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SCIENTIFIC ABSTRACT 

Millipedes are some of the oldest animals on earth, evolving over 400 million years ago 

(mya). The subterclass, Colobognatha evolved 99 mya and are largely understudied compared to 

other classes of millipedes. Like most other millipede classes, Colobognatha possess repugnatorial 

glands, which store alkaloids as defensive compounds. However, they have also evolved unique 

characteristics that set them apart from all other millipedes, including distinct anatomy, group 

behavior, brood care, and the production of terpenoid alkaloids. Prior to 2020, only 11 alkaloids 

were known. Herein, a total of 25 new terpenoid alkaloids are reported coming from three different 

genera, all belonging to the same order. Key findings include the discovery of indolizine and 

quinolizidine alkaloids (e.g., hydrogosodesmine, homogosodesmine and homo-

hydrogosodesmine) from the defensive secretions of various Brachcybye species (Chapter 2), the 

discovery of the ischnocybine alkaloids from the defensive secretions of Ischnocybe plicata 

(Chapter 3), and the discovery of the andrognathines and andrognathanols from the defensive 

secretions of Andrognathus corticarius (Chapter 4). The structure elucidation of each utilized 

modern techniques, including 2D NMR, HRMS, DFT, ECD, chemical synthesis, and Mosherôs 

analysis. Many of these new alkaloids represent new natural product classes with carbon 

backbones that are unprecedented in the literature. Biological and ecological evaluation revealed 

the new alkaloids deter ants, a common predator to millipedes (Chapter 3), and this led to the 

discovery that a subset of the alkaloids potently binds to sigma-1 receptor (ischnocybine A: Ki 14 

nM), while others bind to sigma-2 (homo-hydrogosodesmine hydrate: Ki 260 nM). Furthermore, 

ecology studies revealed that the alkaloid production is conserved over large geographical regions, 

accumulated as the millipedes gain segments and are actively secreted through the ozopores when 

physically agitated. These discoveries provide insights into a potential biosynthetic pathway 



  

shared by all Platydesmida millipedes and support the hypothesis that alkaloid biosynthesis in this 

order is evolving toward greater simplicity. 

  



  

GENERAL AUDIENCE ABSTRACT 

Millipedes are some of the oldest animals and have been roaming Earth for over 400 

million years. These small, soft-bodied creatures live beneath decaying debris on forest floors and 

defend themselves from predators using unique chemical secretions. This dissertation focuses on 

understanding the chemical composition of the defensive secretions of a remarkable group of 

millipedes, the Colobognatha, which are known for their unusual feeding habits and social 

behaviors. Through this research, a total of 25 new distinct compounds were discovered from 

defensive secretions of four different millipede species. A subset of these compounds was 

determined to bind to a neuroreceptor and therefore may be useful in the treatment of non-addictive 

pain, Parkinsonôs, and Alzheimer Disease. The summation of this work sheds light on the diversity 

of millipede defensive secretions and provides insights into how these intriguing compounds are 

made by the millipede, as well as how they have evolved over millennia. This work may potentially 

lead to new treatments to treat a variety of neurological diseases.  
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Chapter 1.  

Exploring Nature's Chemists: Millipedes, Natural Products, and Their Role in Drug 

Discovery 

1.1. Introduction  

Microbes, animals, and plants are unparalleled chemists, synthesizing natural products, 

which serve as chemical weapons, pheromones, metal scavengers, or signaling agents.1 However, 

these molecules have also played an integral role in drug development for generations.2 In nature, 

the competition for nutrients often drives the production of natural products in order to gain a 

competitive advantage, such as those used by plants or microbes to defend themselves against 

predators.3-5 Nature is continuously investing valuable resources into producing these complex 

natural products, developing new ones and participating in the ever-evolving chemical arms race 

between herbivores and plants, or between microbes and antibiotic resistant-pathogens.6,7 Natural 

products are also commonly called secondary metabolites. Secondary metabolites are not deemed 

essential for survival, but are not merely by-products of metabolism; they provide a competitive 

advantage to the producing organism.8 These compounds enable organisms to obtain nutrients, 

deter predation, or signal danger to nearby species, thereby enhancing their chances of survival. 

By studying the interactions between organisms, we can unlock biomedical applications through 

their natural products, paving the way for new drug discoveries while deepening our understanding 

of ecological roles and strategies in chemical warfare and survival. 

1.0.1. Contribution of Natural Products to Drug Discovery 

The earliest recorded use of natural products as medicines comes from ancient clay 

cuneiform tablets, where remedies were described for various ailments, including colds, and 

inflammation.9 Although some treatments were documented, many were passed down orally, 
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making it challenging to identify all medicinal plants used historically. Many of these treatments 

are still in use today in the form of herbal treatments or clinically approved drugs upon 

identification of the active ingredients.9 These treatments are commonly in the form of tree oils, 

such as Cedrus species (cedar), Cupressus sempervirens (cypress), Glycyrrhiza glabra (licorice), 

Commiphora species (myrrh), and Papaver somniferum (poppy juice).10 An example of one of 

these discoveries is the discovery of morphine (1.1), the first alkaloid discovered (1805) from P. 

somniferum, which possesses analgesic properties. This discovery was followed by discovery of 

related alkaloids from opium, with many classified as poisons due to their toxic properties.11 In 

addition to plants, animal extracts have also contributed significantly to traditional medicines.12,13 

For instance, in Traditional Korean Medicine, arthropods like centipedes, silk moth larvae, and 

scorpions were and are still used to treat conditions such as arthritis, stroke, and pain.12 

Understanding the active ingredients within traditional medicines has laid the foundation for the 

field of natural products chemistry and is this area is still an active field of research.14  

Today, natural products make up nearly 70% of all FDA approved drugs, including the 

natural product themselves, natural product mimics, or contain the pharmacophore of a natural 

product (Figure 1.1).2 The impact of natural products on drug development is even more 

significant when analyzing the small molecule drugs used to treat microbial infections (67%) and 

cancer (83%).2 This is unsurprising, as natural systems frequently produce toxic compounds, 

including venoms and poisons. However, the prominence of these compounds in drug discovery 

is also influenced by the methodologies employed to identify them (discussed later). Traditionally, 

many drugs originated from chemical studies of herbs, plants, and berries guided by traditional 

knowledge. More recently, marine organisms (e.g., sponges, tunicates, and cyanobacteria) and 

microorganisms have emerged as prolific sources of complex natural products.15 From the marine 
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environment alone, thirteen compounds are currently approved for use in humans, while many 

more are in the pipeline.16 

 
Figure 1.1. Contributions of natural products to approved small molecule drugs (image modified 

from Newman and Cragg (2020)).  

The field of natural products chemistry began to flourish in the 1940s and 1950s, during 

what has now been termed ñgolden age of antibioticsò, when penicillin (1.2) and vancomycin (1.3) 

were among the pivotal discoveries made during this period.17 The breakthroughs were primarily 

sourced from terrestrial soil microorganisms, and were made possible due to bioactivity-guided 

isolation, also known as the Waksman platform.10,18,19 Bioassay-guided isolation is a technique 

whereby a desired activity drives the purification process. For example, crude mixtures are 

processed using various chromatography techniques, and the refined fractions are screened for a 

desired activity. This process is repeated until an active component(s) have been identified. 

Bioassay-guided isolation excels at identifying toxic natural products (e.g., antibiotics and 

anticancer agents) due to the ease of the assay with a kill or no kill readout. Using this method has 

led to significant discoveries, such as identifying many of the successful drug scaffolds used in the 

clinic today, including antibiotics [e.g., 1.2, daptomycin (1.4), and rifamycin (1.5)], antifungal 
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agents [e.g., echinocandin (1.6), amphotericin B (1.7)] and anticancer agents [e.g., taxol (1.8), 

Ceflatonin (1.9)] (Figure 1.2).17,20-23 

 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8, 1.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Important natural products, including analgesic [morphine (1.1)],11 antibiotics 

[penicillin (1.2) , vancomycin (1.3), daptomycin (1.4), and rifamycin (1.5)],17,24 antifungal agents 

[echinocandin (1.6) and amphotericin B (1.7)]20,21 and anticancer agents [taxol (1.8) and ceflatonin 

(1.9)].22,23 
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Although natural products have historically been a great source of bioactive molecules, the 

repeat discovery of metabolites has hampered recent discovery efforts and resulted in very few 

new drug candidates over the past 40 years. This óinnovation gapô is particularly noticeable for the 

discovery of new antibiotics where only eleven drugs were developed based on the discovery of a 

natural product.25 It is believed that much of the ólow-hanging fruitô was found during ñthe Golden 

Age of Antibioticsò, challenging the discovery new natural products.26 Rediscovery is a persistent 

challenge in the field of natural products.27 While new compounds are still being found, the rate 

of rediscoveryðwhere compounds with similar structures to previously known ones are isolatedð

has been increasing. As seen in Figure 1.3, although the rate of discovery of new compounds has 

increased, the structural uniqueness of these compounds (based on the Tanimoto score) has 

decreased to about 10% of new compounds possessing a Tanimoto score of less than 0.4.27 To 

combat this problem, we are using the functional roles of the compounds in nature to drive our 

discovery. We are also looking to find new natural products and avoid rediscovery by exploring 

new sources.28 The continuation of natural products research is essential for the future development 

of drug discovery, especially for diseases with unmet needs, such as antibiotic-resistant infections 

and neurodegenerative diseases.29 
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Figure 1.3. New natural products discovered per year compared to their structural novelty. In blue, 

the percent of new natural products with a Tanimoto score less than 0.4 each year, compared to the 

number of new natural products shown in red for each year. [Graph adapted from Pye, et al. 

(2017)].  

1.0.2. Modern Sources of Natural Products 

Historical efforts to discover natural products have revealed the ecological niche is a good 

predictor of the type of natural product they may produce and their potential biological activity.30 

One of the best examples highlighting this is the fact that nearly all approved antibiotics were first 

discovered from terrestrial microorganisms.31 Over the past 80 years, microorganisms have been 

shown to be prolific producers of antimicrobial natural products, and this is believed to be a result 

of the intense competition between microbes to obtain limited nutrients.3 However, this is not 

limited to microorganisms. Toxic natural products are commonly found in sessile or slow-moving 

organisms that lack other physical mechanisms (e.g., external shell or fast movement) to evade 

predators. Sessile marine organisms (e.g., sponges, tunicates, shell-less snails, and cyanobacteria) 

have been shown to protect themselves from predation using toxic natural products.32 This includes 

some of the most complex and toxic natural products yet to be discovered, such as brevetoxin 
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(1.10), saxitoxin (1.11), and tetrodotoxin (1.12).33 It has become clear that many toxin-producing 

organisms use aposematism (bright colors to signal toxicity) and are found in Amazon and 

neotropics (e.g., poison dart frogs and coral snakes).34,35  
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Figure 1.4. Toxic natural products isolated from sessile marine organisms.32  

Although sessile and slow-moving soft bodied organisms have been shown to be a prolific 

source of bioactive natural products, the eukaryotic organism is rarely the producer of the natural 

product.32 Many of these organisms, particularly marine animals, the true producer of the natural 

product are a symbiotic microorganism.32 In fact, eukaryotes have evolved over time to depend on 

bacteria for various nutritional and defensive functions.36 This includes obtaining vitamin B12ð

an essential nutrientðfrom microbial symbionts, as well as sponges deriving up to 50% of their 

energy from photosynthetically fixed carbon provided by cyanobacteria.37,38 In addition to 

harboring microbial symbionts, both terrestrial and marine animals are known to acquire their 

defensive natural products through their diet.39-41 For example, poison dart frogs in both the 
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Amazon and Neotropics have been found to sequester defensive compounds from the consumption 

of millipedes, specifically Rhinotus purpureus.39  

The shift in effort to discover new natural productsðfrom using traditional medicine to a 

ecology driven approachðhas led to the discovery of truly novel natural products possessing 

intriguing bioactive compounds with promising therapeutic potential.42 This includes the discovery 

of the roseobacticides, small molecule modulator produced by the bacteria Phaeobacter 

gallaeciensis. These compounds were discovered when observing the dynamic relationship 

between P. gallaeciensis and a microphytoplankton, Emiliania huxleyi. Initially, these two 

microbes live harmoniously together. The algae, E. huxleyi, produces food for the bacteria while 

the bacteria produce a growth promoter and antibiotic allowing both microbes to flourish. Then 

this relationship turns toxic and the algae releases an elicitor which stimulates the bacteria to switch 

production, using the same precursors from the mutualistic phase to produce the roseobacticides, 

in turn killing the algae.43 This approach extends beyond the discovery of antibiotic and anticancer 

agents by examining how potential predators react to these compounds. One example is the 

identification of siphonazole, a natural product with antiplasmodial (malaria-preventative) 

properties.44 Siphonazole was isolated from Herpetosiphon sp. and was discovered due to the 

genetic diversity within the genus, particularly the divergence in highly conserved regions of 

ribosomal RNA.44  

1.2. Leveraging Millipede Secretions for the Discovery of New Natural Products 

1.0.3. Millipede Evolution 

Arthropods (Phylum: Arthropoda) are an incredibly diverse animal phylum and they are 

found in nearly every ecosystem (air, land, marine and freshwater ecosystems).45 Rough estimates 

suggest arthropods account for over 80% of all known living animal species, totaling more than 5 
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million, which is more than all other animal phyla combined.45,46 Millipedes (class: Diplopoda) is 

the largest class within the Arthropoda phylum, and are one of the oldest land animals on earth. 

Fossils near Bathgate, West Lothian, Scotland confirm their presence, dating back to the Lower 

Carboniferous period, around 323 mya.47 Millipedes were among the first animals to breathe 

oxygen, evolving alongside marine myriapods, and were fully adapted to life on land 45 million 

years before vertebrates.48 Since then, millipedes have evolved into 145 families classes, with more 

than 12,000 species of millipedes currently described, but there are more than 80,000 species 

hypothesized to exist worldwide.49 Millipedes are commonly found in moist, dark organic rich 

environments, such as under tree debris on the forest floor. They are also nocturnal, making it 

difficult to observe them in their natural environment.50 Therefore, many basic biology questions 

still remain for millipedes, such as diet, reproduction patterns, phylogeny, and their true ecological 

role.  

1.0.4. Millipede Chemical Secretions 

Millipedes are slow moving soft-bodied organisms, and as such, they are reliant on a 

consortium of protective mechanisms for survival. In part, millipedes gain some protection by 

living under woody debris, making them harder to spot, they will also roll in to a coil to evade 

predators, while some millipedes also have spines that have sharp spikes.51 In addition, many 

millipedes are brightly colored, which indicates they are also chemically defended. In fact, early 

fossils confirm the ancient evolution of millipedes to deploy chemical defenses with the presence 

of specialized glands, called ozopores.47 The ozopores are located bilaterally along the sides of the 

millipede at the end of their paranotal (Figure 1.5).51 The structure contains a vesicle used to store 

the defense compounds until needed, a valve muscle is responsible for releasing the secretions 

upon disturbance to fend off predators. The ancient nature of millipedes has allowed for many 
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millennia of evolution to hone its chemical defense mechanisms, leading to diverse suite of potent 

defensive compounds.52 

 
Figure 1.5. Defensive secretions being secreted from ozopore of Andrognathus corticarius upon 

agitation. 

Chemical agents are employed by eleven of 16 millipede orders and these agents quite 

structurally diverse, including hydrogen cyanide, oxidized aromatics, quinazoline alkaloids, and 

terpenoid alkaloids (Figure 1.6).52,53 Interestingly, the types of defensive compounds used by 

millipedes align with their phylogenetic relationships, with different chemical classes being 

produced by distinct millipede families. For example, the Julida order is known to produce 

oxidized aromatics-based defensive agents, such as benzoquinone, while the Polydesmida order 

produces primarily cyanogenic agents. The quinazoline alkaloids are produced by millipedes 

within the order Glomerida, and the terpenoid alkaloids are produced by millipedes belonging to 

the subterclass Colobognatha. (Figure 1.6)52 From the 1960ôs to 2000, research on millipede 

defensive compounds grew substantially, but focused primarily on the hydrogen cyanide and 

oxidized aromatic producers, as these millipedes are some of the largest and most common ones. 

During this time, it was shown that millipedes secrete these agents are produced by the millipedes, 

and are actively secreted through the ozopores to fend off predators.54  
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Figure 1.6.  Millipede defensive secretion composition and phylogeny. Penicilllata do not contain 

ozopores, nor do they produce any defense compounds.51 Pentazonia produce glomerin-like 

defenses.55 Colobognatha produce monoterpenes and terpenoid alkaloids.56-58 Eugnatha produce 

p-cresol.59 Juliformia produce benzoquinones.60 Merocheta produce hydrogen cyanide and 

phenolic compounds.61 [Figure adapted from Rodriguez, et al. (2018)] 
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1.0.5. Colobognatha: The Alkaloid-Producing Subterclass 

All terpenoid alkaloids are produced by a single subterclass, Colobognatha, which possess 

unique features that are absent in other millipede classes, such suctorial feeding mechanisms and 

brood care behavior. The subterclass is made up of four orders of millipedes, Platydesmida, 

Polyzoniida, Siphonocryptida, Siphonophorida.62 They are found across North and South America, 

Europe and Asia, with some sightings in Africa and Australia.63 Many Colobognatha feed 

specifically on fungus that is found on the underside of decaying logs and display social 

characteristics as they are commonly found in groups of greater than 100. It is currently unknown 

how these large aggregations form as the millipedes lack eyes.62,64 Finally, Colobognatha species 

tend to be cryptic as they are significantly smaller (~1-3 cm) than other classes and are rarely found 

on the forest floor. Therefore, they have historically been understudied, with basic biological 

questions still unanswered, such as mating patterns, seasonality, range of species, number of 

species, and the ecological role of the defensive secretions. However, their defense compounds are 

known to be sequestered by animals for their own use as poison dart frogs in Madagascar and the 

Neotropics have been known to consume R. purpureus and sequester the defense compounds for 

use themselves.39  
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Figure 1.7. Pictures of Colobognathan millipedes. A. Ischnocybe plicata, B. Platydesmus sp. from 

Central America, C. R. purpureus with liquid alkaloid droplet on sixth segment. D. Petaserpes sp. 

(Photos by Paul Marek CC BY) 

Chemically, the terpenoid alkaloids are the most intriguing, yet least studied of all the 

chemical defensive agents. The first terpenoid alkaloid was described by Smolanoff, et al. (1975) 

whom discovered the spirocyclic alkaloid, polyzonamine (1.13), from the glands of Polyzonium 

rosalbum. Several other terpenoid alkaloids related to polyzonamine were described shortly 

thereafter, namely nitropolyzonamine (1.14) and O-methyloxime 236 (1.15).57,65 In 2000, 

buzonamine (1.16), ɓ-pinene (1.17), and limonene (1.18) were described from the secretions of 

Buzonimum crassipies, a millipede native to coastal California. Deoxybuzonamine (1.19) was 

isolated and characterized from Brachycybe lecontii.66 Buzonamine (1.16) and deoxybuzonamine 

(1.19) are structurally distinct terpenoid alkaloids, consisting of a 5,6,6-fused heterocyclic 

system.58,66 Finally, in 2020, gosodesmine (1.20) was described from Gosodesmus claremontus, a 
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millipede native to California.67 Compound 1.20 contains an indolizidine system and represents a 

third distinct terpenoid alkaloid scaffold.68 Each of these are also known to produce Ŭ-pinene 

(1.21), 1.17 or both.51 Although all Colobognatha defensive secretions appear to incorporate a 

mono-terpene, these compounds are structurally interesting due to their unprecedented structures, 

including the incorporation of a number of stereocenters and numerous predicted post-

modifications (e.g., oxidations and nitrations).69  

1.13 1.14 1.15 1.16 1.17 1.18 1.19 1.20 1.21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Alkaloids previously described from Colobognatha. 

The millipede terpenoid alkaloids are widely believed to serve a defensive role, i.e. deters 

predation or microbial growth, the Colobognatha millipedes are significantly less studied than the 

other systems.51 Recently, it has been hypothesized that these molecules may also be functioning 

as pheromones, i.e., intra-species communication to assist in forming the large aggregations, as 

this is similar to other systems.51 For example, ants, also arthropods, are known to use chemical 

cues to establish territories, identify mates, or signal distress.70,71 Similarly, millipedes may use 
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their secretions to communicate within their colonies or to alert others of impending threats, in 

addition to the defense they provide.72 None of the Colobognatha alkaloids have been evaluated 

for functions beyond simply defensive roles.  

1.3. Summary 

The discovery of truly novel natural products is essential to repopulate the drug pipeline 

for diseases with unmet needs. Ecology-driven natural product discovery has proven to lead to 

new bioactive molecules. Millipedes are soft-bodied animals and have been shown to be a source 

of bioactive compounds but severely underexplored with less than 10% of the documented species 

being chemically investigated. Furthermore, as environmental pressures lead to the loss of 

biodiversity, the importance of discovering new natural products from underexplored ecosystems, 

such as the millipedes found within Colobognatha, become increasingly urgent. Regardless, these 

organisms have been shown to produce structurally diverse natural products, ranging from 

hydrogen cyanide to highly functionalized terpenoid alkaloids. However, very few studies have 

focused on molecular targets or biomedical applications.51 Exploring these untapped ecological 

niches not only holds immense potential for addressing biomedical challenges but also emphasizes 

the need for conservation efforts to preserve biodiversity. 

1.4. Research Objectives 

This dissertation research has focused on investigating unstudied Colobognatha species, 

focusing particularly on the characterization of new natural products within the secretions, with 

the hope to expand upon our current understanding of Colobognatha millipedes. In addition, as 

new natural products were discovered, studies into their ecological function and medicinal 

potential were further investigated. The central hypothesis guiding this work is that the compounds 

in the secretions of Colobognatha millipedes serve dual roles as both chemical defense 
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mechanisms against predators and as pheromones for intra-species communication. Although none 

of the previously identified terpenoid alkaloids have been fully evaluated in receptor assays, we 

hypothesized that these compounds may have neuroactive properties based on the reported 

behaviors of predator exposed to the secretions.54,55,73,74 

Within this dissertation, the detailed chemistry of Colobognatha will be discussed, with 

key findings including: 1) the discovery of homogosodesmine (1.22), homo-hydrogosodesmine 

(1.23), hydrogosodesmine (1.24) and previously discovered gosodesmine (1.20) from secretion 

glands of Brachycybe petesata and B. producta (the focus of Chapter 2), 2) the discovery of 

ischnocybines AïC (1.25, 1.26 and 1.27) and ischnocybinone (1.28) from the secretions glands of 

Ischnocybe plicata (the focus of Chapter 3), and 3) the discovery of andrognathines (1.29) and 

andrognathanols (1.30) from Andrognathus corticarius (the focus of Chapter 4).75-77 These 

discoveries followed the same general format. Millipedes were collected from their habitats, and 

extracted using methanol, leaving the millipede intact. The extract was then analyzed by HR-

LCMS to identify the compounds, and new natural products were purified using HPLC then planar 

structures were determined by 2D NMR. When possible (Chapter 3 and Chapter 4), absolute 

configurations were determined through chemical derivation. Purified compounds were then 

evaluated in a range of ecological and biological assays, including predator, pheromone, or 

psychoactive drug screening assays.  
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Figure 1.9.  Platydesmida millipede and their defense compounds discovered within this 

dissertation.  

We tested our hypothesis that the millipedes use their secretions for defense (Chapter 3 

and Chapter 4) and as pheromones (Chapter 4). Purified compounds that were screened against 

ants, a likely common predator, appeared to neurologically impair the ants, thus supporting these 

molecules serve a defensive role.76 This observation led to the evaluation of a subset of the purified 

secretions in a broad range of neuroreceptors through collaboration with the Psychoactive Drug 

Screening Program (PDSP) at UNC Chapel Hill. The ischnocybines, specifically ischnocybine A 

(1.25), potently (Ki 14 nM) and selectively binds the sigma-1 receptor (ů1R) over the sigma-2 

receptor (ů2R), with the andrognathines much less active against ů1R (Ki 840 nM) and the 

andrognathanols completely inactive against both receptors. Interestingly, the hydrate of homo-

hydrogosodesmine (Chapter 2) shows inverse selectivity compared to ischnocybine A (ů1R: Ki 

840 nM; ů2R: Ki 260 nM).76,77 Finally, a subset of the new alkaloids was evaluated against two 

sodium channels, NaV1.8 and NaV1.5 but all were inactive. This is the first report of a molecular 
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target for any of the terpenoid alkaloids and has potential implication in the development of drugs 

to treat neurological disorders.  

The pharmacological potential of millipede-derived natural products has far-reaching 

implications for drug discovery, especially given their distinct and complex structures. Compounds 

like the ischnocybines, which have demonstrated selective binding to the ů1R, represent promising 

candidates for the treatment of neurodegenerative diseases, such as Alzheimerôs disease and 

Parkinsonôs disease, as well as for pain management.78 Additionally, there is a growing interest in 

alternative pain management strategies, which makes the exploration of millipede secretions 

particularly timely.  

Finally, the terpenoid alkaloids discovered from millipedes represent an underexplored 

avenue for natural product chemistry. Their unique structures, with unprecedented stereochemical 

complexity, offer insights into their biosynthetic pathways. The discoveries detailed in this 

dissertation underscore the untapped potential of millipede secretions in addressing challenges in 

neurodegenerative diseases, pain management, and beyond. Future studies with ecological, 

chemical, and pharmacological perspectives will be crucial in exploring these resources. 
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2.0. Abstract 

Millipedes have long been known to produce a diverse array of chemical defense agents 

that deter predation. These compounds, or their precursors, are stored in high concentration within 

glands (ozadenes) and are released upon disturbance. The subterclass Colobognatha contains four 

orders of millipedes, all of which are known to produce terpenoid alkaloidsðspare the 

Siphonophorida that produce terpenes. Although these compounds represent some of the most 

structurally intriguing millipede-derived natural products, they are the least studied class of 

millipede defensive secretions. Here, we describe the chemistry of millipede defensive secretions 

from three species of Brachycybe: B. producta, B. petasata, and B. rosea. Chemical investigations 



 

 49 

using mass spectrometry-based metabolomics, chemical synthesis, and 2D NMR led to the 

identification of five alkaloids, three of which are new to the literature. All identified compounds 

are monoterpene alkaloids with the new compounds representing indolizidine (i.e. 

hydrogosodesmine) and quinolizidine alkaloids (i.e. homogosodesmine and homo-

hydrogosodesmine). The chemical diversity of these compounds tracks the known species 

phylogeny of this genus, rather than the geographical proximity of the species. The indolizidines 

and quinolizidines are produced by non-sympatric sister species, B. producta and B. petasata, 

while deoxybuzonamine is produced by another set of non-sympatric sister species, B. rosea and 

B. lecontii. The fidelity between the chemical diversity and phylogeny strongly suggests that 

millipedes generate these complex defensive agents de novo and begins to provide insights into 

the evolution of their biochemical pathways.   
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2.1.  Introduction 

Millipedes (class: Diplopoda) produce a myriad of defensive chemicals, including 

hydrogen cyanide, oxidized aromatics (e.g., benzoquinones), and alkaloids (e.g., quinazolinone 

and terpene alkaloids).1 These compounds are stored in high concentrations in ozadenes (or rapidly 

generated from biological inert precursors) and the millipedes release the defensive agents when 

disturbed.2,3 Some other millipedes use chemical secretions for defense against parasites and 

microbes, protection during the process of molting, and crypsis and background matching.4-8 385-

million-year-old Devonian fossil millipedes show the first evidence of chemical defenses on land 

from the presence of ozopores (openings of the ozadenes) that line the length of the fossilized 

body.9 Plausible origins of chemical defenses in millipedes are even older and their exclusive 

presence in the subclass Chilognatha indicates a Silurian origin 426 million years ago.10 The 

evolutionary development of millipede defense glands appears similar to other arthropods in which 

cuticular invaginations became lined with glands to produce chemicals. Over evolutionary time, 

glands diversified into three or four types: (1) bilateral single-chambered glands of Juliformia and 

Nematophora, (2) median Y-shaped glands of Glomerida, and (3) bilateral bipartite glands of 

Polydesmida.1,11 The defense glands of Brachycybe lecontii were described as long slender tubes, 

indicative of a fourth gland morphotype.2,12 However, later authors showed that the gland 

architecture of B. lecontii is tear-drop-shaped and more voluminous than previously described and 

consists of a single chamber (akin to a type 1 glands) containing the defense secretions connected 

to a duct leading from the ozadene to the ozopore.13 Bipartite and Y-shaped glands are ostensibly 

derived from single-chambered glands, but gland morphotype is known from a limited set of taxa, 

and a fully resolved phylogeny of millipedes with representatives of each order is not yet available 

as a context to address questions about gland morphological evolution.  
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Figure 2.1. Geographic distribution of Brachycybe lecontii and B. rosea, with their associated 

defensive agents, deoxybuzonamine isomers (2.1 and 2.2) and B. producta and B. petasata, with 

their defensive agents gosodesmine (2.3), hydrogosodesmine (2.4), homogosodesmine (2.5) and 

homo-hydrogosodesmine (2.6). 

Of the known defensive chemicals, the alkaloids are the most structurally intriguing and 

least studied. Structurally, these compounds can be classified into two groups: the quinazolinone 

alkaloids (e.g., glomerin and homoglomerin) and terpenoid alkaloids (e.g., polyzonimine and 

buzonamine).14-16 The quinazolinone alkaloids are produced by pill millipedes from the order 

Glomerida and appear to be derived from benzoic acid (shikimate pathway) and hydrogen 

cyanide.17 Therefore, these structures represent a hybrid between the oxidized aromatic and 

hydrogen cyanide products, making them pseudoalkaloids. Conversely, the terpenoid alkaloids are 

produced by a single subterclass, the Colobognatha (fungus-feeding millipedes). This subterclass 

is composed of four orders (Platydesmida, Polyzoniida, Siphonocryptida and Siphonophorida) and 
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all are known to produce simple monoterpenes (pinenes and limonene), along with various 

heterocyclic terpenoid alkaloids [Figure 2.1; e.g. deoxybuzonamines (2.1 and 2.2), and 

gosodesmine (2.3)].1,18,19 However, the terpenoid alkaloids can be further separated into two 

structural classes, the spirocyclic (e.g., polyzonimine and nitropolyzonamine) and heterocyclic 

alkaloids (e.g., buzonamine and gosodesmine).14,15,18,20 Both classes incorporate a monoterpene, 

as evident by the gem-dimethyl moiety. For the heterocyclic alkaloids, the nitrogen is likely derived 

from an amino acid, either proline or ornithine, making these metabolites true alkaloids.17 

Although the alkaloids are less studied than the other classes of defensive secretions, there are 

recent reports describing new compounds representing both the heterocyclic and spirocyclic 

families of alkaloids. This includes the discovery of deoxybuzonamine isomers and acetylated 3-

hydroxynitropolyzonamine.19,21 Interestingly, the spirocyclic alkaloids are known to be 

sequestered by neotropical frogs for defensive purposes.22  

Members of the millipede order Platydesmida have intriguing qualities, such as egg 

brooding, and other quasisocial traits, and are almost exclusively associated with various fungal 

taxa, which some consume in unusual circular social aggregations called pinwheels.13,23 All of the 

species of the Platydesmida with characterized chemical secretions, and its evolutionary sister 

Polyzoniida,10 have disparate heterocyclic terpenoid alkaloids, including B. lecontii from the 

eastern U.S. that produces compounds 2.1 and 2.2, and Gosodesmus claremontus from California 

and Oregon that produces 2.3 (Figure 2.1).18,19 Interestingly, co-occurrence of species from the 

same genera does not correlate with phylogenetic relationship. For example, B. lecontii is 

sympatric with B. petasata, but B. lecontiiôs closest evolutionary sister is B. nodulosa, endemic to 

Japan.24 To date, it is unknown how the chemical diversity of the defensive secretions relates to 

the reported phylogenetic relationship. Herein, we investigated the composition of the defensive 
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secretions of three unstudied species of BrachycybeðB. petasata, B. producta, and B. roseaðto 

gain a better understanding of the relationship between phylogeny and defensive secretions. 

2.2. Results 

Initial examination of methanol extracts from the collections of millipedes revealed that B. 

petasata and B. producta produce four alkaloids, while B. rosea has only one alkaloid that is 

dissimilar from the other two millipedes (Table 2.1, Figure 2.7.1ïFigure 2.7.3). There is a bit of 

variability in the abundance of some of the alkaloids, but this is likely resulting from the size of 

the collections. The sole alkaloid peak in the B. rosea extracts matched both the retention time 

(17.7 min) and fragmentation of one of the previously identified deoxybuzonamine isomers (2.1) 

originally isolated from B. lecontii (Figure 2.7.5).19 The major components in the B. petasata and 

B. lecontii extracts were separated by 14 Da [B. petasata - M+ 205 (2.3) and 219 (2.5); B. producta 

- M+ 207 (2.4) and 221 (2.6)] and the difference between the major components of the distinct 

millipede species was 2 Da. In B. petasata extracts, the first eluting alkaloid (M+ 205) had an 

identical mass spectrum and retention time with an authentic sample of gosodesmine (2.3).18 The 

other major alkaloids had no matches to known natural products; however, analysis of their 

fragmentation suggested they were structurally related to 2.3.  
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Table 2.1. Percentage of alkaloid detected in different collections 

Collection/ site Species 

M+ (compound)/Retention index 

207 

(2.1)/ 

1419 

205 

(2.3)/ 

1414 

207 

(2.4)/ 

1446 

219 

(2.5)/ 

1518 

221 

(2.6)/ 

1550 

MTK-GA-21-

BPE13 

B. petasata n.d. 48 n.d. 49 trace 

PEM-2021-007 B. petasata n.d. 21 trace 19 59 

PEM-2021-008 B. petasata n.d. 7 37 49 20 

MTK-CA-21-05 B. producta n.d. 1.5 52 trace 48 

MTK-CA-21-06 B. producta n.d. trace 43 trace 57 

AH-CA-23-11 B. producta n.d. 15 34 trace 51 

MTK-CA-21-12 B. rosea 100 n.d. n.d. n.d. n.d. 

MTK-CA-21-13 B. rosea 100 n.d. n.d. n.d. n.d. 

MTK-CA-21-03 B. rosea 100 n.d. n.d. n.d. n.d. 

Dickson Co., TN1 B. lecontii 100 n.d. n.d. n.d. n.d. 

1Previously reported (Jones et al. 2022), trace = < 1% area, n.d. = not detected 

To understand the structural features of the new metabolites, the crude extracts were 

chemically derivatized and then analyzed by GCMS. First, it was hypothesized that the mass 

difference of 2 Da between the major compounds in B. petasata (2.3 and 2.5) and B. producta (2.4 
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and 2.6) is indicative of a loss of a degree of unsaturationðeither the elimination of one of the 

olefins or a loss of one of the rings. The former is a typical post-modification event therefore this 

was believed to be more likely. So, a small aliquot of representative samples of each crude extract 

were treated with hydrogenation conditions to reduce all olefins. Subsequent GCMS analysis 

revealed the presence of the same two saturated amines in both derivatized crude extracts, 

including the known 7-(4-methylpentyl)-indolizidine (2.7) and a metabolite that was 14 mass units 

larger (Figure 2.7.5 and Figure 2.7.6). We suspected the larger metabolite was likely 2-(4-

methylpentyl)-quinolizidine (2.8). Synthesis of 2.8 was accomplished using a similar approach to 

the method previously reported for 2.7 but started from 2-quinolizidone. The synthetic material 

possessed the same GC fragmentation and retention time, thus confirming the carbon skeleton of 

the three new analogs, 2.4ï2.6 (Figure 2.7.7 and Figure 2.7.8).18,19 Compounds 2.3 and 2.4 

incorporate indolizidine rings, and 2.5 and 2.6 incorporate quinolizidine rings (Figure 2.2).  
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Figure 2.2. Extracted ion chromatograms (EICs) of the unreacted B. producta extract and 

hydrogenation product. Bottom chromatogram contains EICs of 2.3ï2.6 (206, 208, 220, and 222 

m/z) (PEM 2021-007), while the top chromatogram contains the same EICs plus 2.7 and 2.8 (210 

and 224 m/z). The ion counts for the EICs associated with the crude extract were divided by an 

order of magnitude to scale to the hydrogenation reaction mixture. Spectra below chromatograms 

are LTQ tandem MS fragmentation patterns (35 eV) for compounds 2.3ï2.8.  

Compound 2.5 was hypothesized to be structurally similar to 2.3 but contains a 

quinolizidine ring rather than indolizidine. To confirm this, we attempted a total synthesis (Scheme 

2.1), which began by carbodiimide coupling of 6-methyl-1-(piperidin-2-yl)hept-5-en-2-one (2.9) 

with diethylphosphonoacetic acid to yield 2.10.25 This was followed by an intramolecular Horner-

Wadsworth-Emmons cyclization that cleanly provided 2-(4-methylpent-3-en-1-yl)-7,8,9,9a-

tetrahydro-1H-quinolizin-4(6H)-one (2.11).26 Subsequent treatment with lithium aluminum 
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hydride to reduce the lactam gave what was predicted to be 2.5, which we have named 

homogosodesmine. GCMS comparison of the synthetically derived material with the crude extract 

confirmed the structure of 2.5 as both the mass spectrum and GC retention time matched (Figure 

2.7.12ïFigure 2.7.16; Table 2.8.1). Additionally, catalytic hydrogenation of a sample of synthetic 

2.5 provided a mixture of isomers of 2.8 whose mass spectra and GC retention times were identical 

to those obtained from the hydrogenation of the millipede extracts. 

 
Scheme 2.1.  Synthesis of homogosodesmine (2.5). 6-methyl-1-(piperidin-2-yl)hept-5-en-2-one 

(2.9) a) EDCI, diethylphosphono acetic acid, DMF, 16 h, rt yields, 2.10; b) DBU, LiCl, MeCN, 16 

h, rt, yields 2-(4-methylpent-3-en-1-yl)-7,8,9,9a-tetrahydro-1H-quinolizin-4(6H)-one (2.11); c) 

LiAlH4, diethyl ether, 3 h, rt, yields 2.5. 

Compounds 2.4 and 2.6 are close structural analogs of 2.3 and 2.5, respectively, but based 

on the hydrogenation experiment they have only one olefin. Both alkaloids showed a loss of 85 

Da in their mass spectra, which is typical of a loss of C6H13. This loss was observed in the mass 

spectra of 2.7 and 2.8 and represented the loss of the saturated side chain from the heterocyclic 

core, so initially we hypothesized that the olefin was within the ring systems. Fortuitously, 

treatment of a portion of the crude extract with dilute HCl (aq) and subsequent neutralization 

resulted in the addition of water (Figure 2.7.17). The mass spectra of the hydrate adduct showed 

a loss of methyl (15 Da), intense ions for the loss of C3H7O fragment (59 Da) as well as the 



 

 58 

corresponding fragment at 59 m/z that would be expected from a dimethyl tertiary alcohol (Figure 

2.7.18). Thus, indicating that the olefin in 2.4 and 2.6 is on the sidechain opposed to within the 

bicyclic system. Since B. petasata produces all four analogs, they are likely the product of the 

same biosynthetic pathway with the olefins installed at the same position. Therefore, we 

hypothesized that the sole olefin in 2.4 and 2.6 was most likely between C-11 and C-12. The 

observed loss of 85 Da in 2.3 and 2.5 is hypothesized to result from a radical rearrangement that 

shifts the olefin to the bicyclic system (Figure 2.7.19). 

 
Scheme 2.2. Synthesis of water adducts of 2.4 and 2.6. Starting with 2.12 and 2.13 a) triethyl-4-

phosphonocrotonate, THF, 0 oC to rt, 16 h, yields 2.14 and 2.15; b) 10% Pd/C, EtOH, 3 atm, 45 

min, rt, yields 2.16 and 2.17; c) MeMgCl, THF, 16 h, rt, yields 2.18 and 2.19.  

To confirm these hypotheses, total syntheses were attempted to produce both the hydrate 

adducts of 2.4 and 2.6 from 8-indolizidone and 2-quinolizidone, respectively (Scheme 2.2). First, 

2.12 and 2.13 were reacted with triethylphosphonocrotonate via a Horner-Wadsworth-Emmons 

reaction to form 2.14 and 2.15 (Figure 2.7.20 and Figure 2.7.21). Followed by hydrogenation, 

forming 2.16 and 2.17. Crude reaction mixtures were subsequently hydrogenated and treated with 

excess methyl magnesium chloride to yield hydroxy indolizidine (2.18) and hydroxy quinolizidine 

(2.19) (Figure 2.7.22ïFigure 2.7.25).27 Both product mixtures consisted of a 3:1 mixture of 
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diastereomers, and the mass spectrum and retention time of the major (first eluting isomer) 

matched those of the hydrated natural alkaloids (Figure 2.7.26 and Figure 2.7.27). Unfortunately, 

we were unable to separate the diastereomers using a range of LC methods and columns, so the 

products were analyzed by 2D NMR as mixtures (Figure 2.7.28ïFigure 2.7.39; Table 2.8.2ïTable 

2.8.5). This led to complete assignments of both isomers for 2.18 and 2.19, with the major isomer 

in both samples exhibiting a clear ROESY correlation between the two stereogenic methines, 

indicating a syn orientation. This was supported by the lack of a ROESY correlation between the 

same methines for the minor isomer (anti orientation). 

In November 2023, we made a fortuitous collection of B. producta and this material was 

successfully used to isolate small quantities of both the hydro-analogs, 2.4 and 2.6. Approximately 

30 millipedes were extracted in methanol, and analysis of the crude extract by LCMS revealed 

both 2.4 and 2.6 as major components, while 2.3 and 2.5 were not present. RP-HPLC purification 

led to less than 0.5 mg of both 2.4 and 2.6. Analysis of both compounds by 2D NMR confirmed 

their planar structures (Table 2.8.6 and Table 2.8.7, Figure 2.7.40ðFigure 2.7.50). In addition, a 

clear ROESY correlation was observed between H-3 and H-5 indicating a syn relationship between 

the methines. Assigning the absolute stereoconfiguration will require an enantiopure total synthesis 

of all four natural metabolites.  

This investigation describes the chemistry of the defensive secretions from three previously 

unstudied species of Brachycybe millipedes, two of which are sister species (B. petasata and B. 

producta), and another closely related species (B. rosea). Although the sister species are non-

sympatricðB. petasata is found on the East Coast and B. producta is found on the West Coast of 

the U.S.ðboth produce the same bicyclic monoterpene alkaloids (2.3ï2.6). Their secretions 

consist of two indolizidines [gosodesmine (2.3) and hydrogosodesmine (2.4)] and their 
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quinolizidine homologs [homogosodesmine (2.5) and homo-hydrogosodesmine (2.6)], marking 

the first time a quinolizidine-containing natural product has been isolated from a millipede. In 

addition, the presence of indolizidine and quinolizidine concomitants in the millipede secretions 

is reminiscent of the pumiliotoxins (indolizidines) and homopumiliotoxins (quinolizidines) that 

are found within the skin of poison dart frogs. Although originally discovered from studies of 

poison dart frogs, it has since been determined that the frogs acquire these defensive agents from 

their arthropod diet, particularly oribatid mites.28-30 The pumiliotoxins are believed to serve as 

defensive metabolites as they exhibit potent toxicity against mice, with LD50 of 20 to 50 ɛg.30,31  

2.3. Discussion 

While the chemical identity of these alkaloids has been elucidated, their ecological function 

and the evolution of their biosynthesis remains unclear. The volume, concentration, and apparent 

effect on the millipedesô predators, such as ants (rapid motor incapacitation), strongly implies a 

strong deterrent effect.3,32,33 In support of a defensive role, many millipedes, including those 

producing alkaloids, secrete visible secretions from their ozopores (openings of the ozadenes, 

defense glands) when physically disturbed.34 This includes the secretion of a white, milk-like 

substance when collected with forceps (field observations). In addition, there are a few examples 

of the alkaloids themselves deterring predation experimentally. For example, 2.1 has been shown 

to reduce the rate of attack by Formica ants when experimentally applied to mealworms, and 

polyzonimine produced by Petaserpes rosalbus, is known to act as an insect repellent at 

concentrations as low as 100 nM.15,20 Thus, existing literature strongly supports a defensive role 

of the terpenoid alkaloid secretions. However, Shear (2015) raised the possibility that some of 

these compounds may also act as pheromones facilitating aggregation, as some members of the 

subterclass Colobognatha are social millipedes and are known to form aggregates on the 
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undersides of decaying logs.1 Moreover, there are examples of high viscosity "sticky" components 

of secretions in Glomerida, Chordeumatida, and Siphonophorida.3-5,32,33 The functions of these are 

unclear, but functional hypotheses have been made such as clinging to stones, an antipredatory or 

antiparasite role, or a soil-shedding mechanism to allow efficient burrowing.5  

To date, sixteen terpenoid alkaloids have been isolated from ten genera of millipedes, all 

within the subterclass Colobognathaðspare Siphonophorida that produces monoterpenes.1,21 The 

chemical diversity of the alkaloids varies across the millipede phylogeny where the monoterpene 

alkaloids (2.1ï2.6, and buzonamine) are produced by species of millipedes within two orders, 

Platydesmida and Polyzoniida, and spiro-alkaloids, such as polyzonimine, are found within 

Siphonocryptida and Polyzoniida. The buzonamine, indolizidine and quinolizidine monoterpene 

alkaloids appear to each consist of a monoterpene and pyrrolidine or piperidine but have undergone 

different cyclization steps. Further analysis of the monoterpene alkaloids, the bicyclic analogs 

(2.3ï2.6) have only been isolated from two genera of millipedes, all belonging to Platydesmida, 

while the tricyclic monoterpenes have been isolated from genera representing both Platydesmida 

and Polyzoniida. Through this study, we have discovered that this tight relationship between 

phylogeny and chemical diversity holds true down to sister species. Despite B. lecontii and B. 

petasata both being known from the eastern U.S., even co-occurring on the same decaying logs at 

some sites, B. petasata is not the closest evolutionary sister of B. lecontii. Instead, the closest 

evolutionary sister of B. lecontii is B. nodulosa, endemic to Japan, and B. rosea, endemic to 

California. Based on a phylogeny of Brachycybe by Brewer, et al. (2012), B. petasata is closely 

related to Brachycybe producta, a species from California.24 Similarly, B. producta co-occurs with 

Brachycybe rosea, the latter which is more closely related to B. lecontii and B. nodulosa. The 

chemistry of their defensive secretions follows this evolutionary relationship, where B. lecontii 
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and B. rosea produce the same tricyclic secretion (e.g., 2.1), while B. petasata and B. producta 

both produce the same bicyclic secretions (e.g., 2.3ï2.6). This strong relationship between 

defensive gland secretion chemistry and phylogeny indicates that the millipedes are themselves 

producing the secretions de novo and suggests that the chemical diversity within the terpenoid 

alkaloids may arise from the evolution of cyclase genes.  

The discovery of these new terpenoid alkaloids adds to the growing knowledge of millipede 

defensive secretions and is beginning to provide insights into how these compounds might be 

biosynthesized and their evolution within millipedes. However, additional chemical investigations 

into unstudied millipedes belonging to the subterclass Colobognatha are necessary to provide 

insights into key biosynthetic transformations and to fully understand the evolution of this 

interesting class of compounds. To date, eleven genera of Platydesmida, and 59 species have not 

yet been chemically investigated, and this cohort undoubtedly includes new terpenoid alkaloids 

yet to be discovered. This includes many related species, such as B. nodulosa from Japan and B. 

picta (sympatric to B. producta) from California, with the latter representing the earliest-diverging 

Brachycybe species that is evolutionary sister to others in the genus. Future analyses will 

undoubtedly provide additional insights into the evolution of these compounds.  

2.4. Experimental Methods 

2.4.1. General Experimental Procedures 

NMR spectra were recorded with deuterated DMSO with the residual solvent peak as an 

internal standard (ŭC 39.5, ŭH 2.50) on Bruker Avance III 600 MHz instrument equipped with a 

triple resonance inverse (CP-TCI) Prodigy N2 cooled CryoProbe (600 and 150 MHz for 1H and 

13C NMR, respectively) and a JEOL 400 MHz NMR spectrometer. GCMS was carried out in the 

electron impact (EI) mode using a Shimadzu QP-2020. LR-LCMS data was obtained using an 
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Agilent 1200 series HPLC system equipped with a photo-diode array detector and a Thermo LTQ 

mass spectrometer. HRESIMS was carried out using a Shimadzu LC-q-TOF Mass Spectrometer 

equipped with a HPLC system. HPLC purifications were carried out using Agilent 1200 series or 

1260 Infinity II HPLC systems (Agilent Technologies) equipped with a photodiode array detector. 

All solvents were of HPLC quality. Optical rotation was measured using a JASCO P-2000 

polarimeter. 

2.4.2. Millipede Collections 

The millipedes were collected at the following locations. (1) B. petasata, Haywood Co., 

North Carolina, Balsam Mountain Campground, nature trail, 35.56764ÁN, -83.17651ÁW, Elev. 

1622 m, 27 September 2021 (PEM-2021-007, habitat of hemlock, maple, birch/beech); (2) B. 

petasata, Sevier Co., Tennessee, Great Smoky Mountains, Mt. LeConte, Alum Cave Trail, 

35.63998ÁN, -83.44023ÁW, Elev. 1409 m, 28 September 2021, (PEM-2021-008, habitat 

Rhododendron cove); (3) B. petasata, Dade Co., Georgia, Cloudland Canyon State Park, forested 

area along roadside across from the visitor center, 34.817213ÁN, -85.487654ÁW, Elev. 563 m, 15 

March, 2021 (MTK-GA-21-BPE13); (4) B. producta, Marin Co., California, Lake Lagunitas, 

Marin Municipal Water District, adjacent to Lake Lagunitas Loop Trail 37.946577ÁN, -

122.597678ÁW, Elev. 247 m, 5 December 2021 (MTK-CA-21-5); (5) B. producta, Marin Co., 

California, Lake Lagunitas, Marin Municipal Water District, adjacent to Indian Fire Road, Eldridge 

Grade on Mount Tamalpais 37.934565ÁN, -122.572577ÁW, Elev. 418 m, 5 December 2021 (MTK-

CA-21-6); (6) B. rosea, El Dorado Co., California, El Dorado Irrigation District, Sly Park 

Recreation Area, forested area adjacent to Miwok trail 38.732112ÁN, -120.559085ÁW, Elev. 1083 

m, 11 December 2021 (MTK-CA-21-12); (7) B. rosea, San Mateo Co., California, Edgewood Park 

and Nature Preserve, edge of ravine next to restrooms, 37.472201ÁN, -122.278708ÁW, Elev. 83 m, 
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4 December 2021 (MTK-CA-21-3); and (8) B. rosea, Tahoe National Forest, Upper Carlton 

Campground, 39.520737ÁN, -120.996210ÁW, Elev. 712 m, 10 December 2021 (MTK-CA-21-13). 

All collections were placed in small vials with a few mL of methanol for preservation and 

immediate extraction of the defensive secretions. Voucher specimens have been deposited as 

natural history specimens in the Virginia Tech Insect Collection (https://collection.ento.vt.edu/).  

2.4.3. General GCMS Method Used for All Analyses Described Below 

GCMS analyses were carried out in the electron impact (EI) mode using a Shimadzu QP-

2020 equipped with an RTX-5 column (30 m x 0.25 mm i.d. column) programmed from 60 ÁC to 

250 ÁC changing at a rate of 10 ÁC/min and holding at 250 ÁC for 12 min. 

2.4.4. GCMS Analysis of Collected Millipedes Crude Extracts 

An aliquot of each crude extract from distinct millipede collections were analyzed using 

the general GCMS method (described above). All B. rosea collections had a prominent peak 

matching the retention time (17.7 min) and fragmentation as an authentic sample of 

deoxybuzonamine (2.1). EIMS m/z (rel %) 207 (45, M+), 206 (100), 192 (16), 178 (20), 136 (18), 

97 (25), 96 (36), 84 (69), 83 (45). B. petasata and B. producta collections had variable prominent 

peaks at 17.6 (2.4), 18.0 (2.3), 19.0 (2.6), and 19.4 (2.5) min, which are summarized in Table 2.1. 

The peak at 18.001 matched the retention time and fragmentation as an authentic sample of 

gosodesmine (2.3). EIMS m/z (rel %) 205 (17, M+), 204 (35), 136 (50), 122 (22), 93 (82), 70 (100), 

53 (10), 41 (62).  

2.4.5. Chemical Derivatization of Brachycybe petasata and B. producta Crude Extracts 

An aliquot of a representative crude extract from both B. petasata and B. producta 

millipedes was derivatized using microhydrogenation. A slow stream of hydrogen was bubbled 

through the original extract, ca 50 ɛL, containing a few milligrams of PtO2 until the catalyst turned 
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black. The supernatant was immediately subjected to GCMS analysis using the general method 

described above. Hydrogenation of extracts of both species gave two isomers of both 7-(4-

methylpentyl)indolizidine (2.7) and 2-(4-methylpentylquinolizidine (2.8) in a 1:2 ratio (synthesis 

described below) Hassler, et al. (2020). In addition, the alkaloids in one collection of B. producta 

were hydrated by treating a small portion of the extract with 5% HCl in MeOH for 1 h at rt, at 

which point the mixture was carefully made basic with solid K2CO3 and extracted with 200 ɛL of 

diethyl ether. Analysis by GCMS showed the original 2.3 and 2.4 along with two new peaks with 

M+ water adducts of 2.5 and 2.6. 

2.4.6. Synthesis of 2-(4-Methylpentyl)-quinolizidine (2.8)  

A 1.6 mol/L solution of n-butyllithium in hexane (1.0 mL, 1.6 mmol) was added dropwise 

to a slurry containing 0.55 g (1.3 mmol) of 4-methylpentyltriphenylphosphonium bromide in 10.0 

mL of THF under argon at 0 oC.36 The mixture was stirred for 0.5 h followed by the dropwise 

addition of 0.17 g (1.1 mmol) of 2-quinolizidone in 1 mL of THF and allowed to come to rt 

overnight.37 The mixture was filtered through celite and the solvent removed under pressure. The 

residue was triturated with 15 mL of anhydrous ether and filtered through a silica gel plug to 

provide 0.15 g of a 1:1 mixture of the starting 2-quinolizidone and a 1:1 mixture of (E and Z) 

isomers of 2-(4-methylpentylidine)octahydroquinolizidine with identical mass spectra: MS m/z 

(rel %) 221 (40, M+), 220 (43), 206 (13), 178 (20), 165 (12), 164 (75), 151 (20), 150 (100), 136 

(48), 122 (10), 97 (53), 96 (35), 84 (35). This material was taken up in MeOH and treated with ca. 

10 mg (44.0 ɛmol) of PtO2 and a slow stream of hydrogen was bubbled through it until the catalyst 

turned black. After 20 min, the sample was filtered and the mixture analyzed on GCMS, which 

showed the presence of two isomers of 2.8 in a 12:1 ratio having identical mass spectra. Compound 

2.8 was an amorphous colorless solid; EIMS m/z (rel %) 223 (43, M+), 222 (82), 208 (25), 194 (7), 
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180 (57), 166 (11), 152 (14), 139 (10), 138 (100), 110 (46), 97 (57), 96 (14), 84 (16), 83 (16), 82 

(18). 

2.4.7. Synthesis of Homogosodesmine (2.5) 

A solution containing 0.23 g (1.1 mmol) of piperidine ketone (2.9), 0.21 g (1.1 mmol) of 

diethyl phosphonoacetic acid, and 0.21 g (1.4 mmol) of EDCI in 5 mL of DMF was stirred 

overnight at rt under an argon atmosphere. The mixture was diluted with 25 mL of water and 

extracted 3 x 50 mL of diethyl ether. The combined ether extracts were dried over anhydrous 

MgSO4, filtered and concentrated to provide a crude mixture containing a 1:4 mixture of the diethyl 

phosphonoacetamide (2.10) (M = 387) and lactam 2.11 (M = 233). EIMS m/z (rel %) 387 (13, M+), 

262 (51), 208 (35), 140 (20), 123 (10), 98 (52), 84 (100), 69 (7). The residue was taken up in 5 mL 

of anhydrous acetonitrile (MeCN) and treated with 0.15 g of DBU (0.97 mmol) and 50 mg of LiCl 

(1.2 mmol) and the solution was stirred overnight at rt. The solvent was removed under reduced 

pressure, and the residue was taken up in 20 mL of diethyl ether and extracted with 5 mL of water. 

The ether solution was passed through a short plug of silica gel, and the solvent was removed to 

provide 0.25 g (1.1 mmol) of nearly pure 2.11, which was used as is in the next reaction. EIMS 

m/z 233 (19, M+), 218 (5), 205 (9), 190 (7), 176 (3), 166(12), 165(100), 164 (44), 152 (12), 84 

(30), 69 (16), 41, (14).  

A solution containing 0.2 g (0.86 mmol) of lactam 2.11 in 2 mL of diethyl ether was added 

to a mixture containing 0.12 g (3.2 mmol) of LiAlH4 in 40 mL of diethyl ether and stirred for 3 h, 

rt. The reaction was quenched by sequential addition of 5-6 drops of H2O, 5-6 drops of 10% NaOH, 

and 10 drops of H2O, filtered, and solvent removed by reduced pressure. This yielded 0.18 g (0.72 

mmol) of 2.5 whose mass spectrum and retention times matched those of the quinolizidine natural 

product from B. producta. Compound 2.5 was an amorphous colorless solid, 1H and 13C NMR: 
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See Table 2.8.1; EIMS m/z (rel %) 219 (48, M+), 218 (70), 204 (11), 191 (13), 176 (24), 162 (20), 

151 (24), 150 (100), 149 (33), 136 (50), 134 (15), 93 (21), 84 (78), 69 (22), 55 (13), 41 (28); 

HRESIMS calc for C15H26N+ 220.2060, found [M+H]+ 220.2058, ȹ 0.75 ppm. 

2.4.8. Synthesis of 7-(4-Hydroxy-4-methylpentyl)-indolizidine (2.18)  

A 1 mol/L solution of LiHMDS (2.2 mL, 2.2 mmol) in hexanes was added slowly to a 

solution containing 0.50 g (2.0 mmol) of triethyl-4-phosphonocrotonate in 10 mL of THF at 0 oC 

under an argon atmosphere. After 0.5 h a solution containing 0.28 g (2.0 mmol) of 7-indolizidone 

(2.12) in 2 mL of THF was added and the mixture was stirred overnight.37 The mixture was diluted 

with 70 mL of diethyl ether and stirred with 5 mL of saturated NH4Cl (aq). The layers were 

separated, and the organic layer was dried over anhydrous K2CO3 and the solvent was removed 

under reduced pressure to provide 0.22 g (0.93 mmol) of a mixture of geometric isomers of 2.14. 

EIMS m/z 235 (62, M+), 206 (22), 190 (18), 162 (29), 176 (28), 162 (34), 160 (11), 83 (100), 81 

(53), 70 (24). The crude mixture was taken up in 20 mL of EtOH and treated with 1 mL of 10% 

HCl, and hydrogenated over 40 mg of 10% Pd/C at 3 atm pressure for 45 min. The mixture was 

filtered through celite and after removal of the solvent partitioned between diethyl ether and 10% 

NaOH (aq). The organic layer was dried over anhydrous K2CO3, the solvent was removed from 

the ether solution to provide 0.19 g (0.79 mmol) of the saturated amine ester (2.16) as a 2:1 mixture 

of isomers. EIMS m/z 239 (40, M+), 238 (100), 210 (27), 194 (36), 152 (31), 138 (24), 124 (91), 

97 (31), 96 (80), 83 (33). This product was taken up in 10 mL of THF and treated with 2 mL of 3 

mol/L MeMgCl in THF and allowed to stir overnight. The mixture was diluted with diethyl ether 

and treated with 10 mL of saturated NH4Cl (aq). The organic layer was separated, dried over 

anhydrous K2CO3 and the solvent was removed to provide 0.11 g (0.49 mmol) of 2.18 as a 2:1 

mixture of isomers with identical mass spectra. The GC retention time and the mass spectrum of 
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the first eluting isomer matched that of the hydrated natural product (2.18). Compound 2.18 was 

an amorphous colorless solid, 1H and 13C NMR: See Table 2.8.2 (major stereoisomer) and Table 

2.8.3 (minor stereoisomer); EIMS m/z 225 (44, M+), 224 (100), 210 (676), 166 (100), 138 (44), 

124 (81), 97 (23), 96 (60), 83 (26), 59 (14), 55 (10). HRESIMS calc for C14H28NO+ 226.2165, 

found [M+H]+ 226.2166, ȹ 0.13 ppm. 

2.4.9. Synthesis of 2-(4-Hydroxy-4-methylpentyl)-quinolizidine (2.19) 

This compound was prepared using the same method described for 2.18, except it started 

with 2-quinolizidone (2.13). A 1 mol/L solution of LiHMDS (2.2 mL, 2.2 mmol) in hexanes was 

added slowly to a solution containing 0.50 g (2.0 mmol) of triethyl-4-phosphonocrotonate in 10 

mL of THF at 0 oC under an argon atmosphere. After 0.5 h a solution containing 0.30 g (2.0 mmol) 

of 2-quinolizidone in 2.0 mL of THF was added and the mixture was stirred overnight.37 The 

mixture was diluted with 70 mL of diethyl ether and stirred with 5 mL of saturated NH4Cl (aq). 

The layers were separated, and the organic layer was dried over anhydrous K2CO3 and the solvent 

was removed under reduced pressure to provide a mixture of geometric isomers of 2.15. EIMS m/z 

249 (70, M+), 234 (36), 220 (20), 204 (20), 176 (28), 162 (34), 136 (22), 97 (100), 96 (99), 69 (22). 

The crude mixture was taken up in 20 mL of EtOH treated with 1.0 mL of 10% HCl, and 

hydrogenated over 40 mg of 10% Pd/C at 3 atm pressure for 45 min. The mixture was filtered 

through celite and after removal of the solvent partitioned between diethyl ether and 10% NaOH 

(aq). After drying over anhydrous K2CO3 the solvent was removed from the ether solution to 

provide the saturated amine ester 2.17. EIMS m/z 253 (35, M+), 252 (67), 238 (11), 224 (23), 210 

(11), 208 (48), 106 (47), 152 (30), 138 (100), 110 (67), 97 (77), 82 (41). This product was taken 

up in 10 mL of THF and treated with 2.0 mL of 3 mol/L MeMgCl in THF and allowed to stir 

overnight. The mixture was diluted with diethyl ether and treated with 10 mL of saturated NH4Cl 
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(aq). The organic layer was separated, dried over anhydrous K2CO3 and the solvent was removed 

to provide 0.65 g (2.7 mmol) of 2.19 as a 3:1 mixture of isomers with identical mass spectra. The 

GC retention time and the mass spectrum of the first eluting isomer matched that of the hydrated 

natural product (2.19). Compound 2.19 was an amorphous colorless solid; 1H and 13C NMR: See 

Table 2.8.4 (major stereoisomer) and Table 2.8.5 (minor stereoisomer); EIMS m/z 239 (20, M+), 

238 (42), 224 (56), 180 (100), 152 (18), 138 (67), 110 (33), 97 (38), 83 (22), 59 (13), 55 (20); 

HRMS (ESI) calc for C15H30NO+ 240.2322, found [M+H]+ 240.2319, ȹ 1.3 ppm. 

2.4.10. Extraction and Isolation of Homogosodesmine (2.5) and Homo-Hydrogosodesmine 

(2.6) from B. producta 

The millipedes were extracted using MeOH and dried down. The extract was then 

resuspended in 1:1 MeCN/H2O and separated using reverse-phase high performance liquid 

chromatography (RP-HPLC). The mobile phase was a mixture of MeCN and H2O with 0.1% 

formic acid, using a Phenomenex 4 Õm Hydro semi-preparative column (250 Ĭ 10 mm). The flow 

was set to 3 mL/min with a 5 min isocratic hold at 20% MeCN/H2O followed by a linear gradient 

to 47% MeCN/H2O over 29 min to yield pure hydrogosodesmine (2.4) and homo-

hydrogosodesmine (2.6).  

Hydrogosodesmine (2.4): amorphous solid; [Ŭ]D 3.75 (MeOH); 1H and 13C NMR: See Table 2.8.6; 

HRMS (ESI) calc for C14H26N+ 208.2060, found [M+H]+ 208.2061, ȹ0.55 ppm. 

Homo-hydrogosodesmine (2.6): amorphous solid; [Ŭ]D 7.50 (MeOH); 1H and 13C NMR: See Table 

2.8.7; HRMS (ESI) calc for C15H28N+ 222.2216, found [M+H]+ 222.2219, ȹ1.29 ppm. 
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2.7. Appendix Figures 

 
Figure 2.7.1. GCMS chromatogram and spectra of a representative Brachycybe petaseta extract 

(PEM-2021-008). Peaks at 6.3 min is Ŭ-pinene and 14 min is borneyl acetate.  
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Figure 2.7.2. GCMS chromatogram and spectra of a representative B. producta extract. 
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Figure 2.7.3. GCMS chromatogram and spectra of a representative B. rosea extract. The smaller 

peak at 17.595 min appears related to deoxybuzonamine. The fragment at m/z = 70 which suggests 

a of an olefin the middle ring but we did not have enough material for structure elucidation.  

 
Figure 2.7.4. GCMS chromatogram and spectrum of a representative B. lecontii extract. 

 



 

 79 

 
Figure 2.7.5. GCMS chromatogram and spectra of the reaction product of the hydrogenation of 
B. petasata extract. The reduction of gosodesmine (2.3) and homogosodesmine (2.5) led to 

stereoisomers. The fragmentation patterns of the stereoisomers were identical.  
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Figure 2.7.6. GCMS chromatogram and spectra of the reaction product of the hydrogenation of 
B. producta extract. The reduction of gosodesmine (2.3) and homogosodesmine (2.5) led to 

stereoisomers. The fragmentation patterns of the stereoisomers were identical.  
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Figure 2.7.7. GCMS chromatogram and spectrum of the synthesized 7-(4-methylpentyl)-

indolizidine (2.7). 

 
Figure 2.7.8. GCMS chromatogram and spectrum of the synthesized 2-(4-methylpentyl)-

quinolizidine (2.8). 
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Figure 2.7.9. GCMS chromatogram and spectrum of the synthesized homogosodesmine (2.5). 
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Figure 2.7.10. GCMS chromatogram and spectrum of the synthesized 2.11. 

 



 

 84 

 
Figure 2.7.11. Numbering of compounds for NMR data tables. 

 
Figure 2.7.12. 1H NMR spectrum for synthetic homogosodesmine (2.5) (600 MHz, d6-DMSO) 

128 scans. 
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Figure 2.7.13. gHSQC for synthetic homogosodesmine (2.5) (600 MHz, d6-DMSO) 96 scans, 

NUS25 and 400 increments. 

 
Figure 2.7.14. H2BC for synthetic homogosodesmine (2.5) (600 MHz, d6-DMSO) 160 scans, 

NUS50 and 400 increments. 
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Figure 2.7.15. HMBC for synthetic homogosodesmine (2.5) (600 MHz, d6-DMSO) 144 scans, 

NUS50 and 512 increments. 

 
Figure 2.7.16. dqfCOSY for synthetic homogosodesmine (2.5) (600 MHz, d6-DMSO) 96 scans, 

NUS50 and 400 increments. 
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Figure 2.7.17. Hydration product from reaction of B. petasata crude extract with dilute HCl (aq). 

Compound 2.4 converted to 2.18 and 2.6 converted to 2.19.  

 
Figure 2.7.18. Fragmentation of 2.18 and 2.19, the hydrate adducts of 2.4 and 2.6, respectively. 

 
Figure 2.7.19. Plausible fragmentation mechanism that leads to observed loss of 85 Da in both 2.4 

and 2.6. 
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Figure 2.7.20. GCMS chromatogram and spectrum of the synthesized 2.14. 
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Figure 2.7.21. GCMS chromatogram and spectrum of the synthesized 2.15. 
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Figure 2.7.22. GCMS chromatogram and spectrum of the synthesized 2.16. 
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Figure 2.7.23. GCMS chromatogram and spectrum of the synthesized 2.17. 
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Figure 2.7.24. GCMS chromatogram and spectrum of the synthesized 2.18. 
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Figure 2.7.25. GCMS chromatogram and spectrum of the synthesized 2.19. 
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Figure 2.7.26. Comparison of synthetic 2.18 with hydration of B. petasata extract. The synthesis 

is a mixture of isomers with the syn-isomer the major product (first eluting peak). The 

fragmentation patterns for the synthetic and natural material match.  

 



 

 95 

 
Figure 2.7.27. Comparison of synthetic 2.19 with hydration of B. petasata extract. The synthesis 

is a mixture of isomers with the syn-isomer the major product (first eluting peak). The 

fragmentation patterns for the synthetic and natural material match.  
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Figure 2.7.28. 1H NMR spectrum for compound 2.18 (600 MHz, d6-DMSO) 16 scans, 50o C. 

 
Figure 2.7.29. gHSQC for compound 2.18 (600 MHz, d6-DMSO) 16 scans, NUS25, 400 

increments, and 50o C. 

 



 

 97 

 
Figure 2.7.30. H2BC for compound 2.18 (600 MHz, d6-DMSO) 48 scans, NUS50, 400 

increments, and 50o C. 

 
Figure 2.7.31. HMBC for compound 2.18 (600 MHz, d6-DMSO) 32 scans, NUS50, 512 

increments, and 50o C. 
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Figure 2.7.32. dqfCOSY for compound 2.18 (600 MHz, d6-DMSO) 16 scans, NUS50, and 400 

increments, and 50o C. 

 
Figure 2.7.33. easyROESY for compound 2.18 (600 MHz, d6-DMSO) 40 scans, NUS50, 400 

increments, 400 ɛsec mixing time, and 50o C. 
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Figure 2.7.34. 1H NMR spectrum for compound 2.19 (600 MHz, d6-DMSO) 16 scans, 50o C. 

 
Figure 2.7.35. gHSQC for compound 2.19 (600 MHz, d6-DMSO) 16 scans, NUS25, 400 

increments, and 50o C. 
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Figure 2.7.36. H2BC for compound 2.19 (600 MHz, d6-DMSO) 48 scans, NUS50, 400 

increments, and 50o C. 

 
Figure 2.7.37. HMBC for compound 2.19 (600 MHz, d6-DMSO) 32 scans, NUS50, 512 

increments, and 50o C. 
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Figure 2.7.38. dqfCOSY for compound 2.19 (600 MHz, d6-DMSO) 16 scans, NUS50, and 400 

increments, and 50o C. 

 
Figure 2.7.39. easyROESY for compound 2.19 (600 MHz, d6-DMSO) 40 scans, NUS50, 400 

increments, 400 ɛsec mixing time, and 50o C. 
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Figure 2.7.40. 1H NMR spectrum for hydrogosodesmine (2.4) (600 MHz, d6-DMSO) 128 scans, 

50o C. 

 
Figure 2.7.41. gHSQC for hydrogosodesmine (2.4) (600 MHz, d6-DMSO) 96 scans, NUS25, 400 

increments. 
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Figure 2.7.42. H2BC for hydrogosodesmine (2.4) (600 MHz, d6-DMSO) 160 scans, NUS50, 400 

increments, and 50o C. 

 
Figure 2.7.43. HMBC for hydrogosodesmine (2.4) (600 MHz, d6-DMSO) 64 scans, NUS50, and 

512 increments. 
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Figure 2.7.44. easyROESY for hydrogosodesmine (2.4) (600 MHz, d6-DMSO) 128 scans, 

NUS50, 400 increments, and 400 ɛsec mixing time. 

 
Figure 2.7.45. 1H NMR spectrum for homo-hydrogosodesmine (2.6) (600 MHz, d6-DMSO) 128 

scans, 50o C. 
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Figure 2.7.46. gHSQC for homo-hydrogosodesmine (2.6) (600 MHz, d6-DMSO) 32 scans, 

NUS25, 400 increments. 

 
Figure 2.7.47. H2BC for homo-hydrogosodesmine (2.6) (600 MHz, d6-DMSO) 160 scans, 

NUS50, 400 increments, and 50o C. 
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Figure 2.7.48. HMBC for homo-hydrogosodesmine (2.6) (600 MHz, d6-DMSO) 64 scans, 

NUS50, and 512 increments. 

 
Figure 2.7.49. dqfCOSY for homo-hydrogosodesmine (2.6) (600 MHz, d6-DMSO) 32 scans, 

NUS50, and 400 increments. 
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Figure 2.7.50. easyROESY for homo-hydrogosodesmine (2.6) (600 MHz, d6-DMSO) 128 scans, 

NUS50, 400 increments, and 400 ɛsec mixing time. 
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2.8. Appendix Tables 

Table 2.8.1. NMR Spectroscopy Data for Synthetic Homogosodesmine (2.5) (600 MHz, d6-

DMSO, 50o C)

Position ŭC, type[a] ŭH (J in Hz) H2BC HMBC COSY 

1 124.4, CH 5.09, m   8 

2 61.3, CH2 4.02, m   8 

3 54.0, CH2 4.51, m   4 

4 20.4, CH2 2.02, m 4, 5  3, 5 

5 16.8, CH2 1.88, m   4, 6 

6 27.3, CH2 3.16, m 5 4, 5 5 

7 ND[b]     

8 28.6, CH2 1.24, m   1, 2 

9 132.5, C     

10 34.3, CH2 2.84, t (7.62)  12 11 

11 27.1, CH2 2.36, m 10  10, 12 

12 122.0, CH 5.11, m   11 

13 130.3, C     

14 17.3, CH3 1.56, m  12, 13, 15  

15 25.1, CH3 1.64, m  12, 13, 14  
[a]ŭC obtained indirectly from gHSQC and gHMBC experiments. [b]ND: Not detected. Significant 

peak broadening occurred in signals near the tertiary amine. This led to weak and/or missing 

signals. 
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Table 2.8.2. NMR Spectroscopy Data for Synthetic Syn-Isomer of 2.18 (600 MHz, d6-DMSO, 50o 

C)

Position ŭC, type[a] ŭH (J in Hz) H2BC HMBC COSY 

1 31.4, CH2 
1.62, m 

2 
 2 

1.14, m 

2 51.3, CH2 
3.00, m 

 
 1 

1.97, m 

3 52.7, CH2 
2.95, m 

4 2 
4 

2.04, m 

4 20.4, CH2 
1.66, m 

3, 5  
3 

1.62, m 

5 29.6, CH2 
1.78, m 

4, 6  
 

1.27, m 

6 63.4, CH 1.83, m 5, 7   

7 36.5, CH2 
1.78, m 

6, 8 6 8 
1.80, m 

8 35.4, CH 1.28, m 1  7 

9 32.1, CH2 1.28, m    

10 21.4, CH2 1.29, m 12   

11 43.7, CH 1.31, m 10 10, 13, 14  

12 68.2, C     

13 29.0, CH3 1.06, m  11, 12, 14  

14 29.0, CH3 1.06, m  11, 12, 13  
[a]ŭC obtained indirectly from gHSQC and gHMBC experiments.  
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Table 2.8.3. NMR Spectroscopy Data for Synthetic Anti-Isomer of 2.18

 (600 MHz, d6-DMSO, 50o C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Position ŭC, type[a] ŭH (J in Hz) H2BC HMBC COSY 

1 28.6, CH2 1.71, m    

1.42, m 

2 46.8, CH2 2.79, m 1   

2.36, m 

3 52.8, CH2 2.95, m 4 3 4 

2.31, m 

4 19.9, CH2 1.71, m 3, 5 5 3 

1.66, m 

5 28.6, CH2 1.77, m 4   

1.36, m 

6 58.0, CH 2.36, m 5   

7 33.2, CH2 1.62, m   8 

1.46, m 

8 30.1, CH 1.71, m 1  7 

9 36.7, CH2 1.19, m 10   

10 20.7, CH2 1.31, m 9, 11   

11 43.6, CH 1.32, m 10 10, 13, 14  

12 68.6, C     

13 28.6, CH3 1.06, m  11, 12, 14  

14 28.6, CH3 1.06, m  11, 12, 13  
[a]ŭC obtained indirectly from gHSQC and gHMBC experiments. 
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Table 2.8.4. NMR Spectroscopy Data for Synthetic Syn-Isomer of 2.19 

(600 MHz, d6-DMSO, 50o C) 

  

Position ŭC, type[a] ŭH (J in Hz) H2BC HMBC COSY ROESY 

1 
31.4, CH2 

1.69, m 
2 

 2  

1.27, m 

2 
51.3, CH2 

3.01, m 
1 

 
1, 6, 14, 15 

 

2.40, m 

3 
52.7, CH2 

3.01, m 
 

 
5 

 

2.36, m 

4 
20.4, CH2 

1.69, m 
 

 
 

 

1.30, m 

5 23.5, CH2 1.64, m   3  

6 
30.7, CH2 

1.64, m 
5, 7 5 7 

 

1.35, m 

7 61.6, CH 2.35, m 6, 8  6, 14, 15 9 

8 
37.4, CH2 

1.66, m 
7, 9 

 
14, 15 

 

1.04, m 

9 34.1, CH 1.41, m 1, 8 11, 12 14, 15 7 

10 36.1, CH2 1.15, m 9, 11 11. 12   

11 20.4, CH2 1.30, m 10, 12 12   

12 43.4, CH 1.31, m 11 11, 13, 14, 15   

13 68.6, C      

14 28.9, CH3 1.06, m  7, 12, 13, 15 7, 8, 9  

15 28.9, CH3 1.06, m  7, 12, 13, 14 7, 8, 9  
[a]ŭC obtained indirectly from gHSQC and gHMBC experiments.  
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Table 2.8.5. NMR Spectroscopy Data for Synthetic Anti-Isomer of 2.19 

(600 MHz, d6-DMSO, 50o C)

Position ŭC, type[a] ŭH (J in Hz) H2BC HMBC COSY 

1 
26.9, CH2 

1.88, m 
2 

 2 

1.52, m 

2 
48.3, CH2 

2.91, m 
1 

 
1 

2.67, m 

3 
53.5, CH2 

3.03, m 
 

 
 

2.61, m 

4 
22.4, CH2 

1.64, m 
 

 
 

1.39, m 

5 23.4, CH2 1.60, m    

6 
30.8, CH2 

1.64, m 
5, 7 5  

1.32, m 

7 56.5, CH 2.73, m 8   

8 
34.4, CH2 

1.62, m 
7, 9 

 
14, 15 

1.53, m 

9 29.3, CH 1.73, m    

10 36.2, CH2 1.15, m  12  

11 21.5, CH2 1.29, m 10, 12 12  

12 43.3, CH 1.34, m 11 11, 13, 14, 15  

13 68.5, C     

14 28.5, CH3 1.06, m  12, 13, 15 8 

15 28.5, CH3 1.06, m  12, 13, 14 8 
[a]ŭC obtained indirectly from gHSQC and gHMBC experiments.  
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Table 2.8.6. NMR Spectroscopy Data for Natural Hydrogosodesmine (2.4) 

(600 MHz, d6-DMSO, 50o C)

Position ŭC, type[a] ŭH (J in Hz) H2BC HMBC ROESY 

1 
29.8, CH2 

1.75, m    

1.23, m 

2 
51.5, CH2 

2.97, m    

1.88, m 

3 
53.0, CH2 

2.90, m 
4 

  

1.96, m 

4 
20.4, CH2 

1.64, m    

1.59, m 

5 28.5, CH2 1.25, m    

6 63.3, CH 1.71, m    

7 
36.8, CH2 

1.77, m    

0.78, m 

8 31.4, CH 2.10, m    

9 36.1, CH2 1.23, m 10   

10 24.4, CH2 1.96, m  9  

11 124.2, CH 5.09, m 10  14 

12 130.3, C     

13 17.1, CH3 1.57, s  11, 12, 14  

14 25.0, CH3 1.65, s  11, 12, 13 11 
[a]ŭC obtained indirectly from gHSQC and gHMBC experiments. 

 

  



 

 114 

Table 2.8.7. NMR Spectroscopy Data for Natural Homo-Hydrogosodesmine (2.6) (600 MHz, d6-

DMSO, 50o C)

Position ŭC, type[a] ŭH (J in Hz) H2BC HMBC COSY ROESY 

1 
31.6, CH2 

1.59, m 
2    

1.08, m 

2 
55.5, CH2 

2.72, m 
1  3 1, 3 

1.88, m 

3 
55.4, CH2 

2.70, m 
4  2 2 

1.92, m 

4 
25.2, CH2 

1.53, m 
3    

1.42, m 

5 
23.9, CH2 

1.61, m 
4    

1.17, m 

6 
32.6, CH2 

1.48, m 
7 5   

1.10, m 

7 61.6, CH 1.67, m 6, 8    

8 
39.4, CH2 

1.53, m 
9, 7    

0.80, m 

9 34.9, CH 1.24, m 1, 8  11  

10 36.4, CH2 1.16, m 11 1, 8, 9, 12, 11 11 11 

11 24.5, CH2 1.92, m 10, 12 10, 12 9, 11, 12 10, 12, 14, 15 

12 124.4, CH 5.06, m 11 13, 14 11 11, 15 

13 130.6, C      

14 17.5, CH3 1.54, s  12, 13, 15  11 

15 25.4, CH3 1.62, s  12, 13, 14  11, 12 
[a]ŭC obtained indirectly from gHSQC and gHMBC experiment
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3.0. Abstract 

Millipedes have long been known to produce structurally diverse chemical defenses, 

including hydrogen cyanide, terpenoid alkaloids, and oxidized aromatics. Although the hydrogen 

cyanide and oxidized aromatic producing millipedes have been well studied, less than 10% of the 

terpenoid alkaloid producers have been chemically investigated. Several previous studies have 

shown that alkaloids disorient predators, but their biochemical target is currently unknown. Herein, 

we investigated the defensive secretions of a colobognath millipede, Ischnocybe plicata, and 

elucidated the constitution, absolute configuration, and conformation of four new highly oxidized 

terpenoid alkaloids, termed ischnocybines, using a range of analytical techniques. The 
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ischnocybines are actively secreted from the defensive glands and were shown to disorient ants, a 

likely common predator. Evaluation of the ischnocybines in a panel of neuroreceptors revealed 

that ischnocybine A possesses potent (Ki 14 nM) and selective (100-fold) binding affinity for 

sigma-1, an orphan neuroreceptor, over sigma-2. These molecules represent the most complex 

alkaloids to be discovered from millipedes and provide the first potential insights into a 

biochemical target responsible for their defensive properties.  
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3.1.  Introduction 

Millipedes are a diverse class (Diplopoda) of arthropods that are known to produce distinct 

chemical defensive secretions, including alkaloids, oxidized aromatics, and hydrogen cyanide.1,2 

These defensive compounds, or their biosynthetic precursors, are stored in high concentrations 

within repugnatorial glands and are released upon disturbance.1 Both hydrogen cyanide and 

oxidized aromatic containing secretions have reactive functional groups and are believed to deter 

predation as either a harmful toxin or general irritants, respectively.3-5 Alkaloid defensive 

secretions include both quinazolinone and terpenoid alkaloids, with the former hypothesized to 

represent a hybrid between the oxidized aromatics and cyanide-containing agents.6 Due to their 

structural intricacy, the terpenoid alkaloids are distinct from all other classes of millipede defensive 

compounds and represent the most complex secretions yet to be reported (i.e., larger molecular 

weight, contain stereocenters, and diverse functionality).1,6-9 Their defensive mechanism is 

unknown; however, it is unlikely that the terpenoid alkaloids function as general irritants as they 

lack the reactive functionalities. Two previous reports indicate that a subset of the terpenoid 

alkaloids cause disorientation in common predators, thus suggesting a potential neurological 

mechanism.8,9  

All known terpenoid alkaloids are produced by millipedes within a single subterclass, 

Colobognatha (fungus-feeding millipedes), which consists of four orders (Platydesmida, 

Polyzoniida, Siphonocryptida and Siphonophorida).1 All four orders have been reported to produce 

simple monoterpenes, such as Ŭ-pinene, however three orders (Platydesmida, Polyzoniida and 

Siphonocryptida) are known to produce complex terpenoid alkaloids (Figure 3.3). Currently, 

seventeen alkaloids have been described with fourteen being reported recently (since 2020).6-12 

This explosion in defensive secretion chemistry has provided insights into a potential biosynthetic 
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route. All millipede terpenoid alkaloids are hypothesized to incorporate a nitrogen that is 

presumably derived from either an amino acid (lysine or ornithine) or cyanide. Structural diversity 

appears to arise from variations in the terpene cyclization patterns and post-modifications (e.g., 

oxidation, nitration, and ligation). Nearly all reported alkaloids from Polyzoniida and 

Siphonocryptida millipedes contain a spirocyclic core (polyzonimine-like), though there is some 

variation in the number of carbons incorporated into each core structure (10 to 13).9-11 Conversely, 

defensive secretions characterized from Platydesmida contain one of two core structures: a bicyclic 

indolizidine/quinolizidine core (gosodesmine-like) or a 5,6,6-fused tricyclic core (buzonamine-

like).6-8,12 Both the gosodesmine- and buzonamine-like defensive secretions derive from a 

monoterpene, likely geranyl pyrophosphate, and either ornithine (5-membered rings) or lysine (6-

membered rings). Finer structural diversity arises from oxidation events (e.g., formation of olefins 

and epoxides) that are likely installed after the cyclization.  

Although there has been a recent resurgence in chemistry being described from 

Colobognatha, only about 10% of the described species have been chemically studied. Nearly all 

of these studies have led to the discovery of new chemical compounds.1,6,7,11 Herein, we report 

chemical investigations into the defensive secretions of Ischnocybe plicata (Platydesmida, 

Andrognathidae), a millipede that resides in the U.S. Pacific Northwest (Figure 3.3), leading to 

full structural characterization of four highly functionalized terpenoid alkaloids. The structure 

elucidation of the ischnocybines (3.1ï3.4; Figure 3.4) was accomplished using comprehensive 

analysis of 2D NMR, computational experimentation, electronic circular dichroism, and chemical 

derivatization. Notably, three of the ischnocybines potently and selectively bind sigma-1 receptor 

(ů1R), an orphan receptor.13 This receptor is a potential drug target for various disorders, and this 

is the first report of a molecular target for any of the millipede alkaloid defensive secretions.14-16  
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Figure 3.3. Millipede Phylogeny A) Millipede phylogenetic tree for subterclass colobognath. The 

types of compounds produced by each millipede are shown. Supertree from: Brewer, et al. (2012), 

Marek, et al. (2021), Benavides, et al. (2023). BïE) Pictures of diverse Colobognatha millipedes. 

B) Ischnocybe plicata; C) Brachycybe lecontii; D) Buzonium crassipes; E) Brachycybe producta. 

3.2. Results and Discussion 

Field observations suggested that when disturbed (shaken), I. plicata exudes a scent 

reminiscent of pine oil or citrus, indicating terpene production. GCMS analysis of a methanol 

extract of I. plicata collected in downed woody debris in Oregon forests revealed a mixture of 

monoterpenes and four larger metabolites that possessed fragmentation patterns that were 

dissimilar to known millipede alkaloids with molecular ions at m/z 291 (3.1), 305 (3.2), 349 (3.3) 
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and 379 (3.4) (Figure 3.7.1ïFigure 3.7.5). Preliminary chemical derivatization of the methanol 

extract using hydrogenation, basic hydrolysis, and aminolysis revealed that 3.1ï3.3 each possessed 

an olefin, 3.1 and 3.2 contained a single butyrate, and 3.3 and 3.4 contained a butyrate and either 

an acetate or another butyrate, respectively (Figure 3.7.6ïFigure 3.7.13). Additionally, 3.2 formed 

a methoxime, suggesting a ketone (Figure 3.7.14). Analysis of high resolution MS (HRMS) data 

indicated molecular formulas of C18H29NO2 (3.1, observed [M+H]+ 292.2277, calcd. C18H30NO2, 

ȹ0.0 ppm), C18H27NO3 (3.2, observed [M+H]+ 306.2072, calcd. C18H28NO3, ȹ0.9 ppm), 

C20H31NO4 (3.3, observed [M+H]+ 350.2335, calcd. C20H32NO4, ȹ1.1 ppm), and C22H37NO4 (3.4, 

observed [M+H]+ 380.2794, calcd. C22H38NO4, ȹ1.8 ppm) (Figure 3.7.15ïFigure 3.7.18). These 

key structural characteristics did not resemble known alkaloids previously isolated from 

millipedes. Therefore, the four metabolites present in the I. plicata extracts were purified via 

reverse phase high performance liquid chromatography (RP-HPLC) and full 2D NMR datasets 

(1H, 13C, COSY, easyROESY, HSQC and HMBC) were acquired on each metabolite to elucidate 

their planar structures (Figure 3.7.19ïFigure 3.7.42 and Table 3.8.8ïTable 3.8.11). 

We began the structure elucidation effort with 3.1, as it had the simplest NMR data and 

smallest mass of the isolated metabolites. The molecular formula (C18H29NO2) indicated five 

degrees of unsaturation and analysis of the 13C NMR spectrum revealed the presence of four 

deshielded carbonsðan ester (ŭC 172.2), two olefinic carbons (ŭC 135.4 and 126.3), and an 

oxygenated carbon (ŭC 80.1), accounting for two degrees of unsaturation. The 1H NMR spectrum 

confirmed a tri-substituted olefin with a single proton signal at ŭH 5.65 but also revealed two 

aliphatic singlet methyl groups (ŭH 23.8 and 27.2). The lack of additional functionality in the 1D 

NMR spectrum suggested that rings account for the remaining three degrees of unsaturation. 

Analysis of the 2D NMR spectra, particularly the HMBC and COSY (Figure 3.5), revealed that 
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3.1 is related to the known defensive metabolite buzonamine (3.5), isolated from the polyzoniid 

millipede Buzonium crassipes.8 Compound 3.1 contained a similar 5,6,6-fused tricyclic backbone 

with modifications in the B and C rings. (Figure 3.4 and Figure 3.5) In the B ring, the signals for 

an epoxide were clearly absent and replaced by two downfield signals that corresponded to an 

olefin. The olefinic proton (H-2, ŭH 5.65) exhibited HMBC correlations with C-1 (ŭC 52.1), C-4 

(ŭC 80.1) and C-8 (ŭC 39.4). In addition, ring C had an additional oxidized carbon adjacent to the 

gem-dimethyl moiety. Analyzing HMBC correlations led to assignment of a butyrate moiety 

attached to C-4 (ŭC 80.1) and the planar structure of 3.1 (Figure 3.4). 

 
Figure 3.4. Structures of new heterocyclic terpenoid alkaloids, ischnocybine A (3.1), 

Ischnocybinone (3.2), Ischnocybine B (3.3), and Ischnocybine C (3.4), along with the closest 

analog, buzonamine (3.5).  

Compounds 3.2ï3.4 shared a nearly identical carbon backbone with 3.1 but differed in 

oxidation state at two positions. The molecular formula of 3.2 indicated an additional oxygen atom 

and an additional degree of unsaturation. The 1D NMR spectra of 3.2 revealed no protons on C-6 



 

122 

and an additional strongly deshielded carbon signal (ŭC 211.7). Analysis of 2D NMR data 

confirmed C-6 as a ketone as both the gem-dimethyls (ŭH 0.92 and 1.08) exhibited HMBC 

correlations to C-6. Compound 3.3 incorporated an additional C2H2O2 compared to 3.1. The 1H 

NMR spectra of 3.3 revealed an additional singlet methyl group (ŭH 2.02) and this chemical shift 

matched the expected shift for an acetate methyl. The presence of an acetate was also supported 

by an additional deshielded carbon (ŭC 170.6) in the HMBC, and by a prominent loss of 59 

(corresponding to the formula CH3CO2) in the initial GCMS analysis. A key HMBC correlation 

between H-6 (ŭH 5.01) and C-17 (ŭC 170.6) further supported assignment of an acetate at C-6. 

Though, the most dissimilar to 3.1, 3.4 still contained the same tricyclic moiety. The 

molecular formula for 3.4 (C22H37NO4) included an additional C2H6 while also containing one less 

degree of unsaturation than 3.3. Based on the GCMS analysis, 3.4 lacked the olefin between C-

2/C-3 and contained two butyrates. Comparison of the 13C spectrum of 3.4 to those of 3.1ï3.3 

confirmed this; the spectrum of 3.4 lacked olefinic signals and had two carbonyl signals consistent 

with esters (ŭC 172.9 and 172.4). Both sets of gem-dimethyl protons shared HMBC correlations to 

C-6 (ŭC 76.5), from which one butyrate was attached. From C-6, HSQC and COSY data revealed 

the origin of the second butyrate at C-7 (ŭC 69.3). HMBC correlations from H-6 and H-7 to the 

ester carbonyls facilitated the placement of the butyrate groups. Thus, we deduced planar structures 

for ischnocybines AïC and ischnocybinone (Figure 3.4) 

Relative configurations of 3.1ï3.3 were established through a combination of ROESY 

NMR experiments and DELTA5020 based Density Functional Theory (DFT) calculations. For 

compound 3.1, chemical shift predictions were carried out for all four possible stereoisomers. The 

4S,8S,9R yielded the best results, with 13C and 1H RMSD values of 2.3 ppm and 0.07 ppm, 

respectively. Based on a lack of apparent ROESY correlations between H-4, H-8, and H-9, 
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comparisons to geometry-optimized structures of 3.1, and chemical shift predictions, it was 

determined that 3.1 had a relative configuration of 4S*,8S*,9R* (Table 3.8.12 and Table 3.8.13). 

Compounds 3.2 and 3.3 were similar to 3.1 based on observed ROEs and chemical shift 

predictions, and were assigned the relative configurations 4R*,8S*,9R* and 4R*,6R*,8S*,9R*, 

respectively (Table 3.8.14ïTable 3.8.17).  

Analysis of 3.4 was not straightforward, given the significant dissimilarity to 3.1. 

Conformational searches yielded far more results for 3.4 relative to 3.1ï3.3 due to added flexibility 

at positions 2 and 3. For several possible stereoisomers, chemical shift predictions yielded similar 

results (Table 3.8.18ïTable 3.8.21); fortunately, 1H signals were relatively clean and fairly well-

resolved, allowing for application of J-based configuration analysis. Protons H-7 and H-8 shared 

a large coupling constant of 11.6 Hz, pointing towards a trans-diaxial relationship (Figure 3.5). 

The small coupling constant between H-6 and H-7 (2.7 Hz) suggested that H-6 is equatorial; the 

same holds true for H-3 and H-8 (3.5 Hz), where H-3 is likely equatorial. Additionally, the intensity 

of the ROESY correlations between H-2, H-7, and H-21, and the correlations between H-3, H-8, 

and H-9 are highly indicative of the overall conformation of 3.4 (Figure 3.5). These correlations 

were extremely helpful for comparison with 3D models from computationally aided 

conformational searches. Overall, these data combined with chemical shift predictions facilitated 

assignment of the relative configuration of 3.4 as 4R*,6S*,7R*,8R*,9R*. 
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Figure 3.5. Key 2D NMR correlations and coupling constants 

Absolute configuration assignments of 3.1ï3.4 were conducted using a combination of 

Mosher esterification, electronic circular dichroism (ECD), and time-dependent (TD) DFT 

calculations. Fortuitously, several milligrams of the free alcohol of 3.1 (3.6; Figure 3.7.43ïFigure 

3.7.48; Table 3.8.22) were obtained during purification of the October 2023 collection material 

and a portion of this material was derivatized with both (R)- and (S)-Ŭ-methoxy-Ŭ-

trifluoromethylphenylacetic acid (MTPA).21 Analysis of the shielded and deshielded patterns in 

the derivatized products (compound) for protons H-1a, H-1b, H-2, H-17, and H-18 (Figure 3.6A) 

confirmed an absolute configuration of 4S, thus indicating an absolute configuration of 4S,8S,9R-

3.1 (Figure 3.7.49). Because 3.1ï3.3 all possess similar specific rotation values (3.1: -2.67; 3.2: -

3.33; 3.3: -4.67), and contain the same relative configuration, each of the compounds are predicted 

to have the same absolute configuration. This yields absolute configurations 4R,8S,9R and 

4R,6R,7S,8R for compounds 3.2 and 3.3, respectively. Compound 3.4 exhibited a positive specific 

rotation value, so we used a different approach to assign its absolute configuration. A small aliquot 

of compound 3.4 was hydrolyzed with sodium hydroxide and the resulting product was 
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subsequently treated with 4-bromobenzoyl chloride and 4-dimethylaminopyridine to yield the 

dibromobenzoyl product (3.9) (Figure 3.6B). The purified derivative exhibited a positive split 

Cotton effect, indicating an absolute configuration of 4S,6R,7S,8S,9S-3.4. This was further 

confirmed through TD-DFT predictions of ECD data for 3.4, which also displayed the positive 

Cotton effect (Figure 3.6C).  

 
Figure 3.6.  Stereochemistry of Ischnocybine A and C. A) Free alcohol of 3.1 (3.6) forming 

Mosher esters (3.7 and 3.8), ȹŭS-R values B) 4S,6R,7S,8S,9S configuration of the dibromobennzoyl 

derivative of hydrolyzed 3.4 (3.9) C) Experimental and TD-DFT-predicted ECD data for 3.9. 

Based on isolated quantities from whole-animal extracts of I. plicata, the ischnocybines 

are produced in significant quantities, with each individual millipede estimated to contain 

approximately 50 ɛg (Table 3.8.23). This suggests these metabolites play an integral ecological 

role for the millipedes. Previous work has shown that other millipede derived alkaloids, including 

polyzonimine and 3.5, along with the monoterpenes serve to protect the host against predation by 

ants and spiders, likely natural predators of millipedes.4,8,9 To ascertain whether defensive 

secretions of I. plicata contained the ischnocybines, the secretions were captured using capillaries 
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and analyzed via LCMS. High abundances of 3.1ï3.4 were detected with almost no other 

metabolites observed (Figure 3.7A). In addition, during the Oct. 2023 collection trip, individual 

millipedes were collected, their body lengths measured, and the secretions extracted and quantified 

by LCMS. All extracts contained 3.1ï3.4, even the juveniles which were less than 4 mm in length 

(Table 3.8.24). Peak areas of 3.1ï3.4 plotted against millipede length, revealed a linear 

relationship between size and abundance of the alkaloids (Figure 3.7B). Finally, 3.1ï3.4 were 

evaluated against Aphaenogaster rudis-picea complex (winnow ants), an ant local to southwestern 

Virginia, to determine if these alkaloids affected the antôs behavior (Figure 3.7C). Briefly, 

approximately ten ants were placed in a petri dish and allowed to settle (~5 min). A disc with 

methanol was subsequently placed in the middle of the dish. The ants had no visible reaction to 

the methanol. Next, a disc impregnated with the ischnocybines was placed in the petri dish and the 

antôs behavior was monitored for 20 min. During this time, the ants clearly avoided the 

impregnated disc, staying on the opposite side of the petri dish. Interestingly, two of the ants that 

approached the impregnated disc stopped moving for several minutes and then appeared to preen 

their antennae, suggesting a potential neurological target of the alkaloids. 
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Figure 3.7. Ischnocybe plicata Ecology. (A) The base peak chromatogram (BPC) of I. plicata 

secretions that were captured by the capillary. All four major peaks corresponded to the alkaloids 

(3.1ï3.4), (B) The relative abundance of each alkaloid correlates with millipede length (3.1: R2 = 

0.70***; 3.2: R2 = 0.68***; 3.3: R2 = 0.67***; 3.4: R2 = 0.79***, (*** p < 0.001)), and (C) 

Predator assay: a paper disc impregnated with alkaloids (3.1ï3.4) deterred the ants which placed 

themselves in the opposite direction; Two ants demonstrated motor disorder, leading to paralysis 

in close contact with the paper disc. 

To probe this hypothesis, 3.1ï3.4, and 3.6 were screened in a range of neuroreceptor 

binding assays through the Psychoactive Drug Screening Program (PDSP) at UNC Chapel Hill. 

The ischnocybines (3.1ï3.4) were first screened broadly at 10 ɛM against 53 neuroreceptors in a 

primary assay (Figure 3.8A and Figure 3.7.50). Secondary radioligand binding assays to measure 

the inhibitor constant (Ki) were conducted when the primary assay exhibited >50% binding affinity 

(Table 3.8.25 and Table 3.8.26). Compounds 3.1, 3.3, and 3.4 were only found to have potent (Ki 

< 1 ɛM) and selective binding affinity for the ů1R (Table 3.2; Figure 3.8B). Ischnocybine A 
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exhibited the highest affinity and selectivity for the ů1R with a Ki of 14 nM. Interestingly, 3.1 is 

10-fold more active than both 3.3 (Ki 380 nM) and 3.4 (Ki 380 nM), and 100-fold more potent than 

3.2 (Ki 1500 nM). Compounds 3.1, 3.3, and 3.4 all possessed nearly a 10-fold selectivity for ů1R 

over ů2R (Figure 3.8D and E). Surprisingly, simple addition of the ketone to C-6 in 3.2 leads to a 

nearly complete loss of activity, but the acetate (3.3) and butyrate (3.4) functionality are more 

tolerated. This suggests that steric hindrance only explains part of the reduced binding affinity. 

Compound 3.6 was screened after 3.1ï3.4 and was only evaluated against ů1R over ů2R. 

Interestingly, 3.6 was over 150-fold less active than 3.1 (Figure 3.7.51). 
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Figure 3.8.  PDSP results and ů1R binding. (A) Representative data from the primary binding assay inhibition. A total of 53 

neuroreceptors were screened and secondary screens were conducted for any primary inhibition > 50%. (B) Competitive binding curves 

for 3.1ï3.4, against the radioactive ů1R ligand, [3H]-(+)-pentazocine. (C) Competitive binding curves for 3.1ï3.4, against the radioactive 

ů2R ligand, [3H]-(+)pentazocine. Positive control was haloperidol for both ů1R and ů2R (open triangles). (D) Ischnocybine A (3.1) 

docked into the agonist ů1R. Compound 3.1, shown as red sticks (colored by element). (i) Overlay of 3.1 (red) with the agonist (light 

grey) and antagonist binding positions (dark grey) binding positions from co-crystal structures. (ii) Interactions between residues in the 

ů1R (purple, colored by element) binding cavity and 3.1 (red, colored by element). 
























































































































































































































































































































































