.36 Da, 

and 3171.37 Da, were reported by Srivastava et al.
31

 Four masses never reported in V. odorata 

appearing on the human cancer cell line and F. graminearum ranked lists, 3156.36 Da, 3165.49 

Da, 3166.48 Da, and 3171.38 Da, are prioritized for sequence elucidation and activity 

confirmation. Though unknown in V. odorata, all of the proposed cyclotide masses identified 

herein match known cyclotide sequences in other botanical species and may be identical in 

sequence. As some cyclotides are shared among numerous plant species, there are also known 

isobaric cyclotides with unique sequences even within the same plant; further sequence 
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characterization is necessary. By combining a simple reduction/alkylation strategy with the 

PepSAVI-MS pipeline, we have been able to prioritize ranked m/z species more-likely to be 

contributing to observed bioactivities. 

Traditional mass spectrometry-based cyclotide sequencing approaches utilize a reduction, 

alkylation, and enzymatic digestion strategy to linearize target peptides as intact cyclotides 

produce minimal fragmentation upon traditional collision induced dissociation. While linearized 

cyclotides are easier to fragment, resulting MS/MS spectra are often incomplete and do not allow 

for confident sequence identification of novel targets, with as little as 20% sequence coverage 

(Figure 4). Furthermore, increased sample handling steps significantly increase sample loss and 

result in minimal signal for peptide fragmentation and identification. Herein we demonstrate a 

top-down UVPD approach, using cyO8 as a model, to reduce sample loss and facilitate the 

sequence elucidation of less abundant cyclotide species. To estimate the potential complexity of 

the MS/MS spectra generated for cyclic peptides, the numbers of fragment ions were manually 

calculated for cyO8 considering a maximal charge of +4. Assuming initial and secondary cut 

sites at all 31 cyO8 backbone positions and always a b/y initial cleavage, UVPD fragmentation 

would result in ~22,000 a, b, c, x, y, and z theoretical ions compared to ~11,000 a, b, and y ions 

with CID (considering 31 residues, each with a 30 fragment ion series, four charge states, and six 

or three ion types for UVPD or CID, respectively). In comparison, theoretical fragmentation of 

the 31 residue linear cyO8 peptide results in ~720 a, b, c, x, y, and z fragments for UVPD and 

~360 a, b, and y fragments with CID, including fragment ion charge states ranging from +1 to +4 

and no internal fragment ions. Even with reduced and alkylated disulfide bridges, both required 

fragmentation events can occur at any position in the ring and leads to a combinatorial explosion 

of theoretical fragment ions. As such, the 193 nm UVPD fragmentation of reduced and alkylated 
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cyO8 in V. odorata library fractions resulted in MS
2 

spectra that were overly data-rich and 

spectral overlap made peak assignments challenging. Though predominant fragmentation sites 

were observed at the two highly constrained proline sites, cleavage occurred throughout most 

cyO8 variations and few other discernible patterns emerged during analysis to inform de novo 

assignments of uncharacterized cyclotides. Most fragment types, a, b, c, x, y, and z ions, were 

seen in roughly the same abundances, except possibly a small preferential for b/y ion types. 

Additionally, ambiguity associated with isobaric fragment ions or fragments similar in m/z 

introduced uncertainty into the assignment of cyO8 peaks. Ambiguity among similar but non-

identical fragment ions may be remedied by producing even higher resolution mass spectra, 

which may be feasible for targeted experiments where an increase in acquisition time would be 

insignificant for only one or a few m/z species. UVPD can conceivably be used to verify minor 

amino acid modifications in known sequences to rapidly aid in the characterization of engineered 

products. Additionally, UVPD strategies employing lower energy wavelengths (351 nm) in 

conjunction with chromogenic derivitizing tags may allow for de novo sequencing of unknown 

cyclotides.
54

 For future de novo assignments of cyclic molecules fragmented with UVPD, a 

sophisticated algorithm is necessary in which more common fragmentation patterns are 

established and used to make decisive fragment assignments based on probability. Multistage 

mass spectrometry employing MS
n 

coupled with machine learning could lend a tremendous 

amount of information to aid in de novo sequencing, particularly using UVPD fragmentation; 

however, this technique requires large datasets for algorithm training, that are as of yet 

unavailable, and specialized instrumentation.
43
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3.4 Conclusions 

Peptide-based treatments offer new and effective alternatives in drug discovery and 

sustainable agricultural practices, and cyclotides are promising candidates with enhanced 

stability and a host of diverse bioactivities. PepSAVI-MS revealed novel anticancer and 

antifungal activities of the known cyclotide, cyO8, and herein those activities have been 

validated and characterized. The work described here illuminates the possibility of re-mining 

known natural product sources via PepSAVI-MS with the likelihood that valuable bioactive 

constituents were previously overlooked and may be revealed. We also demonstrate the utility of 

a reduction/alkylation strategy to identify putative cyclotides with results prioritized via 

PepSAVI-MS to expedite the prioritization and validation of bioactive molecules. UVPD of a 

cyclotide was demonstrated for the first time using cyO8 as a model sequence and assessed for 

potential in de novo applications. Several putative cyclotide species with suspected bioactive 

properties have been identified via PepSAVI-MS; once characterized these novel cyclotides can 

add to the substantial sequence and functional diversity already seen in this ever-growing peptide 

family.  This work adds to the growing body of knowledge concerning these fascinating knotted 

molecules whose seemingly boundless bioactivities will undoubtedly be harnessed to combat 

emerging microbial resistance in agriculture and medicine. 

3.5 Materials and Methods 

3.5.1 Preparation of Plant Material and Library Generation 

Viola odorata L. (Violaceae) peptide library was prepared as described previously.
19

 Briefly, 

Viola odorata seeds (Strictly Medicinal Seeds, OR) were grown to mature rosettes in a 

laboratory greenhouse at 17.5-20.3 °C on a 14/10 h light/dark cycle. Aerial tissue was harvested, 

manually ground, and proteins extracted in a 10% acetic acid buffer. Centrifugation was used to 
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pellet insoluble material and the remaining extract was filtered (0.45 μm stericup filtration; 

Millipore), concentrated to remove high-molecular-weight molecules (MWCO 30 kDa; 

Millipore), and dialyzed into 5 mM ammonium formate (Fluka) pH 2.7 to remove small-

molecules (0.1−1 kDa cutoff; SpectrumLabs). The V. odorata peptide library was prepared by 

fractionating crude extract with a 47 min strong cation exchange (SCX) method (PolySulfethyl A 

column (100 mm × 4.6 mm, 3 μm particles, PolyLC) using a salt gradient (linear ramp from 5 

mM ammonium formate, 20% acetonitrile, pH 2.7 to 500 mM ammonium formate, 20% 

acetonitrile, pH 3.0). Fractions were collected in one-min intervals, desalted, and stored at 4 °C. 

3.5.2 Bioactivity Assays 

V. odorata peptide library was tested against F. graminearum in a 96-well plate format 

bioactivity assay, as described previously.
19

 Each plate well contained 30 μL minimal media, 10 

μL F. graminearum spore culture, and 10 μL V. odorata library fraction, antibiotic (Hygromycin 

B, Corning), or water, and was prepared in triplicate. Minimal media is a modified Czapek-Dox 

formulation, a standard growth media for laboratory fungus propagation 
55, 56

.  Plates were 

incubated at 25 °C, shaking at 300 rpm. After 48 h, BacTiterGlo (Promega) was added to each 

well to quantify the amount of ATP present, indicative of fungal cell growth, and luminescence 

was measured with a 500 ms integration time.  

3.5.3 Statistical Modeling  

LC-MS/MS data of the V. odorata SCX library fractions (fractions 15-40 for cancer cell 

lines, 16-33 for Fusarium) was processed using the PepSAVI-MS software and filtered for 

compounds of interest by applying retention time, mass, and charge-state limits. MS features of 

the same charge state were binned together within a 0.05 Da window and features with (1) 

intensities <100 in the activity region, (2) charge states >+10, and (3) intensities >1% of 
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maximum peak intensity in non-activity regions were excluded. Data reduction and modeling 

were tailored to cancer cell line/Fusarium activity profile. Data filtering of SCX library fractions 

was as follows: MDA-MB-231 breast (15-24); PC-3 prostate (17-24); OVCAR-3 ovarian (17-

23); Fusarium (23-31). Activity regions were defined for each cancer cell line: MDA-MB-231 

breast (16-23); PC-3 prostate (18-23); OVCAR-3 ovarian (18-22), Fusarium (25-30). Resulting 

m/z meeting these criteria were modeled with an elastic net regression with a quadratic penalty 

parameter specification of 0.001.   

3.5.4 Reversed-Phased Isolation of cyO8  

CyO8-containing SCX fractions were subject to reversed-phase isolation on a Waters 

ACQUITY UPLC H-Class Bio System equipped with an Agilent Zorbax extended C18 column 

(20k PSI, 300 Å, 5 µm, 4.6 mm x 250 mm). Separation of cyO8 was achieved with a flow rate of 

2 mL/min and a linear ramp of 5-25% mobile phase B from 0-5 min and 25-50% mobile phase B 

from 5-20 min (mobile phase A, water with 0.1% formic acid; mobile phase B, acetonitrile with 

0.1% formic acid). Reversed-phase fractions were manually collected, dried down in a vacuum 

centrifuge, resuspended in water, and fractions containing cyO8 were combined for use in 

Fusarium conidia germination and cancer/fibroblast cell viability assays. CyO8 purity was 

assessed via LC-MS, and considering peaks >1% of the abundance of cyO8, purity was deemed 

to be 95% for the cancer cell line assays and >91% for the Fusarium graminearum assays 

(separate preparations) with no single impurity exceeding 2% (except doubly oxidized cyO8 at 

3.8% in the F. graminearum MIC assay).  

3.5.5 Cancer Cell Line/Fibroblast Viability Assay 

MDA-MB-231 breast cancer cells, PC-3 prostate cancer cells, OVCAR-3 ovarian cancer 

cells cells (all cancer cell lines from ATCC, Manassas, VA), or human dermal fibroblasts (HDF; 
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Lonza Inc., Walkersville, MD, USA) were seeded in triplicate wells of a flat-bottom 96-well 

plate at a concentration of 5 × 10
3
 cells/well. Cancer cells were in DMEM supplemented with 

10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, 100 µg/mL streptomycin, 2mM 

of L-glutamine, and 5 mM of HEPES buffer (all from Invitrogen) while HDFs were in Fibroblast 

Cell Basal Medium (Lonza) supplemented with 2% fetal bovine serum plus 0.1% insulin, 0.1% 

recombinant human basic fibroblast growth factor, and 0.1 % gentamicin sulfate/amphotericin, 

all from a proprietary Fibroblast Cell Medium BulletKit (Lonza). Cells were cultured for 12 h at 

37
o
C in a humidified atmosphere containing 10% CO2 (cancer cells) or 5% CO2  (HDF) in order 

to form adherent monolayers. The medium was then removed, replaced with fresh complete 

DMEM with or without cyO8, and the cells were cultured for an additional 24 h. Two hours 

before the end of culture, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

solution (Sigma Aldrich, Oakville, ON, Canada) was added to each well to a final concentration 

of 0.5 mg/mL to measure mitochondrial succinate dehydrogenase activity. After 2 h, culture 

supernatants were discarded and formazan crystals were solubilized in 0.1 mL of dimethyl 

sulfoxide. Absorbance was measured at 570 nm using an ASYS Expert 96 microplate reader 

(Montreal Biotech Inc., Kirkland, QC, Canada). Average absorbance in each group was 

normalized relative to the medium control and the percent reduction in viability, as reflected by 

the change in mitochondrial succinate dehydrogenase activity, was determined.  

3.5.6 Minimum Inhibitory Concentration Assay 

MDA-MB-231 breast cancer cells, PC-3 prostate cancer cells, OVCAR-3 ovarian cancer 

cells, or HDFs were cultured as described above in the absence or presence of different 

concentrations of cyO8 and inhibitory concentration (IC50) values of cyO8 were calculated from 

the resulting dose response curves. To determine the cyO8 MIC against Fusarium graminearum, 
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a two-fold serial dilution was performed in a 96-well plate format. CyO8 concentration was 

determined using a NanoDrop and an extinction coefficient of 7365 M
-1

cm
-1. 

In each well, 30 µL 

minimal media, 10 µL Fusarium spore culture, and 10 µL purified cyO8 was added (for a final 

concentration of 12, 24, or 48 µM), and the plate was incubated at 22 °C for 72 h, shaking at 250 

rpm, and assessed visually for MIC.  

3.5.7 Reduction, Alkylation, and Glu-C digest of V. odorata library  

V. odorata peptide library fractions were reduced with 10 mM dithiothreitol (Sigma-Aldrich) 

at 45 °C, 850 rpm, 30 min, and alkylated with 100 mM iodoacetamide (Sigma –Aldrich) at 25 

ᴼC, 850 rpm, 15 min. Pierce C18 spin columns (Thermo Scientific) were used to remove 

interfering contaminants from the V. odorata samples, which were subsequently dried down in a 

vacuum concentrator and resuspended in acidified water (0.1% formic acid) for LC-MS/MS 

analysis. Digested V. odorata samples were reduced and alkylated as described above, then 

incubated 1:50 enzyme: substrate with endoproteinase Glu-C enzyme (Sigma) at 37 °C for 3 h. 

3.5.8 LC-MS/MS Analysis of V. odorata library  

Five microliters of each intact, reduced/alkylated, and reduced/alkylated/glu-C digested V. 

odorata sample were injected onto a nano-LC-ESI-MS/MS platform: nanoAcquity (Waters, 

Milford, MA) coupled to a TripleTOF5600 (AB Sciex, Framingham, MA). Samples were 

initially injected onto a trap column (NanoAcquity UPLC 2G-W/M Trap 5 μm Symmetry C18, 

180 μm × 20 mm: Waters) before entering the analytical C18 column (10k PSI, 100 Å, 1.8 μm, 

75 μm × 250 mm: Waters). LC separation of peptides was achieved with a flow rate of 0.3 

μL/min and a linear ramp of 5%−50% B (mobile phase A, 1% formic acid in water; mobile 

phase B, 1% formic acid in acetonitrile) over 30 min. The MS was operated in positive-ion, high-

sensitivity mode with the MS survey spectrum using a mass range of 350−1600 Da in 250 ms 
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and information-dependent acquisition (IDA) of CID MS/MS data. The first 20 features above 

150 counts threshold with a charge state of +2 to +5 were fragmented using rolling collision 

energy (±5%). Deisotoped peak lists for the intact and reduced/alkylated samples were generated 

using Progenesis QI for Proteomics software (Nonlinear Dynamics, v.2.0) with a retention time 

filter of 14−45 min. “Peptide ion data” was exported from Progenesis and analyzed for the 

characteristic reduction/alkylation mass shift corresponding to three disulfide bonds (348.16 Da) 

using Python.  

3.5.9 UVPD Analysis of cyO8  

Reduced and alkylated cy08 was targeted for analysis following loading of a complex 

mixture of cyclotides on an in-house packed C-18 (3.5 μm particle size, X-Bridge) trap column 

(3.5 cm New Objective Integrafrit capillary, 100 μm i.d.) and separation using an in-house 

packed C-18 (3.5 μm, X-Bridge) analytical column (15 cm New Objective Picofrit capillary, 75 

μm i.d.) on a Ultimate 3000 UHPLC system (ThermoFisher Scientific). Mobile phase A 

consisted of 0.1% formic acid, and mobile phase B consisted of 100% acetonitrile and 0.1% 

formic acid at a net flow rate of 300 nL/min. The applied gradient is as follows: 0-8 min at 2% 

B; 8-10 min increasing linearly from 2 to 20% B; 10-32 min increasing linearly from 20 to 40% 

B; rapid increase to 80% B at 32 min and holding until 34 min; 34 min decreasing to 2% B to 

return the mobile phase to its initial condition. 1 μL of sample at a concentration of 

approximately 1 mM total protein content was injected on column per experiment. The 

chromatography system was coupled to Thermo Scientific Orbitrap Fusion Lumos mass 

spectrometer (San Jose, CA, USA) outfitted with a 193 nm excimer laser (Coherent Excistar 500 

Hz, Santa Clara, CA, USA) to allow photodissociation, as implemented and described 

previously.
57

 UVPD was performed using 2 pulses at 2 mJ per pulse in the low pressure linear 
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ion trap. The Orbitrap mass spectrometer was operated in the positive ion mode with a spray 

voltage of 1800 V. The 3+ and 4+ charge states of cy08 were targeted during the experiments 

with a 100 ppm mass tolerance during the MS1 spectrum (60000 FT resolving power, 5 x 10
5
 

AGC target).  The MS/MS spectra were collected using the following parameters: quadrupole 

isolation with an isolation width of 4 m/z; 15000 FT resolving power; 2 x 10
5
 AGC target; 2 

μscans averaged per spectrum. Theoretical fragment libraries were generated with mMass, an 

open source mass spectrometry tool to aid in the characterization of cyclic and linear peptides.
58-

60
 Theoretical fragments were manually assigned to cyO8 MS

2
 peaks within 30 ppm error.  
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3.6 Tables 

Table 3.1. Putative cyclotide species identified with a reduction/alkylation mass shift experiment 

and assays in which mass was ranked as a potential anticancer/antifungal contributor. Masses 

identified in recent cyclotide screens are indicated. All masses can be matched to known 

cyclotide masses in other botanical species; however, this is not necessarily an indication of 

identity. 

Mass (Da) Assay 
Detected in 

screen 

3597.55   Yes 

3568.68     Yes 

3514.60     

3499.54     

3497.54   Yes 

3483.49     

3440.51     

3364.41     

3350.47     

3344.68     Yes 

3332.44     

3330.48     
3297.37      Yes 

3269.37     Yes 

3257.37 
Prostate cancer/ 

Fusarium  
  

3243.45   Yes 

3208.41     
3186.42      Yes 

3184.39 
Breast/Prostate/ 

Ovarian/Fusarium  
  

3171.38  Ovarian Yes 

3170.38   Breast   

3166.48 
Breast/Prostate/ 

Fusarium  
  

3165.49 Ovarian/Prostate    

3156.36 Fusarium Yes 

3154.38 Fusarium    
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3.7 Figures  

 

Figure 3.1. Cycloviolacin O8 (cyO8), a known anthelmintic cyclotide from Viola odorata. A. 

CyO8 sequence, MW 3225.42 Da, showing disulfides. B. Predicted three-dimensional cyO8  

structure, not showing disulfides. Magenta arrows and cyan domain represent anti-paralled β-

sheets and a 310 α-helix, respectively (cybase.org (Mulvenna et al., 2006)); figure generated in 

Pymol). 
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Figure 3.2. Viola odorata SCX fraction library versus Fusarium graminearum bioactivity assay. 

Data are represented as mean ± SD of three replicates. Antifungal bioactivity is seen in V. 

odorata fractions 25-31. 
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Figure 3.3. Inhibitory concentration (IC50) determination of cyO8 against human cancer cell 

lines. Purified cyO8 tested against human cancer cell lines, OVCAR-3 ovarian (A), PC-3 

prostate (B), and MDA-MB-231 breast (C), and against non-cancerous human dermal fibroblasts 

(D). Vehicle indicates cells are cultured with water in place of cyO8. Data are represented as 

mean ± SD of three replicates.  
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Figure 3.4. Collision induced dissociation (CID) fragmentation of cyO8. CID MS
2
 spectra of 

reduced, alkylated, gluC digested cyO8 (+4) (top) and reduced, alkylated, gluC digested 

cyclotide mass 3257.37 Da (+4) (bottom) showing 32 Da double-oxidation mass shift localized 

to the tryptophan residue of cyO8nfk (cyO8 N-formylkynurenine). Fragment ions are colored the 

same in both spectra to aid in quick identification. 
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Figure 3.5. Ultraviolet Photodissociation (UVPD) fragmentation of cyO8. A. MS/MS of (+4, m/z 

894.39) cyO8 (2 pulses, 2 mJ/pulse) shows abundant, low intensity fragment ions. Fragments are 

labeled by the fragment ion type and the numeric index (in parentheses) from the sequence map 

shown indicating the initial cleavage site (e.g. a15(13) indicates an initial cleavage between 

residues 12 and 13 and a second fragmentation event resulting in an a15 fragment ion). B. 

Representative cyO8 sequence iterations showing UVPD MS
2
 coverage. Ion types are color-

coded based on the number of ambiguous fragment ion matches.  
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CHAPTER 4:  Viola “inconspicua” No More: An Analysis of Antibacterial Cyclotides 

*Reproduced with permission from Parsley, N. C.; Sadecki, P. W.; Hartmann, C. J.; Hicks, 

L. M. Viola "inconspicua" no more: an analysis of antibacterial cyclotides. 2019. J. Nat. 

Prod. 82(9), 2537-2543. Copyright 2019 American Chemistry Society. 

 

4.1.1 Introduction 

As the world rapidly evolves into a post-antibiotic era, it is necessary to examine the 

successes and limitations of standard approaches for new lead discovery, including re-evaluation 

of previous and current traditional medicines. Botanical remedies derived from the >500-

membered genus Viola (Violaceae) have been a mainstay of Chinese,
1
  Middle Eastern,

2
 Indian,

3
 

and African
3,4

 ethnomedicine systems for generations. Viola essential oils, extracts, and poultices 

were used classically in the treatment of bacterial and viral infections (cough, cold, fever), in 

addition to inflammation (skin disease, migraine) and oxidative stress (cancer, hypertension).
3
 

True to age-old beliefs, modern examination of the chemical constituents present in Viola spp. 

has revealed a wealth of bioactive secondary metabolites with broad-spectrum antibacterial 

activity,
5,6

 inhibition of inflammation pathways,
7
 antioxidant activity towards the treatment of 

hypertension
8
 and oxidative stress,

9
 as well as selective cytotoxic effects on drug-resistant

10
 and 

triple-negative
11

 cancers. The impressive biochemical repertoire presented by this genus 

highlights its clinical relevance and suggests that further exploration of its bioactive potential 

may unearth additional potent and diverse biological activities. 

Numerous structurally and functionally distinct molecules orchestrate the biological activities 

characteristic of Viola spp.; however, a group of small ribosomally synthesized cyclic plant 
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peptides, the cyclotides, are a primary driver of this bioactive powerhouse genus. Cyclotides are 

defined by their unique three-dimensional structure - the highly stable cyclic cysteine knot motif 

(CCK) generated via three conserved disulfides and a cyclic backbone forged through a standard 

peptide bond.
12

 Six “loops” or sequence regions exist between the six cysteine residues and are 

numbered consecutively from the first cysteine residue after the N-terminal cyclic ligation site to 

the C-terminus. Loops 1 and 4 are largely conserved among known cyclotide variants, while loop 

6 has been subject to substantial evolutionary diversity, contributing to >400 distinct cyclotide 

species (Cybase.org), with innumerous variations thought to await discovery.
13-15

 Cyclotide 

expression, both in quantity and identity, is highly dynamic among different botanical species 

and even within the same species arising from seasonal variation, environmental conditions, 

geographical location, and external cues, dramatically increasing the sequence space 

sampled.
16,17

 Novel cyclotide motifs are often emerging,
18

 suggesting that current attempts to 

elucidate the extent of sequence diversity in this peptide class have barely scratched the surface 

of variations that may exist in Nature. 

As diverse as their sequences, cyclotides exhibit a range of robust biological activities. 

Discovery of the first cyclotide, kalata B1, followed the observation that African women 

consumed Oldenlandia affinis tea to speed childbirth and the uterotonic activities of this 

concoction later attributed to its cyclotide content.
19

 Subsequent characterization of numerous 

additional cyclotide species over the last three decades has illuminated a world of intrinsically 

bioactive compounds. Believed to participate in host defense,
20,21

 the antimicrobial
22

 and 

insecticidal activities demonstrated by cyclotide family have made these fascinating peptides 

obvious candidates for potential clinical and agricultural use. As membranolytic pore-formers, 

cyclotides achieve cytotoxicity via electrostatic-driven interactions and an amphipathic tertiary 
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structure to facilitate target membrane disruption. Affecting cells with net negative membrane 

potentials, the largely nondiscriminatory cyclotide mechanism of action has led to additional 

clinically important anti-HIV
23,24

 and antineoplastic bioactivities.
11,25-27

 

Viola inconspicua Blume is a weedy perennial prone to rapid dispersion through abundant 

cleistogamous flowers distributed among the grasslands, fields, and forests of Asia. This 

commonly hybridized Viola species is used in Chinese herbal remedies and was recently 

implicated in antifungal activity against the dermatophyte Trichophyton rubrum.
28

 As few as 

three cyclotide sequences (kalata S, vinc A, vinc B) have been identified in V. Inconspicua,
29,30

 

thus warranting further examination of this underexplored botanical species to reveal previously 

uncharacterized cyclotide sequences.  

Herein, analysis of V. inconspicua revealed 41 uncharacterized cyclotide candidates and the 

known cyclotides viba 11, cyO8 and cyO9. To assess bioactivity of this cyclotide-rich species, a 

V. inconspicua peptide library was assayed against E. coli ATCC 25922 and the highly virulent 

and rifampin/streptomycin resistant pathogen Klebsiella pneumoniae VK148
31

 Cyclotide-

containing library fractions demonstrated robust antibacterial bioactivity and the most abundant 

putative cyclotides masses in these fractions were prioritized for sequence characterization. Six 

novel cyclotide sequences were revealed (cycloviolacins I1-I6, cyI1-cyI6), four of which contain 

a previously unknown “TLNGNPGA” motif in the hypervariable loop 6 region.  

Cyclotide sequences containing this novel motif were characterized for biological activity 

and secondary structure. Antibacterial activities of cyI3-cyI6 library fractions and isolated 

cyclotide species cyI3 and cyI4 were investigated. Determination of minimum inhibitory 

concentrations of cyclotide mixtures may begin to elucidate the synergistic effects among the 

numerous cyclotide species expressed in planta, likely enhancing the bioactive potencies of 
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individual cyclotide members. Molecular modeling of the cyclotide cycloviolacin I3 (cyI3, 3378 

Da) with Robetta
32

 suggests these novel-motif containing species maintain secondary and tertiary 

structure to known NMR-based cyclotide structures.  

4.2 Results and Discussion 

4.2.1 Discovery of Novel V. inconspicua Cyclotides  

Identification of putative cyclotide masses in complex botanical extracts has been achieved 

routinely via mass spectrometry, where the reduction and alkylation of three conserved disulfides 

characteristic of cyclotides produces a telltale mass shift of +348.16 Da.
33,34

 This analysis of the 

V. inconspicua peptidome resulted in 41 putative cyclotide masses and three previously 

identified cyclotides, Viba 11 (Viola tricolor, Viola baoshanensis, Viola philippica), cyO8 (Viola 

odorata, Viola adunca), and cyO9 (Viola odorata, Viola biflora) (Table S1, Supporting 

Information).  This novel complement of cyclotide-like masses suggests a much larger 

population of cyclotidyl species present in V. inconspicua than reported in the literature. 

Although the 41 masses identified via reduction alkylation mass shift analysis have not yet been 

mapped to specific cyclotides in V. inconspicua, 10 of these putative cyclotide masses are 

isobaric with cyclotides known in other botanical species (Cybase.org). Without full sequence 

characterization, however, it is not possible to confirm the identity of these masses. 

4.2.2 Exploration of V. inconspicua Antibacterial Activities 

Sequence diversity within cyclotides is a likely contributor to the broad range of activities 

exhibited by this bioactive family of molecules. V. inconspicua reversed-phase peptide libraries 

produced regions of robust bioactivity (50-100 %) against the Gram-negative bacteria E. coli 

ATCC 25922 and K. pneumoniae VK148 (Figure 1).  LC-MS/MS analysis of this peptide library 

revealed bioactive fractions to be highly populated with both novel and known cyclotides (Figure 
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2), specifically library fractions 24, 25, 27, and 28.  Six dominant and uncharacterized masses in 

these bioactive regions [3236.4 Da (cycloviolacin I1, cyI1), 3259.4 Da (cyI2), 3378.5 Da (cyI3), 

3391.4 Da (cyI4), 3406.5 Da (cyI5), and 3433.5 Da (cyI6)] were thus prioritized for molecular 

characterization and validation of bioactivity. 

4.2.3 Sequence Characterization of Six Novel Cyclotides 

Multiple material harvests were required to amass sufficient material for characterization, 

and notably, abundances of putative and confirmed cyclotide sequences identified in this study 

were variable, as has been described in a previous study.
35

 The cause of these fluctuations, 

whether seasonal, temperature-related, or pathogen-induced, was indiscernible. This highlights 

the dynamic nature of cyclotide expression and suggests that cyclotides described in current 

literature are only a snapshot of possible sequences that exist in Nature.  

The six targeted masses (cyI1-cyI6) were sequenced via LC-MS/MS analysis of reduced,  

alkylated, and Glu-C enzymatic digests via de novo sequence assignment. Assigned cyO8/cyO9 

MS/MS spectra aided the de novo sequencing of cyclotides cyI1-2 (Figures S1 and S2, 

Supporting Information), whereas MS/MS fragment ions of the highly abundant cyclotide cyI3 

(Figure 3) were used to guide the sequence elucidation of cyclotides 4-6 (Figures S3-S5, 

Supporting Information). Low abundance MS/MS fragmentation within loop five required 

additional sequence verification with chymotrypsin digestion and LC-MS/MS analysis. 

Additionally, chymotrypsin selectivity for leucine residues and homology with known cyclotide 

sequences were used to discern isoleucine/leucine identities in several positions.  

Four newly found sequences (cyI3-cyI6) demonstrated a novel “TLNGNPGAC” motif, 

deemed motif “Type I,” in the hypervariable loop 6 and were on the high end of the mass range 

typically exhibited by cyclotides (~2800-3700 Da, with most sequences clustering under 3400 
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Da 
33

) (Table 1). The remaining two sequences (cyI1 and cyI2) were more homologous to known 

cyclotides cyO8/cyO9 based on cluster analysis, motif “Type II” (Figure 4). Several parallels 

exist among the novel sequences identified in this work and the cytotoxic vibi cyclotides from 

the alpine violet, Viola biflora.
36

 CyI1 (3236.4 Da) was found to contain a tyrosine residue in 

loop two often occupied by a tryptophan residue (as in known cyclotides vibi H), a conserved 

mutation unlikely to affect activity.  Cyclotides cyI1 and cyI2 contain a 'GTXPCGE' motif, but 

contain a phenylalanine residue in the third position similar to only two other known cyclotides, 

vibi G and vibi J. Often occupied primarily by hydrophobic residues, loop three of cyclotide cyI6 

contains a basic residue (lysine), common to only vibi J and ~10 other known cyclotides
36

 

(cybase.org). All cyclotides cyI1-cyI6 contain an asparagine residue in loop 6, a critical feature 

involved in the intracellular cyclization process and highly conserved throughout cyclic cyclotide 

variants.
37-39

 Interestingly, Type II cyclotides lack the loop 6 basic residue found in most 

cyclotide species; chemically masking this lysine or arginine residue decreases the activity of 

cyclotides cyO2 and varv A
40

 and may contribute to the weak activity of cyI3-cyI6.  

Examination of the tandem mass spectrometry data revealed that the two distinct sequence 

types, i.e. Type I and II motifs, detected in V. inconspicua are discernable via characteristic 

MS/MS fingerprint ions (Figure 5). The previously uncharacterized high molecular weight 

motifs represented by Type II cyclotides (cyI3-cyI6) were easily identified by the distinct C-

terminus containing y-ions resulting from commonly used collision-induced dissociation (CID) 

fragmentation, m/z 590.2, 365.1, and 205.1, whereas Type I sequences are indicated by the 

highly abundant N-terminus containing b-ion series m/z 248.1, 347.1, 533.2, 646.3. Sample 

losses from reduction, alkylation, and enzymatic digestion often complicate sequence elucidation 

of novel cyclotide species. Using these highly abundant m/z fingerprints, MS/MS data can 



 

 

 

 70 

provide us with some information about mass identity and sequence type, though overlap in the 

MS1 may lead to ambiguity from “mixed” populations of Type I and II cyclotide fingerprints 

(Table S1, Supporting Information). Additionally, reversed-phase C18 retention times of 

cyO8/cyO9-like sequences cyI1 and cyI2 (Type I) were distinct from those containing the novel 

loop 6 motif, cyI3-cyI6 (Type II) (Figure 2). Interestingly, both types are similar in hydrophobic 

content and isoelectric point, however, the distribution of these residues may modify the tertiary 

structure. For example, a tyrosine residue found in position one of loop six in Type I sequences 

is in position one of loop three of type II cyclotides (Figure 4). 

4.2.4 Bioactivity Assessment 

Due to the high sequence homology of cyclotides cyI3-cyI6, chromatographic isolation of 

quantities sufficient for bioactivity characterization of individual cyclotides was challenging. 

However, the early reversed-phase retention time of cyI4 allowed separation from other novel 

Type II cyclotides cyI3, 5, and 6 in enough quantity for bioactivity assays against both E. coli 

and K. pneumoniae, and the high abundance of cyI3 allowed for isolation of enough material for 

bioactivity testing solely against E. coli. Minimum inhibitory concentration of isolated cyI4 was 

not achieved at a concentration > 60 µM against both E. coli and K. pneumoniae and cyI3 

exhibited ~50% activity against E. coli at 60 µM. In contrast, fractions predominantly containing 

cyclotides cyI3-cyI6 demonstrated an MIC of 18 μM and 35 μM against E. coli ATCC and K. 

pneumoniae, respectively. As the library fractions generated in this work are representative of 

the relative concentrations found in physiological conditions of the botanical specimens used, 

fractions containing mixed cyclotide species allow for synergistic interactions potentially 

occurring in Nature. Though it is posited that the ability of cyclotides to self-associate in solution 

may affect membranolytic activity,
41

 synergistic effects of different cyclotide sequences on 



 

 

 

 71 

bioactivity is largely unexplored.
42

 Regardless, cyclotide sequence diversity seen in planta is 

likely a multifaceted defense strategy evolved to combat diverse and seasonal stress conditions,
33

 

supported by the observation that small sequence changes influence and tune cyclotide hemolytic 

ability, and thus target specificity.
35

  Interestingly, the observed bioactivity of Type II cyclotides 

is significantly less potent than the bactericidal cyclotide cyO2 (MIC 5 and <12.5 μM against E. 

coli and K. pneumoniae, respectively). 

All new cyclotides were found to belong to the bracelet subfamily, defined by a high 

isoelectric point and the lack of a cis-proline in loop 5. Unlike non-ribosomally synthesized 

bacterial-derived cyclic peptides, which tend to be smaller in size, cyclotides can form various 

elements of secondary structure. Molecular modeling of cyclotide cyI3 with Robetta generated 

five homology-based models  and predicted an overall three-dimensional and secondary structure 

(a short α-helix in loop 3 and anti-parallel β-sheets with loops 4 and 5) similar to that of 

cycloviolcin O2 (cyO2), the prototypical bracelet cyclotide (Figure 6).  

4.2.5 Concluding Remarks 

New compounds with potent bioactivity and novel mechanisms of action are needed to 

supplement the increasingly ineffective antimicrobial therapeutics used in the modern clinic, 

particularly those with efficacy against Gram-negative bacterial species. Herein, we have 

established the antibacterial activity of a V. inconspicua peptide library against the Gram-

negative pathogens E. coli ATCC 25922 and K. pneumoniae VK148. Forty-one putative 

cyclotide masses were identified in Viola inconspicua. Six novel sequences (cyI1-cyI6) highly 

abundant in bioactive library fractions were determined, expanding the already substantial 

sequence diversity of this highly stable and potent peptide class. Notably, each motif type was 

readily identifiable via characteristic MS/MS fingerprint ions that may be used in future analysis 
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of cyclotide contents of botanical extracts. MIC values determined for library fractions 

containing novel cyclotides cyI3-cyI6 were in the low micromolar range, whereas MIC values of 

isolated cyclotides cyI3 and cyI4 were considerably higher. Due to the high sequence homology 

of cyI3-cyI6, the discrepancy in MIC values between isolated and complex cyclotide samples 

could indicate synergistic interactions among different sequences; however, it is possible that 

minor sequence variations in cyI5 and cyI6 could account for this increase in potency. Molecular 

modeling of a cyclotide with the novel loop six “Type I” motif provided evidence for standard 

cyclotide bracelet sub-family secondary structure elements. This work adds to the sequence 

diversity of the highly bioactive and stable cyclotide class.  

4.3 Experimental Section 

4.3.1 Plant Material  

Viola inconspicua seeds (Mountain Gardens, Burnsville, NC) were grown in a laboratory 

greenhouse at 17.5-20.3 °C on a 14/10 h light/dark cycle. Mature aerial tissue was harvested with 

immediate flash freezing and storage at -80 °C until extraction. V. inconspicua greenhouse 

specimens have been deposited at the UNC Herbarium under accession numbers NCU00303107 

and NCU00303108. Specimens are publicly available for viewing on the SERNEC (Southeast 

Regional Network of Expertise and Collections) website 

(http://sernecportal.org/portal/index.php). 

4.3.2 Peptide Library Preparation 

V. inconspicua strong cation exchange (SCX) peptide library was prepared as described 

previously.
41

 Briefly, peptidyl constituents were extracted from 100 g fresh weight material in 

300 mL  10% acetic acid buffer and selected for by passing extracts through a high molecular 

weight cutoff filter (MWCO 30 kDa; Millipore) to remove large proteins and by dialyzing into 5 
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mM ammonium formate pH 2.7 to remove small-molecules (0.1−1 kDa cutoff; SpectrumLabs). 

A V. inconspicua SCX peptide library was generated with an SCX method (PolySulfethyl A 

column, 100 mm × 4.6 mm, 3 μm particles, PolyLC) using a linear salt gradient (mobile phase 

A: 5 mM ammonium formate, 20% acetonitrile, pH 2.7; mobile phase B: 500 mM ammonium 

formate, 20% acetonitrile, pH 3.0). SCX library fractions were desalted via vacuum 

centrifugation. A reversed-phase peptide library was subsequently prepared by injecting 

combined SCX library fractions 15-40 (to avoid collecting early eluting small molecules) onto a 

Phenomenex Jupiter C18 column (300 Å, 5 µm, 4.6 mm x 150 mm) with a flow rate of 0.5 

mL/min and a 25 minute linear ramp (mobile phase A, 95/5 water/acetonitrile with 0.1% TFA; 

mobile phase B, acetonitrile with 0.1% TFA). Reversed-phase library fractions were dried down 

via vacuum centrifugation and resuspended in water. 

4.3.3 Mass Shift Analysis  

V. inconspicua SCX peptide library fractions 15-40 were combined, reduced with 10 mM 

dithiothreitol (45 °C, 850 rpm, 30 min) and alkylated with 100 mM iodoacetamide (25 ˚C, 850 

rpm, 15 min). Salts were removed by solid phase extraction with Pierce C18 spin columns 

(Thermo Scientific) prior to LC-MS/MS analysis. 

4.3.4 Antibacterial Bioactivity Assays  

The V. inconspicua reversed-phase peptide library was assayed against E. coli ATCC 25922 

and clinical isolate Klebsiella pneumoniae VK148 (rifampin and streptomycin resistant 

derivative of ATCC 43816) in a 96-well plate format, as described previously
41

. Bioassay plate 

wells each contained 30 μL Mueller-Hinton medium, 10 μL bacterial culture, and 10 μL V. 

inconspicua library fraction. Positive and negative controls consisted of antibiotic (E. coli: 

ampicillin, 100 μg/mL; K. pneumoniae and S. aureus: erythromycin 100 μg/mL) and sterile 
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water, respectively. Plates were incubated at 37 °C, 250 rpm for 4 h. Resazurin was added to 

each well to a final concentration of 1 mM and incubated for approximately 1 h. Cell viability 

was quantified using an excitation wavelength of 544 nm and emission wavelength of 590 nm. 

Assays were performed in triplicate. 

4.3.5 Proteolysis for Sequence Characterization 

 To avoid overly complex LC-MS/MS spectra, reduction and alkylation was performed as 

described above on individual SCX fractions. Reduced and alkylated material was incubated 

1:50 enzyme:substrate with endoproteinase Glu-C enzyme (Sigma) or Chymotrypsin (Sigma) at 

37 °C for 3 h.  

4.3.6 LC-MS/MS Analysis  

Approximately 1 μg of acidified reduced/alkylated, reduced/alkylated/glu-C digested, or 

reduced/alkylated/chymotrypsin digested V. inconspicua sample was injected onto a nano-LC-

ESI-MS/MS platform consisting of a NanoAcquity (Waters, Milford, MA) coupled to a 

TripleTOF5600 MS (AB Sciex, Framingham, MA). Front-end UPLC separation of peptides was 

achieved on an HSS T3C18 column (100 Å, 1.8 μm, 75 μm × 250 mm, Waters), after passing a 

Symmetry C18 trap column (100 Å, 5 μm, 180 μm × 20 mm, Waters), with a flow rate of 0.3 

μL/min and a 30 minute linear ramp of 5%−50% B (mobile phase A, 1% formic acid in water; 

mobile phase B, 1% formic acid in acetonitrile). The TripleTOF5600 MS was operated in 

positive-ion, high-sensitivity mode with the MS survey spectrum using a mass range of 

350−1600 Da in 250 ms. Targeted CID MS/MS data was acquired for the six novel cyclotides 

sequences using reduced/alkylated and digested samples and a collision energy (CE) of 40. 

Deisotoped peak lists for the intact and reduced/alkylated samples were generated using 

Progenesis QI for Proteomics software (Nonlinear Dynamics, v.2.0) with a retention time filter 
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of 14−45 min and a maximum charge of +10. “Peptide ion data” was exported from Progenesis 

and analyzed for the characteristic reduction/alkylation mass shift corresponding to three 

disulfide bonds (348.16 Da) using Python.  

4.3.7 Isolation of CyI3 and CyI4 

CyI3 and cyI4 isolation was achieved by collecting cyclotide-containing SCX fractions, 

desalting with SPE, and injecting onto an Agilent Zorbax extended C18 column (300 Å, 5 µm, 

4.6 mm x 250 mm) with a flow rate of 2 mL/min and a linear ramp of 5-25% mobile phase B 

from 0-5 min and 25-50% mobile phase B from 5-20 min (mobile phase A, water with 0.1% 

formic acid; mobile phase B, acetonitrile with 0.1% formic acid). CyI3/cyI4 reversed-phase 

peaks from multiple runs were manually collected, dried down in a vacuum concentrator, 

resuspended in water, and combined for subsequent MIC testing. CyI3/cyI4 purity was analyzed 

by LC-MS analysis on a ThermoScientific Q Exactive HF-X via direct infusion. 

4.3.8 Determination of Minimum Inhibitory Concentration  

The cyI3-cyI6 concentration in V. inconspicua reversed-phase library fractions and isolated 

cyI3/cyI4 samples was determined using a NanoDrop (Thermo) and an extinction coefficient of 

8855 M
-1

cm
-1

.
 
MIC values were assessed with a two-fold serial dilution performed in a 96-well 

plate format. In each well, 30 µL minimal medium, 10 µL bacterial culture, and 10 µL library 

fraction was added, and the plate was incubated at 37 °C for 4 h, shaking at 250 rpm, and both 

OD600 and resazurin were used to establish MIC values. The assay was performed in triplicate for 

all concentrations (except the highest concentration of cyI3, in which availability of material 

limited replicates to two). 
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4.3.9 Molecular Modeling of Cyclotide CyI3  

The three-dimensional structure of cyI3 was modeled with the Robetta server
32

, an automated 

structure prediction server based on the Rosetta software package (Rosetta Commons). Circulin 

B (PDB 2ERI) was chosen as the homology model template. The five resulting structure 

predictions were aligned in Pymol (Schrӧdinger) with the prototypical bracelet cyclotide, cyO2. 
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4.5 Tables 

Table 4.1. Six Novel Cyclotide Sequences (cyI1-cyI6) Identified in Viola inconspicua. 

Identity 
Mass 

(Da) 
Sequence 

cyI1 3236.4 SCVYIPCISSVVGCSC-KSKVCYKNGT-FPCGE 

cyI2 3259.4 SCVWIPCISSVVGCSC-KSKVCYKNGT-FPCGE 

cyI3 3378.5 TCIWGKCYSASIGCSCSKYKVCTLNGNPGACGE 

cyI4 3391.4 TCVWGKCYSASIGCSCNKYKVCTLNGNPGACGE 

cyI5 3406.5 TCIWGKCYSASIGCSCSRYKVCTLNGNPGACGE 

cyI6 3433.5 TCIWGKCYSAKIGCSCSKYKICTLNGNPGACGE 

  



 

 

 

 78 

4.6 Figures 

 

Figure 4.1. V. inconspicua peptide library exhibits robust bioactivity against E. coli ATCC 25922 

(top) and K. pneumoniae VK148 (bottom).  
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Figure 4.2. Bioactive V. inconspicua peptide library fractions contain abundant novel cyclotides 

(cyI1-cyI6). (A) Overlaid total ion chromatograms (TICs) of V. inconspicua reversed-phase 

library fractions 24-28. (B) Abundant cyclotide species present in each of the bioactive fractions. 

(C) V. inconspicua vs. E. coli ATCC 25922 assay bioactivity region matches elution profile of 

novel cyclotide species cyI1-cyI6.  
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Figure 4.3. V. inconspicua cyclotide cyI3 (3378.4 Da) CID MS/MS spectra of (A) gluC 

linearized cyI3 (+4), (B) cyI3 chymotrypsin fragment 2035.8 Da (+2), and (C) cyI3 

chymotrypsin fragment 1218.5 Da (+2). Spectra are annotated with b and y ion series, and 

coverage is shown on sequence maps above each spectrum.  
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Figure 4.4. Alignment of novel cyclotide sequences cyI1-cyI6 with previously characterized 

cyclotides viba 11, cyO8, and cyO9. Loops are indicated by roman numerals above sequences. 

Homology is indicated by tree on left. Asterisks on bottom of sequences indicate high 

conservation, where colons indicate conservative mutations.  
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Figure 4.5. CID MS/MS spectra of GluC-digested V. inconspicua cyclotides contain several 

highly abundant fragment ions characteristic of motif type, either Type I (left column) or the 

novel Type II motif reported herein (right column). Fragments are color-coded throughout 

spectra.  
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Figure 4.6. Overlay of Robetta predicted novel cyclotide cyI3 structures with prototypical 

bracelet cyclotide cyO2 (white stucture, PDB 2KNM). Generated in PyMol (Shrödinger). CyI3 

predicted structures conform to known bracelet subfamily secondary and tertiary structure.  
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CHAPTER 5:  Exploring the diversity of cysteine-rich natural product peptides via 

MS/MS fingerprint ions 

*Manuscript submitted for publication. Authors: Nicole C. Parsley, Owen L. Williams, and 

Leslie M. Hicks. 

5.1 Introduction 

A global rise in antimicrobial resistance necessitates the identification and characterization of 

novel antimicrobial compounds to supplement and increasingly dry drug pipeline. Natural 

product peptides are a source of antimicrobial therapeutics with unique chemistries; however, 

highly complex natural product matrices, inherent sequence variability, and low abundance 

challenge the identification of new antimicrobial peptide (AMP) sequences. Antimicrobial 

peptide secondary/tertiary structure, charge, post-translational modification, and molecular 

weight are non-uniform, ranging from 2-4 residue, negatively-charged non-ribosomally 

synthesized, linear bacterial lipopeptides to >40 residue, basic, and highly disulfide-bound plant 

defensins. Additionally, the expression and abundance of AMPs are dynamic, influenced by 

environmental factors (e.g. season, stress) and circadian rhythms. Thus, despite the >3000 AMPs 

reported among databases (dbaas.org, AMPdb.org), the chemical suites of many sources remain 

obscured by extract complexity, diversity, and periodicity, necessitating new approaches to 

explore the true AMP sequence diversity in nature.  

Mass spectrometry (MS) drives primary discovery, where modern instruments coupled with 

ultra-high performance liquid chromatography (UHPLC) can identify and resolve low abundance 

peptidyl species in complex mixtures with unprecedented limits of detection, resolving power, 

and mass accuracy. Advances in multistage MS (MS
n
) allow for the determination of extract 

constitution at the MS
1
 level as well as the identity of constituents via tandem MS. 
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Fragmentation methods (e.g. CID, ETD, EThcD) and orthogonal chemical derivatization 

strategies enable the characterization of diverse and difficult-to-sequence mass species without 

prior isolation. Even so, the hundreds to thousands of compounds present in extracts complicate 

comprehensive peptide identification/sequence elucidation, and additional strategies are needed 

to explore the depths of natural product peptide sequence diversity. Conserved features among 

AMP families can inform MS-based methods towards the exploration of novel sequences in 

natural product extracts.  

Cysteine-rich peptides (CRPs) represent the majority of characterized botanical natural 

product peptides
1
 and are produced extensively in plants to mediate various elements of 

physiology, reproduction, growth/development, and defense against pathogens.
2-6

 Disulfide 

bonding among cysteine residues scaffolds these highly stable and enzymatically-resistant 

molecules; CRPs are typically classified by cysteine number and pattern along the backbone.
1
 

Chemical derivatization strategies can be exploited to detect the presence of CRPs in complex 

matrices by mass shift analysis, where extracts before and after the reduction and alkylation of 

Cys residues produces an easily observable characteristic mass shift. Mass shift analysis is often 

the first step towards the identification of CRPs in botanical extracts,
7,8

 however this alone can 

lead to under- or over-estimation of the number of unique CRPs. Additionally low quality 

MS/MS spectra typical of untargeted, data dependent experiments may preclude full sequence 

characterization.  

Mass spectral fingerprinting is a method of profiling MS ions as chemical signatures that are 

characteristic of classes of molecules, organisms, or other target group, and can be derived from 

in silico database-based prediction or from experimental data. Currently, MS fingerprinting is 

primarily performed at the MS
1
 level, without or complementary to MS/MS data. Database-
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based protein identification with peptide mass fingerprinting often employs in-vitro enzyme 

digestion prior to MS, where a unique combination of peptides is used as a chemical 

“fingerprint” of a given protein when compared to those predicted from the database. With this 

approach, increasing sample complexity generates increasing peptide interference and may 

challenge accurate protein identification/reduce confidence in protein assignments.
9
 Spectral 

patterns acquired via MALDI-TOF and processed with advanced statistical algorithms have 

proven invaluable as a tool to discriminate bacterial
10-17

 and fungal
18-20

 species, including drug 

resistant strains, though the specific molecular origin of diagnostic ions is often unknown in such 

chemometric approaches. MS fingerprinting has been exploited extensively in the field of natural 

products to discriminate chemical composition as it relates to the geographical origin
21,22

 and 

purity/adulteration
23-27

 of a variety of natural substances. Additionally, it has been applied to the 

identification of CRPs at the MS
1
 level to reveal misidentification/mislabeling of herbal 

medicines.
28

 MS/MS data is routinely collected during LC-MS experiments and can provide 

information about the type/characteristics of components in a complex matrix without complete 

sequence elucidation. Common and abundant CRP MS/MS fingerprint ions can be leveraged to 

prioritize the identification of novel peptidyl species and reduce the re-characterization of known 

CRPs.  

Knottins are low molecular weight (~3 kDa), functionally diverse CRPs characterized by 

three conserved disulfide bonds and a canonical ‘knotted’ cysteine connectivity of C1-C4, C2-

C5, and C3-C6.
29

 Peptides conforming to the knottin structural class are further subdivided into 

families based on sequence homology: cyclotides are head-to-tail cyclized knottins found largely 

in the Violaceae, Rubiaceae, and Cucurbitaceae botanical families. Cyclotides possess diverse, 

innate bioactivities with >400 sequences known, and thousands more are thought to await 
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discovery. Three cyclotide subfamilies exist (bracelets, Mӧbius, and trypsin inhibitors) where 

regions between the six Cys residues (loops 1-6) facilitate sequence comparison among cyclotide 

species (Figure 1). Largely homologous, the bracelet and Mӧbius cyclotides are differentiated by 

the absence or presence of a cis-Trp/Pro or cis-Tyr/Pro bond in loop 5, respectively, in addition 

to some regions of sequence homology specific to each subfamily. Despite sharing a cyclic knot 

structure, trypsin inhibitor sequences are more dissimilar to the aforementioned subfamilies and 

offer a comparatively limited range of bioactivities.
30

 

The number and identity of CRP species, such as cyclotides, can dramatically vary among 

natural product extracts, where the comprehensive characterization of the suite of CRP masses in 

a single botanical species can challenge even the most sensitive and accurate analytical methods. 

Cysteine derivatization and mass shift analysis are commonly used to identify CRP constituents, 

and cyclic CRPs require in vitro enzymatic digestion (e.g. endoproteinase Glu-C) to cleave the 

cyclic backbone and facilitate MS
2 

sequence characterization. Regardless, complete sequence 

characterization is often challenged by low abundance cyclotide species in complex matrices, 

numerous sample preparation steps, and incomplete MS/MS fragmentation.  

Regions of sequence homology among CRPs can be exploited to guide the identification of 

novel mass species, where shared sequence motifs are reflected in MS/MS spectra as 

“fingerprint” ions. Herein, theoretical MS/MS fingerprint ions most representative of the bracelet 

and Mӧbius cyclotide subfamilies are identified. Proof-of-principle is achieved by coupling a 

mass shift analysis, where CRPs are detected by a +348.16 Da mass shift consistent with the 

reduction and alkylation of three disulfide bonds, with a “fingerprint” analysis of the reduced, 

alkylated, and enzymatically-digested botanical extracts from the cyclotide-producing Viola 

genus. Common m/z fingerprints observed with these data are discussed and sequence 
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information derived from fingerprint analysis is cross referenced with CyBase to identify 

sequences of interest. False discovery rate is determined via in silico fragmentation of the 

Swissprot database and enumeration of the instances in which these diagnostic fingerprint ions 

would be produced by a non-cyclotide mass. Aerial and root tissue harvested from the same 

greenhouse grown Viola plants and wild-grown Viola aerial material harvested in two different 

seasons was used to demonstrate the utility of MS/MS fingerprint ions and assess changing 

peptide populations, focusing on the bracelet and Mӧbius cyclotides abundant in Viola spp. 

Without full sequence characterization or targeted runs, and only low quality MS/MS spectra, we 

demonstrate that a rapid assessment of MS/MS fingerprint ions can reveal novel cyclotide 

masses, modified cyclotides, and masses that are likely known cyclotide sequences. We extend 

our analysis to CRPs in the seeds of the well characterized Cucurbitaceae species, Lagenaria 

siceraria (bottle gourd). Highly abundant MS/MS fingerprint ions are identified of the known 

linear trypsin inhibitors LSTI-II and III.
31

 Mass shift analysis is then coupled with the 

identification of fingerprint ions in unknown mass species to identify and subsequently sequence 

three new L. siceraria CRPs, LSCRP-I, II, and III.  

Thus, we herein demonstrate that low m/z fingerprint ions can indicate whether a mass is (a) 

likely a cyclotide, (b) belongs to a cyclotide subfamily, (c) a potentially new cyclotide motif type 

that warrants full sequence characterization, (d) an oxidized or over-alkylated cyclotide, aiding in 

dereplication, (e) can inform what types of cyclotides are changing in abundance among sample 

types (e.g. tissue samples, seasonal variation), and (f) can differentiate multiple unique peptide 

species close or identical in mass that may have been overlooked otherwise based on mass alone.  
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5.2 Experimental 

5.2.1 Fragment Database Generation 

Fragmentation databases were generated by reading .fasta sequences of cyclotide 

(CyBase.au.org, 433 sequences, accessed January 5, 2020) and Swissprot (558,712 sequences, 

accessed January 5, 2020) into an in-house developed C++ program (accessible at 

github.com/hickslab, Repositories: FragmentSearch) that simulates Glu-C digestion, b/y ion 

fragmentation, and compares the resulting set of in silico predicted fragments with a user-

specified experimentally-derived list of fingerprint fragment masses within a mass tolerance, 

defaulting to 0.02 Daltons. For false discovery rate (FDR) determination, all cyclotide species 

(208 sequences) were removed from the Swissprot database prior to in silico manipulation. 

Monoisotopic fragment masses were calculated, where Cys has a fixed modification of +57.0214 

Da. Digestion with Glu-C was simulated by splitting each sequence at the C-terminus of each 

glutamic acid residue and the resulting theoretical b/y ions of the linear sequence predicted.  

5.2.2 Plant Material and Extraction 

Viola communis aerial material was harvested from North Carolina residential areas 

(35°55'25.6"N, 78°56'14.5"W) in the months of March and December 2019. Viola inconspicua 

was grown in a greenhouse (14/10 h light/dark cycle, 17.5-20.3 °C) and aerial and root material 

was harvested from the same plant. Lagenaria siceraria seeds were purchased from Strictly 

Medicinal (Eugene, OR). Viola aerial and root material was ground under liquid nitrogen to a 

fine powder, and L. siceraria seed material was ground with a seed mill. Peptides were extracted 

with 10% acetic acid buffer (1:3 w/v aerial and root tissues, 1:10 w/v seed material). Peptidyl 

constituents were selected for by filtering extracts through a 30 kDa MWCO filter (Millipore) 

and dialyzing with a 0.1−1 kDa cutoff membrane (Spectrum Labs) into 5 mM ammonium 
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formate pH 2.7. Remaining small molecule components were removed by strong cation 

exchange (PolySulfoethyl A column, 100 mm × 4.6 mm, 3 μm particles, PolyLC) using a linear 

salt gradient (mobile phase A: 5 mM ammonium formate, 20% acetonitrile, pH 2.7; mobile 

phase B: 500 mM ammonium formate, 20% acetonitrile, pH 3.0). Peptide-containing fractions 

were pooled, salts were removed via solid-phase extraction (SPE) cartridges (Waters Sep-Pak, 

500 mg), and elutions were dried in a vacuum centrifuge (Labconco).  

5.2.3 Mass Shift Analysis and Proteolysis 

Material was reduced (10 mM dithiothreitol, 45 °C, 850 rpm, 30 min) and alkylated (100 

mM iodoacetamide, 25 ˚C, 850 rpm, 15 min). Reduced and alkylated material was incubated 

1:200 enzyme:substrate with endoproteinase Glu-C enzyme (Sigma)  in 100 mM ammonium 

bicarbonate, pH 7.8, at 37 °C for 3 h. Pierce SPE C18 spin columns were used to remove salts 

(Thermo Scientific) prior to LC-MS analysis. 

5.2.4 LC-MS/MS Analysis.  

One μg of acidified reduced/alkylated, reduced/alkylated/Glu-C digested sample was injected 

onto a nano-LC-ESI-MS/MS platform comprised of a NanoAcquity (Waters, Milford, MA) 

coupled to a TripleTOF5600 MS (AB Sciex, Framingham, MA). A Symmetry C18 trap column 

(100 Å, 5 μm, 180 μm × 20 mm, Waters) and HSS T3C18 analytical column (100 Å, 1.8 μm, 75 

μm × 250 mm, Waters) were used for nUPLC separation of peptides, with a flow rate of 0.3 

μL/min and a 30 minute linear ramp of 5%−50% B (mobile phase A, 1% formic acid in water; 

mobile phase B, 1% formic acid in acetonitrile). The TripleTOF5600 MS was operated in 

positive-ion, high-sensitivity mode with the MS survey spectrum using a mass range of 

350−1600 Da in 250 ms and IDA where the first 20 MS
2 

spectra were collected with a mass 

range of 100-1800 Da each in 87 ms. Targeted CID MS/MS data was acquired for the three LSTI 
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masses, 2605.93 Da (869.65 m/z, +3), 2705.02 Da (902.68 m/z, +3), 2762.01 Da (921.68 m/z, 

+3), using the reduced/alkylated samples and a collision energy (CE) of 40 and a CE spread of 5. 

Mass shift analysis was performed by identifying 348.16 Da mass shifts in Progenesis QI for 

Proteomics (Nonlinear Dynamics, v.2.0) using “Peptide ion data” deisotoped peak lists with a 

retention time filter of 14−45 min and a maximum charge of +10.  

5.3 Results 

5.3.1 Cyclotide Fingerprint Ions 

Cyclotide sequences (CyBase.au.org) were Glu-C cleaved and fragmented in silico to 

produce theoretical b/y MS/MS ions. Fingerprint ions of cyclotides and cyclotide subfamilies 

were assessed for abundance in the theoretical database, initially focusing on the more common 

bracelet and Mӧbius species (Table 1). Mӧbius cyclotides are defined primarily by an aromatic-

Pro motif in loop 5; total Mӧbius cyclotides, cis-Trp/Pro and cis-Tyr/Pro Mӧbius sequences were 

separately examined. Necessitated by design, all cyclotides contain a 147.08 Da fragment ion 

corresponding to a C-terminal Glu residue. Notably, ~87% of all known cyclotide species 

contain the C-terminal residues ‘CGE,’ providing a 148.06, 205.08, and 365.11 m/z fingerprint 

handle for masses likely belonging to the cyclotide family. The Swissprot database 
32

 was then 

used to estimate the FDR for these cyclotide fingerprint ions based on the frequencies of 

identifying sequences/fragment ions characteristic of cyclotides in non-cyclotide masses. The 

likelihood of finding the cyclotide-indicative fragment ions 148.06, 205.08, 365.11 m/z in non-

cyclotide masses was calculated to be 97%, 0.46%, and 0.02%, respectively, where the 

likelihood of identifying the 148.06 and 205.08 m/z fragment ions in the same spectrum would 

be 0.45% and of identifying all three fragment ions would be only 0.005% (Figure 1). This 

indicates that the ‘CGE’ motif is unlikely to be found in non-cyclotide mass species; therefore 



 

 

 

 95 

these fragment ions in combination can be used as a basis to assign novel putative cyclotides 

from LC-MS/MS data. 

More specific molecular information can be attained from other highly abundant MS/MS 

fingerprint ions. In addition to the presence/absence of the cis-Trp/Pro or cis-Tyr/Pro motif in 

loop 5, bracelet and Mӧbius cyclotides offer regions of sequence homology within subfamilies. 

As such, the b-ions 248.07, 347.14, and y-ion 462.17 m/z are seen primarily in bracelets, where 

b-ions 102.05, 262.09, 409.15 m/z and y-ions 464.18 and 561.23 m/z are seen largely in Mӧbius 

cyclotides (Figure 1, Table 1, summarized in Table 2). Differences between the cis-Trp/Pro and 

cis-Tyr/Pro Mӧbius sequences are seen primarily in the cis-Trp/Pro y-ion series: 464.18, 674.32, 

561.23, and 731.34 m/z (Table 1). The percent of bracelet and Mӧbius cyclotides in CyBase that 

contain a given MS/MS fingerprint ion can be calculated (Table 2). Additionally, the percent in 

which a given MS/MS fingerprint ion belongs to a bracelet or Mӧbius sequence can be 

calculated (Table 2), and indicates the specificity of a given sequence to a subfamily (e.g. if a 

sequence motif is identified, does it suggest a bracelet or Mӧbius identity, aiding in sequence 

characterization). Bracelet sequences outnumber Mӧbius sequences ~2:1, consistent with 

calculated Bracelet:Mӧbius ID values of ~67:33. Though this does not preclude the identification 

of these fragment ions in the alternative subfamily, these ions can be used to predict cyclotide 

subfamily type in addition to contributing additional evidence that a mass belongs to the 

cyclotide family. A conserved aromatic residue in bracelet subfamily loop 2 (N-terminal 

sequence ‘SCVX(Aromatic)’) can provide additional sequence information, where instances of 

Phe, Tyr, and Trp incorporation into this b4 position are roughly equal (Table 2) and can aid in 

the discrimination of sequence identities. In addition to these theoretical cyclotide, bracelet, and 

Mӧbius MS/MS fingerprint ions, experimentally observed fragment ions (Table 2) can be used to 
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quickly differentiate cyclotides close in mass, identify common modifications (e.g. oxidation, 

alkylation), and identify likely new/known sequences in tandem with database searching towards 

a more accurate representation of sequence diversity in a plant extract, and are discussed in detail 

through examples below. 

5.3.2 Seasonality 

Antimicrobial peptide expression can be seasonal, where plants respond to different 

environmental conditions and biotic/abiotic pressures via proteomic changes. Viola communis 

material harvested from residential areas in the months of March and December 2019 (spring and 

winter) was reduced, alkylated, and Glu-C digested for mass shift and fingerprint ion analysis. 

Total ions chromatograms (TICs) of the intact V. communis seasonal samples suggest that the 

extract components are of roughly the same composition, however, differ in abundance (Figure 

2A). It should be noted that numerous factors can affect peptide expression and abundance in 

planta, and though material harvested in the spring and winter months is used herein as a 

illustrative example of seasonal variation, the determination of true seasonal differences would 

require multiple material harvests to assess the consistency and reproducibility of peptide 

expression/abundance measurements in each sample.  

Approximately 200 V. communis masses produced a characteristic +348.16 Da mass shift 

upon reduction and alkylation and were within the cyclotide mass range of 2500-3700 Da. 

Sequence elucidation of all 200 mass species would take considerable time, additional targeted 

experiments to improve MS/MS fragmentation, and would result in the identification of known 

cyclotides from other botanical species as well as duplicate sequences present in the same plant 

species with modifications (e.g. oxidation) that obscure sequence identity. Thus, the use of 

cyclotide-indicative fingerprint ions identified herein can guide sequencing prioritization.  
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Novel species. Mass 3508.57 Da (878.15 m/z, +4, and the neutral, intact mass (NI), calculated by 

subtracting 348.16 Da for cysteine modification and 18 Da for Glu-C digestion, = 3142.40 Da) 

produced very few MS/MS fragment ions that could be used towards full sequence elucidation, 

however, cyclotide y-ion fragments 148.06, 205.08, and 365.11 m/z corresponding the C-

terminal sequence ‘CGE’ are observed (Figure 2B). Additionally, the common bracelet specific 

b-ions 248.06, 347.13, and y-ion 462.16 m/z are present, corresponding to the N-terminal and C-

terminal sequences ‘SCV’ and ‘PCGE,’ respectively (Table 1). Additionally, a 510.20 m/z 

fragment is present and corresponds to a Phe in the aromatic b4 position, indicating an N-

terminal sequence ‘SCVF.’ The neutral, intact mass 3142.40 Da is within 1 Da of four entries in 

CyBase: mden F, viphi F, mra5, and kalata B18, identified in the botanical species Melicytus 

dentatus, Viola philippica, Melicytus ramiflorus, and Oldenlandia affinis, respectively. 

Comparing these known sequences with the MS/MS fingerprint ions, mden F and viphi F contain 

N-terminal ‘TCF’ and ‘SCVF’ sequences, respectively, while mra5 and kalata B18 share the N-

terminal ‘SCVY’ motif with 3142.42 Da but both contain a C-terminal ‘PCAE’ motif. Thus, 

based on the known sequences, all of these peptides can be ruled out strictly from the four N- 

and four C-terminal residues/predicted fingerprint ions, indicating that 3142.42 Da may be a 

novel mass and should be pursued further for sequence characterization. 

Dereplication. Natural product discovery is plagued by the re-identification of known 

compounds, and dereplication strategies are key to the discovery of novel mass species. Like the 

putatively novel mass above, mass 3518.61 Da (880.66 m/z, +4, and NI = 3152.45 Da), did not 

produce enough fragmentation for full sequence determination, however, the characteristic 

cyclotide fingerprint ions 205.08 and 365.11 m/z were observed, in addition to the bracelet b-ions 

248.07, 347.13, and the y-ion 462.16 m/z, indicating that this mass is a cyclotide in the bracelet 
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subfamily (Figure 2C). The MS/MS spectrum also contains the b4 aromatic peak 533.31 m/z, 

indicating that this mass contains an N-terminal sequence ‘SCVW’ (Table 2). The neutral, intact 

mass 3152.45 Da searched on CyBase is within 22 ppm of the known cytotoxic bracelet 

cyclotide, vitri A (3152.38 Da), identified in the botanical species Viola tricolor, Viola biflora, 

and Psychotria leptothyrsa. The observed MS/MS fingerprint ions are consistent with this 

cyclotide, with a ‘SCVW’ N-terminal motif and a ‘PCGE’ C-terminal motif. Though there could 

still be internal same mass amino acid substitutions making 3152.45 Da a unique sequence, 

based on the presence of vitri A among numerous botanical species, mass 3152.45 Da should be 

de-prioritized for sequence characterization when targeting novel mass species. It is notable that 

the abundance of this mass appears to increase from the December to March harvests, mirroring 

an increase in pathogen pressure with changing seasons; the use of internal standards to quantify 

the differential abundance of the cytotoxic vitri A
33,34

 species may inform subsequent studies 

assessing seasonal peptide expression profiles. 

Modifications. Present in both March and December, mass 3550.61 Da (888.66 m/z, +4, and NI = 

3184.45 Da), has the characteristic cyclotide fingerprint y-ions 148.06, 205.08, and 365.11 m/z 

and the bracelet b-ions 248.07, 347.13 and y-ion 462.16 m/z; however, we see a shift of the 

aromatic b-ion peak 533.20 m/z to 565.20 m/z (Figure 2D), indicating N- and C-terminal 

sequences ‘SCVW(+32)’ and ‘PGCE,’ respectively. This mass shift is commonly observed 

experimentally in which bracelet type cyclotides are modified with a doubly oxidized loop two 

Trp residue (+32 Da) 
35

, and may result from in vivo or experimental conditions (e.g. acidic 

environments). The true intact, neutral mass of this cyclotide is thus calculated by subtracting the 

32 Da contributed by di-oxidation, and is consistent with a doubly oxidized vitri A. Without this 

observation, 3184.45 Da may be misidentified as a new cyclotide species or reassigned 
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incorrectly: the neutral doubly-oxidized mass is identical to two CyBase cyclotides, Mobo B and 

Kalata B16. Mobo B can be eliminated from consideration immediately, as the N-terminal 

sequence motif is ‘TCAK’ and would not produce the 248.07 and 347.14 m/z ions indicative of 

the common bracelet N-terminal motif ‘SCV.’ Kalata B16 has the N-terminal 248.07 and 347.13 

m/z ions, however, these are followed by a Tyr residue, representing the motif ‘SCVY,’ and is 

inconsistent with the 565 m/z ion, as well as the -32 Da, b–ion 533.20 m/z peak derived from the  

vitri A ‘SCVW’ motif. Additionally, kalata B16 has a C-terminal motif ‘PCAE,’ and would not 

contain the y–ions 205.08, 365.11, and 462.16 m/z. Here an assessment of the MS
2
 spectrum 

quickly identifies a common modification and demonstrates the use of fingerprint ions in 

dereplication strategies essential to MS-based AMP analysis of natural product extracts. 

Expanding chemical diversity. Cyclotides with different sequences can have the same mass (e.g. 

cycloviolacins O2 and O9), and without MS
2
 fingerprint ions the chemical diversity of cyclotide 

species in a given sample may be underestimated. In the V. communis December reduced, 

alkylated, and Glu-C digested spectra, common cyclotide fingerprint ions in the MS
2
 spectra of 

the masses 3565.65 (892.42 m/z, +4, and NI = 3199.49 Da), 3565.61 (892.41 m/z, +4, and NI = 

3199.45 Da), and 3564.57 Da (892.15 m/z, +4, and NI = 3198.41 Da) (Figures 2E, 2F, and 2G, 

respectively) are present. Upon closer examination, several characteristic fragment ions indicate 

that these masses are comprised of at least three different peptidyl species. All share the same 

base characteristic cyclotide y-ion 365.11 m/z and bracelet specific b-ions 248.07 and 347.14 m/z 

and y–ion 464.17 m/z, however, the b-ion loop two aromatic residue is clearly shifted to 494.21, 

510.20, and 565.20 m/z corresponding to a Phe, Tyr, and doubly-oxidized Trp in 3199.49, 

3199.45, and 3198.41 Da, respectively. Standard cyclotide-identifying fingerprint ions couple 

with the shifting of the tell-tale aromatic peak has allowed quick and facile discrimination of 
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three unique sequences close in mass, which may have been overlooked as a single mass 

otherwise. Masses 3199.49 and 3199.45 Da are within 1 Da of three masses on CyBase, and 

mass 3166.41 Da (3198.41 Da with 32 Da subtracted to account for a di-oxidation) is within 1 

Da of four masses on CyBase. Using the information gathered here, these masses can be 

subsequently analyzed for possible novelty/redundancy with known sequences as described 

above. 

Linear species. Masses exhibiting a 348.16 Da mass shift but failing to appear at the predicted 

reduced, alkylated, and Glu-C digested m/z are either not visible after the multiple sample 

preparation steps from low abundance, have >1 or 0 Glu residues, the off-target Glu-C cleavage 

at Asp residues was significant (Glu-C cleaves ~100x slower at Asp residues), or the original 

mass was linear. The neutral intact mass 3004.26 Da is present in both the March and December 

harvests, however, despite the initial high abundance in both samples, this mass is not present at 

the anticipated reduced/alkylated/Glu-C digested m/z. The reduced and alkylated V. communis 

samples, however, contain the expected +348.16 Da mass in the MS
1
 (3352.41 Da) and unlike 

cyclic cyclotide variants, exhibited fragmentation in the MS
2
. Upon initial observation, no 

cyclotide fingerprint ions were present and indicates this is either a non-cyclotide mass – and 

would not have any cyclotide fingerprint ions – or a linear cyclotide variant, and thus would not 

be cleaved at the loop one Glu residue (in vivo cyclotide ligation occurs in loop six, in which 

would be the natural terminus of a linear variant). The intact neutral mass 3004.26 Da is within 

10 ppm of the cyclotide violacin A, a linear cyclotide with a Mӧbius cis-Trp/Pro motif in loop 5, 

found in the botanical species Viola odorata and Psychotria leptothyrsa. In silico prediction of 

violacin A aligns with several prominent fragment ions in the reduced and alkylated MS
2
 

spectrum (data not shown). Returning to the reduced, alkylated, and Glu-C digested spectrum, 
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the predicted digested violacin A mass is present in the MS
1
 spectrum, where now the linear 

mass is cleaved into two discrete peptides via an internal Glu residue. The MS
2
 from the larger 

sequence (2648.15 Da) resulting from the Glu-C digest of the linear violacin A cyclotide 

contains the expected Mӧbius fragment b-ions 262.09 and 409.15 m/z (Figure 2H).  Interestingly, 

violacin A has been shown to be less biologically active than other cyclotide species 
36

 and in 

contrast to the putative vitri A sequence, the relative abundance appears to significantly decrease 

from the March harvest to the December harvest. 

5.3.3 Tissue-specificity 

Novel species.  Greenhouse grown Viola inconspicua aerial and root material, derived from 

the same plants and harvested/extracted simultaneously, was assessed for fingerprint ions 

towards the identification of tissue-specific cyclotide species. Differential cyclotide expression 

among various plant tissues has been described, and likely relates to pathogen-specific 

interactions. Differences in the TICs of the V. inconspicua aerial and root material suggest that a 

significant portion of the extract constituents are unique to tissue type (Figure 3A). Again, 

distinct MS
2
 patterns can be used to quickly discern two unique sequences close in mass, 

3784.45 (947.12 m/z, +4, and NI = 3418.29 Da) and 3784.49 Da (947.13 m/z, +4, and NI = 

3418.33 Da), and present in both V. inconspicua aerial and root MS1 spectra. Both MS
2
 spectra 

support bracelet cyclotide identities, however the aromatic b4 indicator peak is shifted to 533.21 

(Figure 3B) and 494.20 m/z (Figure 3C), representing ‘SCVW’ and ‘SCVF’ motifs in 3784.45 

and 3784.49 Da, respectively. There are no known cyclotides on CyBase.org within 1 Da of the 

neutral intact mass 3418.29 or 3418.33 Da, suggesting that both of these sequences are novel, 

unique, and should be prioritized for sequence characterization. 
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Fingerprint combinations.  Though single fingerprint ions can have significant diagnostic 

importance (e.g. the b4 bracelet aromatic peak), it is essential to regard combinations of 

fingerprint ions during analysis. A prominent 262.09 m/z b-ion present in both 3705.43 Da 

(1236.15 m/z, +3, NI = 3339.27 Da) and 3745.36 Da (1249.46 m/z, +3, NI = 3379.20 Da) spectra 

(Figure 3D and E, respectively) could represent the N-terminal sequence ‘TC,’ a motif seen 

primarily in Mӧbius cyclotides (Table 2) and taken alone could result in the inaccurate 

assessment of cyclotide type. The 3705.43 Da (Figure 3D) spectrum contains the subsequent b-

ion 361.15 m/z present in some cis-Trp/Pro Mӧbius species (Table 1) and an abundant 524.20 

m/z peak, indicating a potential ‘TCVY’ motif. Only ‘TCVF’ and ‘TCVW’ motifs are seen in 

CyBase cyclotides, exclusively in bracelet species. Though ‘TCV’ occurs more often in Mobius, 

~9% of bracelets contain a ‘TCV’ N-terminal motif (data not shown), and all instances where 

‘TCV’ is followed by an aromatic residue, these sequences belong to bracelet, compared with a 

common ‘TCVG’ motif in Mӧbius species – and indicates that this sequence could be a novel 

bracelet cyclotide. In contrast, the 3745.36 Da MS
2
 spectrum also contains an abundant 262.09 

m/z ion, but in a different combination of prominent peaks, including the cyclotide b-ions 205.08 

and 365.11 m/z and a high abundance 590.20 m/z ion. Common in vitro alkylation with 

iodoacetamide (+57.02 Da) can result in the over-alkylation of cyclotide residues. The solvent-

exposed bracelet tryptophan is particularly susceptible to over-alkylation, shifting this diagnostic 

fragment ion to 590.22 m/z (Figure 3F). The true reduced and alkylated mass is then calculated 

as 57.02 Da less, and there should not be a correlated mass in the intact sample MS1 spectra (as 

this modification occurs upon reduction and alkylation). However, an over-alkylated Trp residue 

in the b4 position in the 3745.36 Da spectrum is incompatible with the presence of the 262.09 

m/z peak, where these ions indicate the unique N-terminal sequences ‘TC’ and ‘SCVW(Alk).’ 
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Recently, five novel bracelet cyclotides were identified in V. inconspicua containing an unusual 

bracelet ‘TCV/I’ N-terminal motif and a C-terminal ‘PGACGE’ motif, deemed “Type II” motifs 

37,38
. Here, the ‘proline effect,’ or the tendency for increased fragmentation at the Pro N-terminus 

39
, generates a high abundance peak at 590.22 m/z, and is only coincidentally the approximate 

m/z of an over-alkylated Trp residue in the common ‘SCVW’ bracelet motif. These three 

examples described here illustrate the necessity of considering all possible fingerprint ion 

information in spectra for more accurate mass assignments. Interestingly, using this information 

to quickly assess all collected MS
2
 in both V. inconspicua aerial and root material, it appears that 

Type II cyclotides are expressed solely in the aerial tissue, indicating a biological significance of 

this motif type, and opening the door to subsequent biological activity assessments.  

5.3.4 Trypsin inhibitor fingerprint analysis 

Mass spectral fingerprinting is not limited to bracelet and Mӧbius subfamilies, and can be 

translated to the facile identification and prioritization of trypsin inhibitor CRPs. Three highly 

homologous Lagenaria siceraria seed trypsin inhibitors have been characterized previously, 

LLTI-I, II, and III, and conform to the three disulfide connectivity of the cysteine-knot motif, 

albeit with a linear backbone 
31

. Mass shift analysis of L. siceraria material revealed ~20 masses 

demonstrating a +348.16 Da mass shift upon derivatization. Of these, masses 3666.53 Da 

(917.64 m/z, +4, NI = 3318.37 Da) and 3795.61 Da (949.91 m/z, +4, NI = 3447.43 Da) were 

consistent with the L. siceraria trypsin inhibitors LLTI-II and LLTI-III, respectively (Table 3).  

MS
2 

spectra of 3666.53 and 3795.61 Da reveal distinct and shared, y-ion fingerprint ions (y2: 

236.07, y5: 543.22, y8: 945.39, y9: 1044.46, y10: 1204.49, y11: 1319.51, y12: 1390.56, and y13: 

1503.64 m/z) consistent with known LSTI sequences (Figure 4A, B, Table 3). Exploration of the 

reduced and alkylated L. siceraria MS data resulted in the identification of an additional, 
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unknown mass 3852.61 Da (964.16 m/z, +4, NI = 3504.45 Da), differing from the mass of LLTI-

III by 57.02 Da and demonstrating the characteristic LLTI-II and III fingerprint ions. A third 

trypsin inhibitor, LLTI-I, has been characterized in L. siceraria and differs in sequence from 

LSTI-III only by a modified N-terminal Glu (to a pyroglutamic acid residue, -18 Da) and the 

addition of a C-terminal Gly residue (where the mass of Gly is 57.02 Da). Relying on this mass 

difference, it may be assumed that 3504.45 Da is a LLTI-I sequence variant with an unmodified 

N-terminal Glu residue, differing only by a single Gly, and may be prioritized for sequence 

characterization to investigate this possibility. However, closer examination of the MS
2
 spectrum 

(Figure 4C) reveals the same fingerprint y–ion series as in LLTI-II and III, and is incompatible 

with the LLTI-I sequence derived from an extra C-terminal Gly (which would offset all y-ions by 

the mass of Gly). With this information, it is likely that 3852.61 Da is an over-alkylated LLTI-III 

sequence. Though the site of alkylation cannot be immediately localized with the observed 

MS/MS fingerprints, as with the bracelet aromatic peak, this demonstrates the use of fingerprint 

ions in other CRPs to prioritize or de-prioritize mass species of interest.   

New sequence types of novel cysteine-rich peptides may be detected through mass shift 

analysis complemented with MS
2
 fingerprint ion identification, where masses that belong to the 

same class of CRPs can be grouped based on similar highly abundant MS
2
 ions prior to sequence 

characterization. The three L. siceraria masses 2605.93 Da (869.65 m/z, +3, NI = 2257.76 Da), 

2705.02 Da (902.68 m/z, +3, NI = 2356.86 Da), 2762.01 Da (921.68 m/z, +3, NI = 2413.85 Da) 

were detected with mass shift analysis to likely contain three disulfides and are not consistent 

with any characterized L. siceraria CRPs. MS
2 
spectra of the reduced and alkylated mass species 

contained similar, highly abundant fragment ions (Figure 4D-F), indicating that these masses 

belong to the same sequence family of CRPs. Complete sequence elucidation via tandem MS 
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revealed three novel, linear sequences, confirmed to contain six Cys residues, differing each by 

only one amino acid residue, and are named LSCRP-I, II, and III (Table 3). The initially 

observed abundant fragment ions 300.17, 460.20, 717.28, 903.36, 1066.41, 1226.45, 1341.48, 

and 1501.52 m/z present among the LSCRP spectra correlate to a conserved b-ion series and can 

be used as a handle to identify additional LSCRP species, either in L. siceraria or perhaps other 

Cucurbitcaeae species. The biological function and activities, if any, of these peptides is 

unknown; however, the cysteine-rich nature of these small, homologous peptides dictates that 

follow up studies concerning biological activity should be pursued. Here, a standard mass shift 

analysis experiment coupled with on the fly MS
2 

assessment has aided the facile identification of 

a small set of novel CRPs in L. siceraria. 

5.4 Conclusion 

Stable and commonly bioactive CRPs are typically discovered via mass shift analysis. 

However, the accurate assessment of unique CRP species in a given botanical species is often 

challenged by same mass species, post-translational modifications or those derived from sample 

handling, and incomplete MS
2 

fragmentation. Mass spectral fingerprint ions can be leveraged to 

gain additional information about a mass species prior to full sequence characterization and with 

only poor quality MS
2
 spectra. Orthogonal methods, e.g. transcriptomics, can be utilized to aid 

the accurate sequence characterization of targeted masses demonstrating MS/MS fingerprint 

ions. Herein we identify sets of mass spectral fingerprint ions characteristic of the CRP cyclotide 

family, which may indicate a mass belongs to a specific cyclotide subfamily, and “tell-tale” ions 

that are of importance when discriminating putative cyclotide species, including common 

oxidation and over-alkylation ions observed experimentally. Cyclotide-containing Viola material 

is used as proof-of-principle, where seasonal and tissue-specific cyclotide variation is explored. 
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Fingerprint ions derived from a third type of CRP, the trypsin inhibitors, are assessed for a single 

plant species, L. siceraria. Combining mass shift analysis with the identification of prominent 

MS
2
 fingerprint ions is then used to identify three novel CRPs. We demonstrate that abundant 

mass spectral fingerprint ions can be used to quickly discern masses of interest in complex 

matrices and masses that are already characterized, aiding prioritization of the most promising 

novel mass species in a natural product sample for characterization. 
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5.8 Tables 

Table 5.1. Top 15 most abundant theoretical b/y MS/MS fingerprint ions in, from left to right, all 

cyclotides, the bracelet subfamily, the Mӧbius subfamily, the cis-Trp/Pro Mӧbius, and the cis-

Tyr-Pro Mӧbius. Masses are shown in the +1 charge state (+1 m/z). 
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Table 5.2. Diagnostic b/y MS/MS fingerprint ions indicative of (A) all cyclotides, (B) bracelets, 

(C) Möbius, and (D) notable and often highly abundant bracelet ions that provide valuable 

information towards the identification of a mass species. *m/z species generated from common, 

often unintentional, modifications (di-oxidation, alkylation) of the aromatic bracelet peak; values 

for percent bracelet, percent Mӧbius, bracelet identification, and Mӧbius identification represent 

a false positive value, and were calculated from the number of times this m/z would be produced 

by a cyclotide sequence in the CyBase database. †All %Bracelet and Bracelet ID values derived 

from this sequence; however, %Mӧbius and Mӧbius ID values were calculated from a same mass 

(510.20 m/z) but unique sequence: the bracelet and mobius values here are not derived from the 

same amino acid sequence, but both product the 510.20 m/z ion, necessitating that the 510.20 m/z 

value be assigned to a bracelet ‘SCVY’ motif only when observed in combination with 248.07 

and 347.14 m/z b-ions. 
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Table 5.3. Sequences and molecular weight (Da) of Lagenaria siceraria known trypsin inhibitors 

LLTI-I, II, and III (top) and previously uncharacterized Lagenaria siceraria cysteine-rich 

peptides LSCRP-I, II, and III, bottom. Bolded, blue Glu residue (E) at the LLTI-I N-terminus is 

modified to a pyroglutamic acid. 
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5.9 Figures 

 

Figure 5.1. Fingerprint ions derived from the Glu-C digestion and b/y fragmentation of the 

prototypical cyclotides, cyO2, (top, bracelet) and kalata B2 (bottom, Mӧbius). Fragment ion 

color-coding aligns to the sequence colors; below the fragment ion neutral mass (Da) is the 

chance of finding that ion in the MS
2
 of a non-cyclotide, followed by the chance of finding that 

ion in combination with those preceding it towards the nearest termini. Loop regions between 

cysteine residues are numbered above and below sequences in grey and allow for facile sequence 

comparison among cyclotide sequences.  
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Figure 5.2. (A) Total ion chromatograms (TICs) of V. communis harvested in March (blue) and 

December (purple) tissues. (B-H) MS
2
 spectra of V. communis reduced, alkylated, and Glu-C 

digested seasonal material. Common fingerprint ions are labeled; the bracelet aromatic peak 

often differentiates masses and is bolded in green in B-G.  
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Figure 5.3. (A) Total ion chromatograms (TICs) of V. inconspicua aerial (orange) and root (blue) 

tissues. (B-F) MS
2
 spectra of V. inconspicua reduced, alkylated, and Glu-C digested tissue-

specific material. Common fingerprint ions are labeled; the bracelet aromatic peak often 

differentiates masses and is bolded in green in B, C, E, and F.  
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Figure 5.4. MS
2 

spectra of L. siceraria known trypsin inhibitors (A-C) and novel cysteine-rich 

sequences (D-F); fingerprint ions common to each set of CRP are labeled. 
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CHAPTER 6:  Implementation of microfluidics for antimicrobial susceptibility assays: 

issues and optimization requirements 

*Manuscript to be submitted for publication. Authors: Nicole C. Parsley, Amanda L. Smythers, 

and Leslie M. Hicks 

6.1 Introduction 

Major advances in 20
th

 century antimicrobial therapies significantly decreased mortality 

associated with microbial infections; however, a recent global surge of antimicrobial resistance 

(AMR) has made the treatment of common bacterial and fungal infections increasingly 

challenging. Once viable antimicrobial therapies are now obsolete as new mechanisms for AMR 

develop, accelerated by the "misuse and overuse" of antimicrobial drugs.
1
 Additionally, most 

recent commercial drug discovery efforts have targeted chronic ailments, ushering in a decline in 

antimicrobial approvals over the past three decades.
2
 As such, the future of global health relies 

on an infusion of new antimicrobial therapeutics in the drug discovery pipeline. 

Natural product bioactive peptides are a vast and largely untapped source of antimicrobial 

chemistries expressed by all life, offering innate antimicrobial, antiviral, and anticancer 

properties.
3
 Natural product drug discovery has often favored the identification and isolation of 

small molecule constituents; however, antimicrobial peptides (AMPs) offer a complementary 

activity profile with the potential for increased selectivity and efficacy against pathogens.
4, 5

 

Peptide-based therapeutics debuted in the clinic in WWII with the soil bacilli-derived tyrothricin 

(a mixture of gramicidins and tyrocidines), a potent topical antimicrobial agent that predated the 

commercialization of penicillin.
6
 Despite the characterization of >3000 AMPs since then,

7
 only 

seven peptide antimicrobial drugs are currently approved by the FDA.
8
 Antimicrobial peptide 

discovery, characterization, and ultimately the path to clinical relevance is hindered by extreme 
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diversity in sequence, size (2 to >50 residues), charge, post-translational modification (e.g. 

cyclic, disulfide-bound), and natural product complexity. 

To address this gap, PepSAVI-MS was developed to identify low abundance bioactive 

peptides in complex natural product extracts.
9-13

 PepSAVI-MS is a top-down peptidomics 

approach that leverages modern mass spectrometry and relies on traditional bioassays for 

bioactivity characterization (e.g. 96-well plate or disk-diffusion). The sample quantities needed 

(~ micrograms) are often a limiting factor towards the rapid identification of novel AMPs. Plate-

based assays offer increased sensitivity and higher throughput compared with traditional agar 

disk-diffusion assays, and are largely accessible in inexpensive, commercially-available 6, 12, 

24, 96, and 384-well formats. Although higher density wells allow for greater throughput and 

require less sample volume per well, wells with smaller volumes (e.g. 384-well) can inhibit 

pathogen growth due to challenges with oxygenation
14

 and mixing.
15, 16

 Plate-based assays 

require optimization regarding pathogen identity, cell seeding density,
17

 aeration,
14

 media 

choice,
18, 19

 and assay length,
18

 and are unable to replicate physiological conditions. 

Optical density (O.D)
20

 and fluorescence-based measurements
21, 22

 are among the most 

commonly used methods to determine cell viability in plate-based assays. Optical density reads 

are often hindered by a low dynamic range and are highly susceptible to inhomogeneities of the 

solution tested, which can be problematic with bacterial cells prone to clumping and biofilm 

formation.
20

 Frequently used as a measurement directly proportional to cell density, O.D. must 

be calibrated based on specific species and measurement conditions.
20

 Metabolically-driven 

fluorescent dyes, e.g. resazurin/resorufin, have a large dynamic range, however; these are subject 

to extensive non-specific interactions with non-bacterial samples components (particularly thiol 

and carboxylic acid moieties) – a major cause of false positives/negatives.
23

 Resazurin must be 
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intracellularly aerobically reduced by metabolically active cells to fluorescent resorufin, 

requiring >30 min incubation time prior to analysis,
24, 25

 and the ability of bacterial species to 

participate in this reduction can be strain dependent due to differences in membrane 

permeability. While resazurin is effectively used for endpoint analysis, the further reduction of 

resorufin into a colorless non-fluorescent product makes it challenging to monitor cell growth 

over time.
26

 Despite common use in testing for antibiotic susceptibility, both O.D. and 

fluorescence-based bioactivity assays often require significant optimization prior to reliable 

use.
20, 25, 27

 Importantly, plate-based assays offer only a macroscopic view of indirectly measured 

bioactivity and provide no insight into cellular effects of treatment. Alternative assay formats 

with minimized optimization requirements and sample consumption are needed to enable rapid 

and accurate bioactivity assessment.  

Emerging and highly versatile microfluidic technologies offer an alternative format for 

bioactivity testing; operating at micrometer scales and down to picoliter volumes, microfluidic 

platforms offer significant experimental flexibility via customizable fabrications, where channels 

and chambers may be precisely designed to answer specific biological questions. These 

technologies enable bioactivity assessment through microscopic detection of bacterial 

growth/inhibition, facilitating the direct evaluation of AMP mechanism of action, and boast 

minute sample/reagent requirements, decreased assay times, and highly controlled environmental 

conditions.
28

 Microfluidics have been used to assay “unculturable” bacteria while screening for 

bioactive compounds with higher sensitivity and in a 4-24x decreased time frame needed for 

traditional approaches.
29

 Furthermore, microfluidic platforms may better imitate physiological 

microsystems (e.g. blood vessels and anoxygenic environments), supporting clinically-relevant 

quantitative evaluation of AMP efficacy that supersedes that of bulk assays.
30

 



 

 

 

 120 

Microfluidic platforms are adaptable, allowing for cell viability analysis via fluorescent/cell 

staining dyes and through direct cell counting with the acquisition of brightfield images.
31

 

Metabolically/biomolecule-specific fluorescent and cell staining dyes (e.g. Hoechst 33342) can 

be incorporated into microfluidic platforms to provide insight into mechanism of action and the 

differential effects of antibiotic treatment on inhomogeneous cell populations. Although the use 

of fluorescence-based assays must often contend with cellular phototoxicity during fluorophore 

excitation, the ability to gain complementary data such as membrane potential, membrane 

integrity, and DNA degradation may be invaluable in advancing the drug discovery pipeline. 

Alternatively, brightfield imaging of microfluidic channels/chambers offers a simple, direct, and 

dye-free measurement of cell viability
32

 through bacterial cell counts and may provide insight 

into the antibacterial mechanism of action
33

; thus, brightfield imaging is a preferred metric for 

cell viability during microfluidic platform optimization. Regardless, brightfield imaging still 

presents analytical challenges, where the imaging of only a cross-section of a three-dimensional 

channel and the inhomogeneity of cells throughout microfluidic channels/chambers can mislead 

accurate interpretation of bacterial growth.
34

  

Herein, a microfluidics-based bioactivity assay is compared with that of a traditional bulk 96-

well plate in order to assess its potential to elevate PepSAVI-MS AMP identification and 

biological characterization. A natural product peptide library with previously reported 

antibacterial bioactivity
10

 was generated from the cyclotide-expressing botanical species Viola 

inconspicua and screened against Escherichia coli ATCC 25922 (Figure 1). Bioactivity is 

determined through a polymethylmethacrylate (PMMA) microfluidic platform coupled with 

confocal brightfield microscopy and compared to that of polypropylene (PP) and polystyrene 

(PS) plate-based assays using both optical density and resazurin-based fluorescence 
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measurements. Despite similarities in the activity profiles of PP and PS plate-based assays, V. 

inconspicua library bioactivity was highly variable among plate-based and microfluidic 

platforms. These results show that significant optimization must be pursued prior to the 

incorporation of microfluidic technologies into established antimicrobial susceptibility pipelines. 

6.2 Methods 

6.2.1 Plant material  

Viola inconspicua seeds (Mountain Gardens, Burnsville, NC) were grown in a laboratory 

greenhouse (14/10 light/dark, 17.5-20.3 °C) to mature rosettes. V. inconspicua greenhouse 

specimens have been submitted to the UNC Herbarium under accession numbers NCU00303107 

and NCU00303108 and can be viewed on the SERNEC (Southeast Regional Network of 

Expertise and Collections) website (http://sernecportal.org/portal/index.php). 

6.2.2 Peptide library 

 Plant material was extracted and peptide library prepared as previously described 
9, 10

 (Figure 1). 

Briefly, V. inconspicua leaf tissue was harvested, ground under liquid nitrogen, and extracted 

into 10% acetic acid (1:3 w/v, 4 h, 4 ˚C, with stirring). Extract was sterile-filtered (0.22 μm, 

Corning), filtered to remove high molecular weight components (30 kDa MWCO, Millipore), 

and dialyzed into 5 mM ammonium formate, 20% acetonitrile, pH 2.7 to remove molecules < 1 

kDa (0.1-1 kDa MWCO, SpectrumLabs). Remaining small molecule components were removed 

by injecting the extract onto strong cation exchange (PolySulfoethyl A column, 100 mm × 4.6 

mm, 3 μm particles, PolyLC) using a linear salt gradient (5 mM ammonium formate, 20% 

acetonitrile, pH 2.7 to 500 mM ammonium formate, 20% acetonitrile, pH 3.0) and a flow rate of 

0.5 mL/min. All late-eluting peptide-containing fractions were collected and combined, desalted 

with a C18 solid-phase extraction (100 mg, Waters Sep-Pak), dried down in a vacuum 

http://sernecportal.org/portal/index.php
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concentrator, and resuspended in water. A V. inconspicua reversed-phase peptide library was 

prepared by injecting this sample onto a reversed-phase column (Phenomenex Jupiter C18 

column, 300 Å, 5 µm, 4.6 mm x 150 mm) where mobile phase A (MPA) consisted of 95/5 

water/acetonitrile with 0.1% TFA; mobile phase B (MPB) consisted of acetonitrile with 0.1% 

TFA, using the following gradient: 0 % MPB from 0-10  m, 0-20 % MPB from 10–13 m, 20-40 

% MPB from 13-33 m, 40-100 % from 33-43 m, and hold at 100 % B from 43-47 m, a flow rate 

of 0.5 mL/min, and collecting 1 min fractions. V. inconspicua peptide reversed-phase library 

fractions were dried down via vacuum centrifugation and resuspended in acidified LC-MS grade 

water. 

6.2.3 LC-MS/MS Analysis  

V. inconspicua library fractions 34-39 (~ 1 μg) were injected onto a nano-LC-ESI-MS/MS 

consisting of a NanoAcquity LC (Waters, Milford, MA) coupled to a TripleTOF5600 MS (AB 

Sciex, Framingham, MA). Front-end UPLC separation of peptides was accomplished via a 

Symmetry C18 trap column (100 Å, 5 μm, 180 μm × 20 mm, Waters) and an HSS T3C18 

column (100 Å, 1.8 μm, 75 μm × 250 mm, Waters), with a flow rate of 0.3 μL/min and a 30 min 

linear ramp of 5%−50% B (mobile phase A, 1% formic acid in water; mobile phase B, 1% 

formic acid in acetonitrile). The TripleTOF5600 MS was operated in positive-ion, high-

sensitivity mode, and an IDA method with a cycle time of 2 s, the MS survey spectrum using a 

mass range of 350−1600 Da in 250 ms, and the first 20 m/z from low to high m/z selected for 

MS/MS, acquiring each MS/MS over ~87 ms. Deisotoped peak lists for each library fraction 

were generated using Progenesis QI for Proteomics software (Nonlinear Dynamics, v.2.0) with a 

retention time filter of 14−45 min and a maximum charge of +10. “Peptide ion data” was 
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exported from Progenesis and used to inform the relative abundances of m/z across V. 

inconspicua library fractions for PepSAVI-MS statistical analysis. 

6.2.4 Bacterial cultures 

 Escherichia coli ATCC 25922 frozen glycerol stocks were streaked onto Mueller-Hinton broth 

(MHB, BD difco) agar plates and grown overnight at 37 °C. A colony from each plate was used 

to inoculate 5 mL of MHB in a culture tube, grown 8-16 h at 37 °C, 250 rpm, and subsequently 

used to inoculate plate-based assay and microfluidic samples as described below. 

6.2.5 Plate-based assay 

PP and PS 96-well plates were used to assess V. inconspicua library bioactivity in triplicate.  

Bacteria were adapted to liquid growth as described above, diluted back to OD600 = 0.25 in 

MHB, and grown for 1 h prior to the experiment to regain active growth. Each sample assayed 

consisted of 10 µL bacterial culture (diluted for a final concentration of OD600 = 0.1 in well), 20 

µL 1X MHB, 10 µL 2X MHB, and 10 µL V. inconspicua library fraction. V. inconspicua library 

fractions 34-39 were assayed and positive and negative controls were prepared by replacing 

library fraction with ampicillin and water, respectively. Plate assays were incubated at 37 °C for 

4 h, shaking at 250 rpm. At t=4 h, OD600 reads were acquired on a SpectraMax M5 (Molecular 

Devices). For fluorescence analysis, 1 µL resazurin sodium salt (Sigma) was added to each well 

for a final concentration of 1 mM and the plates were incubated at 37 °C, 250 rpm. After 1 h or 

1.5 h (t = 5 h or 5.5 h total assay time) for PS and PP plates, respectively, fluorescence of each 

well was measured (SpectraMax M5), with excitation at 544 nm and emission at 590 nm. 

6.2.6 Microfluidics 

An 8-channel PMMA microfluidic chip (Microfluidic-Chipshop, Germany) with channels 100 

µm x 100 µm x 18 mm and PP Luer fluidic interface was used for the microfluidic assay in 
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singlet. Each channel was flushed with 100 µL 2.5 M NaOH, 100 μL sterile water, and 

equilibrated with 100 μL MHB prior to inoculation. After initial adaptation to liquid growth as 

described above, bacterial cultures were diluted to OD600 = 0.5 in MHB. Approximately 40 μL of 

each sample was loaded into a channel via pipette tip (until excess flowed through the outlet), 

consisting of the same proportions of bacterial culture (diluted to a final in-chip concentration of 

OD600 = 0.1), 1X MHB, 2X MHB, and V. inconspicua library fraction. V. inconspicua library 

fractions 34-39 were assayed and positive and negative controls were prepared by replacing 

library fraction with ampicillin and water, respectively. The microfluidic chip was incubated at 

room temperature for 1 h prior to bacterial growth assessment via confocal brightfield imaging.  

6.2.7 Microscopy 

Brightfield contrast and fluorescence images were acquired on a Zeiss LSM710 confocal laser-

scanning microscope, with PlanApo 40X and 10X 0.45NA objective lenses, respectively. 

Brightfield and fluorescence images were collected using 561 nm and 405 nm lasers, 

respectively, on Zeiss ZEN software (Car Zeiss, INC. NY, USA). Bacterial cell viability was 

assessed via manual counting of bacterial cells in brightfield images. 

6.2.8 Cell counts 

Differences in cell counts (Δcell) were calculated by subtracting initial cell counts from final cell 

counts for each replicate, averaged, and standard deviation calculated. Bioactivity calculations 

were performed using Δcell counts for each channel, each replicate, in the following equation: 
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6.3 Results and Discussion 

6.3.1 Cyclotide library 

Cyclotide-containing peptide libraries consistently demonstrate potent antibacterial activity in 

96-well plate assay format,
10

 and were thus utilized for comparison analyses of plate-based and 

microfluidics activity assays. V. inconspicua library fractions 34-39 were analyzed for peptidyl 

constituents via LC-MS and chosen for the high intensity UV traces and late retention time 

characteristic of cyclotide species. Mass spectral (MS1) analysis revealed that all library 

fractions contain masses corresponding to cyclotides or putative cyclotide species previously 

identified in V. inconspicua (Figure 2).
10

 Highly abundant masses present in the V. inconspicua 

library fractions are consistent with the masses of the fully characterized cyclotides cyO8 

(fractions 38-39), cyO9 (fractions 35-38), viba 11 (fractions 35-36), cyI1 (fractions 35-36), cyI2 

(fractions 38-39), and cyO8/cyO9 oxidized variants (fractions 34/38). Additional high abundance 

masses 3271 Da (fraction 34), 3275 Da (fraction 34-36), and 3229 Da (fraction 37) were 

identified as putative cyclotide species based on a mass shift analysis,
10

 however, these 

sequences have not yet been characterized. The presence of different cyclotide species 

throughout the fraction subset, with at least one cyclotide mass in every fraction, and the 

propensity of cyclotides to exhibit antimicrobial activities, supports the use of this fraction 

library for assay comparisons. 

6.3.2 Bioactivity of 96-well plate assays 

V. inconspicua library fractions 34-39 were assessed for bioactivity in conventional PP and PS 

96-well plates (Figure 3). Optical density and fluorescence measurements conferred significant 

bioactivity in the V. inconspicua library fractions 38 and 39. However, activity was dependent on 

the measurement of cell viability (absorbance versus fluorescence) and the plate material (PP 
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versus PS). Among the active fractions in the PP and PS plate assays, optical density reads 

averaged 60 ± 5 and 37 ± 16 % less bioactivity than fluorescent reads for fractions 38 and 39, 

respectively; accordingly, fluorescent resazurin/resorufin measurements can achieve > 6-fold 

higher signal to background
25

 in comparison to O.D. measurements.
35

 Polypropylene and PS 

optical density-based activity measurements of fraction 38 were within error of each other, at 46 

± 6 and 51 ± 8 % activity, respectively. Likewise, fluorescence measurements of fraction 38 for 

both plate materials were within error with 81 ± 5 and 80 ± 2 % for PP and PS. However, 

significant differences were seen in the bioactivities of PP O.D. and fluorescence measurements 

of fraction 39, PS O.D. and fluorescence measurements of fraction 39, and the non/less active 

fractions 34-37 in the PP plate. Significant growth promotion was seen only in the PP O.D. 

measurements of fractions 34-37. Generally, both PP and PS O.D. reads exhibited higher 

standard deviations in activity measurements versus fluorescence-based measurements, 

reflecting the inhomogeneity of bacterial cultures.  

6.3.3 Bioactivity in microfluidic assays 

V. inconspicua library fraction activity was assessed with a simple 8 straight-channel 

microfluidic chip (Figure 1) to explore the merits of a microfluidic bioassay format. Whereas 

traditional “bulk” assays (e.g. 96-well plate) often require a minimum of 50 µL of sample 

mixture in each well
36-38

 (10 μL extract, 40 μL of media and cells for each replicate),
9-11, 39

 

microfluidic devices utilize sample sizes in the nanoliter/picoliter range. However, connectors 

and interfaces between microfluidic channels/chambers and injection sites can generate 

significant dead volume, requiring excess sample to ensure complete filling of microfluidic 

compartments. Although <1 µL was theoretically needed to fill each microfluidic test channel, 

25 µL was used during injection to completely fill the channel and Leur tip-fitted wells, only 
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decreasing the required sample quantity by a factor of two when compared with a 96-well plate 

format. Additionally, microfluidic chips are made from plastic materials, e.g. PMMA or 

polydimethylsiloxane (PDMS), that are prone to degradation upon reuse and deformations during 

manufacturing. These imperfections were visible under a confocal microscope and contributed to 

varying refractive indices, resulting in poor image quality and reduced standardization.  

In contrast to the plate-based assays, no bioactivity was observed in the microfluidic chip – 

with growth promotion dominating in most channels (Figures 4A-4C). Extreme growth variation 

among experimental replicates is seen by large standard deviations in bacterial growth across all 

channels; only positive control antibiotic-containing channels showed negligible deviation in cell 

count differences (final-initial cell counts) among experimental replicates, where averaging even 

negative control (water) fractions resulted in an average cell difference (Δcell counts) of 68 ± 23 

cells (Figure 4B). Notably, despite care to homogenize master sample mixes prior to loading, 

samples within the channel were highly heterogeneous. Large variations in cell counts among 

focal planes and chamber latitudes and visible cell clumping at random intervals were likely the 

source of inaccurate or erratic cell counts throughout this experiment. While using Z-stacks 

could enable counting across focal planes, the imperfections in fabricated microfluidic chips 

prevented standardized Z-stacks across different channels. Poor reproducibility across replicates 

was likely a result of channel imperfections, varying refractive indexes, and the three-

dimensional nature of the channel.  

6.3.4 Comparison of plate-based and microfluidic assays 

Bioactivity differences in fractions 38/39 between plate-based and microfluidic assays were 

striking. The microfluidic chip used was comprised of PMMA with PP Leur connectors on the 

inlets/outlets of the device, while the 96-well assay plates were comprised of PP and PS. 
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Polymethylmethacrylate is a biocompatible hydrophilic plastic, while PP/PS are inexpensive 

hydrophobic plastics used to produce the majority of assay plates. Thus, 

hydrophobic/amphipathic biomolecules (e.g. AMPs) are subject to extensive PP/PS surface 

binding via hydrophobic interactions.
40, 41

 Though PP materials bind polar molecules less than 

PS, the opacity of PP hinders the measurement of bacterial growth via optical density reads.
41

 

The surface properties of PMMA, including charge densities and reactive functional groups, are 

significantly impacted by the initial fabrication method and temperature, with potential impact 

on cell growth, homogeneity, and bioavailability of bioactive compounds.
42, 43

 In any case, 

subsequent activity assays may benefit from passivation of assay plates/chips with inert 

biomolecules (e.g. polyethylene glycol, bovine serum albumin) prior to bacterial inoculation and 

bioactivity assessment in order to lessen the effect of surface interactions on experimental 

results. 

Hydrophobicity. The V. inconspicua peptide library used in all analyses was generated via 

reversed-phase LC, where later eluting fractions (e.g. 38/39) contain hydrophobic cyclotide 

species. Major concerns regarding peptide non-specific binding to plastic surfaces
44, 45

 may 

explain a decrease in peptide concentration of hydrophobic peptides in hydrophobic activity 

assay plates. However, our experimental results counter this reasoning, as increasingly 

hydrophobic cyclotides are active in assays with hydrophobic material (PP/PS). Surface binding 

interactions are complicated by the propensity for cyclotides to oligomerize; for example, the 

cyclotide kalata B2 self-associates into tetramers and octamers in buffer where the 3-D 

hydrophobic face characteristic of cyclotides is “quenched,”
46

 and this behavior can affect 

surface binding interactions.
47

 It can therefore be surmised that peptide binding is not only 

determined by hydrophobic interactions; rather, a complex combination of hydrophobic 
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interactions, peptide conformations and orientations, as well as media, can affect the 

susceptibility of peptide adsorption to various surfaces.
43, 48

  

Oxygenation. Oxygenation plays an important role in bacterial growth, response to 

environmental cues, and antibiotic susceptibility.
49

 Significantly different oxygen levels are 

experienced in microfluidic systems and plate-based assays. PMMA has low gas permeability,
50

 

with longer assays (>1 hour) requiring an infusion of new media containing dissolved oxygen to 

support bacterial growth. Contrastingly, plate-based assays incorporate considerably more 

oxygen when shaking during incubation. The clinical relevance of bioactivity assay formats must 

be assessed: while assays are typically performed in ambient oxygen levels, decreased oxygen 

may be more representative of certain clinical environments (e.g. burns, abscesses, oral cavity).
49

 

Although measured activity differences between microfluidic and plate-based assays are striking 

and could originate in part from the increased oxygenation with 96-well plates, producing the 

same activity profiles in different bioassay formats may be irrelevant as no assay format imitates 

true biological conditions.  While there is no substitute for dynamic biological systems, in vivo 

systems are also flawed: animal models often do not correlate directly to human biology and 

cannot resolve the same mechanistic detail as in vitro assays.
51

 As such while challenges exist 

between high throughput bioactivity assays, they are still the first line of identification and 

characterization of novel antimicrobial compounds. 

6.4 Conclusion 

Metrics of compound bioactivity include a host of assay platforms and reagents, where 

specialty assay designs and smart combinations of dyes and fluorophores allow us to peer 

beyond basic bioactivity assessment to the mechanisms of action and specific cellular effects of 

antimicrobial treatments. While microfluidic technologies are an emerging alternative to 
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conventional bulk activity assays with the potential for high-throughput antimicrobial compound 

discovery and characterization,
28

 the integration of microfluidic devices into current drug 

discovery platforms requires careful parameter consideration and significant optimization. 

Polypropylene and PS plate-based assays, largely confer similar bioactivity profiles for matched 

samples. However, dramatic differences in bioactivity for plate-based vs. microfluidic assays are 

observed; where the latter demonstrated no significant activity or growth promotion in all 

channels. Though the basis of these differences is unclear, major influences could be derived 

from (a) the plastic materials comprising each assay device and/or (b) the growth/assay 

conditions. Importantly, the biological relevance, the benefit of a specific assay type, and the 

merit of using multiple assay platforms for orthogonal compound identification is not clear, and 

may be complicated by AMP/pathogen identity. Microfluidic devices may offer an alternative 

activity assay form with the potential for significant experimental flexibility in design and 

output; however, significant optimization of a microfluidic platform is required before 

standardization and common laboratory use. 
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6.6 Figures 

 

Figure 6.1. Workflow from starting material extraction through filtering and fractionation steps, 

generating a peptide library (top). Libraries are screened via LC-MS and for bioactivity (bottom), 

and subsequent PepSAVI-MS statistical analysis guides the identification of putative bioactive 

peptide species.  
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Figure 6.2. Overlaid total ions chromatograms (TICs) of V. inconspicua peptide library fractions 

34-39 (A) and cyclotide constituent analysis of each fraction (B). Oxidized and doubly oxidized 

species are denoted by (ox) and (diox), respectively.  
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Figure 6.3. Bioactivity profiles of a V. inconspicua library against E. coli ATCC 25922 in a 96-

well plate format and cell viability assessment with optical density in polypropylene (A), 

fluorescence in polypropylene (B), optical density in polystyrene (C), and fluorescence in 

polystyrene (D). Assays performed in triplicate, error bars represent standard deviation.  
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Figure 6.4. Activity of peptide fractions as measured through brightfield microscopy. 

Microfluidic channels are imaged at the initial assay time point and after 1 h of growth (A). 

Differences in initial to final cells counts are calculated from brightfield images in positive 

control (+), negative control (-), and V. inconspicua library fraction replicates (B). The percent 

bioactivities of V. inconspicua fractions are calculated from cell count differences (C).
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CHAPTER 7:  Future Work and Conclusions 

Strategies to increase AMP identification, prioritize putative bioactive species, and 

characterize targets are available to further streamline the process of rapid AMP discovery. 

Exploration of alternative source materials, extraction methods, peptide library preparation, and 

bioactivity assays may increase AMP hit rates. Orthogonal methods, e.g. mass shift analysis and 

transcriptomics, can be leveraged to aid in rapid AMP identification. Biological characterization 

of novel AMPs can be achieved via minimum bactericidal concentration and mechanism of 

action assays. 

7.1 Increasing Hit Rates in Bioactivity Screening 

Over 50 plant species from diverse botanical families, chosen largely for traditional 

therapeutic use, have been extracted and screened for biological activity over the course of my 

dissertation research (Table 7.1). Few extracts have demonstrated potent and/or reproducible 

bioactivity against selected microbial pathogens; this low ‘hit rate’ necessitates ongoing 

screening efforts in the Hicks laboratory. A majority of the material analyzed for activity was 

derived from plant aerial tissues and seeds, as these are often the most abundant by mass and/or 

facile to harvest, and extracted via an acidic aqueous method as described
1
 (Chapters 3-7). 

However, deviations to include alternative source materials and extraction types may serve to 

access a greater chemical space towards the identification of novel bioactive peptides. 

7.1.1 Plant growth conditions 

Plant growth conditions may be altered to effect induction of novel AMPs in botanical 

species. Abiotic (salinity, pH) and biotic (bacterial, fungal pathogens) factors influence plant 

vitality, where plant stress responses occur through overlapping signaling pathways.
2
 Plant 
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survival relies on a chemically diverse complement of constitutively expressed and stress-

induced AMPs.
3
 Snakin-2 is an antibacterial and antifungal AMP constitutively expressed in 

potato tubers; however, snakin-2 is upregulated by wounding, abscisic acid treatment, and fungal 

infection.
3
 In a laboratory greenhouse, biotic and abiotic stresses can be introduced to upregulate 

a novel and otherwise undetectable suite of botanical AMPs and captured during subsequent 

harvest. However, specialized facilities necessary to perform pathogen-induced experiments are 

needed to prevent pathogen spread beyond experimental bounds. Alternatively, abiotic stress can 

be applied to induce a pathway response similar to that of biotic stress, although experimental 

conditions are often difficult to control (e.g. maintaining desired salinity in soil may necessitate a 

hydroponics set-up). Finally, a method to increase AMP diversity in source material is the wild 

harvest of botanical materials. Plants gathered from nature have adapted to and survived 

pathogens and environmental stresses; however, material availability is often limited, species 

identifications can be challenging, and exact growth conditions are unknown – significantly 

impacting experimental reproducibility. Despite these limitations, abiotic stress (salt) and 

wounding experiments and wild harvest of source materials have been pursued in the Hicks lab 

to enhance AMP expression/identification. 

7.1.2 Analysis of all plant tissues 

Analysis of all plant tissues, including seeds, flowers, bark, fruits, and roots, has resulted in 

the identification of numerous biologically active peptides.
4-14

 Ideally, all available tissues for a 

botanical species would be screened for bioactivity and profiled via LC-MS/MS, as AMPs may 

be differentially expressed among different tissue types
8, 15, 16

 and may be related to the pathogen 

stress associated with that tissue. For example, proteinase inhibitors are structurally-diverse and 

highly bioactive CRPs, and include Kunitz and Bowman–Birk type inhibitors
17-20

 and small 
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molecular weight knottin-type trypsin inhibitors expressed abundantly in the seeds of 

Cucurbitaceae (gourd) and Fabaceae (pea) species.
21

 Trypsin/chymotrypsin inhibition prevents 

the proteolytic digestion and subsequent absorption of proteins (e.g. when consumed by a 

predator),
22

 where decreased nutritional availability, “antinutrition,” serves to inhibit predator 

(e.g. seed-feeding insects) growth and may thwart future consumption.
23

 Cyclotide expression 

has also been found to be tissue specific; an analysis of violet Viola hederacea revealed a set of 

late reversed-phase eluting (hydrophobic) cyclotide species exclusively produced in 

tissues directly in contact with soil (roots, runners, and bulbs).
24

 

Exploration of cyclotide tissue-specificity is being pursued in the Hicks laboratory via mass 

shift analysis. LC-MS analysis of V. inconspicua root and aerial tissues demonstrated highly 

variable total ion chromatograms (TICs), and thus likely differ significantly in peptidyl 

constituents (Figure 7.1). Mass shift analysis revealed a suite of putative cyclotide species 

differentially expressed in root and aerial tissues; though some cyclotide species were expressed 

in both materials, most were seen in only one (Table 7.2). Early reversed-phase LC retention 

times suggest putative aerial cyclotide masses are collectively more hydrophilic than root 

cyclotides. Interestingly, type II cyclotides (Chapter 4) are expressed only in the aerial tissue, 

indicating a possible biological significance of this motif. Sequence elucidation of tissue-specific 

mass species and assessment of bioactivity may reveal relationships among sequence types and 

anticipated pathogen/environment pressure; as such, molecular and biological characterization 

efforts are currently underway. 
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7.1.3 Alternative extractions 

Alternative extractions may capture additional AMP species with bioactivity potential. 

Although aqueous extractions are often employed towards the identification of novel botanical 

peptides,
25, 26

 organic extractions, particularly dichloromethane, acetonitrile, ethanol, and 

methanol, are commonplace in the extraction of bioactive AMPs.
27-31

 Botanical species extracted 

in water and devoid of bioactivity (Table 7.1) may be re-extracted in organic solvents or 50/50 

water/organic solvent. An initial comparison should be pursued using cyclotide-dense Viola 

material, which is often abundant in mass and contains large quantities of diverse cyclotide 

species. Organic solvents have been used to extract cyclotide constituents
31

; performing 

simultaneous extractions of the same Viola material with both aqueous and organic solvents may 

reveal differentially/similarly extracted cyclotide constituents when subsequently analyzed via 

LC-MS/MS, and may inform the value of future multi-solvent extractions.  

7.1.4 Expansion of bioactivity screens 

While > 50 plants have been screened for bioactivity, only limited pathogen species have 

been assayed against. Botanical peptide libraries are initially assayed against the control strain E. 

coli ATCC 25922, a Gram-negative bacteria standard for antimicrobial susceptibility testing; if 

promising activity is identified, peptide libraries are subsequently assayed against multi-drug 

resistant human pathogens (ESKAPE). Activity assays of few plant fungal pathogens (Ustilago 

maydis
32

 and Fusarium graminearum – Chapter 3) have been pursued. Extension of bioactivity 

assessment to additional plant specific pathogens, which may be the direct target of plant AMPs, 

e.g. Xylella fastidiosa,
33-35

 Pseudomonas syringae,
35

 and Fusarium spp.,
36, 37

 may reveal potent 

bioactivities in libraries bereft of bioactivity against human pathogens. 
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7.1.5 Synergy 

Synergy is an important mechanism by which AMPs may achieve bioactivity
38-40

; while 

fractionation of peptide libraries is essential for PepSAVI-MS statistical analyses, this process 

may separate peptide interactions necessary for antimicrobial activities. Thus, peptide libraries 

are now assessed for bioactivity in the form of library fractions and as “superfractions,” the latter 

of which is a single sample consisting of all combined library fractions (Figure 7.2). Active 

superfractions and inactive peptide libraries indicate possible synergy among extract 

constituents, and suggest an alternative fractionation approach is needed, either via orthogonal 

chromatography or through fraction combinations. For example, library fractions can be 

systematically combined until bioactivity is reestablished. Alternatively, large groups of peptide 

fractions can be assayed for activity, divided into smaller fraction groups, and reassayed until 

activity is lost (Figure 7.3). In either case, mass spectrometric analysis of fractions before/after 

activity is lost/gained may reveal the compounds necessary for activity. Interestingly, some 

superfractions have lacked bioactivity where peptide libraries generated from the same extract 

material exhibit a bioactive region, and may result from antagonistic interactions of peptide 

species normally spatially separated/compartmentalized in the plant cell.  

7.1.6 Assay Optimization 

Amphipathic AMPs interact with a variety of material surfaces,
41

 and as such, materials used 

throughout extraction and sample preparation steps may affect downstream AMP availability. 

Plastics constituting dialysis membranes, conical vials and other plastic consumables for sample 

collection/concentration, and bioactivity assay plates may interact with and bind select extract 

constituents. The predictability of which extract constituent chemistries may be affected by a 

specific material is limited; multiple plastic types (or glass, when appropriate) may improve 
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bioactive peptide identification. For example, dramatic differences in activity profiles and even 

the identity of bioactive species may be observed in polystyrene, polypropylene, and 

polymethylmethacrylate bioactivity assay formats (Chapter 6). Ultimately, the most 

physiologically relevant material is unclear, and thus protocols with reduced sample preparation 

steps are preferred to lessen AMP losses through surface interactions.  

7.2 Improving Molecular Identification Prioritization/Characterization 

7.2.1 Orthogonal library preparation 

Peptide libraries generated and analyzed via PepSAVI-MS
1
 often contain >10,000 detected 

mass spectral features. Sample preparation steps are taken to reduce sample complexity prior to 

statistical analyses; however, abundant sample constituents hinder the rapid and accurate 

identification of novel bioactive mass species. Though requiring at least 2X the amount of 

starting material, orthogonal chromatographies may be employed to reduce the number of 

putative bioactive species in a dataset. Fractionation of the same natural product extract with ion-

exchange, reversed-phase, or other chromatographies can produce peptide libraries with 

differentially separated extract constituents. Subsequent bioactivity and mass spectral analyses 

would ideally reveal regions of active library fractions containing unique suites of mass species; 

overlap among the mass identities in independent chromatographic bioactive regions reduces the 

number of putative bioactive compounds and enables the elimination of masses not present in all 

active regions.  

7.2.2 Conserved sequence/structural features 

Conserved sequence/structural features (e.g. cysteine-rich) can be leveraged to aid the rapid 

and accurate identification of novel AMPs (Chapters 2-6); additional characteristics typical of 
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bioactive peptides can be targeted with chemical derivatization strategies coupled with mass 

spectrometry.  

Mass species cyclized via one or both termini may be detected through labeling approaches, 

where the lack of an N- and/or C-terminus prevents the addition of derivatization agents 

targeting primary amines or carboxyl moieties, respectively. In contrast to cysteine 

derivatization, this method would result in the lack of an expected mass shift upon derivatization; 

as such, this method is less robust than strategies where mass shifts are expected to be observed. 

For example, derivatization with O-phthalaldehyde/N-acetylcysteine (OPA/NAC) labels primary 

amines
42

 and carboxyl groups can be converted to tertiary/quaternary amines through a variety of 

reagents,
43

 where the absence of a mass shift would indicate a blocked N-/C-terminus, 

respectively, and potential cyclization. However, three dimensional accessibility and other 

modifications (e.g. N-terminal pyroglutamic acid) can inhibit termini labeling and generate false 

positives. Additionally, the derivatization of amino acid side chains with primary amines (the ε-

amine of Lys) or carboxyl groups (Asp, Glu) can convolute general analyses; though it may 

provide more specific information. Mӧbius cyclotides, for example, contain a cyclic backbone, 

thus no N-terminus, and lack basic residues (e.g. Lys), where cyclotides in the bracelet cyclotide 

subfamily, though cyclic, contain abundant Lys and Arg residues. As such, cursory attempts at 

identifying novel Mӧbius mass species may be achieved through OPA/NAC derivatization of 

cyclotide-containing extracts and the subsequent identification of non-shifting masses. 

7.2.3 Transcriptomics 

Transcriptomics can be coupled with mass spectrometry/bioactivity-guided AMP 

identification. Over 1000 transcriptomes from the Viridiplantae (green plants) are publicly 

available (One Thousand Plant Transcriptomes Initiative, onekp.com).
44

 Transcriptomes may 
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otherwise be generated from a small amount of plant material (50-100 mg), however, require 

significant initial costs (~$2,000) and de novo transcriptome assembly may be difficult to 

implement in species with no genomic information. Transcriptomes can be processed to predict a 

proteomic profile for a botanical species, where predicted masses can be compared with mass 

spectrometry-derived masses in bioactive library regions. Transcriptome-predicted peptides 

matched via mass can be easily fragmented in silico (e.g. http://prospector.ucsf.edu), and 

predicted fragments matched to experimental MS/MS data. Additionally, same mass species 

(Ile/Leu) can be quickly discerned using transcriptomics data, without the need for additional 

multistage (MS
3
) experiments. 

7.3 Biological Characterization 

Peptides confirmed to possess antimicrobial activities must be biochemically characterized. 

Bioactive peptides are often characterized by a minimum inhibitory concentration (MIC) against 

a pathogen; however, MIC cannot distinguish between bacteriostatic or bactericidal activity. 

Minimum bactericidal concentration (MBC) activity assays can be performed to determine the 

number of viable cells after treatment with an AMP. Minimum bactericidal concentration values 

determined at different time points and with different AMP concentrations can be used to 

generate time-kill curves towards an estimate of a bacterial killing rate and killing concentration 

dependence.
45

 

Understanding mechanism of action (MOA) may inform therapeutic treatment regimens and 

possible avenues of microbial resistance, in addition to providing sequence/structure-activity 

relationships that may guide future AMP design towards the modulation of specific biochemical 

targets. Established AMP MOAs are largely membrane-acting, thus methods to investigate 

MOAs often assess AMP effects on membranes. Cytoplasmic membrane disruption assays are 
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performed with a variety of cell- and nucleic acid-staining dyes. SYTOX Green, for example, is 

a cell-impermeable nucleic acid stain: fluorescence is only observed when cell membranes are 

compromised, allowing cellular entry and subsequent nucleic acid interaction by the SYTOX 

Green dye.
45, 46

 Complementary cellular leakage assays identify “leaked” cellular components, 

such as ATP quantified by bioluminescent ATP-binding dyes,
45

 or other intracellular molecules 

(DNA/RNA,
47

 physiologically-relevant ions
48

). Alternatively, methods to characterize 

intracellular MOAs may assess changes in cellular gene expression via transcriptomic/proteomic 

analyses.
49

  

In vitro antimicrobial activity assays (e.g. 96-well plate format, in rich bacteriological media) 

likely do not recapitulate the biochemical conditions in vivo: characterization of AMP stability 

and activity in appropriate environments are necessary to prioritize the most promising lead 

compounds. As such, assays to characterize serum, pH, thermal, salt, and enzymatic stability can 

inform potential routes of drug delivery (e.g. intravenous versus oral delivery methods 

experience difference biophysical and biochemical obstacles).
50

 

7.4 Antimicrobial Peptide Production 

Activity confirmation and bioactivity/MOA characterization of novel AMPs require 

significant quantities of purified AMP. Innate low abundance and variable AMP expression often 

preclude large-scale AMP isolation from a source organism. Solid-phase peptide synthesis 

(SPPS) may access large amounts of material, however, post-translational modifications may be 

difficult to reproduce. Additionally, higher molecular weight AMPs (> 35 residues) may present 

increased SPPS production costs and the numerous chemical protection-deprotection steps 

associated with larger AMP species increase the generation of side-products.
51, 52

 Alternatively, 

heterologous bacterial,
52-55

 fungal,
55-59

 plant,
55, 60-62

 and algal
63-65

 expression systems have been 
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utilized for transgenic peptide production and may offer lower manufacturing costs, easy affinity 

purification, and the ability to co-express enzymes necessary to tailor a final AMP product. 

Fusion tags, such as glutathione S-transferase (GST) or maltose-binding protein (MBP), can be 

incorporated into the translated AMP product to reduce host toxicity, evade cellular proteolytic 

degradation, and aid in subsequent purification.
52, 66

 

7.5 Conclusions 

As multidrug-resistant microbes are becoming alarmingly prevalent in the modern world, 

new methods are needed to generate novel antimicrobial therapeutics. Botanical natural product 

peptides are a vast and underexplored drug class with novel chemistries and potent bioactivity 

potential. Extract complexity, inherent variability in AMP sequence, post-translational 

modifications, and secondary/tertiary structure, and low abundance/inconsistent AMP expression 

challenge the identification and isolation of new AMP species. Mass spectrometry-based 

methods (e.g. MS
n
) coupled with ultra-high performance liquid chromatography (UHPLC) 

enable the exploration of complex extracts and the identification/characterization of low 

abundance peptidyl species. Despite significant biochemical diversity, the identification of 

conserved AMP features coupled with PepSAVI-MS can be leveraged towards the MS-based 

identification of novel bioactive sequences (Chapters 2-5). Tandem mass spectrometry enables 

the sequence characterization of novel AMP species without peptide isolation (Chapter 4) as well 

and can rapidly provide molecular information prior to full sequence characterization (Chapter 

5). Elements of the discovery process can be modified to enhance AMP identification and 

characterization, including alternative botanical tissue sources (e.g. aerial, roots [Chapter 7]), 

pathogens (e.g. bacteria, fungi [Chapter 3]), mass spectral fragmentation techniques (e.g. gas-

phase linearization
67

 and ultraviolet photodissociation [Chapter 3]), bioactivity assay formats and 
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cell viability readouts (e.g. 96-well plate versus microfluidic format, absorbance versus 

fluorescent detection [Chapter 6]).  This work expands the therapeutic potential of natural 

product bioactive peptides and highlights the application of robust analytical tools to explore the 

natural complexity presented by plants.  
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7.6 Tables 

Table 7.1. Botanical species extracted and assayed for activity. RP = Reversed-phase LC. SCX = 

Strong cation exchange. *SM = small molecules likely responsible for activity. *NR = Not 

reproducible.

 

Latin name Common Name Abbreviation Family Tissue type Location
Known bioactive 

compounds
Activity

Amaranthus hypochondriacus Prince's feather AHs Amaranthaceae Seed Strictly Medicinal

Flavonoids, Phenolic 

acids, Anthocyanins, 

Tannis, Phytosterols

SF/RP lib: E. coli, none

Anchusa azurea Bugloss AAz Boraginaceae Aerial UNC Greenhouse
Flavonoids, Phenolic 

acids
SCX lib: K. pneumoniae activity *SM

Anchusa azurea Bugloss AAzs Boraginaceae Seed Strictly Medicinal Flavonoids, Phenolic 

acids

SF: E. coli, none

Anethum graveolens Dill AGs Apiaceae Seed
Tannins, Terpenoids, 

Alkaloids, Flavonoids
SF/RP lib: E. coli *NR

Astragalus membranaceous Huangqi AM Fabaceae Aerial UNC Greenhouse Astragalus 

polysaccharides

SCX lib: E. coli, active *NR

Atropa belladonna Belladonna AB Solanaceae Aerial UNC Greenhouse Tropane alkaloids SCX lib: E. coli , active *SM

Azadirachta indica Neem AI Meliaceae Aerial, dried Ademola Oyagemi Triterpenoid SF: E. coli, none

Brassica napus Canola BN Brassicaceae Aerial UNC Greenhouse
Flavonoids, 

Carotenoids
SF: E. coli, none

Canabis sativa Hemp CS Cannabaceae Aerial UNC Greenhouse Cannabinoids SCX lib: E. coli, active *NR

Capsicum annuum Pepper CA Solanaceae Aerial UNC Greenhouse

Carotenoids, 

Tocopherols, 

Capsaicinoids

SF: E. coli, >80% activity *SM

Cucurbita foetidissima Buffalo gourd CFs Cucurbitaceae Seed Strictly Medicinal
Cucurbitacins, 

Foetidissimosides
SF: E. coli, none

Cucurbita pepo Zucchini CPf Cucurbitaceae Flower UNC Greenhouse
Carotenoids, Phenolic 

acids, Flavonols
SF: E. coli, 100% active *SM

Datura stramonium Angel's trumpet DS Solanaceae Aerial UNC Greenhouse Alkaloids, Tannins SCX lib: E. coli, active *SM

Daucus carota Wild carrot DC Apiaceae Inflorescence Durham
Phenolics, 

Catotenoids
SF: E. coli, none

Dictamnus albus var. 

purpureus 
Burning bush DA Rutaceae Seed Strictly Medicinal - SF: E. coli, none

Digitalis lanata Foxglove DL Plantaginaceae Aerial UNC Greenhouse Digitalins
SCX lib: A. baumanii, K. 

pneumoniae activity *SM

Digitaria sp. Crabgrass DSp Poaceae Inflorescence Durham - SF: E. coli, none

Echinacea purpurea Purple coneflower EPu Asteraceae Aerial UNC Greenhouse

Caffeic acid 

derivatives, 

Alkylamides

SF: E. coli, none

Echinacea purpurea Purple coneflower EPus  Asteraceae Seed Strictly Medicinal

Caffeic acid 

derivatives, 

Alkylamides

SF: E. coli , none; RP lib: E. coli , active 

*SM

Glechoma hederacea Alehoof GH Lamiaceae Aerial UNC Greenhouse Phenolics, Flavonoids SF: E. coli, none

Hyoscyamus niger Henbane HN Solanaceae Aerial UNC Greenhouse
Alkaloids, Lignans, 

Flavanoids

SF: E. coli, >40% activity, S. aureus, 

50% activity *NR

Juniper sp. - Jb Cupressaceae Berry Chapel Hill Flavonoids SF/RP lib: E. coli, none

Lagenaria siceraria
Bushel basket 

gourd
LSs Cucurbitaceae Seed Stictly Medicinal

Alkaloids, Phenols, 

Tannins, Flavonoids
SF: E. coli, none

Larrea tridentata Creosote bush LTs Zygophyllaceae Seed Strictly Medicinal
Phytoestrogens, 

Phenols, Flavonoids
SF: E. coli, none

Momordica charantia Bitter melon MCh Cucurbitaceae Aerial UNC Greenhouse Tryspin inihibtors SF: E. coli, none

Nepenthes ventricoa Pitcher plant NV Nepentaceae Pitcher UNC Greenhouse - SF: E. coli, none

Nepetia cataria Catnip NC Lamiaceae Aerial UNC Greenhouse Nepetalactone  SF: E. coli, none

Ocimum sanctum Tusli/Holy basil OS Lamiaceae Aerial UNC Greenhouse - SF: E. coli, none

Packera aurea Golden ragwort PAu Asteraceae Aerial UNC arboretum Alkaloids SF: E. coli, none

Perilla frutescens Perilla PF Lamiaceae Aerial Mountain Gardens - SF: E. coli, none

Phytolacca americana Pokeberry PA Phytolaccaceae Aerial UNC Greenhouse Alkaloids SF: E. coli, >20% activity

Planktothrix agardhii Cyanobacteria PA Microcoleaceae Cell Wendy Strangman Microcystins NA

Planktothrix rubescens Cyanobacteria PR Microcoleaceae Cell Wendy Strangman Microcystins NA

Plantago major Broadleaf plantain PM Plantaginaceae Inflorescence Durham Aucubin SF: E. coli, none

Portulaca oleracea Purslane PO Portulacaeae Aerial UNC Greenhouse Portulene SF: E. coli, none

Psychotria zombamontana Red bird berry PZ Rubiaceae Aerial, dried Abimbola - SF/SCX lib: E. coli, none

Pyschotria capensis *Organic Bird berry PC Rubiaceae Aerial, dried Abimbola - NA

Pyschotria capensis Bird berry PC Rubiaceae Aerial, dried Abimbola - SF/SCX lib: E. coli, none

Silybum marianum Milk thistle SM Asteraceae Aerial UNC Greenhouse Silymarin
SCX lib: E. coli, K. pneumoniae activity 

*NR

Silybum marianum Milk thistle SMs Asteraceae Seed Strictly Medicinal Silymarin SF/RP lib: E. coli, none

Trichosanthes kirilowii Guālóu TKs Cucurbitaceae Seed Strictly Medicinal Trichosanthin SF: E. coli , none

Verbascus thapsus Mullein VT Scrophulariaceae  Aerial UNC Greenhouse Rotenone SF: E. coli, none

Vicia sativa Vetch VS Fabaceae Aerial
American Meadows 

Seeds
- SF: E. coli, none

Viola communis Violet VC Violaceae Aerial Durham Cyclotides SF: E. coli, 95% activity

Viola inconspicua Violet VI Violaceae Aerial UNC Greenhouse Cyclotides RP lib: E. coli, K. pneumoniae activity

Viola inconspicua Violet VI Violaceae Roots UNC Greenhouse Cyclotides RP lib: Verticillium activity

Viola odorata Sweet violet VO Violaceae Aerial UNC Greenhouse Cyclotides SCX lib: cancer cell activity

Vitis rotundifolia Muscadine VR Vitaceae Aerial UNC Greenhouse

Tannins, 

Anthocyanins 

Flavonoids

SF: E. coli, none

Withania somnifera Ashwagandha WSs Solanaceae Seed Strictly Medicinal Withanolides SF: E. coli, none

Withania somnifera Ashwagandha WS Solanaceae Aerial UNC Greenhouse Withanolides SCX library: F. graminearum  activity

Zingiber officinale Ginger ZO Zingiberaceae Rhizome Durham (Commercial) Gingerol
SF: E. coli, none; SCX library: F. 

graminearum  activity
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Table 7.2. Mass shift analysis of V. inconspicua aerial and root material 

 revealed several putative, tissue-specific cyclotide species (masses > 2500 Da). 

Aerial Root 

Mass 
(Da) 

RA 
Mass 
(Da) 

Mass 
(Da) 

RA 
Mass 
(Da) 

2577.35 2925.47 3025.22 3373.34 
3069.44 3417.61 3030.24 3378.39 
3140.46 3488.64 3055.28 3403.38 
3151.70 3499.86 3057.22 3405.32 
3225.43 3573.62 3071.28 3419.40 
3226.48 3574.67 3085.30 3433.42 
3245.45 3593.64 3091.24 3439.35 
3248.93 3597.11 3095.33 3443.43 
3293.50 3641.69 3117.27 3465.40 
3294.51 3642.69 3118.25 3466.36 

  
 

3128.28 3476.39 
  

 
3129.28 3477.41 

  
 

3141.25 3489.41 
  

 
3146.23 3494.34 

  
 

3147.23 3495.42 
  

 
3160.24 3508.42 

  
 

3162.18 3510.35 
  

 
3170.31 3518.46 

  
 

3211.37 3559.47 
  

 
3226.38 3574.50 

  
 

3240.38 3588.50 
  

 
3254.27 3602.44 

    3451.37 3799.53 
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7.7 Figures 

 

Figure 7.1. Overlaid V. inconspicua aerial (pink) and root (purple) total ion chromatograms 

(TICs). Early reversed-phase LC retention times suggest putative aerial cyclotide masses (pink 

box) are collectively more hydrophilic than root cyclotide masses (blue box); some masses were 

shared between tissues (grey box).  
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Figure 7.2. Botanical fraction libraries and “superfractions” are assayed against pathogens; 

strategies to identify bioactive species vary based on activity outcome (fraction library, 

superfraction, or both active).  
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Figure 7.3. Superfraction activity and peptide library inactivity may indicate synergism among 

extract constituents: alternative fractionation options can aid in the identification of bioactive 

compounds. 
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