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Abstract

This dissertation presents experimental work focused on the targeted isolation and
biological activity of grindelanes from Grindelia stricta var. platyphylla (Asteraceae), a plant
variety found along the coastal regions of California, USA. This species has not previously
been characterized in terms of its profile of labdane terpenes or for its activity against
mycobacteria. While Grindelia is a widely used and well-known medicinal plant genus, the
more than 70 different species within this genus have not been extensively studied for the
unique diterpene compounds they contain. The last extensive study isolating diterpene
compounds from a Grindelia species was conducted in the 1980-1990’s on Grindelia
tarapacana, which is native to Peru and Chile. The scarcity of research may be attributed to the
challenges involved in separating these very similar low-polarity compounds, combined with
their lack of ultraviolet (UV) chromophore.

This dissertation work explored two innovations and five stated research objectives from
the approved research proposal defense. The first innovation involved targeting and isolating
diterpenes from the previously unexamined traditional medicinal plant variety, Grindelia stricta
var. platyphylla, collected along the California coast. This objective was achieved by the
isolation of six diterpene compounds, including five known and one novel compounds, along
with a known flavone. The second innovation involved investigating isolated grindelane
compounds for antimicrobial activity, a study not yet previously reported. This research
specifically tested their efficacy against mycobacteria and was guided by five aims outlined in

the approved dissertation research proposal.
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Specific Aim 1: Identification, collection, and extraction of Grindelia stricta platyphylla
flower buds. Separation of mixed fractions from the ethyl acetate extract of Grindelia stricta
platyphylla flower buds, by column chromatography. Specific Aim 2: Testing the bioactivity of
mixed fractions from Grindelia stricta platyphylla against Mycobacterium phlei. Specific Aim 3:
Isolation and structural elucidation of terpenes from Grindelia stricta platyphylla. Specific Aim
4: Conduct preliminary studies to understand the molecular mechanism of action by testing
protein kinease inhibition activity of fractions and isolated terpene compounds against
Streptomyces 85E. Specific Aim 5: Bioactivity testing of mixed fractions and pure terpene
compounds of Grindelia stricta platyphylla against Mycobacterium tuberculosis (Mtb).

This dissertation focuses on the labdane diterpenes of Grindelia stricta var. platyphylla.
Seven compounds were isolated using various chromatographic techniques for the investigation
of specific biological activity, particularly their anti-mycobacterial properties. Among these
compounds, one is new (3), while five (1, 2, 4, 5, 6) are known labdane diterpenoids of the
grindelane type. In addition, one known flavone (7), was isolated and structure determined by
single-crystal X-ray diffraction.

The new diterpenoid is identified as carboxyl 3,4,4a,5,6,7,8,8a-octahydro-B-hydroxy-
B,2,5,5,8a-pentamethyl-3-0xo0-1-naphthalenepentanoate, (compound 3, ring opening). Its
chemical structure was determined through spectral analysis, including 1D and 2D-Nuclear
Magenetic Resonance (NMR) experiments and mass spectrometry. While the stereochemistry
has not been fully established, predictions for the stereochemistry of C-20 and H-5 can be made

based on the biogenetic considerations of the grindelanes.

The known compounds were identified by 1D and 2D-NMR and mass spectrometry and

by comparison with literature data. The known grindelanes were Labd-7-en-15-oic acid, 9,13-
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epoxy-2-[(2'S,4aS,8R,8aS)-2',4,4,7,8a-pentamethylspiro[2,3,4a,5-tetrahydro-1H-naphthalene-
8,5'-oxolane]-2'-yl]Jacetic acid (compound 1, grindelic acid), 2-(2',3,3,6a,7a-

pentamethylspiro[ 1a,2,2a,4,5,6-hexahydronaphtho[2,3-b]oxirene-7,5'-oxolane]-2'-yl)acetic acid
(compound 2, epoxide), spiro[furan-2(3H),1'(4'H)-naphthalene]-5-acetic acid,
4,4'a,5,5',6',7',8',8"a-octahydro-2',5,5',5',8"a-pentamethyl-, ethyl ester,4’aa,8'ap]]- (compound 4,
ethyl ester), spiro[furan-2(5H),1'(4'H)-naphthalene]-5-acetic acid, 3,4,4'a,5',6',7',8',8'a-octahydro-
2',5,5',5",8'a-pentamethyl- (compound 5, methyl ester), methyl 2-[4-(hydroxymethyl)-2',4,7,8a-
tetramethylspiro[2,3,4a,5-tetrahydro-1H-naphthalene-8,5'-oxolane]-2'-yl]acetate (compound 6,
methyl 18-hydroxy-grindelate). The known flavone, 5-hydroxy-3,7,4'-trimethoxyflavone

(compound 7).

During the bioassay-guided separations andvarious screening assays— such as disk
diffusion, TLC overlay, and broth microdilution assays— anti-mycobacterial activity was
observed inan ethyl acetate extract of the flower resin. Furthermore, most of the diterpene-rich
fractions and the isolated compounds exhibited significant activity. In preliminary screenings,
both the ethyl acetate extract of the flower resin and the isolated compound grindelic acid
demonstrated kinase inhibitory activity with lack of cytotoxic effects in the Streptomyces 85E
kinase inhibition assay. This same assay simultaneously screens for possible anti-mycobacterial
activity due to the eukaryotic-like kinase’s found in both Streptomyces 85E and mycobacteria.
The correlation between testing positive for Streptomyces 85E kinase inhibition and for anti-
mycobacterial activity is described in the 2002 paper (“Identifying Protein Kinase Inhibitors
Using an Assay Based on Inhibition of Aerial Hyphae Formation in Streptomyces”) Waters et al.

2002.
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In the final broth dilution assays, fast growing non-pathogenic models, M. phlei
(ATCC354) and M. smegmatis (ATCC14468) were used as screening organisms. The following
minimum inhibitory concentrations (MICs) were determined for M. phlei and M. smegmatis,
respectively: for the ethyl acetate extract of the flower resin (25 and 125 pg/mL); for compound
1, grindelic acid (16 and 78 pg/mL); for compound 2, epoxide (63 and 250 pg/mL); for
compound 3 (not tested, too small amount); for compound 4, ethyl ester (16 and 250 pg/mL); for
compound 5, methyl ester (63 and 500 pg/mL); for compound 6, methyl 18-hydroxy-grindelate
(250 and 125 pg/mL); and compound 7 (250 and 125 pg/mL); MIC’s of the anti-mycobacteria
agent rifampin (0.16 and 1.3 pg/mL) and the antibiotic/B lactamase inhibitor combo drug,
amoxicillin/clavulanate (10 and 313 pg/mL) were also determined. Among the plant
compounds, grindelic acid and compound 4 (the ethyl ester) displayed the best activity against
M. phlei, with MIC of 16 ng/mL. Grindelic acid also showed favorable activity against M.
smegmatis with an MIC of 78 pg/mL) . Interestingly, there was a significant difference in the

MICs determined using rifampin against the two mycobacteria species.

In a subsequent broth dilution study, the MIC of rifampin (0.13 and 1.25 ug/mL) was
observed to decrease when in combination with sub-inhibitory doses of amoxicillin/clavulanate,
the ethyl acetate extract of the flower resin, and some isolated compounds, though results varied
against the two different species of mycobacteria with no clear pattern. Grindelic acid, the most
abundant isolated compound, had the most significant effects, reducing the MIC’s of rifampin

to (0.001 and 0.01 pg/mL) respectively.

In an assay against M. tuberculosis (Mtb) strain: Mrb mc? 6206 (MtbAux) it was found
that the crude ethyl acetate extract, the major compound (1) grindelic acid and the methyl ester

compound (5) demonstrated an anti-mycobacterial MIC of 0.125 mg/mL.
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Terpene compounds are chanllenging 11 to isolate due to their low polarity, relatively low
concentration in plants, and the absence of chromophore in their structure. As a result, many
interesting terpenes present in plants may go undetected and end up in the waste stream when
conventional UV detectors are used at the end of a separating column. However, recent
advancements in detection technology, especially the Evaporative Light Scattering Detector
(ELSD), have made it easier to detect low-concentration compounds that lack a UV
chromophore. In the past, the ELSD was not widely utilized because it had limitations, such as
an inability to operate effectively at low temperatures and low concentrations. . In this
dissertation, a chromatography method has been developed using a modern SEDEX S8OLT
ELSD, which allows for the detection of grindelanes at low concentrations and temperatures at

the end of a separating column.
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CHAPTER ONE: INTRODUCTION AND PROBLEM STATEMENT

1.1 Introduction

This dissertation describes experimental work dealing with the targeted isolation and
biological activity of grindelanes from Grindelia stricta var. platyphylla (Asteraceae), a plant
variety found in areas of coastal California, USA. This species and variety has not been
characterized before for its profile of labdane terpenes or for its activity against mycobacteria. In
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general, although Grindelia is a widely used and well-known medicinal plant genera, the more
than 70 different species of Grindelia have not been much studied for the characterization of the
diterpene compounds unique to each species [1-8]. The last extensive study isolating diterpene
compounds from a Grindelia sp. was conducted in the 1980-1990s on Grindelia tarapacana
native to Peru and Chile [8—13]. The lack of studies may be due to the difficulty in separating
these very similar low polarity compounds, combined with their lack of UV chromophore.

Since the discovery of penicillin in 1928, antibiotics derived from natural products have
played a crucial role in developing life-saving antimicrobial treatments. This marked the beginning
of a golden age in antibiotic discovery, which continued through the 1950s. However, over time,
bacterial pathogens have evolved resistance at an increasingly rapid rate. As a result, infections
that were once easily treatable have turned into drug-resistant or incurable diseases.

Among the most concerning of these pathogens are those bacteria that can form persister
cells. These are a sub-population of bacterial cells that are metabolically dormant and tolerant to
antibiotics. Persister cells can infect a host and persist for extended periods. While persister cells
are believed to be ubiquitous in most bacteria, they are particularly well characterized in disease-
causing agents such as Staphylococcus aureus, Borrelia burgdorferi (which causes Lyme disease),
Escherichia coli, Pseudomonas aeruginosa, Salmonella enterica and most notoriously
Mycobacterium tuberculosis [14].

Mycobacterium species are among the leading causes of infectious disease deaths
worldwide, responsible for nearly two million deaths each year. The majority of these deaths are
attributed to M. tuberculosis (Mtb), which is the causative agent of tuberculosis (TB) (WHO |
Global Tuberculosis Report 2019). Other species, such as M. bovis, M. africanum, M. microti, M.

avium and M. leprae, can also lead to disease [16].
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Historically, Mtb has caused more deaths than any other infectious agent, with
approximately one billion people succumbing to TB in the past two centuries (WHO | Global
Tuberculosis Report 2019). The emergence of drug-resistant strains, including multiple drug-
resistance (MDR), extensively drug resistance (XDR), and totally drug-resistant (TDR) strains, is
a growing concern Therefore, it is essential to continue the search for new drug sources to combat
this significant public health threat.

The first anti-tuberculosis (anti-Mtb) drug discovered was the natural product
streptomycin, which was isolated from a strain of the soil bacteria Strepfomyces in 1943. Natural
products have continued to be a valuable source of anti-Mtb drugs, including the first-line drug
rifampin, which is still in use today. More recent discoveries include evybactin [17] and
kanglemycins [18]. This ongoing relationship is logical, as itis believed that pathogenic
mycobacteria evolved from non-pathogenic mycobacteria that inhabit soil and grasses [19].

To date there have not yet been any Mtb drugs developed from plant sources. However,
numerous plants exhibit anti-mycobacterial activity [20,21,21-29], which could potentially lead
to the discovery of new classes of drugs. Many of these plants with anti-mycobacterial activities

are centered around essential oils and their isolates.

1.2 Labdane Diterpenes

Secondary metabolites, unlike primary metabolites, have functions beyond growth,
development, and reproduction [30—32]. Plants utilize secondary metabolites for various
purposes, including anti-microbial activity, deterrence against herbivores, attraction of
pollinators, protection against dehydration, and the induction of fruiting and flowering, among

others. Many of these secondary metabolites are toxins and are produced when plants are under
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environmental stress, such as in dry, arid conditions, or poor soils. That is why medicinal

compounds are often found in the plants categorized as weeds [31,32].

Plant secondary metabolites can be categorized into four major classes: lipophilic
terpenes, which are composed of isoprene units and found in essential oils and resins; polar
phenolic compounds; ionizable nitrogenous alkaloids; and sulfur-containing compounds [30—
32,32,33]. Medicinal plants and the pharmaceutical drugs developed from them are based on
these active secondary metabolites. In the past, many medicinal natural products included sulfur-
containing compounds, but these have largely been replaced by modern alkaloid-based drugs.
Additionally, terpenes found in oils and resins have traditionally been used as natural medicines,

although not many have been developed into pharmaceuticals.

Labdane diterpenes are secondary metabolites found in many land-based plants as well as
marine organisms. Common plants that produce these terpenes include juniper, pine,
honeysuckle, and mint, in addition to various marine algae and sponges. In plants, terpenes are
often present as resins and essential oils, although they can also exist in glycosylated forms, such
as saponins, which have been utilized as adjuvants in vaccines. Labdanes are generally

recognized for their antibacterial, antifungal and anti-inflammatory activities [25,34,34—40].

Labdane diterpenes are characterized by a fused A/B bicyclic structure and require the
enzyme diterpene cyclase as part of their biosynthetic pathway [41,42]. The first labdane
compounds were isolated from labdanum, a sticky resin obtained from the aromatic gum rock
rose (Cistus), which is typically found in dry regions of the Mediterranean. Generally,
diterpenoids are biosynthetically produced from geranylgeranyl diphosphate (GGPP) and adhere

to the biogenetic isoprene rule established by the chemist Ruzicka in 1953. This rule posits that
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among all possible terpene structures, the most favored one can be derived through the
cyclization of an aliphatic precursor, such as geranyl geraniol phosphate, by the terminal
enzyme, diterpene cyclase. The name terpene comes from turpentine, the aromatic resin of the
Mediterranean terebinth tree (Pistacia terebinthus). Most terpenes (including steroids) are
synthesized from linear, head-to-tail condensed, C5 isoprene units. Labdanes are composed of
four isoprene units, resulting in a carbon skeleton made up of of 20 carbon atoms [43]. A
terpene is a dimer of ten ‘isoprene’ units. The bicyclic structure of a labdane terpene is called a
decalin. The frans form of decalin is the most stable due to steric hindrance, and this energetic

favorability can help predict the conformation of the C-20 and H5 in the labdane skeleton.

Previous studies on the resins of Grindelia species Indicate that many of these plants
contain a class of labdane diterpenes known as grindelanes [8—10], as well as the flavonoids

quercetin, kaempferol, and apigenin.

The flowering tops of Grindelia spp. are primarily used as medicinal plants. In addition,
to grindelane labdane diterpenes, the flowers contain various compounds, including ferulic acid,
chlorogenic acid, caffeic acid, tannins, and saponins. The grindelanes constitute 20—-60% of the
plant’s resin and can make up to 6% of its total dry weight [44]. Furthermore, the plant contains
borneol, terpineol, and a/B-pinene, which are used to treat inflammatory coughs, bronchitis, and

hay fever.
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1.3  Plant Identification and Characteristics

The Grindelia genus, named after the 18%-century Russian botanist David Grindel, is
found throughout the Americas in arid habitats, both along coastally and inland. This genus
includes over seventy species and numerous varieties. Grindelia species belong to the tribe

Astereae and the subtribe Solidagininae.

In South America, Grindelia species are native and endemic to countries such as Peru,
Chile, Bolivia, Brazil, Argentina, Uruguay, and Paraguay [45]. In North America, Grindelia spp.
are also native and endemic to the United States, and Mexico. Although Grindelia species are
not native to Europe, they are commonly cultivated in Austria, Germany, Italy, and Eastern

Europe for their medicinal properties, particularly for treating respiratory ailments [46].

Grindelia stricta var. platyphylla is commonly called gumplant or gumweed. Its regional
names include Oregon gumweed, California coastal gumweed, Pacific gumplant, and coastal
gumweed. The stricta var. platyphylla is native and endemic (limited) to California. Its habitats
include coastal salt marsh, coastal strand, and coastal sage scrub

(https.//'www.calflora.org/app/taxon?crn=3969).

Grindelia species are either biennial or perennial plants known for their significant resin
production. Although the entire plant is sticky, the majority of the resin is concentrated in the
flower buds. Initially, these buds appear as small, green, spiny globes. As they develop, a sticky,
white resin accumulates at the opening of the flower (Figure 1). However, resin production
ceases once the flower opens [3]. The flower buds can produce 20-40% of their dry weight in

resin [9]. Along the California coast, the peak resin production occurs in June to July.
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Figure 1. Stages of flowering and resin production, Grindelia stricta platyphylla

The plant is characterized by small resin glands and has a round stalks height of 40 to 120
cm, with flowering side branches. The leaves are 2.5 to 9.0 cm wide, ovate to oblong in shape,
and have toothed margins, growing alternately along the stem. The flower heads range from 1.0
to 2.5 cm in diameter and feature four to six rows of green sepals. Each flower head includes a
cup-like involucre covered with sticky bracts, and the open flower display 30-40 yellow ray
florets. This plant is shrub-like and can grow in a prostrate or erect position, typically thriving in
poor or rocky soils under arid conditions. The presence of resin is believed to be an adaptation to
its arid environment. Additionally, Grindelia resin is considered a renewable crop and has been

researched as a potential renewable substitute for petroleum, as it is rich in hydrocarbons [48].

1.4 Ethnobotany

In North America, the Lewis and Clark Expedition (1804-1806) documented the use of
Grindelia squarrosa as a medicinal plant among various Native American tribes. It was
primarily prepared as a boiled decoction or tea for treating coughs, pneumonia, digestive colic,
and urinary tract issues. Externally, it was used as poultices for skin sores, swellings, and rashes

from poison oak [49].

In California, the Grindelia stricta var. platyphylla plant was traditionally used by Native

peoples for its medicinal properties. They boiled the leaves and flower heads of gumweed to treat
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various ailments, including dermatitis caused by poison oak, wounds, burns, boils, and sores.
Additionally, a decoction of the plant was used for general analgesic relief of sore muscles.
Fresh, resinous buds were also utilized to treat blood disorders. These traditional remedies were
reportedly so effective that many were adopted by early Western physicians in California [50].
In Europe, where the plant has been cultivated for many years for its medicinal benefits, it is

listed in the red list of medicinal plants and included in many pharmacopeias (Section 1.5).

1.5 Pharmacopeia Studies of Herbal Preparations of Grindelia

Official recognition of the medicinal use of herbal preparations of Grindelia spp. in the
United States began with its inclusion in the ‘Pharmacopeia of the United States,” which spanned
from 1882 to 1926. European pharmacopeias have also officially recognized this genus as a
medicinal plant. For instance, Grindeliae herba has been officially recognized in Belgium since
1969 in the ‘Belgische Pharmacopeia’, and since 1976 in the ‘British Herbal Pharmacopeia’. It is
also included in the current edition of the French Pharmacopeia. Additionally, herbal
monographs on this plant have been prepared by the German Commission E and the European
Scientific Cooperative on Phytotherapy (ESCOP). The German Commission E is a well-known
scientific advisory board under the Federal Institute for Drugs and Medical Devices. This
organization has evaluated over three hundred medicinal plants and created individual herbal
monographs for each. It provides scientific expertise for the approval of plants used in
traditional, folk, and herbal medicine. ESCOP consists of experts in phytotherapy from at least
fifteen countries. Herbal monographs generally include research findings, botanical information,
methods of herbal preparations, and applications, along with studies on safety and effectiveness.

These monographs serve as an evidence base for the clinical use of herbal medicinal products.
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Both organizations state that the plant in question has been used as a traditional remedy for

many years without safety concerns.

To give an example, the ESCOP monograph, along with the European Medicines
Agency (responsible for the scientific evaluation, supervision, and safety monitoring of
medicines in the EU), reported the following experimental results for herbal preparations of the
dried flowering tops of Grindelia robusta, Grindelia squarrosa, Grindelia humilis, and

Grindelia camporum, which are summarized below [51,52].

In vitro experiments examining the antibacterial effects of ethanolic extracts and resin
fractions, as well as polyphenolic fractions and phenolic acids from Grindelia, demonstrated that
these substances inhibited the growth of Staphylococcus aureus and Bacillus subtilis. A mixture
of Grindelia saponins effectively inhibited the growth of various fungi, including Candida
tropicalis, Mucor mucedo, Trichoderma viride, and Botrytis cinerea, showing results comparable
to the standard antifungal drug clotrimazole. Additionally, the essential oil derived from
Grindelia significantly reduced the growth of Penicillium expansum, Aspergillus flavus,
Trichoderma viride, Phomopsis spp., Monilia fructigena, and Fusarium culmorum when
compared to the control drug econazole. Furthermore, the methanolic extract of Grindelia
robusta was found to prevent lipopolysaccharide (LPS)-mediated nuclear translocation of the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB). NF-«B is crucial for
controlling DNA transcription, cytokine production, and the survival of innate immune cells and
inflammatory T-cells. This highlights the plant’s effectiveness as an anti-inflammatory agent
[3, 51-53]. The results listed above are just a few examples of the reported effects of this plant’s

extracts in vitro.
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According to the pharmacopeia and monographs referenced above, there is no available
in vitro or in vivo data regarding the pharmacokinetic, genotoxicity, carcinogenicity,
reproductive effects, or developmental studies of the herbal preparations derived from this plant.
The sources indicate a lack of data from clinical studies, published literature, and information
concerning the use of Grindeliae herba preparations in products marketed within the EU.
Nevertheless, the available data on traditional use is considered adequate to conclude that
Grindeliae herba preparations are safe for use in traditional herbal medicinal products, as there

have been no reports of adverse effects.
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1.6 Herbal Products

Even in the absence of clinical studies, herbal products derived from Grindelia herba
continue to be widely utilized today. These products are often recommended for addressing skin
inflammations and respiratory concerns. These are made from the entire plants or their resinous
flowers. Below is a list of some currently available formulations. The American company Gaia
Herbs offers several products for respiratory health, including “Mighty Lungs®” capsules,
“Bronchial Wellness Herbal Tea,” and “Bronchial Wellness Syrup,” which all provide soothing
support for the respiratory system. HerbPharm produces a “Respiratory System” extract that
contains Grindelia serba. Additionally, Tecnu offers various products aimed at relieving skin
inflammation, such as “Rash Relief,” a medicated anti-itch spray, and “Extreme,” a scrub for

poison ivy and oak relief, along with several other products.

Boiron manufactures Grindelia herba oral pellets that claim to “relieve fitful cough.”
Bright Lungs provides an “Advanced Lung Support Supplement,” while the company Naturando
makes “Tussil,” a syrup designed for airway well-being. Many herbal products are based on .
Grindelia spp. is available, particularly for treating respiratory issues. Grindelia spp. is also
commonly sold as loose tea in herbal stores. This indicates that there is effective relief available
for both skin inflammation and respiratory ailments, contributing to the ongoing use and

commercialization of Grindelia herba.
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2 CHAPTER TWO: MYCOBACTERIA TARGET
2.1 Epidemiology of Tuberculosis

Tuberculosis (TB) is a communicable disease that ranks among the top ten causes of
death globally. It is the leading cause of death from a single infectious agent [54]. Approximately

a quarter of the world’s population is currently infected with Mycobacterium tuberculosis (Mtb).

Mtb, the causative agent of TB, is a highly virulent, obligate human pathogen and one of
the most ancient and deadliest human pathogens known to humankind. It is estimated that Mtb
has been infecting humans for over 70,000 years, dating back to the mid-Paleolithic era [55]. In
the past two centuries alone, Mtb has been responsible for the death of more than one billion
people. In the eighteenth century, TB reached pandemic proportions. However, the introduction
of the Bacillus Calmette—Guérin (BCG) vaccine in 1921 and the development of anti-TB drugs,
starting with streptomycin in 1943, helped to reduce the number of cases significantly.
Unfortunately, infection with TB and other mycobacterial respiratory agents, such as non-
tubercular mycobacteria (NTM), are on the rise again due to the evolution of bacterial drug

resistance.

There are several classes of TB drug resistance. Multi-drug resistance (MDR-TB) is
defined as resistance to first line drugs isoniazid and rifampicin. Extreme-drug resistance (XDR-
TB) is resistance to all four first-line drugs (isoniazid, rifampin, ethambutol, pyrazinamide), in
addition to resistance to any of the fluoroquinolones (levofloxacin, moxifloxacin) and to at least
one of the three injectable second-line drugs (amikacin, capreomycin or kanamycin). Total-drug

resistance (TDR-TB) is characterized by resistance to all of first-line drugs and all second-line

Page | 24



drugs (Brennan & Young, 2008; WHO | Global Tuberculosis Report 2019). 1t is essential to
continue screening for and developing new anti-Mtb drugs, as plant sources may be promising

candidates due to the evolutionary origin of mycobacteria in soil and water environments.

2.2  Disease Development in Human Host

Mtb spreads through inhaling aerosolized droplets from infected individuals. It primarily
affects the lungs (pulmonary TB) but can also target other areas such as bones, spine, brain,
spinal cord, and lymph glands (extrapulmonary TB). Highly contagious, a mere 10 Mtb cells can
initiate an infection. In pulmonary TB, Mtb ais engulfed by macrophages but survives because it
prevents the fusion of phagosomes and lysosomes, a process that typically leads to destruction.
However, Mtb have the ability to arrest the maturation of the phagosome (fusion of phagosome-
lysosome) [57—60,61]. The specific mechanisms behind this evasion are still not fully
understood. One of the primary characteristics of pulmonary tuberculosis is the formation of
granulomas, which consists of numerous inactivated macrophages that are infected with live
Mtb. These granulomas attract additional macrophages, which then also become inactivated
hosts for Mtb [62]. The cell mediated immune response, a component of adaptive immunity, can
control disease in 90-95% of cases. As the result, the immediate outcome is often a latent
infection, during which Mtb can persist in a dormant state within host granulomas for many
years, potentially causing recurrent episodes of the disease. This is particularly likely to occur
when the individual’s immune system is compromised, such as in the case of HIV/AIDS. In
individuals with active TB, recurrent episodes of the disease can lead to significant damage in

the lungs, including necrosis and cavitation, as well as harm to other infected organs. Most anti-
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TB drug treatments focus on killing actively dividing Mycobacterium tuberculosis (Mtb), which

allow the bacteria to remain dormant in the host even after treatment is completed.

Understanding how M. tuberculosis (Mtb) prevents the natural maturation of the
phagosome—specifically, its fusion with lysosomes and subsequent destruction by the
macrophage—could be crucial in combating the disease. Developing new drugs or adjuvants that
target the phagosome formation process may be beneficial in the future. It is believe that one
potential mechanism by which natural terpenes may act against Mtb involves this pathway and
its effects [23,37,63—66]. Another observed effect of natural terpenes on M. tuberculosis is the
compromise of its cell shape and membrane integrity, which may serve as a non-metabolizing

target effective against dormant or persister Mtb cells [26,,27,67,68].

In conclusion, it is important to explore new classes of drugs that have different
mechanisms of actions than current alkaloid drugs, such as natural terpenes. The natural terpenes
are synthesized in plants via the mevalonate (MEV) and methyl erythritol-4-phosphate (MEP)
pathways, which are in plastids. They appear to have alternate effects on mycobacteria compared
to existing drugs. Specifically, these effects mainly involved disruption of the integrity of the M.
tuberculosis cell wall, affecting its shape and function, and possibly influencing the maturation
of the phagosome within host macrophages. Emerging studies suggest that the maturation of the
phagosome may be influenced by diterpenes synthesized by M. tuberculosis, particularly
compounds known as tuberculosinols that are produced in the Mtb cell membranes [23,63,66].
This observation raises an intriguing question: could terpenes sourced from plants serve as
potential drugs or adjuvants to disrupt this pathway? Collectively, the research referenced in this
section indicates that natural terpenes may exhibit antimicrobial effects on the Mtb cell

membrane.

Page | 26



2.3  Current Anti-Mycobacteria Drugs

The standard treatment for TB is the use of the four first-line drugs for six months. This
regime has an 85% success rate against non-drug-resistant TB. For treating MDR and XDR-TB,
recommended treatments use second line drugs, can be longer than 18 months, and cause many

unpleasant side effects with a success rate of 69% [21].

Current first line anti-TB drugs include isoniazid (1952), rifampin (1966), ethambutol
(1961), pyrazinamide (1952) (WHO | Global Tuberculosis Report 2019) and previously,
streptomycin (1943). All of these first-line drugs were discovered over 55 years ago. Second line
drugs may often have more side effects, longer-lasting treatment plans and be more expensive by
up to one hundred times, than first line drugs. Second line drugs used for MDR-TB, are often

given in combination with ethambutol and pyrazinamide [17,69].

These anti-TBs drugs can have different therapeutic targets, and some are as yet
unknown. Known drug targets include inhibition of Mtb cell wall synthesis (thioamides,
nitroimidazoles, ethambutol, cycloserine), inhibition of protein synthesis (cyclic peptides,
aminoglycosides), inhibition of DNA precursors (para-aminosalicyclic acid), inhibition of DNA-
gyrase (fluoroquinolones), and inhibition of ATP synthase (diarylquinoline). The known targets
for drugs currently under development include, inhibition of mycolic acid (nitroimidazoles),
inhibition of cell wall synthesis (SQ-109, benzothiazoles), inhibition of peptidoglycan synthesis
(meropenem), inhibition of cytochrome oxidase (imidazopyridine amide), inhibition of RNA
synthesis (rifamycin), and inhibition of protein synthesis (oxazolidinones, macrolides). (Brennan
& Young, 2008; WHO | Global Tuberculosis Report 2019). As can be seen, these treatments

target actively metabolizing Mtb rather than the dormant persister cells.
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2.4 Mycobacteria Drug Development Challenges and Drug Resistance
Mycobacteria belong to the phylum Actinobacteria and are characterized as slow-
growing, acid-fast bacilli. While most mycobacteria are free-living living, non-pathogenic
saprophytes commonly found in soil and water, a few species are pathogenic and present
significant challenges for research. These mycobacteria are difficult to work with due to their
slow growth and long doubling time, specific media requirements, the need for biosafety level

(BSL)-3 safety precautions, and their unique physiological traits.

The outer membrane of M. tuberculosis features a waxy coating made of mycolic acids
and contains very few porins. This lipophilic coating is believed to contribute to Mtb’s resistance
to most broad-spectrum antibiotics. Studies on porin expression in M. tuberculosis have shown
that lower levels of porin expression are associated with higher minimum inhibitory
concentrations (MICs) required for antibiotic effectiveness [70]. The development of drug
resistance in M. tuberculosis primarily results from chromosomal mutation, although the

majority of the Mtb genome remains highly conserved [71].

M. tuberculosis is capable of producing -lactamases that target the penicillin class of
drugs [67,72,73]. Recent studies have shown that combining amoxicillin with clavulanate—an
inhibitor of B-lactamases—and anti-mycobacterial drugs can reduce the MIC of these anti-
mycobacterial drugs. However, this combination is ineffective against MDR/XDR M.
tuberculosis [70]. This finding is promising, as M. tuberculosis Mtb has rarely been assessed for
susceptibility to B-lactam drugs in the past, largely due to the prevalent understanding that that

M. tuberculosis produces PB-lactamases [74].
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Latent TB infection is largely composed of dormant persister cells, which often cannot
be detected using acid-fast staining. As a result, standard diagnostic tests for TB may miss these
cells. In persister cells, the concentration of intracellular ATP decreases to about 20% of that
found in actively growing cells [74]. These persister cells can become tolerant to
antimycobacterial drugs without developing genetic mutations. The persister phenotype can be
activated or deactivated in response to environmental stresses, such as drug treatments or
hypoxic conditions [71]. Persister cells employ various mechanisms that confer multidrug

tolerance by effectively shutting down the drug targets [75].

2.5 Non-pathogenic Model Mycobacteria-Preliminary Activity Screening (M.
smegmatis, M. phlei)

Mycobacterium tuberculosis strain H37Rv is the most extensively studied strain of
tuberculosis in research laboratories. Its genome is recognized worldwide as the reference
sequence for M. tuberculosis, and H37Rv was the first strain to have its complete genome
published in 1998. This H37Rv strain is commonly used to evaluate the effectiveness of both
known and novel anti-tuberculous compounds. It is important to note that different strains of Mtb
may exhibit varying sensitivities and MICs to the same anti-tuberculosis medications. H37Rv
has a drug sensitivity profile that is similar to non-multi-drug-resistant (non-MDR) strains of M.

tuberculosis.

Due to the pathogenicity and biosafety level (BSL3) requirements, along with the slow
growth rate of M. tuberculosis strains, such as H37Rv (which has a doubling time of 12-24 hrs
doubling time and takes 21 days to plate), researchers often use non-pathogenic, faster-growing
mycobacterial species as models to study the mechanisms of M. tuberculosis. Historically,

Mycobacteria smegmatis has been the most used model. This a non-pathogenic, fast-growing
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environmental mycobacterium [70,76] serves as an effective initial screening organism for
identifying potential active compounds for further investigation and studying their mechanisms

of action [77].

M. smegmatis was first utilized as a screening organism in the discovery of streptomycin,
the first anti-TB drug, as well as other modern medications available today. For instance, the new
kanglemycins were discovered using M. smegmatis both as an initial screening organism and for
mechanism studies [18]. Bedaquiline, the first drug approved for multi-drug-resistant
tuberculosis (MDR-TB) in 2013, was the result of a 40-year gap during which no new
tuberculosis (TB) drugs were discovered. Initially, it was screened using M. smegmatis [78],
which exhibits resistance to two first-line drugs, isoniazid and rifampin. The resistance profile is

similar to that found in MDR clinical isolates of M. tuberculosis (Figure 2).

Mycobacterium phlei, another non-pathogenic environmental mycobacterium first
described in 1898—-1899, has also served as an early model screening system to study
mycobacterial biology. Notably, the mycobacteria-specific iron-chelating compound mycobactin
was first identified in M. phlei [79]. Like the H37Rv strain, M. phlei has a drug profile that more
closely resembles that of non-MDR Mtb (Figure 2) [76]. Supporting the use of M. phlei as an
initial screening organism, a previous study [49] found a correlation coefficient of 0.945
between the activity against M. phlei in the initial screening of plant extracts and the later anti-M.

tuberculosis activity.
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Figure 2. Minimum inhibitory concentrations (MIC) of first line drugs isoniazid (INH) and rifampicin (REM). M. tuberculosis
(H37Rv or MDR) compared to non-pathogenic, fast-growing screening models M. smegmatis, M. phlei. [76]

Pathogenic M. tuberculosis (Mtb) strains show significant variation in drug sensitivities
among clinical isolates. This variability poses a challenge for many studies that rely solely on
ATCC strains, as clinical isolates can exhibit different drug sensitivity profiles [26,76]. It is
important to note that preliminary screening is not definitive; it primarily assesses the presence
or absence of mycobacterial inhibition and determines MICs in comparison to standard anti-
mycobacterial drug controls. For this preliminary activity screening study, two fast-growing non-
pathogenic strains, M. phlei and M. smegmatis, were selected due to their differing drug
sensitivities. These models offer significant advantages for preliminary bioassay-guided
fractionation, including higher screening efficiency (due to their rapid growth) and increased

safety, as they are classified as non-pathogenic under Biosafety Level 1 (BSL1) guidelines.
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2.6  Grindelia stricta platyphylla, Targeted Isolation of the Labdane Diterpenes
Essential oils are known for their antibacterial, antifungal, antiparasitic, and anti-
mycobacterial properties, including effectiveness against MDR-TB [80]. These essential oils are

generally water-insoluble, may be volatile, and are primarily composed of terpenes.

The essential oils found in the resin of Grindelia herba are mainly made up of diterpenes.
Diterpenes encompass over 18,000 compounds, and researchers have described 126 different
diterpene carbon skeletons to date. These compounds are made up of twenty carbon atoms,
which are derived from four isoprene units (C5) assembled according to the isoprene rule. The
labdane diterpenoids represent a significant superfamily, featuring more than 7,000 bi- or tri-

cyclic skeletons [81].

Labdane diterpenes are both components of plant resins and are synthesized by M.
tuberculosis through a specific pathway in its cell membrane. These diterpenes may play a role
in disrupting the maturation of phagosomes within host macrophages. Key enzymes in the
biosynthesis pathway of labdane diterpenes include diterpene cyclase (Rv3377¢c) and
tuberculosinol phosphatase (Rv3378c). Several studies[23,64,82,83] have suggested that these
two enzymes could be potential new targets for inhibiting the growth of M. tuberculosis (Figure
3). Diterpene cyclase (Rv3377c) catalyzes the conversion of geranylgeranyl diphosphate into
tuberculosinol diphosphate, while tuberculosinol phosphatase (Rv3378c) hydrolyzes the

diphosphate group.

Research has shown that damaging the Rv3377c gene results in reduced survival of M.

tuberculosis within host macrophages and a loss of its ability to inhibit phagosome maturation. It

Page | 32



has been suggested that the antitubercular activity of natural terpenoids may stem from their
ability to bind to the active site of tuberculosinol phosphatase (Rv3378c). Additionally, there is
a patent (number US8309322B2) for the potential use of isolated tuberculosinols in treating
diseases by inhibiting phagosome maturation and preventing improper breakdown of tissues or

cells, particularly in autoimmune disorders.
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Figure 3. Biosynthesis of M. tuberculosis virulence factors (tuberculosinols) and decaprenyl diphosphate, essential for cell wall
biosynthesis (/63/)

Natural terpenoids from the labdane skeleton, particularly the grindelic acids, resemble
tuberculosinols (see Figure /) and are promising candidates as potential inhibitors of the
pathway. They are believed to have the ability to competitively bind these enzymes. In this
context, several several natural terpenes have shown potential in molecular docking studies with

Rv3378c [23,84].
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The Mtb Terpenoid Tuberculosinol and the Natural
Plant Terpenoid Grindelic Acid

19 it
tuberculosinol grindelic acid

Figure 4. Natural labdane diterpenoids such as the many variations of the grindelic acid skeleton resemble the structure of
tuberculosinols and may possibly be useful inhibitors of M. tuberculosis survival in the host macrophage.

2.7  Synergistic Anti-Mycobacterial Effects of Natural Terpene’s in
Combination with Known Drugs

A synergistic action of a drug combination occurred when the combined effect is greater
than the sum of the individual components. While natural terpenes have demonstrated anti-
mycobacterial activity on their own, several instances have shown that when these natural
terpenes are administered in sub-inhibitory doses, they can enhance the effectiveness of first-line
anti-Mtb drugs by lowering the MIC. The exact mechanism behind this enhancement is still not
fully understood, but there are several observations and hypothesis. In the literature there are
indications that natural product (NP terpenes may alter mycobacterial cell shape, cell wall

thickness, and overall homogeneity, or that they interact with intracellular components

[21,26,27,37,68,85,86].
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3 CHAPTER THREE: EXPERIMENTAL DESIGN AND METHODS
3.1 Screening

The most widely used screening model organism for M. tuberculosis is M. smegmatis.
This mycobacterium is an aerobic, fast-growing bacilli with a doubling time of 3-4 hours and
forms colonies on an agar plate in about 4 days [87]. M. phlei is also commonly used as a disease
model for in vitro studies [88]. First described in 1898—1899, it has doubling and colony culture
times similar to M. smegmatis. Both of these mycobacteria are fairly non-pathogenic (BSL-1)
environmental bacteria. As described in Section 2.5, M. phlei requires lower MICs resembling
the drug sensitivity profile of non-drug resistant TB, and M. smegmatis requires higher MICs

resembling the drug sensitivity profile of MDR-TB.

Methods

The following strains of mycobacteria were cultured for the final experiments in this
dissertation. M. phlei (strain ATCC 354, Cat. No. 155170A, Carolina Biological Supply,
Burlington, North Carolina, USA) and M. smegmatis (strain ATCC 14468, Cat. No. 155180A,
Carolina Biological Supply, Burlington, North Carolina, USA). These bacteria were provided by
MicroKwik Culture® Vial and were lyophilized. Importing them into Hawaii required permits,
which are listed below. The lyophilized cultures received by mail from Carolina Biological
Supply were rehydrated sterilely with 1.5 mL of Brain Heart Infusion (BHI, Sigma-Aldrich,
Sigma-Aldrich, St. Louis, Missouri, USA) broth and incubated at 37 °C for 48-72 hours with
loose caps to allow for aerobic conditions. After this initial incubation, the cultures were then

transferred to BHI agar stock plates and incubated for additional 48 to 96 hours at 37 °C. The
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stock plates were stored at 4 °C for up to three weeks before being incubated in a fresh batch of

BHI broth and re-plated.

The Brain Heart Infusion (BHI) broth was prepared by dissolving 37 grams of BHI (Cat.
No. 53286-5000, Sigma-Aldrich, St. Louis, Missouri, USA) in 1 liter of deionized water while
stirring. BHI agar plates were made by dissolving 37 grams of BHI and 15 grams of agar
(DIFCO, Cat. No. 281230, DIFCO Agar technical solidifying agent, Franklin Lakes, New Jersey,
USA) in 1 liter of deionized water. This mixture was autoclaved, poured into plates, and stored at
4 °C until needed. The inoculum, taken during the log phase after 48 hours of growth in the broth
at 37°C, was utilized in various anti-mycobacterial assay experiments to test plant fractions and

isolated compounds in this thesis.

McFarland standards are a method used to adjust the turbidity of bacterial suspensions to ensure
that the bacteria count is within a specific range. This standardization is important for microbial
testing because if the bacterial suspension is either too concentrated or too diluted, it can lead to
false results regarding resistance or susceptibility, when testing anti-microbial agents. To create a
series of McFarland standards for referencing the experimental colony forming units (CFU) of
the cultured bacteria in broth, a mixture of barium chloride and sulfuric acid is prepared in the
specified amounts (as outlined in Table 7). This mixture produces a barium chloride precipitate,
which generates a specific level of turbidity in the solution. (Figure 5). For example, the most
used McFarland standard, 0.5, is prepared by mixing 0.05 mL of 1.175% barium chloride
dihydrate (BaCl,°2H>O, Cat. No. A1290530, Thermo Scientific Chemicals: Waltham,
Massachusetts, USA) with 9.95 mL of 1% sulfuric acid (H2SO4, Cat. NoA300500, Thermo
Scientific Chemicals: Waltham, Massachusetts, USA). For Mycobacteria sp. this standard
represents approximately, 0.1 x 10® CFU [89]. These McFarland standards, along with readings
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from ODeoo (optical density at 600 nm), were utilized in the following experiments to confirm the

CFU’s of the bacterial broths.

Table 1. McFarland Standards

McFarland Standard No.

1.0% barium chloride (ml)

1.0% sulfuric acid (ml)

Approx. cell density (1X108 CFU/mL)
% transmittance*

Absorbance*

*at wavelength of 600 nm

0.5 1
0.05 0.1
9.95 9.9
1.5 3.0
74.3 55.6

0.08t0 0.1 | 0.257
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Figure 5. McFarland Standard Curve Results

0.2
9.8
6.0
35.6
0.451

0.8

0.3
9.7
9.0
26.4
0.582

0.4
9.6
12.0
21.5
0.669

3.2 Bioassay Guided Fractionation-Disk Diffusion vs Bioautography

The Kirby-Bauer agar diffusion method is a standard method for determining

antimicrobial susceptibility. Filter paper disks are inoculated with a known amount of a test

compound, which acts as a possible antimicrobial agent. These inoculated disks are then placed

on a visible bacterial lawn that has previously been grown on a Mueller Hinton (Mueller Hinton
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Agar, Cat. No. M9552, Sigma-Aldrich, Burlington, Massachusetts, USA) agar plate. The MH
agar allows the test compound or sample to diffuse throughout the medium. After the disks are
placed on the agar, the plates are then incubated for the appropriate time to allow for bacterial
growth, and the test compound to diffuse through the MH agar. After incubation, the diameter of
any visible clear zones of bacterial inhibition around the disks can be measured and compared to
positive controls. The MIC can also be assessed using the disc diffusion method, provided that a
range of concentrations of the test compound is used. The MIC can be visually determined as

the lowest concentration of the test compound that produces a zone of inhibition [90].

TLC-bioautography is a technique used for more efficient bioassay- guided fractionation
[90,90,91]. There are three versions of this technique: contact, immersion, and overlay
bioautography. The procedure for bioautography is similar to agar diffusion, but the difference is
that the tested compounds diffuse into the bacterial lawn from a chromatographic thin-layer
chromatography (TLC) plate. In contact bioautography, after the TLC plate is spotted and
developed, it is laid directly onto agar that has been inoculated with bacteria, allowing the test
compounds to diffuse into the medium. The plate is then incubated. After incubation, zones of
inhibition of bacterial growth can be observed where the antimicrobial compounds interact with
the agar layer. In TLC overlay bioautography, a TLC plate is covered with a liquid agar medium
inoculated with bacteria. The plate is left at room temperature for diffusion of the test
compounds, and then incubated. In TLC immersion bioautography, the developed TLC plate is
submerged in liquid agar that has been inoculated with bacteria and then incubated. The
advantage of bioautography is that bioassay- guided fractionation can be done for multiple
compounds present on a single TLC plate within one agar dish. This technique enables

researchers to isolate the active compounds in a fraction much earlier, thus saving time.
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Mueller-Hinton (MH) plates for disk diffusion assays were prepared as follows: 23 grams
of MH broth and 17 grams of agar powder (Cat. No. 281230, DIFCO Agar technical solidifying
agent, Franklin Lakes, New Jersey, USA) were dissolved in 1 Liter deionized water. The solution
was autoclaved at 121°C for 20 minutes. These sterile plates were then used for the initial Kirby-
Bauer disk diffusion assays for screening antimycobacterial activity against h M. phlei at the

microbiology laboratory at Skyline College in San Bruno, CA during the summers of 2018-2019.

In Hawaii, a permit is required for importing restricted commodities, including American
type Culture Collection (ATCC) Mycobacteria strains. The process of obtaining these import
permits can take over six months. Due to the lengthy timeline, initial bioassay-guided
fractionation of Grindelia species was done using the organism Streptomyces 85E. This
organism serves as a screening tool for compounds with anti-mycobacterial activity and has been
patented (U.S. Patent No. 5,770,392) [92]. Streptomyces 85 E is a non-pathogenic, fast-growing
cell-based assay for preliminary screenings and/or M. phlei model, which effectively reduces the
number of non-active compounds significantly. The TLC overlay technique was employed in the

screening process.

For the assays, tryptic soy broth (TSB, Cat. No., T8907, Sigma-Aldrich, Burlington,
Massachusetts, USA) was prepared by combining 17 g of pancreatic digest of casein, 3 g of
enzymatic digest of soybean meal, 2.5 g of dextrose, 5.0 g of sodium chloride and 2.5 g of

dipotassium phosphate.

In the initial TLC overlay experiments with Streptomyces 85E, two plates of ISP4 agar media

were spread with a lawn of 10 x dilute Streptomyces 85E culture in TSB. Developed TLC plates
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were laid on top of the bacterial lawn and incubated at room temperature for several hours to

allow diffusion of test compounds, followed by incubation at 30°C for 24-30 hrs.

ISP4 agar was made by combining 10 g of agar, 5 g of soluble starch, 1g of calcium
carbonate, 1g of ammonium sulfate, 0.5 g of potassium phosphate, 0.5 g of magnesium sulfate
heptahydrate, 0.5 g sodium chloride, 0.5 g iron sulfate heptahydrate, 0.5 g magnesium chloride
heptahydrate, 0.5 g zinc sulfate heptahydrate. and in 500 mL of deionized water. This was
autoclaved at 121°C , 15 psi for 20-30 min, then allowed to cool to 50-55°C in a water bath
"Streptomyces cultures were grown on ISP Medium No. 4 (Inorganic Salts-Starch Agar),

formulated according to Shirling and Gottleib (1966).

Streptomyces 85E was prepared at a CFU McFarland standard 0.5, 1 x 107 CFU was then
diluted 1:1000 into the agar media. This was accomplished by adding 500 ul of the bacteria culture
into a 500 mL bottle of agar. Next, 20 mL of the liquid agar mixture was poured into each petri
dish, which was placed on top of a face-up developed TLC plate. This setup was kept at room

temperature for several hours to allow for diffusion, and then it was incubated at 30 °C for 3 days.

3.3 Antimicrobial Susceptibility Testing MIC, E-Test vs 96 Well Plate Broth
Dilution

The determination of the minimum inhibitory concentration (MIC) of the plant extracts,
described in the experimental section below) was conducted on both fractions and compounds of
the plant extract. Dilution testing was used to quantitatively assess the MIC of antimicrobial agent
required to inhibit the test bacteria. The MIC is defined as the lowest concentration that inhibited
visible growth of the organism, while minimum bactericidal concentration (MBC) is the lowest
concentration from that which shows no growth. In North America, the broth dilution method is

the reference procedure as outlined in (“The Manual of Clinical Microbiology, 8th Edition”"). The
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E test (Epsilometer test) is a common method for determining the MIC in medical diagnostics, for
clinical strains of M. tuberculosis. This approach helps identify the most effective drug and dosage
for patients, as drug effectiveness and required doses can vary significantly among different strains
of M. tuberculosis. In the E-test, a plastic strip impregnated with a gradient concentration of
antimicrobial agents is used. In this method, the strip is placed directly on the surface of an
inoculated plate, and the MIC is determined at the point where growth inhibition intercepts the
strip. However, these strips are relatively expensive. To address this, a modified method was
developed using a series of paper disks, each impregnated with a gradient concentration of the test
antimicrobial agents. In the modified E-test, six paper disks were inoculated with the following
concentrations of the crude extract, fraction, or isolated compound through serial dilution: 0.10,

0.05, 0.03, 0.01, 0.006 ng/mL, along with a solvent negative control.

The broth microdilution method using 96-well plates was employed to evaluate the
mycobacteria, M. phlei and M. smegmatis. In the broth dilution assay, 10 uL of a 0.018%
resazurin dye solution [93] was added to each well after 48-hours incubation period at 37°C in an
incubator. A color change from blue (oxidized state) to pink (reduced) indicated the growth of
mycobacteria, as the change in color was caused by the respiration of active cells. The MIC was

defined as the lowest concentration of drug that prevented this change in color.

The 48-hours growth inoculum of the tested mycobacteria species was standardized to a
suspension of 1 x 107 cells/mL. This was achieved by measuring the optical density (OD) at 600
nm, aiming for an absorbance between 0.08-0.125 using a UV spectrophotometer, or by comparing
it with a previously prepared 0.5 McFarland standard. The inoculum was then further diluted to
200-fold concentration by adding 50 ul of the 1 x 107 cells/mL inoculum into 10 mL of media.
The experiment utilized sterile 96-well plates, each well containing a total volume of 200 pl. In
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the first column of the plate, 200 pL of the standard drug rifampin, and the test compound, fraction,
or extract were added. The remaining wells were filled with 100 uL. of BHI or another nutrient
broth media. From column 1, 100 pL of the test drug compounds were serially diluted into the
subsequent rows in a 2:1 ratio. Each well was then inoculated with 100 pl of the 200-fold diluted
inoculum, progressing from low to high concentration, using a multi-channel pipettor. A secondary
96-well transfer plate was prepared to prevent cross-contamination among the test substances
while dipping into the inoculum. The positive control consisted of 100 pl of inoculum with 100 pl
of media, which should indicate growth. The negative control contained 200 pL of media only,

indicating no growth.

For the study to determine the MIC of inhibition rifampin 0.01-5.0 pg/mL;
Amoxicillin/Clavulanate 10-5000 pg/mL; extract 1.6-200 pg/mL; grindelic acid 4-2000 pg/mL;
Compound 2, 4-2000 pg/mL; Compound 4, 4-2000 ug/mL; Compound 5, 4-2000 pg/mL;

Compound 6, 4-2,000 pg/mL; Compound 7, 4-2000 pg/mL

For the study to determine the MIC of inhibition of M. phlei, the ranges of tested
concentration were rifampin 0,02-10 ug/mL, Amoxicillin/Clavulanate 10-5000 ug/mL; extract
16-2000 pg/mL; grindelic acid 20-10,000 pg/mL; Compound 2, 4-2000 png/mL; Compound 4, 4-
2000 pg/mL; Compound 5, 4-2000 pg/mL; Compound 6, 2-1,000 pg/mL; Compound 7, 2-1000
pg/mL. These plates were then covered with parafilm and sealed in a Ziplock bag, along with a
small sterile sponge dampened with sterile water to prevent evaporation. The plates were incubated

for 48 hours at 37°C.

After incubation, 10 pl of the 0.1-0.2% resazurin indicator dye solution was sterilely added

to each well in the plate using a secondary transfer plate and a multi-channel pipettor from low to

Page | 42



high concentration to avoid cross contamination with inoculum or test compound. These plates
were then covered with a parafilm and in a sealed Ziplock bag along with a small sterile sponge
dampened with sterile water to prevent evaporation. The plates were incubated for at least 4 hours
at 37°C before being read by eye. A change in color from blue (oxidized state) to pink (reduced)
indicated the growth of mycobacteria and the MIC was defined as the lowest concentration of drug
that prevented this change in color indicating the lowest concentration of the sample that inhibited
the growth of the test mycobacteria. It was observed that M. smegmatis was more resistant towards
rifampicin (MIC = 0.48 mg/mL) than M. phlei (MIC = 0.0004 mg/mL). The plant compounds also

showed a higher MIC in M. smegmatis than in M. phlei.

3.4 Adjuvant anti-Microbial Effects on Rifampin anti-Mycobacterial Activity

Method

To evaluate adjuvant anti-mycobacterial effects of the grindelia plant extract and isolated
grindelanes in combination with rifampin, the broth dilution assay was also used. In this case
rifampin was serially diluted as above, inoculum added and then in each row a sub-inhibitory dose
of test compound was added to each well. The sub-inhibitory dose of test compound chosen was
half the individual MIC dose of each test compound. The rest of the procedure was the same as
described above for individual MIC determinations. In these broth dilution combination drug
assays used for the determination of combined MIC values, 10 pl of a 0.1% resazurin indicator
dye solution was again added after the period of 48 hrs. of growth at 37°C in an incubator as

described above. The method of broth microdilution in 96 well plates were used to assay these
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against the test mycobacteria, M. phlei and M. smegmatis. In this assay, M. smegmatis showed a

greater drug resistance than M. phlei, these observations were used to design the experiment.

3.5 Streptomyces 85E Assay Kinase Inhibition Assay

Protein kinase inhibition studies can provide insights into potential targets for new drugs
aimed at combating pathogens. One patented assay [94] has been developed and effectively used
to screen for and identify several potential novel inhibitors of kinase activity. As stated in the
Davies Lab paper referenced above, “The field of the invention relates to methods and
compositions for discovering compounds that inhibit the growth of a range of bacteria, especially
mycobacteria.” This involves a hyphae formation inhibition assay using the organism
Streptomyces 85E. The assay was employed to screen extracts, fractions, and isolated

compounds that exhibit activity in serine/threonine or tyrosine kinase processes.

Protein kinases and phosphatases function as on/off switches in cellular processes. By
reversibly adding or removing phosphate groups, they regulate a variety of biological functions
including gene expression, cellular proliferation, cell differentiation, enzyme activation, and
response to external signals such as hormones and growth factors. Additionally, they play a

crucial role in controlling the stages of the cell cycle [60,92,95-99]

Many proteins undergo phosphorylation or dephosphorylation, which can initiate a
phosphorylation cascade or signal transduction, further regulating cellular activities. In a signal
transduction cascade, the initial kinase receptor receives a signal and transmits it along the signal
transduction pathway. Any point along the path can serve as a potential drug target, allowing for

the arrest of the signal.
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Signal transduction pathways may be conserved or unique across different organisms, and

they can vary significantly between eukaryotes and prokaryotes [100,101]

Compounds that function as protein kinase inhibitors and block kinase/substrate interaction
could potentially be developed into useful drugs, making them promising targets points for
therapeutic intervention. In eukaryotic and prokaryotic cells, many regulatory systems are
modulated by extracellular signals. In eukaryotes, signal transduction pathways are regulated by a
cascade of protein kinase and phosphatase switches. The protein kinases have two distinct actions,
the phosphorylation of tyrosine or the phosphorylation of serine and threonine. In contrast,
prokaryotic cells have protein phosphorylation cascades of histidine kinases. Prokaryotic kinases
regulate adaptive responses such as nitrogen fixation, chemotaxis, and sporulation. However, some
eukaryotic kinase systems have also been found in bacteria (prokaryotes) such as Streptomyces

and these can serve as model organisms for laboratory screening of compounds [92,97,102,103].

The antibacterial screening method developed by the Davies lab can be summarized in

two steps.

1) Culturing model bacteria: The first step involves culturing the model bacteria, either
Streptomyces griseus or Streptomyces 85E with a test compound. The effects of the test

compound on aerial mycelial development or spore formation are then observed.

2) Testing with Mycobacteria: In the second step, mycobacteria are cultured with the test
compound from the previous step. We observe whether the compound inhibits the growth of
mycobacterium. The patented assay [104] (J.E. Davies, B. Waters, G. Saxena, US6319898B]1,
2001) is based on the inventors’ discovery that many compounds affecting the development of

aerial mycelia and sporulation in Streptomyces species also serve as potent inhibitors of
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mycobacterial growth. The inventors recognized that phosphoproteins, along with related kinases
and phosphatases present in bacteria, can effectively serve as targets for anti-mycobacterial drug
screening. Furthermore, it is worth noting that Streptomyces species themselves are also powerful

inhibitors of mycobacterial cell growth.

The invention further states that, “because phosphoprotein-related targets in bacteria are
distinct from known antibacterial targets, the antibacterials that are identified through the
methods of the present invention are likely to be structurally novel, and without pre-existing
resistance.” These identified compounds, active in the above assay, are expected to inhibit the
growth of bacteria with enzyme activity phosphorylating tyrosine, serine, and/or threonine.
Compounds such as these, that alter aerial mycelial development and/or inhibit spore formation
in the Streptomyces based screening assay [104] (U.S. Patent No. 5,770,392) are useful as both
eukaryotic kinase inhibitors and antibacterial compounds, inhibiting the growth of bacteria that
perform eukaryotic like phosphorylation of tyrosine, serine, and/or threonine residues. The
Streptomyces assay is particularly useful against Mycobacterium species, especially pathogenic
strains of Mycobacterium species because according to the invention, the activity of these
Streptomyces assayed active compounds, their analogs and derivatives correlates with anti-

mycobacterial activity.

Additionally, the active compounds in the Streptomyces assay can be described as
interfering with phosphorylation and dephosphorylation pathways of bacteria. The test

compounds of the invention can be present in isolation or as a mixture with other molecules [94].

Prokaryotic test organisms that can perform the functions of the assay in the invention are

the following strains of Streptomyces griseus: WEC93-17A, WEC188-31C, WEC362-68A,
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WEC403-73F and WEC478-85E, isolated from soil. Streptomyces WEC478-85E (strain 85E)

which is deposited at the American Type Culture Collection, Accession Number ATCC 55824.

Mtb has eleven eukaryotic-like serine-threonine protein kinases: PknA, PknB, PknC,
PknD, PknE, PknF, PknG, PknH, PknJ, PknK, and PknL. These kinases regulate processes
including growth, metabolism, and evasion from lysosomal degradation. PknA and PknB are
involved in mycobacterial growth regulation, important in the switch between latent and active
TB PknG is involved in the regulation of phagosome lysosome fusion, important in the initial

infection of Mtb and in the persistence of mycobacteria in the host macrophage [98].

In Mycobacterium tuberculosis, two very essential regulatory Ser/Thr protein kinases
(STPKs) that have been described are PknA and PknB. These two kinases phosphorylate many
proteins and cause changes in the levels of gene expression in response to environmental
changes. Effects such as remodeling of the mycobacterial cell envelope by the control of
peptidoglycan turnover, lipid content and binding affinities can be observed. Kinase inhibition
studies [99] have identified the mycobacterial cell envelope as a major target of PknA and PknB
and have shown that PknA and PknB inhibition blocks M. tuberculosis growth. Including the
better studied PknA and PknB, the Mycobacterium tuberculosis genome encodes 11 STPKs that

are structurally related to eukaryotic kinases [95].

Another important Mtb kinase is Protein kinase G (PknG) which is also a eukaryotic-like
serine/threonine kinase. PknG was shown to be instrumental in promoting survival of
mycobacteria in host macrophages by blocking phagosome-lysosome fusion in the host cell after
mycobacteria has been engulfed by the phagosome. Studies blocking PknG by using specific

inhibitors that targeted the ATP binding site of the PknG kinase domain, showed the digestion of
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mycobacteria by lysosome meaning that the phagosome-lysosome fusion had not been blocked
by mycobacteria. In these studies, PknG-inhibiting compounds from flavonoids were found

effective [98].

Experimental method for assaying isolated grindelanes with Streptomyces 85E

It 1s important to begin the assay with Streptomyces 85E in the sporulating state before
the aerial hyphae form. During the assay, the aerial hyphae are observed visually to see if they
are able to form or if they are inhibited from forming by the test compound (inhibition of aerial

hyphae indicates inhibition of kinase activity by the test compound).

In this experimental assay to evaluate the activity of the isolated grindelanes, a microfuge
tube of Streptomyces 85E spores was taken from storage in -20°C (only tubes with visible grey
spores on the bottom were used), allowed to thaw and then mixed by pipetting. Minimal medium
ISP4 was used to culture the Streptomyces 85E, ISP4 is an inorganic salts/starch agar and allows
for Streptomyces to sporulate. In the the culture plate preparation, 5 uL of this mycelia of
Streptomyces 85E were spread on minimal medium ISP4 (International Streptomyces Project
Medium, Difco) agar plates and 10-20 uL of tryptic soy broth (TSB) was pipetted onto the plate.
The Streptomyces 85E was then spread as a lawn with a sterile metal loop. These stock plates
were then incubated at 30°C and grown for 3 days. After growth they were stored at 4°C as stock

plates for up to 3 weeks.

For the experimental assay, a test tube of TSB was inoculated with a colony from a stock
plate and shaken at 200 rpm for 16-24 hours at 30°C. A 0.5 McFarland standard was used to
measure 1.5 x 10® CFU and a lawn of Streptomyces 85E was made as described above for the

stock plates. Paper disks of 7mm diameter filter paper were inoculated with 80 pg/disk (15 pL)
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of extract/fraction in DMSO and allowed to dry. A blank DMSO (15 pL) disk was used as a
negative control and an ilimaquinone 80 pg/disk (15 pL) kinase inhibitor was used as the
positive control. The disks were allowed to dry, applied to the surface of the lawn of
Streptomyces 85E and pressed down with sterile forceps to ensure contact and diffusion of the
extract/fraction. The growth inhibition was recorded after 24-30 hours of incubation at 30°C.

Several direct contact TLC and TLC overlay experiments were also tried.

Four types of phenotype were observed around the paper disks inoculated with
substances to be tested (Figure 6, Figure 7): 1) no zone of inhibition, 2) a clear zone of
inhibition, 3) a bald zone or 4) a clear zone surrounded by a bald zone. Phenotype 1 no visible
ring around the paper disk, indicates no inhibitory activity. Phenotype 2 a completely clear ring
around the paper disk, is the result of inhibition of both growth and sporulation and indicates
cytotoxic activity of the tested substance. Phenotype 3 a bald zone, which appears as a hazy ring
around the paper disk, is the result of the inhibition of aerial hyphae only (the vegetative hyphae
remains intact), this indicates kinase inhibition (an inhibitor of post-translational
phosphorylation). The last case, phenotype 4 a clear zone surrounded by a bald zone indicates

that the compound is both cytotoxic and inhibits kinase activity.

(o)

: (o)
O f
o 36 hours @

‘-Cytotox.ic zone — complete growth inhibition ‘ ‘ *Bald zone — aerial hyphae inhibition ‘

Figure 6. Streptomyces 85E is a model for serine/threonine kinase inhibitors. Hyphae formation inhibition assay with two basic
phenotypes: 1) bald or hazy- hyphae inhibition (kinase inhibition), 2) clear indicate cytotoxic [92].
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Figure 7. Plate showing different zone morphologies seen in Streptomyces 85E kinase assay. Sample A (negative control) no
zone of inhibition, samples B-E clear zone, sample F hazy zone containing bald colonies of Streptomyces 85E ATCC 55824 [97].

3.6 Bacterial Cryo-Preservation

During freezing, additives such as sugar, milk or glycerol can protect bacteria from cell
death during freeze-thaw cycles. Suspension of bacterial cultures in 15% glycerol (wt/vol) is the
most common method of cryoprotective methods utilized today. Another option used in older
studies is preserving bacteria in 10% skim milk solution (wt/vol) and this has the advantage of

using more readily available materials and providing greater protection against loss of viability if

a -80°C freezer fails.

The following paper [105] came to the conclusion that in all observed strains of bacteria
tested, 10% skim milk resulted in longer viability after thawing than the 15% glycerol solutions
conventionally used in most laboratories. They found that over 90% of strains frozen in 10% skim
milk were recovered. An earlier study [106], also showed that skim milk suspensions that were
frozen and stored at -20 C, were stable for as long as 4 years and survived storage at room

temperature after thawing for as long as 3 weeks. Another useful, low resource preservation
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method for bacterial stock is lyophilization. Lyophilization is a useful method if -20°C or -80°C
freezers are not available [107]. In this method, the bacteria are suspended in skim milk, frozen
and dried. Studies show that lyophilized cultures, including M. tuberculosis, can survive storage
at room temperature for as long as 2-5 years, although some strains of mycobacteria (the slow-

growing saprophytic strains and Myobacteria kansasii), can lose viability after a few years.

Storage Method for Bacterial Stocks

Because of the advantages to viability of using skim milk, and taking into consideration
the frequency of electrical outage in the laboratory, in this thesis experiment, M. phlei, M.
smegmatis and Streptomyces 85E stocks were preserved in skim milk and stored at -80°C. The
following method was used, first, 100g of skim milk powder (Nestle Carnation Instant Nonfat
Dry Milk; ingredients: nonfat milk, vitamin A palmitate, vitamin D3) was mixed by stirring with
1L of distilled water. Next, 2mL each of this milk media was put into cryotubes and autoclaved
at 121°C for 15 min at 15 psi. Previously grown colonies of M. phlei, M. smegmatis and
Streptomyces 85E were sterilely scraped with a metal loop from stock agar plates of media
appropriate to the bacterial requirements (BHI, for Mycobacteria) and transferred to milk filled

cryotubes, these were frozen at -80°C.

To un-thaw the frozen bacteria, the cryotubes were removed from the -80°C freezer and
thawed in a 37°C water bath. The 2 mL of bacteria from the cryotube was pipetted onto a BHI
agar plate (Mycobacteria) and spread. These were incubated for 48-96 hours at 37°C to make a
stock plate and stored at 4°C. In order to use these stock plates for further studies, a colony was

sterilely removed with a loop, inoculated into BHI broth, and grown for 48-96 hours.
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3.7 Susceptibility Testing against M. tuberculosis
Three samples (crude ethyl acetate extract, grindelic acid (1), and the methyl ester
(5)) were able to be sent for assay against M. tuberculosis (Mtb). The Mtb assay was performed

by Endrei Mercantonio in Dr. Prisic’s laboratory (UH Manoa).
Mycobacterial media and reagents

The strain used for assay was Mtb mc? 6206 (MtbAux) which is derived from the virulent
strain H37Rv. All media and reagents used for mycobacterial culturing were purchased from
ThermoFisher Scientific or VWR. Stocks of 100% ADS (Albumin, Dextrose, Catalase) were
composed of 50 g/L bovine serum albumin (fraction V, pH 7), 8.5 g/L dextrose, and 20 g/L
sodium chloride. Middlebrook 7H9 medium was supplemented with 10% ADS, 0.05%
Tyloxapol, 0.1 mM propionate, 50 pg/mL L-leucine, and 50 pg/mL calcium D-pantothenate
(7TH9-ADS). Tyloxapol was included to preserve the integrity of the cell wall [108], and
propionate was included to select for MtbAux cells that synthesized phthiocerol dimycocerosates
(PDIMs) [109]. Cell wall integrity and PDIM synthesis have been shown to affect antibiotic

susceptibility [109].
Mycobacterial culturing and stock preparation

M. tuberculosis mc*6206 (MtbAux; a gift from William R. Jacobs Jr), is a strain
which cannot synthesize L-Leucine and D-pantothenate. To culture MtbAux, 1 mL frozen stocks
were inoculated into 5 mL 7H9-ADS medium and incubated at 37°C without shaking until the
cultures were saturated (~7 days). The bacteria were subcultured by inoculating 1 mL of
saturated culture into 50 mL 7H9-ADS and incubated at 37°C while shaking at 120 rpm. Shaking

cultures of MtbAux were grown to an optical density at 600 nm (ODsoo) of 0.5-0.8 in 7H9-ADS
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medium. Cultures were centrifuged at 3000 x G at room temperature for 10 minutes, resuspended

at an ODggo of 1.0 in fresh 7TH9-ADS medium, and frozen at -80°C until use.

Compound/extract susceptibility testing against MtbAux

The stocks of MtbAux at ODeoo of 1.0 were thawed, loaded into the sterile U-bottom 96-
well plates, and treated with controls and test compounds/extracts at an ODgoo of 0.01. The
controls were dimethyl sulfoxide (DMSO) and levofloxacin. Concentrations of DMSO and
levofloxacin ranged from 0.01-5% and 0.05-25 pg/mL, respectively. Compounds/extracts were
dissolved in DMSO for use in assays, concentrations ranged from 0.001-0.5 mg/mL. The
MtbAux were incubated at 37°C without shaking. After 5 days of incubation, plates were
visually inspected for growth, which was apparent if bacterial pellets were present or absent. The
minimum inhibitory concentrations (MICs) were determined as the lowest concentration that
caused completed inhibition of growth (i.e., absence of a cell pellet). Assays were performed in

duplicate.
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4 CHAPTER FOUR: INSTRUMENTATION

4.1 Extraction and Separation Method Development

Method development resulted in the following optimized procedure for separation of
diterpenes from this plant. The first fractionations (F1) were done on a large silica flash column
using a gradient of ethyl acetate and hexanes. The fractions were then further separated by Dry
Column Vacuum Chromatography (DCVC) on either a C18 (methanol: water) or a silica column
(hexanes: ethyl acetate). The fractions from the DCVC were termed F2. The detector for these
fractions was TLC with the stain para-anisaldehyde specific for terpenes and steroids. This stain
was chosen because it was reported to reveal specific colors for monoterpenes, triterpenes and
steroids and different functional groups, phenol (violet), allylic alcohols (green),
aldehyde/ketone/ester (red), amines (blue). The third fractionation F3, was generally done by
HPLC on a C18 column (acetonitrile: water; 0.1% acetic acid, gradient) using PDA and ELSD
detectors. Acetic acid was used to homogenize ionization of the compounds during
chromatography for better peak shape and resolution. Trifluoroacetic acid, which had the
potential of causing ion suppression when the samples were transferred to the LC/MS instrument
during analytical scale down from the preparative column, was avoided. During method
development on the HPLC many different columns were explored including the Phenomenex
phenogel linear 2, 5 um, 100A, 300 x 7 mm; an ACE C18-AR, 5 pm, 1004, 10 x 3.0 mm phenyl
column, an ACE HILIC-N 5 pum, 1004, 10 x 3.0 mm column; an Econosil NH,, 100A, 10 um,
250 x 10 mm column; an Intersil C8 100A, 5 pm, 250 x 4.6 mm column; a Jupiter C4, Spum, 300
A, 159 x 10 mm column, a Phenomenex Lunaphenyl-hexyl 100A, 5 um, 150 x 400 mm column
and the chosen column, a Kinetex xb-C18 100A, 5 um, 250 x 21.2 mm column (see section

12.4).
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After the above method development for separation, the majority of the F2 fractions from
the DCVC column were loaded onto the semi-preparative Kinetex xb-C18 100A, Sum, 250 x

21.2 mm column with the time program described in Table 2.

Table 2 HPLC purification (F3) on semi-preparative reverse phase column, Kinetex C18, 200 x 21.2 mm, 5 mg, 120A, with
Sedex 80 LT- ELSD detector, 40°C, Gain 6, N2 flow 52 psi

Time (min) Solvent A (H,0) Solvent B (ACN) Flow rate (mL/min)
0.01 90 10 5
60 0 100 5
120 0 100 5

4.2  Detection Methods

Many diterpene types of compounds have been isolated from other species of Grindelia
[1,4,5,8-10,53] Typical grindelane structures often possess very little or no conjugation, so that
detection must be by means other than conventional ultra violet/visible (UV/Vis) spectroscopy
detectors. While collecting spectra from the LC/MS-UV/Vis instrument from sample fractions of
Grindelia stricta platyphylla and comparing total ion chromatograms (TIC) detected by the MS
detector with chromatograms detected by a PDA detector, a low to non-existent signal was

observed in the UV/Vis for compounds in the target range of 320-380 MW.

In general, molecules with conjugated n systems absorb light closer to the visible region
(300-700 nm) than saturated molecules or molecules with isolated double or triple bonds and the
longer the wavelength of the light absorbed, the longer the conjugated system. In the past
isolations of grindelanes, these compounds have usually been separated and detected by gas
chromatography/mass spectroscopy (GC/MS). However, this is a non-direct, destructive method

of detection as GC/MS nonvolatile compounds, requires methylation. Unconjugated compounds
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can also be achieved by thin layer chromatography (TLC) with colorizing reagents such as p-
anisaldehyde (detects aldehydes, ketones, and alcohols), vanillin (aldehydes, ketones, alcohols),
phosphomolybdic acid (alcohols, phenols, alkenes, carbonyl), Iron (III) chloride (phenols),
bromocresol green (acids) and many other stains. One- and two-dimensional TLC may also be

used for preparative separations and isolation if necessary.

Another means of detection for compounds with little or no conjugation is pre or post
column derivatization with a compound that absorbs UV. Pre or post column derivatization is an
additional step attaching a second compound (such as o-phthalaldehyde (OPA)) that does have a
chromophore, to the analyte. This method works but is time consuming, involving the need to
heat each analyte in a heater block to promote derivatization (pre-column derivatization) or
alternatively, the addition of an extra reaction tubing coil and separate pump post column (after
separation) and before detection. An additional worry is that derivatization is not a direct method

of detection, meaning that any underivatized analyte will go undetected.

The use of alternate detectors such as a mass spectrometer (MS), refractive index (RI) or
an evaporative light scattering (ELSD) are other solutions to address analytes with no
chromophore. Using an MS detector is ideal in many ways except this instrument is quite
delicate and expensive. Another option is an RID, this is an only an option if the mobile phase is
isocratic, but in the separation and isolation of compounds from plant extracts in most cases a
mixed solvent gradient needs to be used. RID cannot be used with changes in solvent
composition as the refractive index of the reference cell is taken before separation begins and
would not be applicable for comparison to analytes in a different solvent mixture. RID is also.

Easily affected by temperature, flow rate, and pressure.
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Because of the conditions mentioned above, the evaporative light scattering detector
(ELSD) is a very useful detector for compounds lacking a chromophore. It is classed as a
universal detector because it does not require that analytes have any specific functional groups,
conjugation or ionizability in order to be detected. Figure 8. Parameters such as evaporation
temperature, drift tube gas flow, sample inlet flow (nebulization), and gain (sensitivity level)
need to be set such that the solvent evaporates, leaving the analyte behind. Between the two
common universal detectors (ELSD and RID), the ELSD has the advantage that it is insensitive
to mobile phase solvent composition as these are removed during evaporation and before
detection. This means that complex gradients systems such as multiple step gradients can be used

for separation without affecting detection.

For compounds without a chromophore, UV detection is difficult or non-existent at low
concentrations, even at 210 nm where most compounds have some UV absorption. For the
grindelane terpenes that were the target of this isolation, some of them could only be detected
with the ELSD detector and were missed by the UV/Vis detector. In many labs doing standard
separations of plant extracts using only a UV/Vis detector, compounds with no chromophore will

go undetected and end up and shunted into the waste stream.
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Figure 8, a labdane terpene isolated by HPLC separations using the ELSD detector. The top window is the ELSD detector, the
bottom window is the UV detector.
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For these reasons, the ELSD is useful for detecting substances with limited or no UV
absorption including terpenes and terpene saponins, alcohols, sugars, fatty acids, polymers and
carbohydrates. In addition, ELSD allows for direct detection and quantification of compounds
and gives a universal response factor to the signal. Solvents which absorb UV at higher
wavelengths that might obscure a signal can be used for separation and isolation of compounds
without a problem because the solvent is completely evaporated before detection occurs. The
ELSD is also compatible with a wide range of mobile phase modifiers and pH’s such as
ammonium acetate, acetic acid, ammonium formate, formic acid, ammonium carbonate,
trifluoroacetic acid, heptafluorobutyric acid, trimethylamine, salt and buffer solutions. The
advent of lower temperature (LT) requirements for the modern LT-ELSD allow for the detection
of compounds that may have been volatilized or degraded using the older higher temperature
systems of the past. Because of these reasons, using the LT-ELSD to detect what in the past have
UV/Vis invisible compounds without chromophores, may turn up new compounds from

medicinal plants that have been previously passed over.

(F3) isolation ELSD Detector

Nitrogen gas

|

Figure 9 Shimadzu HPLC system with PDA and LT-ELSD detectors in series, sample is split from the detectors for collection.
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Another consideration is that the ELSD detector requires a clean carrier gas such as
nitrogen. However, the sample need only be run one time and the key retention times noted for
collection. fractionation can then proceed with further injections onto the column and collection

can continue without further use of the ELSD detector, saving the gas.

In the targeted separation of grindelanes, a Sedex LT-ELSD instrument was used at 40°C,
gain 6, nitrogen at 52 psi and a solvent flow of SmL/min from a C18 HPLC column that was split
with a splitter valve from the PDA detector shunting a small fraction of the analyte stream into

the ELSD (destructive) and preserving the majority for fraction collection (Figure 9).

Solubility was also an issue with the final HPLC isolation of these rather non-polar
grindelane compounds. They were soluble in methanol, chloroform and acetonitrile only at the
very low concentrations suitable for LC/MS and NMR analysis but not at the higher
concentrations needed for isolation by reverse phase HPLC. Because of this issue, the fractions
separated using reverse phase solvents had to be solvated first in isopropanol and heated in a
waterbath right before injection onto the HPLC column where they could be diluted into

solubility by the mobile phase stream.
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4.2  Structural Elucidation Methods

NMR

The series of NMR experiments used to elucidate each isolated compound structure were
proton (H-NMR), carbon including '*C-NMR, Distortionless Enhancement by Polarization
Transfer (DEPT 45,90 and 135), Correlated Spectroscopy (COSY), Heteronuclear Single
Quantum Coherence (HSQC) and Heteronuclear Multiple Bond Correlation (HMBC). In some
cases of the NMR experiments in this thesis, the attached proton test (APT) was used rather than
a sequence of Carbon, DEPT 90, DEPT 135. The APT experiment is a 1D carbon NMR
experiment that separates C and CH; signals from CH and CH3 signals. In the APT experiment
methine (CH) and methyl (CH3) signals are positive, and quaternary (C) and methylene (CH»)
signals are negative, (this is the convention although positive and negative signals can be
inverted depending on experiment parameters chosen). The APT pulse sequence has a delay
between the first two pulses set to one over the carbon proton coupling constant. For CH» (which
is the deciding factor for this experiment) this is usually 125 Hz so the delay is 8 ms. Between

the last two pulses and between the last pulse and the acquisition, the delay is 100us.

APT is slightly less sensitive than DEPT but the advantage is that a single experiment can
show all carbon signals and also give their multiplicity, while DEPT suppresses quaternary
carbons and can require up to three different acquisitions (DEPT 45, DEPT 90, DEPT 135), in
addition to a 1D C13 spectra, to yield full results. For this reason, APT is currently the preferred

experiment to elucidate information about the carbon atoms and their multiplicity.
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I SECTION II: EXPERIMENTAL RESULTS
5  CHAPTER FIVE: PLANT COLLECTION AND IDENTIFICATION

5.1 Plant Identification

Grindelia stricta var. platyphylla was identified locally [110] on the central California
coast, Pillar Point Bluff, San Mateo County, CA (coordinates 37.50721-122.50228) (March,
2015). The plant was identification was confirmed as Grindelia stricata var. platyphylla using
local knowledge and the botanical records of the Consortium of California Herbaria,
(ucjeps.berkeley.edu/consortium/) voucher specimen number GH417691 kept at the Harvard

University Herbarium ( Attps.//www.calflora.org/app/taxon?crn=3969).

Grindelia stricta 1s a perennial herb that is native and endemic (limited) to California. It
is a dicotyledon angiosperm in the family Asteraceae. The open flower is characterized by
yellow disk flowers and ray flowers. The plant is a prostrate herb of 1-1.6 feet tall and roots as it
spreads. It grows in dry arid sandy soil and can tolerate saline environments and a pH range of
5.0-7.5. It can be found in California in tidal flats, coastal strand, and coastal sage scrub st at
elevations from 0-700 feet. var. platyphylla is broadly distributed along the coast from Del Norte
County to Los Angeles County and the northern Channel Islands. The flower bud is distinctive in
having a large amount of sticky white sap comprised of resinous compounds

https://calscape.org/Grindelia-stricta-var.-platyphylla-(Gumweed)?srchcr=sc5d993af2c942b).

5.2  Plant Collection, Extraction and Fractionation

Collection 1: preliminary small batch of four fractions of crude extract characterized and

assaved for anti-microbial activity

Page | 62



Grindelia stricta platyphylla was identified and 35 g of open flowers and closed buds
were collected locally on the central California coast, Pillar Point Bluff, San Mateo County, CA
(coordinates 37.50721-122.50228) (March, 2015). These fresh opened flowers and closed buds
were divided into four portions of 8.4 g each and were extracted into four solvents of 5 mL each
by grinding the plant material with a mortar and pestle into the solvents in order of decreasing
polarity : water, ethanol, acetone and ethyl acetate at room temperature and allowing to soak for
30 days. The first purpose of this initial preliminary experiment was to select the most suitable
solvent for extraction by observing which crude solvent extract delivered the most antimicrobial
activity. The second purpose of the experiment was to select a bacterium for which this plant

extract may demonstrate high antimicrobial activity.

Collection 2: a mid-sized batch fractionated and assayed for anti-mycobacterial activity

Grindelia stricta platyphylla flower heads were collected at peak resin production (June-
July, 2017) from the same area, Pillar Point Bluff, San Mateo County, CA (coordinates
37.50721-122.50228). This second collection of 990 g of flower heads was extracted into ethyl
acetate and the minimum inhibitory concentration (MIC) of the crude extract was determined in
a modified e-test on a tryptic soy agar plate using 6 paper disks with concentrations ranging from
0.1 to 0.006 pg/mL (by serial dilution) and a control disk of ethyl acetate. From this it was
observed that the MIC of the crude ethyl acetate extract was > 0.03 png/mL. Next, 85 g of this
same crude extract was fractionated on a silica column using a 23-step gradient of hexanes: ethyl

acetate and the solvent was evaporated at 30°C under vacuum to yield fractions.
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Collection 3: a large batch for scale-up

From the previous experiments, it was determined that scale up would be necessary to
obtain adequate amounts for bioactivity testing. A third and larger collection of the plant was
made at the same location on the central California coast, Pillar Point Bluff, San Mateo County,
CA (coordinates 37.50721-122.50228). Five kg of flower buds were collected (June and July
2018). These were extracted three times into 4L of ethyl acetate resulting in 380 g of crude
extract which was fractionated (F1) on a large silica column (20 cm X 80 cm) using a 24 step
gradient of hexanes: ethyl acetate (100% hexanes, 99:1, 98:2, 97:3...30:70, 20:80, 100% ethyl
acetate). Fractions were collected which were further separated and used for isolation, structure
elucidation and bioactivity studies. This method was found to be not very satisfactory as it
created too many fractions and with many of the same compounds overlapping between fractions

and steps.

Each of these fractions were then cut by fractionating (F2) into 20 parts each using dry
vacuum column chromatography (DCVC) of silica, C18 or MCI solid phase and a 20-step
gradient of hexanes:ethyl acetate or methanol:water. The advantages of DCVC are that it is
faster, has better resolution and uses less solvent and solid phase than flash chromatography. t
DCVC uses a short glass Buchner funnel with a sidearm for pulling a vacuum, it is then packed
with the solid phase of choice. Unlike flash columns, a DCVC colum is vacuumed dry after
eluting each fraction which is collected into a separatory funnel below the column and dispensed
into test tubes, a DCVC column generally needs to be at least 7cm tall and 4cm wide. The

sample can be loaded as a solid or a liquid and should be of a 100 mg-10 g size.
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In most cases, silica gel 60 (0.015-0.040 mm) was used to pack the column, allowing for
a quick elution with reasonable resolution of fractions. The silica was added to the column (not
under vacuum) to a height of Sem. A vacuum was applied to the sidearm of the column and it
was packed down under vacuum with a bent spatula. The sample to be fractionated was solvated
in the polar solvent ethyl acetate and mixed with silica. The solvent was then evaporated and the
dry sample loaded onto the top of the column. A filter paper was placed over the top of the
sample to minimize disturbance when pouring solvent. The following step gradient was used to
fractionate the sample: 20 mL hexanes, ImL ethyl acetate:19mL hexanes, 2 mL ethyl
acetate:18mL hexanes, 3 mL ethyl acetate:17ml hexanes...2 mL hexanes:18ml ethyl acetate, 1
mL hexanes:19 mL ethyl acetate, 20 mL ethyl acetate. Between each solvent step the column
was vacuumed to dryness. (20) 20 mL fractions (F2) were collected for each F1 fraction and

detected by TLC with a para-anisaldehyde stain developed with a heat gun.

These fractions were then sub-fractionated (F3) with C18 flash or HPLC columns for
attempt at isolation of single compounds. This was not very satisfactory as in the initial column

(F1) had created too many fractions and overlapping compounds of the same constituents.

Conclusions from the fractionation experiments:

For future experiments, the following fractionation scheme is proposed for the targeted
isolation of labdane terpenoids from this plant. 1) extract fresh flowers (collected in the peak
resin period of June-July) into ethyl acetate. 2) (F1) Cut the extract into 20 parts by polarity on a
silica column with an ethyl acetate:hexanes gradient, using DCVC. 3) (F2) Using TLC as a
guide, with the stain para-anisaldehyde, fractionate these by flash either onto silica or C18. 4)

(F3) Purify by RP-HPLC C18 semi-prep column with a 60 min gradient of acetonitrile:H>O and
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an ELSD detector keeping in mind that the majority of these compounds will elute at 100%

acetonitrile and may be indetectable by a UV detector.
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6 CHAPTER SIX: CHARACTERIZATION

6.1 Summary of Extraction and Isolation

Collection #1

Grindelia stricta platyphylla was identified and 35 g of open flowers and closed buds
were collected locally on the central California coast, Pillar Point Bluff, San Mateo County, CA
(coordinates 37.50721-122.50228) (March, 2015). These fresh opened flowers and closed buds
were divided into four portions of 8.4 g each and were extracted into four solvents of 5 mL each
by grinding the plant material with a mortar and pestle into the solvents in order of decreasing
polarity : water, ethanol, acetone and ethyl acetate at room temperature and allowing to soak for
30 days. It was found that ethyl acetate extracted the most anti-mycobacterial compounds from

the flowers.

Collection #2

Flower buds of G. stricta var. platyphylla (990 g) were collected on the central California
coast, Pillar Point Bluff, San Mateo County, CA in the peak resin period (June-July). The fresh
flower buds were extracted with EtOAc (3 x 4 L, for 3 days each) at room temperature. The
extract was evaporated under vacuum to yield a dark brown crude gum (85 g). The crude EtOAc
extract was subjected to a step gradient of hexanes: ethyl acetate (100% hexanes, 99:1, 98:2,

97:3...30:70, 20:80, 100% ethyl acetate) on a silica column (Table 5).

These fractions were further purified by fractionation on flash columns, preparative TLC,
HPLC or crystallization. Five compounds were isolated from this collection: grindelic acid (1),

an ethyl ester (4), a methyl ester (5), a flavone (7), and a methyl hydroxy (6).
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Table 3. Silica Chromatography of Grindelia stricta platyphylla, collection #2, 990 g (85 g crude)

Hexanes: EtOAc Fraction Numbers Fractions with Compound Structure Elucidated
100:0 1-30
99:1 11-20
98:2 21-30 GF 27(25-31) grindelic acid
97:3 31-40
96:4 41-50
95:5 51-60 GF 51-57(2)57 ethyl ester
94:6 61-70
93:7 71-80 GF 77(33.2-33.8) methyl ester
92:8 81-90 GF 81(1)7,8,9,10(37-38)20.3-21.1, | flavone, methyl
GF 81(1)7,8,9,10(37-38)23.7-24.5 | hydroxy
90:10 91-100
88:12 101-110
86:14 111-120
84:16 121-130
80:20 131-140
75:15 141-150
70:30 151-160
65:35 161-170
60:40 171-180
55:45 181-190
50:50 191-200
40:60 201-210
30:70 211-220
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20:80 221230
EtOAc 231-240
Collection #3

Flower buds of G. stricta var. platyphylla (5 kg) were collected on the central California

coast, Pillar Point Bluff, San Mateo County, CA in the peak resin period (June-July). The fresh

flower buds were extracted with EtOAc (3 x 4 L, for 3 days each) at room temperature. The

extract was evaporated under vacuum to yield a dark brown crude gum (380 g). The crude

EtOACc extract was subjected to a step gradient of hexanes: ethyl acetate (100% hexanes, 99:1,

98:2, 97:3, 96:4, 95:5, 94:6, 93:7, 92:8, 91:9, 90:10, 89:11, 88:12, 87:13, 86:14, 85:15, 84:16,

83:17, 82:18, 81:19, 80:20, 79:21, 78:22, 77:23, 76:24, 75:25, 74:26, 73:27, 72:28, 71:29, 70:30,

69:31, 68:32, 67:33, 66:34, 65:35, 64:36, 63:37, 62:38, 61:39, 60:40, 59:41, 58:42, 57:43, 56:44,

55:45, 54:46, 53:47, 52:48, 51:49, 50:50, 49:51, 48:52, 47:53, 46:54, 45:55, 44:56, 43:57, 42:58,

41:59, 40:60, 39:61, 38:62, 37:63, 36:64, 35:65, 34:66, 33:67, 32:68, 31:69, 30:70, 29:71, 28:72,

27:73, 26:74, 25:75, 2476, 23:77, 22:78, 21:79, 20:80, 19:81, 18:82, 17:83, 16:84, 15:85, 14:86,

13:87, 12:88, 11:89, 10:90, 9:91, 8:92, 7:93, 6:94, 5:95, 4:96, 3:97, 2:98, 1:99, 100% ethyl

acetate) on a silica column (Table 4).

These fractions were further purified by fractionation on DCVC followed by HPLC. Four

compounds were isolated from this collection: grindelic acid (1), an epoxide (2), a new ring

opening (3), a methyl ester (5).
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Table 4 Silica Chromatography of Grindelia stricta platyphylla, collection #3, Skg (380 g crude)

Hexanes: EtOAc Fraction Numbers Fractions with Compound Structure Elucidated

100:0 -

99:1 1-9

98:2 11-21

97:3 21-30

96:4 31-40

95:5 41-50

94:6 51-60

93:7 61-70 GFB 61-67 (8)7 HPLC 60, epoxide, new ring
GFB 61-67(11)4 HPLC 46 opening

92:8 71-80 GFB 71-100(5)8 HPLC 66, grindelic acid,
GFB 71-100(5)5 HPLC 60, epoxide, ethyl ester
GFB 71-100(3)10 HPLC 77,
GFB 71-100(5) HPLC 78

91:9 81-90

90:10 91-100

89:11 101-110

88:12 111-120

87:13 121-130

86:14 131-140

85:15 141-150

84:16 151-160

83:17 161-170

82:18 171-180
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81:19 181-190
80:20 191-200
79:21 201-210
78:22 211-220
77:23 221-230
76:24 231-240
75:25 241-250 GFB 247(2)7,8,9,10, GFB grindelic acid, methyl
247-261(1)5, GFB 247- ester
261(1)2,3(7-14)18
74:26 251-260
73:27 261-270
72:28 271-280
71:29 281-290
70:30 291-300
69:31 301-310
68:32 311-320
67:33 321-330
66:34 331-340
65:35 341-350
64:36 351-360
63:37 361-370
62:38 371-380
61:39 381-390
60:40 391-400
59:41 401-410
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58:42 411-420
57:43 421-430
56:44 431-440
55:45 441-450
54:46 451-460
53:47 461-470
52:48 471-480
51:49 481-490
50:50 491-500
49:51 501-510
48:52 511-520
46:54 521-530
44:56 531-540
42:58 541-550
40:60 551-560
38:62 561-570
36:64 571-580
34:66 581-590
32:68 591-600
30:70 601-610
28:72 611-620
2674 621-630
24176 631-640
22:78 641-450
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20:80 651-660
18:82 661-670
16:84 671-680
14:86 681-690
12:88 621-697
10:90 700-780
8:92 711-720
0:100 721-729

In total, seven compounds were isolated from the ethyl acetate extract of Grindelia stricta
platyphylla, as shown in Table 5. Compound (1) labd-7-en-15-oic acid, 9,13-epoxy- (grindelic
acid). Compound (2) 2-(2',3,3,6a,7a-Pentamethylspiro[ 1a,2,2a,4,5,6-hexahydronaphtho[2,3-
b]oxirene-7,5'-oxolane]-2'-yl)acetic acid (an epoxide). Compound (3) GFB 61-67(11)4 HPLC
46.2 (a new compound with a ring opening). Compound (4) Spiro[furan-2(3H),1'(4'H)-
naphthalene]-5-acetic acid, 4,4'a,5,5',6',7',8',8'a-octahydro-2',5,5',5',8'a-pentamethyl-, ethyl
ester, [1'R-[1'a(S*),4'aa,8'aB]]- (an ethyl ester). Compound (5) Spiro[furan-2(5H),1'(4'H)-
naphthalene]-5-acetic acid, 3,4,4'a,5',6',7',8',8'a-octahydro-2',5,5",5',8'a-pentamethyl-, methyl
ester; methyl grindeloate (a methyl ester). Compound (6) methyl 2-[4-(hydroxymethyl)-2',4,7,8a-
tetramethylspiro[2,3,4a,5-tetrahydro-1H-naphthalene-8,5'-oxolane]-2'-yl] acetate; Methyl 18-
hydroxy-grindelate (a methy ester with hydroxyl). Compound (7) 5-Hydroxy-3,7,4’-

trimethoxyflavone (flavone, crystals).
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Table 5. Seven compounds isolated from Grindelia stricta platyphylla

name Structure Formula Calculated | amount appeara | LogP LogP
MW () nce (ACD (PubChem
(mols/g) calculat | XLogP3-
ed) AA)

Labd-7-en-15-oic acid, 9,13- FOOH | C0H3,05 | 320.4730 >1.09 sharp 5.65+/- | 4.1
epoxy- (Grindelic acid) o smell, 0.44

yellow

sticky

resin
2-(2',3,3,6a,7a- COOH| CyH3,04 336.4720 0.380 faint 3.19+/- | 3.6
Pentamethylspiro[1a,2,2a,4, ) sharp 0.49
5,6-hexahydronaphtho([2,3- smell,
bJoxirene-7,5'-oxolane]-2'- yellow
yl)acetic acid (GFB 61- sticky
67(8)7 HPLC 60) epoxide resin
GFB 61-67(11)4 HPLC o CH304 | 336.4720 0.085 clear 3.33+- | -
46.2, ring opening G° residue | 0.29

(o]

Spiro[furan-2(3H),1'(4'H)- o~ | CypHs0s 348.5270 0.698 yellow | 6.64+/- | -
naphthalene]-5-acetic acid, o sticky 0.45
4,4'a,5,5',6',7',8',8"a- © resin
octahydro-2',5,5",5",8'a-
pentamethyl-, ethyl ester,
[1'R-[1"0(S*),4"ac,8'aB]]-;
(GFB 51-57(2)57) ethyl
ester
Spiro[furan-2(5H),1'(4'H)- o C21H3404 334.5000 0.379 sharp 6.11+/- | 44
naphthalene]-5-acetic acid, 5 ° smell, 0.45
3,4,4'a,5',6',7',8",8'a- white
octahydro-2',5,5',5',8'a- sticky
pentamethyl-, methyl ester; resin
methyl grindeloate; (GFB
247-261(1)5S) methyl ester
methyl 2-[4- o~ C,1H3404 350.4990 0.215 clear 3
(hydroxymethyl)-2',4,7,8a- 5 © sticky 4.10+/-
tetramethylspiro[2,3,4a,5- resin 0.45

tetrahydro-1H-naphthalene-
8,5'-oxolane]-2'-yl]acetate;
Methyl 18-hydroxy-
grindelate (GF
81(1)7,8,9,10(37-38)23.7-
24.5)

OH
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7 | 5-Hydroxy-3,7,4’- oo, :f’o\ CisHisOs | 328.3200 0.227 yellow 3.5
trimethoxyflavone; (GF ‘\I Lo~ needle 2.97+/-

81(1)7,8,9,10(37-38)20.3- crystals | 1.25
21.7) flavone crystal

6.2 HPLC, LC/MS and UV Characterization

Table 6 shows that these compounds exhibit a lower UV Amax, ranging from 204 to 248
nm, with weak signals at low concentrations due to the absence of chromophores in their
structures. It is important to note that the UV cutoff for the solvent acetonitrile, used in the
mobile phase during the isolation method, is 190 nm. Therefore, the Amax of the isolated

compounds is quite close to this cutoff.

Table 6 Retention time, UV and MS, determined on a 10% to 100% (acetonitrile) 60 min
gradient, C18 analytical column, flow rate 0.2 mL/min. UV determined on Kinetix C18 semi-
prep column. *70% MeOH, 10-100%, 30 min run. **70%-100% in 30 min, Shimadzu Sunrise
column CI18, 5 um, 250 x 10 mm

Compound LCMS Preparative HPLC Amax UV (nm) | [M+H]" m/z
RT (min) | column Retention time
(min)

Grindelic acid (1) 50.0 60 229 320.30
Compound (2) 35.0 61 ELSD only 336.20
Compound (3) 33.8 46 248 336.20
Compound (4) 62.8 78 205 348.20
Compound (5) 59.7 33.2% 209 334.20
Compound (6) 51.0 24** 204 314.20

Table 7 Retention time, UV and MS, determined on a 10% to 100% (acetonitrile) 60 min gradient, C18 analytical column, flow
rate 0.2mL/min. UV determined on kinetix C18 semi-prep column. *70% MeOH, 10-100%, 30 min run. **70%-100% in 30 min,
Shimadzu Sunrise column C18, 5um, 250x10mm
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6.3 NMR and/or XRD Characterization for Isolated Structures

Structures (1-6) were determined using NMR. 1D and 2D NMR spectra ('H, COSY, *C,
DEPT90, DEPT135, APT, HQSC, HMBC) were collected in CDCl; on a Bruker 400MHz
instrument (Bruker Ultra shield 400 MHz/54 mm operated and analyzed by Bruker TopSpin 3.2
software. Molecular weight was determined by low-resolution mass spectroscopy (LC/MS) on an
Agilent single quad system operating in positive ion mode (Agilent 1260 HPLC coupled with
Agilent 6120 Quadrupole and DAD detectors). A Waters Cig column (3 um, 2.1 x 150 mm), with
a gradient of H>O: CH3CN, 0.1% formic acid, was used. NMR spectra reports were made using

ACD/Spectrus Processor 2023.1.0.

OH OH OH
l l g
147X 147 X 14" o 14/5\\0
1 6 | IRE | _16 1
0 J2—I1 20 2—I3° 20 12— N [ PR
1/ \0 l/l }) 1/1 \OH / \
1 kg“\ 17 AN AN 7 A
I T e i/ \io/ \i/ 7|/ \io %?/ 5 N N
| [ o [
3 s 7
NN NN \14/ N X N N
g = 9 "8 19 18 19 718
1 2 3 4
o—2! o—2!
ls ls
1”7 o 147 g
2 12-!3"‘16 2 12 Ys"‘m
b i b
1 }9-“\ 17 1 }9-“\ 17
PPN TN [T N
T 98
NN N TN
19 18 A
~OH
5 6 7

Figure 14. Compounds isolated from the flowers of Grindelia stricta platyphylla
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Labd-7-en-15-oic acid, 9,13-epoxy- (Grindelic acid) (1):

yellow sticky resin, '"H NMR (CDCls, 400 MHz) 8y 5.63 (1H, br s, H-7), 2.70 (1H, dd, J = 15.5
Hz, J=1.0 Hz, H-14), 2.57 (1H, dd, J=15.4 Hz, H-14), 1.78 (3H, s, H-17), 1.40 (3H, s, H-16),
0.92 (3H, s, H-19), 0.88 (3H, s, H-18), 0.84 (3H, s, H-20)

3C NMR (CDCls, 100 MHz) 8¢ 171.6 (C-15), 132.9 (C-8), 129.1 (C-7), 92.7 (C-9), 81.1 (C-13),
47.4 (C-14),42.9 (C-5), 41.9 (C-3), 40.9 (C-10), 39.6 (C-12), 33.2 (C-4), 32.9 (C-18), 32.7 (C-
1), 27.5 (C-16), 26.8 (C-11), 24.2 (C-6), 22.0 (C-19), 21.2 (C-17), 18.6 (C-2), 16.7 (C-20);
calculated for C20H3203, m/z 320.4730

COSY H-5 to H-6, H-6 to H-7, H-7 to H-17, H-1 to H-20 and H-14 to H-16

HMBC H-1 to C-20, H-3 to C-18 and C-19, H-5 to C10, H-7 to C-17, H-11 to C-14, H-12 to C-
16, H-14 to C-13, C-15, C-16, H-16 to C-12, C-13, C-14, H-17 to C-8, H-18 to C-3 and C-19, H-
19 to C-3 and C-18, H-20 to C-10

2-(2',3,3,6a,7a-Pentamethylspiro[1a,2,2a,4,5,6-hexahydronaphtho[2,3-b]oxirene-7,5'-
oxolane]-2'-yl)acetic acid (GFB 61-67(8)7 HPLC 60) epoxide (2):

'H NMR (CDCls, 400 MHz) 81 3.17 (1H, s, H-7), 2.68 (1H, d, J = 13.7 Hz, H-14), 2.52 (1H, d, J
=13.2 Hz, H-14), 2.10 - 2.14 (1H, m, H-6), 1.96 - 2.06 (2H, m, H-12), 1.87 - 1.96 (2H, m, H-
11), 1.70 - 1.74 (1H, m, H-6), 1.47 (2H, br s, H-2), 1.43 (2H, s, H-5), 1.32 3H, s, H-16), 0.85
(3H, s, H-19), 0.83 (3H, s, H-20), 0.82 (3H, s, H-18)

No COSY experiment for this structure

3C NMR (CDCls, 100 MHz) Shift §c 171.5 (C-15), 89.2 (C-9), 80.7 (C-13), 63.0 (C-7), 60.2
(C-8), 48.6 (C-14), 41.5 (C-3), 40.0 (C-12), 39.6 (C-10), 37.7 (C-5), 33.2 (C-4), 32.6 (C-18),
31.5 (C-1), 28.0 (C-11), 26.3 (C-16), 22.8 (C-17), 22.6 (C-6), 22.1 (C-19), 18.3 (C-2), 16.4 (C-
20); calculated for C20H3204, m/z 336.4720

HMBC H-1 to C20, H-5 to C-6 and C-19, H-6 to C5 and C-18, H-11 to C-13, H-12 to C-13 and
C-16, H-14 to C-13, C-15, C-16, H-16 to C-12, C-13, C14, H17 to C-8, H-18 to C-2 and C-6 and
C-19, H-20 to C-9

New compound, GFB 61-67(11)4 HPLC 46.2, GFB 111-130(3)15, (3):

'H NMR (CDCls, 400 MHz) §¢2.55 (2H, d, H-14), 2.47, 2.34 (2H, dd, H-1), 2.32 (2H, d, H-6),
1.91 2H, s, H-11), 1.73 3H, s, H-17), 1.67 (1H, m, H-5), 1.66 (2H, m, H-12), 1.45 (3H, m, H-
3), 1.33 3H, s, H-16), 1.07 (3H, s, H-20), 0.89 (3H, s, H-19), 0.86 (3H, s, H-18)

COSY H-1 to H-2, H-2 to H-3, H-11 to H-12

13C NMR (CDCls, 100 MHz) 8§¢200.3 (C-7), 174.5 (C-15), 167.6 (C-9), 130.3 (C-8), 71.1 (C-13),
50.3 (C-5), 44.2 (C-14), 41.3 (C-3), 41.2 (C-10), 40.1 (C-12), 35.9 (C-6), 35.2 (C-1), 33.1 (C-4),
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32.5 (C-18), 26.4 (C-16), 23.6 (C-11), 21.3 (new C-19), 18.6 (C-2), 18.2 (C-20), 11.3 (C-17);
HR-LCMS was determined to be CooH3204 m/z 336.22957

HMBC H-3 to C-18 and C-19, H-5 to C-9, C-18, C-19 and C-20, H-11 to C-20, H-12 to C-16, H-
14 to C-15 and C-16, H-16 to C-12, C-13 and C-14, H-17 to C-8, H-18 to C-3, C-5 and C-19, H-
19 to C-3, C-5 and C-18

Spiro[furan-2(3H),1'(4' H)-naphthalene|-5-acetic acid, 4,4'a,5,5',6',7',8',8'a-octahydro-
2',5,5',5',8'a-pentamethyl-, ethyl ester, [1'R-[1'a(S5%),4'a0,8"aP]]-; (GFB 51-57(2)57) ethyl
ester (4):

'H NMR (CDCls, 400 MHz) 15.47 (1H, s, H-7), 4.06 (2H, qd, J = 7.1 Hz, ester), 2.70, 2.56
(1H, d, J= 13.9 Hz, H-14), 1.73 (3H, s, H-17), 1.49 (2H, m, H-2), 1.28 (3H, s, H-16), 0.85 (3H,
s, H-19), 0.82 (3H, s, H-18), 0.77 (3H, s, H-20)

COSY H-5 to H-6, H-6 to H-7, H-7 to H-17, H-1 to H-20 and H-14 to H-16

13C NMR (CDCls, 100 MHz) 8¢ 33.5 (C-4), 33.2 (C-18), 33.1 (C-1), 28.7 (C-6), 27.6 (C-16),
24.4 (C-11), 22.6 (C-19), 21.5 (C-17), 19.0 (C-2), 17.0 (C-20), 14.4 (C-22); calculated for
C22H3603, m/z 348.5270

HMBC H-1 to C-9 and C-20, H-5 to C-6, C-9 and C-19, H-7 to C-6 and C-17, H-12 to C-9, H-14
to C-15, H-20 to C-9. H-15’ to C-15 and C-15”, H-15” to C-15".

Spiro[furan-2(5H),1'(4'H)-naphthalene]-5-acetic acid, 3,4,4'a,5',6',7',8',8'a-octahydro-
2',5,5',5',8'a-pentamethyl-, methyl ester; methyl grindeloate; (GFB 247-261(1)5) methyl
ester (5):

'"H NMR (CDCls, 400 MHz) § = 5.48 (1H, br s, H-7), 3.64 (3H, s, methoxy), 2.65 (2H, d, J = 14,
Hz, H-14), 2.04 (2H, m, H-6), 1.85 (2H, m, H-12), 1.81 (2H, m, H-11), 1.74 (3H, s, H-17), 1.61
(1H, s, H-5), 1.54 (2H, m, H-2), 1.41 (2H, m, H-1), 1.32 (2H, m, H-3), 1.31 (3H, s, H-16), 0.88
(3H, s, H-19), 0.84 (3H, s, H-18), 0.80 (3H, s, H-20)

COSY H-5 to H-6, H-6 to H-7, H-7 to H-17, H-1 to H-20 and H-14 to H-16.

3C NMR (CHLOROFORM-d, 100 MHz) § = 172.2 (C-15), 126.8 (C-7), 90.8 (C-9), 81.9 (C-
13), 51.6 (C-21), 48.2 (C-14), 42.9 (C-5), 42.3 (C-3), 40.9 (C-10), 38.5 (C-12), 33.5(C-4), 33.2
(C-18), 33.1 (C-1), 28.7 (C-11), 27.6 (C-16), 24.4 (C-6), 22.6 (C-19), 21.5 (C-17), 19.0 (C-2),
17.0 (C-20); calculated for C21H3403, m/z 334.5000
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HMBC 6 = H-1 to C-9 and C-20, H-5 to C-6, C-9 and C-19, H-7 to C-6 and C-17, H-12 to C-9,
H-14 to C-15, H-20 to C-9. H-15’ to C-15 to C-15

methyl 2-[4-(hydroxymethyl)-2',4,7,8a-tetramethylspiro[2,3,4a,5-tetrahydro-1H-
naphthalene-8,5'-oxolane]-2'-yl]acetate; Methyl 18-hydroxy-grindelate (GF
81(1)7,8,9,10(37-38)23.7-24.5) (6):

'H NMR (CDCls, 400 MHz) Shift = 5.47 (1H, s, H-7), 4.28 (1H, d, J = 11 Hz, H-18), 3.95 (1H,
d,J=11 Hz, H-18), 3.63 (3H, s, H-21), 2.72 (1H, d, J = 14 Hz, H-14), 2.59 (1H, d, J = 14 Hz,
H-14), 2.03 (1H, s, -OH), 1.81 (2H, m, H-6), 1.74 (3H, s, H-17), 1.56 (2H, s, H-1), 1.47 2H, s,
H-2), 1.31 (3H, s, H-16), 0.94 (3H, s, H-19), 0.80 (3H, s, H-20)

COSY H-3 to H-11, H-17 to H-7

BC NMR (CDCl3, 100 MHz) § = 172.0 (C-15), 135.4 (C-8), 126.2 (C-7), 90.6 (C-9), 81.9 (C-
13), 67.1 (C-18), 51.6 (C-21), 48.1 (C-14), 43.8 (C-5), 40.8 (C-10), 38.5 (C-12), 36.9 (C-4), 35.8
(C-3), 32.7 (C-1), 28.8 (C-11), 27.6 (C-16), 27.0 (C-19), 23.9 (C-6), 21.2 (C-17), 18.4 (C-2),
17.9 (C-20); calculated for C21H3404, m/z 350.4990

HMBC H-1 to C-20, H-3 to C-18, H-5 to C-19 and C-20, H-6 to C-10, H-12 to C-13, C-14, C-
16, H-14 to C-15 and C-16, H-20 to C-1, C-5, C-9, C-10, C-19, H-15" to C-15

5-Hydroxy-3,7,4’- trimethoxyflavone; (GF 81(1)7,8,9,10(37-38)20.3-21.7) flavone crystal
(7):

Structure (7) was crystallized and determined by the UHH Chemistry Department with a
Bruker D8 VENTURE four circle k-geometry diffractometer equipped with a Incoatec IuS 3.0
microfocus sealed tube (Cu Ko radiation; A = 1.54178 A). The frames were integrated with the
Bruker SAINT software package using a narrow-frame algorithm. The integration of the data
using a triclinic unit cell yielded a total of 31905 reflections to a maximum 6 angle of 68.32°
(0.83 A resolution), of which 2801 were independent (average redundancy 11.391, completeness
=99.8%, Rint = 4.19%, Ryig = 1.73%) and 2342 (83.61%) were greater than 26(F?). The final cell
constants of a = 5.3027(2) A, b= 11.4270(4) A, c = 12.9264(5) A, 0.=95.906(2)°, p =
100.497(2)°, y = 94.938(2)°, volume = 761.65(5) A3, are based upon the refinement of the XYZ-
centroids of 9985 reflections above 20 o(I) with 7.006° <260 < 136.6°. Data were corrected for
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absorption effects using the Multi-Scan method (SADABS). The ratio of minimum to maximum
apparent transmission was 0.902. The calculated minimum and maximum transmission
coefficients (based on crystal size) are 0.9150 and 0.9560. The structure was solved and refined
using the Bruker SHELXTL Software Package, using the space group P -1, with Z = 2 for the
formula unit, C1sH160s. The final anisotropic full-matrix least-squares refinement on F? with 243
variables converged at R1 = 3.00%, for the observed data and wR2 = 8.56% for all data. The
goodness-of-fit was 1.033. The largest peak in the final difference electron density synthesis was
0.147 e/A3 and the largest hole was -0.174 e/A* with an RMS deviation of 0.026 e/A*. On the
basis of the final model, the calculated density was 1.432 g/cm® and F(000), 344 ¢".Crystal
Structure Report: A clear yellow, needle-like specimen of CisH160s, approximate dimensions
0.050 mm x 0.075 mm x 0.100 mm, was used for the X-ray crystallographic analysis. The X-ray

intensity data were measured (A = 1.54178 A).

Chemical formula Ci18H1606

Formula weight 328.31 g/mol

Temperature 298(2) K

Wavelength 1.54178 A

Crystal size 0.050 x 0.075 x 0.100 mm

Crystal habit clear yellow needle

Crystal system triclinic

Space group P-1

Unit cell dimensions a=15.3027(2) A a = 95.906(2)°
b=11.4270(4) A B =100.497(2)°
c=12.9264(5) A v =94.938(2)°

Volume 761.65(5) A3

Z 2

Density (calculated) 1.432 g/crn3

Absorption coefficient 0.907 mm"!

F(000) 344
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6.4  Structure Elucidation

Grindelic acid (1) was isolated as a yellow sticky resin with a molecular formula of
C20H3203 based on the 3*C NMR spectra. Using a low-resolution MS detector with an ESI
ionization source operating in the positive ion mode [M+H]" m/z was determined to be 320.30,
by the EIC. The UV A max was 229nm. The basic skeleton of this major compound (1) grindelic
acid, was elucidated by NMR experiments and the remaining diterpene structures (2-6) were
variations on this skeleton which were elucidated by comparison with compound (1). The
elucidation of grindelic acid can be confirmed by literature data [2,5]. Grindelic acid is a labdane
(a bicyclic diterpene) of the grindelane form, structural features include a cyclic ether linkage
between C-9 and C-13, a carboxylic acid (-COOH) on C-15 and an alkene linkage of C-7 to C-8.
The stereochemistry of grindelic acid is known and includes four chiral stereocenters C-5(S), C-

9(R), C-10(S), C-13(S).

Grindelic acid (1) with a molecular formula of C20H3203 has an unsaturation number of
five, this can be correlated with the observed structure which has three rings and two double
bonds. From the experimental proton NMR, five methyl groups are indicated by the singlets (3H)
at H-16, H-17, H-18, H-19, and H-20. 1H NMR signal at 65.60 (1H, s) for H-7 is an alkene,
02.73 and 62.50 (2H, dd, J=15.6, 15.2 Hz) for H-14 determines geminal magnetically
inequivalent protons, 61.75 (s, 3H ) for H-17 is a deshielded methyl as is the signal at 61.36 (s,
3H) for H-16, while the signals at 60.89, 0.85, 0.81 (s, 3H) indicates the less deshielded methyl

groups of H-18, H-19, H-20.

The 13C NMR and DEPT reveal a carbonyl carbon at 6 171.6 (C-15) indicating a

carboxylic acid. An alkene linkage is seen between & 132.9 (C-8) and 6 129.1 (C-7). Quaternary
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methoxy carbons are found at 8 92.8 (C-9) and & 81.1 (C-13). There are five methine’s at & 33.2
(C-4), 6 132.9 (C-8), 6 92.8 (C-9), 6 40.9 (C-10), 6 81.8 (C-13). There are seven methylene
carbons at 6 32.7 (C-1), 6 18.6 (C-2), 6 41.4 (C-3), 6 24.2 (C-6), 6 26.8 (C-11), 6 39.7 (C-12), 6
47.4 (C-14). There are five methyl carbons 6 27.5 (C-16), 6 21.2 (C-17), 6 32.9 (C-18), 6 22.0

(C-19), 5 16.8 (C-20).

The 13C NMR chemical shifts of three quaternary carbons (6171.8, 92.8, 81.3) ,indicate
that they are linked to oxygens. One oxygen must be part of an ether bridge connecting two
carbon atoms at C-9 and C-13, and the remaining oxygen, connected to the quaternary C-15 must
be a carboxylic acid because the chemical shift is highly deshielded and characteristic at 6171.8.
The signal at 6132.94 belongs to a quaternary carbon at C-8 and has the characteristic chemical

shift of an alkene, this is linked to alkene C-7 at 6129.28.

The COSY shows correlation between the following protons, H-5 to H-6, H-6 to H-7, H-
7 to H-17, H-1 to H-20 and H-14 to H-16. HMBC continues with the following correlations H-1
to C-20, H-3 to C-18 and C-19, H-5 to C10, H-7 to C-17, H-11 to C-14, H-12 to C-16, H-14 to
C-13, C-15, C-16, H-16 to C-12, C-13, C-14, H-17 to C-8, H-18 to C-3 and C-19, H-19 to C-3

and C-18, H-20 to C-10.
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Table 8 'H, '3C and HMBC spectroscopic data (400 MHz) of grindelic acid (1) in CDCl3

Grindelic acid (1)
Position

oc Type  ou (Jin Hz) HMBC (“C— 'H)
1 32.7 CH,  1.48 (m) C-20
2 18.6 CH,  1.50 (m) ;
3 41.4 CH,  1.40 (m) C-18,C-19
4 33.2 C - -
5 42.9 CH 1.60 (dd) C-10
6 24.4 CH,  2.07 (m) -
7 129.1 CH 5.60 (s) C-17
8 132.9 C - -
9 92.8 C - -
10 40.9 C - -
11 26.8 CH,  1.54 (m); 1.62 (m) C-14
12 39.7 CH,  2.04 (m) C-16
13 81.1 C - -
14 47.4 CH» 2.73 (d, 15.6) C-13, C-15, C-16

2.50 (d, 15.2)

15 171.6 C - -
16 27.5 CHs 1.36 (s) C-12,C-13,C-14
17 21.2 CH;  1.75(s) C-8
18 32.9 CHs 0.85 (s) C-3,C-19
19 22.0 CHs 0.89 (s) C-3,C-18
20 16.8 CH;  0.81(s) C-10
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Figure 15 COSY ("H—'H) and selected HMBC ('"H—'3C) and correlations of grindelic acid (1)

Ta,80-epoxygrindelic acid (2) was isolated as a yellow sticky resin with a molecular
formula of C20H3204, based on the '*C NMR spectra. Using a low-resolution MS detector with an
ESI ionization source operating in the positive ion mode [M+H]" m/z was determined to be
336.20, by the EIC. Not detectable by UV, it was detected by ELSD. The elucidation of 7a,8a-

epoxygrindelic acid (2) can be confirmed by literature data [2,112,113].

Ta,80-epoxygrindelic acid (2) with a molecular formula of C20H3204 has an unsaturation
number of five, this can be correlated with the observed structure which has four rings and one
double bond. From the experimental proton NMR, five methyl groups are indicated by the
singlets (3H) at H-16, H-17, H-18, H-19, and H-20. Here the main change is that the IlH NMR
signal in the parent compound grindelic acid (1) which was an alkene at 65.60 (1H, s) for H-7
has been shifted upfield to 63.17 (1H, s). 62.52 and 62.70 (2H, dd, J=13.2, 13.7 Hz) for H-14
determines geminal inequivalent protons, 61.43 (s, 3H ) for H-17 is a deshielded methyl as is the
signal at 81.32 (s, 3H) for H-16, while the signals at 60.82, 0.85, 0.83 (s, 3H) indicates the less

deshielded methyl groups of H-18, H-19, H-20.

The 13C NMR and DEPT reveal a carbonyl carbon at 6 171.7 (C-15) indicating a

carboxylic acid. An epoxide has now replaced the alkene formally present in the parent
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compound grindelic acid (1) indicated by the methoxy’s at 6 60.3 (C-8) and 6 63.3 (C-7).
Quaternary methoxy carbons are also observed at 6 89.3 (C-9) and 6 80,9 (C-13) indicating the
ether. In total there are six methine’s at d 33.4 (C-4), 6 60.3 (C-8), 6 89.3 (C-9), 39.8 (C-10), &
80.9 (C-13), 6 171.7 (C-15). There are seven methylene carbons at 6 31.7 (C-1), 6 18.5 (C-2), d
41.7 (C-3), 6 22.8 (C-6), 6 28.2 (C-11), 6 40.2 (C-12), & 48.8 (C-14). There are five methyl

carbons & 26.5 (C-16), § 23.0 (C-17), § 32.8 (C-18),  22.3 (C-19), & 16.6 (C-20).

The 13C NMR chemical shifts of three quaternary carbons (6171.7, 89.3, 80.9), indicate
that they are linked to oxygens. One oxygen must be part of an ether bridge connecting two
carbon atoms at C9 and C13, and the remaining oxygen, connected to the quaternary C15 must
be a carboxylic acid because the chemical shift is highly deshielded and characteristic at 6171.8.
The signal at 6 60.3 belongs to a quaternary carbon at C-8 and has the characteristic chemical

shift of an epoxide, this is linked to its pair at C-7 at 6 63.3.

There was no COSY experiment for this structure. HMBC continues with the following
correlations H-1 to C20, H-5 to C-6 and C-19, H-6 to C5 and C-18, H-11 to C-13, H-12 to C-13
and C-16, H-14 to C-13, C-15, C-16, H-16 to C-12, C-13, C14, H17 to C-8, H-18 to C-2 and C-6

and C-19, H-20 to C-9.

Table 9 'H, 1*C and HMBC spectroscopic data (400 MHz) of 7a,8a-epoxygrindelic acid (2) in CDCl3

Ta,8a-epoxygrindelic acid (2)

Position
oc Type  Ju (Jin Hz) HMBC (‘H=>"C)
1 31.7 CH,  1.43 (m) C-20
2 18.5 CH: 1.46 (s) -
3 41.7 CH: 1.34 (s) -
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4 334 C - -
5 37.9 CH  1.42(m) C-6, C-19
6 22.8 CH; 1.71,2.14 (d) C-5,C-18
7 63.3 CH  3.17(s) -5
8 60.3 C - -
9 89.3 C - -
10 39.8 C - -
1 28.2 CH:  1.93 (m) C-13
12 40.2 CH:  2.00 (m) C-13,C-16
13 80.9 C - -
14 48.8 CH; 2.52 (d, 13.2),2.70 (d. C-13. C-15, C-16
13.7)
15 171.7 C - -
16 26.5 CH;  1.32(s) C-12, C-13, C-14
17 23.0 CHy 143 (s) C-8
18 32.8 CH; 0.82 (s) C-2, C-6,C-19
19 223 CH;  0.85(s) ;
20 16.6 CH; 0.83 (s) C-9
o
g

HiC | /]' Z‘T\gj Gl

2/»\w§”<*<§ﬁ

P
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Figure 16 selected HMBC ('H—'3C) and correlations of 7a,8a-epoxygrindelic acid (2)
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Ring opening compound (3) was isolated as a clear residue with a molecular formula of
C20H3204, based on the *C NMR spectra. Using a low-resolution MS detector with an ESI
ionization source operating in the positive ion mode [M+H]" m/z was determined to be 336.20,
by the EIC. Using a high-resolution MS detector [M+H]" m/z was determined to be 336.22957.

The The UV A max was 248 nm.

The new ring opening compound (3) is also a grindelane based on the grindelic acid
skeleton. Structural features include an opening of the cyclic ether linkage between C-9 and C-
13, a carboxylic acid (-COOH) on C-15, the movement of the alkene linkage of C-8 to C-9, and
the addition of a ketone on C-7. The stereochemistry includes three chiral stereocenters C-5(S),
C-10(S), C-13(S). The new ring opening compound (3) with a molecular formula of C20H3004
has an unsaturation number of five, this can be correlated with the observed structure which has
two rings and three double bonds. From NMR experiments, 1H NMR signals of geminal
inequivalent protons at 62.34 ,2.47 (2H, d) H-1; 81.56, 1.67 (2H, d) H-2; 1.67 (2H, d) H-2; 1.19,
1.45 (2H, d) H-3; 1.19, 1.34 (2H, d) H-11. 61.73 (s, 3H ) for H-17 is a deshielded methyl as is
the signal at 81.32 (s, 3H) for H-16, while the signals at 60.86, 0.89, 1.07 (s, 3H) indicates the
less deshielded methyl groups of H-18, H-19, H-20. From the experimental proton NMR, there
are five total methyl groups indicated by the singlets (3H) at H-16, H-17, H-18, H-19, and H-20.
The 13C NMR and DEPT reveal a carbonyl carbon at 6 171.8 (C-15) indicating a carboxylic
acid. Upon the ring opening, the alkene linkage has moved to 6 130.5 (C-8) and 6 167.8 (C-9)
while C-7 has shifted downfield to & 200.5 congruent with deshielding by the electronegative
oxygen of the ketone. A quaternary methoxy carbon is found at 6 71.3 (C-13). There are seven

methylene carbons at 6 44.4 (C-14), 8 41.5 (C-3), 0 40.3 (C-12), 6 35.4 (C-1), 6 36.1 (C-11), 0
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23.8 (C-6), 6 18.8 (C-2). There are five methyl carbons o 32.7 (C-18), 6 26.6 (C-16), 5 21.5 (C-
19), 6 11.5 (C-17), & 18.4 (C-20). The upshift in C-17 can be noted with the ring opening and the

loss of the through bond coupling to the oxygen on C-13.

In total, the 13C NMR and HMQC (1H-13C correlation) spectra showed the presence of
five methyl, seven methylene, and one methine group, as well as seven quaternary carbons. The
13C NMR chemical shifts of three of them (6200.5, 174.8, 71.3) indicated that they are linked to
oxygens. The highest chemical shift must be the ketone at C-7, followed by the carboxylic acid
at C-15 and the methoxy at C-13. The signal at 6130.5 belongs to C-8 and has the characteristic
chemical shift of an alkene; this is linked to alkene C-9 at §167.8. The COSYshows correlation
between the following protons, H-1 and H-2, H-2 and H-3, H-11 and H-12. HMBC (correlations
are 2J or *J) were observed between H-3 (5 1.19, 1.45) and C18 (8 32.7), C19 (5 21.5); H-5 (8
1.67) and C9 (8167.8 ), C10 (8641.4), C19 (521.5), C20 (618.4); H-11 (81.19, 1.34) and C20
(818.4) “J; H-12 (81.66) and C14 (544.4) *J, C16 (526.6); H-14 (52.55) and C12 (540.3) *J, C13
(671.3), C15 (6174.8), C16 (526.6); H-16 (61.32) and C12 (540.3), C13 (871.3), C14 (544.4); H-
17 (811.5) and C7 (8200.5), C8 (6130.5), C9 (8167.8); ; H-18 (5 0.86) and C3 (841.5), C4

(833.4), C5 (850.5); C10 (541.4) 4], C19 (521.5); H-19 (5 0.89) and C5 (550.5), C18 (532.7).

The COSY shows correlation between the following protons, H-1 to H-2, H-2 to H-3, H-
11 to H-12. HMBC continues with the following correlations H-3 to C-18 and C-19, H-5 to C-9,
C-18, C-19 and C-20, H-11 to C-20, H-12 to C-16, H-14 to C-15 and C-16, H-16 to C-12, C-13

and C-14, H-17 to C-8, H-18 to C-3, C-5 and C-19, H-19 to C-3, C-5 and C-18.
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Table 10 'H, '3C and HMBC spectroscopic data (400 MHz) of ring opening (3) in CDCl3

ring opening (3)
Position
dc Type  Ju (Jin Hz) HMBC (‘"H>"C)
1 354 CH,  2.34,2.47(dd) -
2 18.8 CH,  1.56,1.67 (d) -
3 41.5 CH» 1.19, 1.45 (dd) C-18, C-19
4 33.4 C - -
5 50.5 CH 1.67 (s) C-9, C-18, C-19, C-20
6 23.8 CH,  2.32(d) -
7 200.5 C - -
8 130.5 C - -
9 167.8 C - -
10 41.4 C - -
11 36.1 CH,  1.19(s), 1.34 (s) -
12 40.3 CH» 1.66 (s) C-16
13 71.3 C - -
14 44.4 CH» 2.55(d) C-15, C-16
15 174.8 C - -
16 26.6 CHs 1.32 (s) C-12,C-13,C-14
17 1.5 CH:  1.73(s) C-8
18 32.7 CHs 0.86 (s) C-3,C-5,C-19
19 21.5 CH; 0.89 (s) C-3,C-5,C-18
20 18.4 CH;  1.07(s) -
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Figure 17 selected HMBC ('H->'3C) and correlations of ring opening (3)

Ethyl grindelate (4) was isolated as a yellow sticky resin with a molecular formula of
C20H3204, based on the *C NMR spectra. Using a low-resolution MS detector with an ESI
ionization source operating in the positive ion mode [M+H]" m/z was determined to be 348.20,

by the EIC. The UV A max was 205 nm.

Ethyl grindelate (4) with a molecular formula of C20H3204 has an unsaturation number of
five, this can be correlated with the observed structure which has three rings and two double
bonds. From the experimental proton NMR, six methyl groups are indicated by the singlets (3H)
at H-16, H-17, H-18, H-19, H-20 and H-15”. 1H NMR signal at 65.47 (1H, s) for H-7 is an
alkene, 62.54 and 62.68 (2H, dd, /=14 Hz) for H-14 determines geminal inequivalent protons,
01.72 (s, 3H ) for H-17 is a deshielded methyl as is the signal at 61.28 (s, 3H) for H-16, while the
signals at 6 0.82, 0.85, 0.87 (s, 3H) indicates the less deshielded methyl groups of H-18, H-19,
H-20, meanwhile the addition of an ester linkage to C-15 is indicated by H-15" at 8 4.06 with a

terminal methyl at H-15” of 6 1.20.

The 13C NMR and DEPT reveal a carbonyl carbon at 8 171.7 (C-15). An alkene linkage
is seen between 6 136.2 (C-8) and & 126.7 (C-7). Quaternary methoxy carbons are found at o
90.8 (C-9) and 6 81.9 (C-13). There are five methine’s at 6 33.4 (C-4), 6 136.2 (C-8), 6 90.8 (C-
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9), 6 40.9 (C-10), 6 81.9 (C-13). There are eight methylene carbons at & 33.0 (C-1), 6 19.0 (C-2),
042.2 (C-3), 6 28.7 (C-6), 6 24.4 (C-11), 6 38.5 (C-12), 6 48.5 (C-14) and  60.4 (C-15’). There
are six methyl carbons 6 27.6 (C-16), 6 21.5 (C-17), 6 22.6 (C-18), 8 22.6 (C-19), 5 17.0 (C-20)

and § 14.4 (C-15”).

The 13C NMR chemical shifts of three quaternary carbons (6 171.7, 90.8, 81.9), indicate
that they are linked to oxygens. One oxygen must be part of an ether bridge connecting two
carbon atoms at C-9 and C-13, and the remaining oxygen, connected to the quaternary C-15 must
be a carbonyl because the chemical shift is highly deshielded and characteristic at 6 171.8. The
signal at 6 136.2 belongs to a quaternary carbon at C-8 and has the characteristic chemical shift

of an alkene, this is linked to alkene C-7 at 6 126.7.

The COSY shows correlation between the following protons, H-5 to H-6, H-6 to H-7, H-
7 to H-17, H-1 to H-20 and H-14 to H-16. HMBC continues with the following correlations H-1
to C-9 and C-20, H-5 to C-6, C-9 and C-19, H-7 to C-6 and C-17, H-12 to C-9, H-14 to C-15, H-

20 to C-9. H-15" to C-15 and C-15”, H-15" to C-15".

Ethyl grindelate (4) was isolated as a yellow sticky resin with a molecular formula of
C20H3,04, based on the *C NMR spectra. Using a low-resolution MS detector with an ESI
ionization source operating in the positive ion mode [M+H]" m/z was determined to be 348.20,

by the EIC. The UV A max was 205 nm.

Ethyl grindelate (4) with a molecular formula of C20H3204 has an unsaturation number of
five, this can be correlated with the observed structure which has three rings and two double
bonds. From the experimental proton NMR, six methyl groups are indicated by the singlets (3H)
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at H-16, H-17, H-18, H-19, H-20 and H-15". 1H NMR signal at 65.47 (1H, s) for H-7 is an
alkene, 62.54 and 82.68 (2H, dd, /=14 Hz) for H-14 determines geminal inequivalent protons,
01.72 (s, 3H ) for H-17 is a deshielded methyl as is the signal at 51.28 (s, 3H) for H-16, while the
signals at & 0.82, 0.85, 0.87 (s, 3H) indicates the less deshielded methyl groups of H-18, H-19,
H-20, meanwhile the addition of an ester linkage to C-15 is indicated by H-15" at § 4.06 with a

terminal methyl at H-15” of & 1.20.

The 13C NMR and DEPT reveal a carbonyl carbon at 6 171.7 (C-15). An alkene linkage
is seen between 6 136.2 (C-8) and & 126.7 (C-7). Quaternary methoxy carbons are found at 6
90.8 (C-9) and 6 81.9 (C-13). There are five methine’s at 6 33.4 (C-4), 6 136.2 (C-8), 6 90.8 (C-
9), 6 40.9 (C-10), & 81.9 (C-13). There are eight methylene carbons at 6 33.0 (C-1), 6 19.0 (C-2),
042.2 (C-3), 0 28.7 (C-6), 6 24.4 (C-11), 5 38.5 (C-12), & 48.5 (C-14) and & 60.4 (C-15"). There
are six methyl carbons 6 27.6 (C-16), 6 21.5 (C-17), 6 22.6 (C-18), 6 22.6 (C-19), 6 17.0 (C-20)

and § 14.4 (C-15”).

The 13C NMR chemical shifts of three quaternary carbons (6 171.7, 90.8, 81.9), indicate
that they are linked to oxygens. One oxygen must be part of an ether bridge connecting two
carbon atoms at C-9 and C-13, and the remaining oxygen, connected to the quaternary C-15 must
be a carbonyl because the chemical shift is highly deshielded and characteristic at 6 171.8. The
signal at  136.2 belongs to a quaternary carbon at C-8 and has the characteristic chemical shift

of an alkene, this is linked to alkene C-7 at 6 126.7.

The COSY shows correlation between the following protons, H-5 to H-6, H-6 to H-7, H-

7 to H-17, H-1 to H-20 and H-14 to H-16. HMBC continues with the following correlations H-1
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to C-9 and C-20, H-5 to C-6, C-9 and C-19, H-7 to C-6 and C-17, H-12 to C-9, H-14 to C-15, H-

20 to C-9. H-15" to C-15 and C-15”, H-15” to C-15".
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Table 11 'H, '3C and HMBC spectroscopic data (400 MHz) of ethyl grindeloate (4) in CDCl3

ethyl grindelate (4)
Position
dc Type  Ju (Jin Hz) HMBC (‘H>"C)
1 33.0 CH, 137, 1.62(m) C-9, C-20
2 19.0 CH,  1.49 (m) -
3 422 CH,  1.33,1.17 (m) -
4 334 C - -
5 42.9 CH 1.60 (d) C-6,C-9, C-19
6 28.7 CH,  1.77,2.02 (m) -
7 126.7 CH 5.47 (s) C-6,C-17
8 136.2 C - -
9 90.8 C - -
10 40.9 C - -
11 24.4 CH,  1.77,2.00 (d) -
12 38.5 CH: 1.80,2.17 (d) C-9
13 81.9 C - -
14 48.5 CH: 2.54,2.68 (dd, 14) C-15
15 171.7 C - -
16 27.6 CH:  1.28(s) -
17 21.5 CH:  1.72(s) -
18 22.6 CH:  0.82(s) -
19 22.6 CH:  0.85(s) -
20 17.0 CH:  0.77(s) C-9
15 ester 60.4 CH» 4.06 (t) C-15, C-157
157 14.4 CH; 1.20 (d) C-15°
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Figure 18 . COSY ('"H—'H) and selected HMBC ('H—'3C) and correlations of ethyl grindeloate (4)

Methyl grindeloate (5) was isolated as a white sticky resin with a molecular formula of
C21H3403, based on the *C NMR spectra. Using a low-resolution MS detector with an ESI
ionization source operating in the positive ion mode [M+H]" m/z was determined to be 334.20,

by the EIC. The UV A max was 209 nm.

Methyl grindeloate (5) with a molecular formula of C»1H3403 has an unsaturation number
of five, this can be correlated with the observed structure which has three rings and two double
bonds. From the experimental proton NMR, six methyl groups are indicated by the singlets (3H)
at H-16, H-17, H-18, H-19, H-20 and H-15". 1H NMR signal at 65.48 (1H, s) for H-7 is an
alkene, 62.66 (2H, d, /=14 Hz) for H-14 determines geminal protons, 61.74 (s, 3H ) for H-17 is
a deshielded methyl as is the signal at 61.31 (s, 3H) for H-16, while the signals at 5 0.85, 0.88,
0.80 (s, 3H) indicates the less deshielded methyl groups of H-18, H-19, H-20, meanwhile the

addition of an ester linkage to C-15 is indicated by H-15" at & 3.64.

The 13C NMR and DEPT reveal a carbonyl carbon at 8 171.2 (C-15). An alkene linkage is seen
between & 136.0 (C-8) and o 126.8 (C-7). Quaternary methoxy carbons are found at 6 90.9 (C-9)

and 6 82.0 (C-13). There are five methine’s at 6 33.5 (C-4), 6 136.0 (C-8), 6 90.9 (C-9), 6 41.0
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(C-10), 6 82.0 (C-13). There are seven methylene carbons at & 33.1 (C-1), 6 19.0 (C-2), 56 42.3
(C-3), 6 24.5(C-6), 6 28.8 (C-11), 6 38.4 (C-12) and & 48.2 (C-14). There are six methyl carbons

§27.6 (C-16), 8 21.5 (C-17), § 33.2 (C-18), § 22.7 (C-19), § 17.0 (C-20) and & 51.6 (C-15").

The 13C NMR chemical shifts of three quaternary carbons (6 172.2, 90.9, 82.0), indicate
that they are linked to oxygens. One oxygen must be part of an ether bridge connecting two
carbon atoms at C-9 and C-13, and the remaining oxygen, connected to the quaternary C-15 must
be a carbonyl because the chemical shift is highly deshielded and characteristic at & 172.2. The
signal at 6 136.0 belongs to a quaternary carbon at C-8 and has the characteristic chemical shift

of an alkene, this is linked to alkene C-7 at 6 126.8.

The COSY shows correlation between the following protons, H-5 to H-6, H-6 to H-7, H-
7 to H-17, H-1 to H-20 and H-14 to H-16. HMBC continues with the following correlations H-1
to C-9 and C-20, H-5 to C-6, C-9 and C-19, H-7 to C-6 and C-17, H-12 to C-9, H-14 to C-15, H-

20 to C-9. H-15" to C-15 to C-15.
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Table 12 'H, '3C and HMBC spectroscopic data (400 MHz) of methyl grindelate (5) in CDCls

methyl grindeloate (5)
Position
dc Type  Ju (Jin Hz) HMBC (‘"H>"C)
1 33.1 CH, 141 (m) C-9, C-20
2 19.0 CH,  1.54(m) -
3 423 CH,  1.32(m) -
4 33.5 C - -
5 43.0 CH 1.61 (s) C-6,C-9, C-19
6 24.5 CH,  2.04 (m)
7 126.8 CH 5.48 (s) C-6, C-17
8 136.0 C - -
9 90.9 C - -
10 41.0 C - -
11 28.8 CH,  1.81 (m) -
12 38.4 CH,  1.85(m) C-9
13 82.0 C - -
14 48.2 CH» 2.66 (d, 14) C-15
15 172.2 C - -
16 27.6 CH:  131(s) -
17 21.5 CH:  1.74(s) -
18 33.2 CHs  0.85(s) -
19 22.7 CH:  0.88(s) -
20 17.0 CH:  0.80(s) C-9
15 51.6 CH:  3.64(s) C-15
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Figure 19. COSY ("H—'H) and selected HMBC ('H—'3C) and correlations of methyl grindelate (5)

Methyl 18-hydroxy-grindelate (6) was isolated as a clear sticky resin with a molecular
formula of C21H3404, based on the '*C NMR spectra. Using a low resolution MS detector with an
ESI ionization source operating in the positive ion mode [M+H]" m/z was determined to be

314.20, by the EIC. The UV A max was 204 nm.

Methyl 18-hydroxy-grindelate (6) with a molecular formula of C21H3404 has an
unsaturation number of five, this can be correlated with the observed structure which has three
rings and two double bonds. From the experimental proton NMR, five methyl groups are
indicated by the singlets (3H) at H-16, H-17, H-19, H-20 and H-15". 1H NMR signal at 65.47
(1H, s) for H-7 is an alkene, 62.59, 62.72 (2H, d, /=14 Hz) for H-14 determines geminal
protons, 61.74 (s, 3H ) for H-17 is a deshielded methyl as is the signal at 51.31 (s, 3H) for H-16,
while the signals at 6 0.94, 0.80 (s, 3H) indicates the less deshielded methyl groups of H-19, H-

20, meanwhile the addition of an ester linkage to C-15 is indicated by H-15" at d 3.63.

The 13C NMR and DEPT reveal a carbonyl carbon at 8 171.8 (C-15). An alkene linkage
is seen between 6 135.2 (C-8) and 8 126.1 (C-7). Quaternary methoxy carbons are found at o

90.6 (C-9) and 6 81.9 (C-13). There are five methine’s at 6 36.9 (C-4), 6 135.2 (C-8), 6 90.6 (C-
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9), 0 41.8 (C-10), 6 81.9 (C-13). There are seven methylene carbons at 6 32.7 (C-1), 8 18.5 (C-2),
0 35.8 (C-3), 0 23.9 (C-6), 6 28.8 (C-11), 6 38.5 (C-12) and 6 48.1 (C-14). There are five methyl
carbons 6 27.6 (C-16), 6 21.2 (C-17), 6 27.0 (C-19), 6 17.9 (C-20) and 6 51.6 (C-15"). The
addition of the hydroxyl group onto C-18 (now a methylene with a pair of non-equivalent
geminal protons at 6 3.95, 4.28, d, J11Hz) can be observed with its downfield shift to 6 67.1 as it

is deshielded by the oxygen and also in the proton NMR shift at & 2.03(s) indicating a hydroxyl.

The 13C NMR chemical shifts of three quaternary carbons (6 171.8, 90.6, 81.9), indicate
that they are linked to oxygens. One oxygen must be part of an ether bridge connecting two
carbon atoms at C-9 and C-13, and the remaining oxygen, connected to the quaternary C-15 must
be a carbonyl because the chemical shift is highly deshielded and characteristic at 6 171.8. The
signal at 0 135.2 belongs to a quaternary carbon at C-8 and has the characteristic chemical shift

of an alkene, this is linked to alkene C-7 at 6 126.1.

The COSY shows correlation between the following protons, H-3 to H-1, H-17 to H-7.
HMBC continues with the following correlations H-1 to C-20, H-3 to C-18, H-5 to C-19 and C-
20, H-6 to C-10, H-12 to C-13, C-14, C-16, H-14 to C-15 and C-16, H-20 to C-1, C-5, C-9, C-

10, C-19, H-15’ to C-15.
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Table 13 'H, '3C and HMBC spectroscopic data (400 MHz) of 18-hydroxy-grindelate (6) in CDCl3

18-hydroxy-grindelate (6)

Position
dc Type  Ju (Jin Hz) HMBC (‘"H->"C)
1 32.7 CH, 1.56 (s) C-20
2 18.5 CH, 1.47 (s) -
3 35.8 CH, 1.74 (s) C-18
4 36.9 C - -
5 43.8 CH 1.81 (s) C-19, C-20
6 23.9 CH, 1.81 (m) C-10
7 126.1 CH 5.47 (s) -
8 135.2 C - -
9 90.6 C - -
10 40.8 C - -
11 28.8 CH, 1.80 (m) -
12 38.5 CH, 1.80, 1.85 (m) C-15,C-14, C-16
13 81.9 C - -
14 48.1 CH, 2.59,2.72 (d,14) C-14, C-16
15 171.8 C - -
16 27.6 CH; 1.31 (s) C-12,C-13, C-14
17 21.2 CH; 1.74 (s) C-7,C-8,C-9
18 67.1 CH, 3.95,4.28 (11) C-3,C-19
19 27.0 CH; 0.94 (s) C-4,C-5,C-18
20 17.9 CH; 0.80 (s) C-5,C-19
15 OCH; 51.6 OCH;  3.63(s) C-15
18 OH - OH 2.03 (s) -
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Figure 20 COSY ('H—'H) and selected HMBC ('H—'3C) and correlations of 18-hydroxy-grindelate (6)

5-Hydroxy-3,7,4’- trimethoxyflavone (7) was isolated as yellow needle-like crystals with a

molecular formula of CigH160s, based on the XRD spectra. m/z was determined to be 328.31.
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7 CHAPTER SEVEN: ANTI-MYCOBACTERIAL ASSAY

7.1 Anti-Mycobacteria Results

In the assay of the preliminary plant collection 1 (35 g of plant), the whole plant was
extracted into four different solvents of decreasing polarity. These were assayed for
antimicrobial activity using a disk diffusion assay (Figure 27) on Mueller-Hinton agar. Activity
was screened against a panel of four representative pathogenic bacteria models. Staphylococcus
aureus (ATCC 25923) (Gram-positive), Escherichia coli (ATCC 25922) (Gram-negative),
Pseudomonas aeruginosa (ATCC 27853) (Gram-negative opportunistic) and M. phlei (ATCC
354) (acid fast). It was found that the largest zones of inhibition were against Mycobacterium

phlei and Staphylococcus aureus using the ethyl acetate partition of the plant extract.

Figure 21. Disk diffusion assay, M. phlei (A) and S. aureus (B)

It was observed that the ethyl acetate extract of the plant was equally as effective as
gentamicin (Gram-negative), 18% more effective than vancomycin (Gram-positive), 53% more
effective than rifampin (tuberculosis), 100% more effective than ampicillin (broad spectrum). A
broth dilution assay of the crude ethyl acetate extract was also done (not shown). It was observed
that the extract was bactericidal (180 ug/mL MBC, 0.90 ug/mL MIC) against M. phlei but only

inhibitory against S. aureus (350 ug/mL MIC). Based on these preliminary results,
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Mycobacterium phlei was then chosen as the more interesting bacteria to study going forward as

there have not been many previous studies of the anti-mycobacterial activity of natural resins.

i
0
2 = 4
20 |
15
|
a

Grindelia Gentamicin Vancomycin Rifampin Ampicillin

Zone of Inhibition {mm)

E. coli Paerugennsa MSaureus ® M. phlei

Figure 22. Disk diffusion assay, activity of standard antibiotics compared to plant extract.

In plant collection 2 (990g of flowers) some preliminary kinase inhibitory activity testing
was done using a patented assay based on the growth and sporulation of Streptomyces 85E
(Table 19). It was found that the crude plant extract, Grindelic acid and another fraction

exhibited kinase activity while several other fractions did not.

In plant collection 3, (5 kg of flowers), the serial dilution broth method was used to
evaluate the minimal inhibitory concentration (MIC) of tested compounds both separately and in
combination with rifampin. In the broth dilution assay (Figure 23, Table /4), of compounds
tested separately, rifampin showed an MIC of 0.1 pg/mL against M. phlei and 1.3 pg/mL against
M. smegmatis. Amoxicillin/Clavulanate showed an MIC of 10 pg/mL against M. phlei and 313
pg/mL against M. smegmatis. Among the tested terpenes, Grindelic acid (the major plant
compound) and compound 4 (ethyl ester) demonstrated the lowest MIC’s observed, 16 ng/mL.

The whole plant extract also demonstrated a low MIC of 25 pg/mL against M. phlei. In testing
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for activity against M. smegmatis, Grindelic acid demonstrated the lowest MIC at 78 ng/mL The

next lowest MIC values were the whole flower extract, compounds 6 (methyl ester hydroxyl) and
compound 7 (flavone) which all demonstrated an MIC of 125 pg/mL. In general, it was observed
that there was a magnitude of difference between MIC against M. phlei and M. smegmatis with

M. smegmatis requiring higher doses for an inhibitory effect.

Page | 104



Table 14. MIC (broth): The minimal inhibitory concentration values (MIC) obtained for compounds tested separately,

Amoxicillin (875 mg)/Clavulanate (125mg)

MIC pg/mL (broth, brain heart infusion media)
M. phlei M. smegmatis ATCC | calculated

ATCC354 14468 log P
rifampin 0.16+0.03 1.3+£0.23 -
amoxicillin /clavulanate' 10 313+8.84 -
grindelia EtOAc extract 25+04.5 125+15.8 -
grindelic Acid 16£3.6 78 5.65
compound 2 (epoxy) 63 250 3.19
compound 4 (ethyl ester) 16 250 6.64
compound 5 (methyl ester) 63 500 6.11
compound 6 (methy ester- hydroxyl) 250 125 4.10
compound 7 (flavone) 250 125 2.97
DMSO 1.25% 2.50% -

MIC pug/mL broth
compound 7 (flavone) I |
compound 6 (methy ester- hydroxyl) I —]
compound 4 (ethyl ester) K
compound 2 (epoxy) I
Grindelic Acid ==
Grindelia EtOAc extract [t
Amoxicillin /Clavulanate I
rifampin |
0 50 100 150 200 250 300 350

B M.smegmatis ATCC 14468  m M. phlei ATCC 354

Figure 23 determined MIC pg/mL of separate compounds (broth) (experiments were done in triplicate) negative control was

media without inoculum, positive control was media with inoculum.
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The combination of terpenes with rifampin resulted in synergistic inhibitory MIC’s.
When rifampin was tested in the presence of sub-inhibitory concentrations of terpenes, the
activity of rifampin was potentiated, and MIC values obtained for rifampin were decreased
(Figure 24, Table /5). Rifampin in combination with Amoxicillin/Clavulanate and rifampin
separately combined with the whole flower extract both demonstrated MIC’s of 0.06 pg/mL
against M. phlei and an MIC of 0.06 pg/mL against M. smegmatis. In combination with
Grindelic acid (the major compound) rifampin demonstrated an MIC of 0.001 pg/mL against M.
phlei and 0.01 pg/mL against M. smegmatis. In combination with compound 2 (epoxy), rifampin
demonstrated an MIC of 0.13 pg/mL against M. phlei and 0.16 ng/mL against M. smegmatis. In
combination with compound 4 (ethyl ester), rifampin demonstrated an MIC of 0.13 ug/mL
against M. phlei and 0.63 pg/mL against M. smegmatis. In combination with compound 5
(methyl ester), ritampin demonstrated an MIC of 0.13 pg/mL against M. phlei and 0.04 pg/mL
against M. smegmatis. In combination with compound 6 (methyl ester-hydroxyl), rifampin
demonstrated an MIC of 0.06 pug/mL against M. phlei and 1.25 ng/mL against M. smegmatis. In
combination with compound 7 (flavone), rifampin demonstrated an MIC of 0.03 ug/mL against

M. phlei and 1.25 ng/mL against M. smegmatis.

It has been suggested that the enhanced activity of rifampin against mycobacteria in
combination with studied natural product terpenes may be correlated to the capability of

lipophilic essential oil constituents to modify mycobacterial cell wall and shape [68].
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Table 15. The minimal inhibitory concentration values (MIC) obtained for antibiotics tested in the presence of subinhibitory
concentrations of terpenes, Amoxicillin (875mg)/Clavulanate (125mg)

MIC pg/mL rifampin in the presence of terpenes
M. phlei ATCC354 M. smegmatis ATCC calculated log P
14468 (terpene)
rifampin (rif) 0.13+0.01 1.25 -
rif + amoxicillin /clavulanate' 0.06+0.04 0.06+0.01 -
rif + grindelia EtOAc extract 0.06+0.04 1.25 -
rif + grindelic acid 0.001 0.01+0.01 5.65
rif + compound 2 0.13+0.09 0.16+0.02 3.19
rif + compound 4 0.13 0.63 6.64
rif + compound 5 0.13 0.04 6.11
rif + compound 6 0.06 1.25 4.10
rif + compound 7 0.06 1.25 2.97

MIC pg/mL rifampin

rif + compound 7 (flavone) [ —
rif + compound 6 (methy ester-... [ —

rif + compound 5 (methyl ester)

rif + compound 4 (ethyl ester) [ ——————
rif + compound 2 (epoxy) |EEEEL,
rif + Grindelic Acid P
rif + Grindelia EtOAC extract [ —
rif + Amoxicillin /Clavulanate B4
rifampin (rif) e ——
0 02 04 06 0.8 1 12 14

B M.smegmatis ATCC 14468  ® M. phlei ATCC354

Figure 24 Effects of combining terpenes or plant extract on the anti-mycobacterial activity of rifampin (plates were done in
triplicate) negative control was media without inoculum, positive control was media with inoculum.

7.2 Zones of Inhibition (disk-diffusion) Anti-Mycobacteria (M. phlei and M.
smegmatis)

Page | 107



Table /7, Table 18). These may be due to initially using different strains of bacteria and

different medias that were available in the two laboratories where the assays were done over the

years. There are many other factors that may contribute to this such as the poor diffusion

abilities of lipophilic compounds in agar. For this reason, in every assay, the activities of extracts

are compared to that of the standard antibiotic drug rifampin. Despite this disparity, the assays

were useful as a screen to guide the fractionation and locate fractions with active anti-

mycobacterial activity. For the final results using the isolated compounds I have relied on the

broth dilution assay rather than disc diffusion as this is the more accepted method for the

determination of MIC values.

Table 16 Plant Collection 1 (whole plant), activity against M. phlei, (disk diffusion)

Plant Collection 1 (whole plant), activity against M. phlei, (disk diffusion, Mueller Hinton media)

zone of inhibition, (mm) MIC (pg/mL) MBC (png/mL)
Grindelia EtOAc extract 24 0.09 0.18
rifampin 14 - _
gentamicin 24 - -
vancomycin 20 - -
ampicillin no inhibition - -
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Table 17 Plant Collection 2 (flower bud), activity against M. phlei, (disk diffusion)

Plant Collection 2 (flower bud), activity against M. phlei, (disk diffusion, tryptic soy media)

zone of inhibition, (mm) MIC MBC
(ug/mL) (ug/mL)
Grindelia EtOAc extract (modified E test) - 0.03 0.05
165 fractions, silica column (EtOAc: Hexanes) 8-40 - -
most inhibitory fraction, GF150 40 0.08 -

Table 18. Zones of Inhibition modified E-test disk diffusion, Amoxicillin (875mg)/Clavulanate

(125mg)

MIC pg/mL (modified E test, disk diffusion, brain heart infusion media)

M. phlei ATCC354 M. smegmatis ATCC14468
rifampin 0.05 0.8
amoxicillin 0.03 0.1
/clavulanate'
grindelia EtOAc extract 0.2 10
grindelic acid 0.2 10
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7.3 Zones of Inhibition Streptomyces 85E

In the Streptomyces 85E assay against the grindelane compounds, an inhibition of greater
than 8 mm was considered to be active. The initial fractions of crude ethyl acetate extract of
grindelia and isolated grindelic acid were tested and showed phenotype 4, indcating kinase
activity without cytotoxicity.

Figure 26 Experimental plate showing bald zone of kinase inhibition around the EtOAc extract of the Grindelia plant and the
isolated compound Grindelic acid. Ilimaquinone isolated from a marine sponge (Hippiospongia metachromia) as the positive

control and DMSO as negative control.

As can be seen in Table 19, there may be some kinase inhibition activity with the whole plant
extract and some of the fractions (GF 76, 77(23-31) grindelic acid) while other fractions (GF
77(33) and GF 150) did not have this activity. It is interesting that two fractions close together
(GF 77(23-31) and GF 77(33) did not have the same activity. Inhibition results on the
Streptomyces 85E assay should also correlate with anti-mycobacterial activity and that does seem
to be the case for the ethyl acetate extract of the flower and isolated compound grindelic acid

(Table 14).
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Table 19 Plant collection 2, Kinase inhibitory activity tested on the growth and sporulation of Streptomyces 85E.

Sample Zone of Cytotoxic Kinase
Inhibition Inhibition
(mm)
grindelia EtOAc extract 20-29 no yes
GF 76 19 no yes
GF 77(23-31) grindelic acid 20-29 no yes
GF 77(33) 0 no no
GF 150 0 no no
Ilimaquinone (pos. control) 15 no yes
DMSO (neg. control) 0 no no

7.4 Anti-Mycobacteria Activity (M. tuberculosis)

Three samples (crude ethyl acetate extract, grindelic acid (1), and the methyl ester (5))
were able to be sent for assay against M. tuberculosis (Mtb), (Dr. Prisic, and student Endrei
Mercantonio of UH Manoa). The strain used was Mtb mc? 6206 (MtbAux) which is derived from
the virulent strain H37Rv. Anti-mycobacterial activity was assessed by a 96 well serial broth
dilution assay. MtbAux was grown in 7H9-ADS with propionate as a fatty acid carbon source
and tyloxapol as a non-ionic detergent to reduce clumping and preserve the integrity of the cell
wall [109]. The MtbAux strain was incubated with the test compounds/extracts in DMSO for
five days at 37°C. Controls were DMSO (0.1% to 0.5%) and levofloxin (highest concentration,
25 pg/mL in 0.1% DMSO), levofloxin is a broad-spectrum fluoroquinolone commonly used
against drug resistant Mtb, it typically has a low MIC and is bactericidal (MOA, inhibiting DNA
gyrase). The MIC of the test compounds/extracts was 0.125 mg/mL (125 pg/mL) for all three
that were tested. The positive control, levofloxin had an MIC of 0.39 pg /mL against MtbAux. It

was shown that the negative control of up to 5% DMSO did not impair the growth of MtbAux.
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8 CHAPTER EIGHT: DISCUSSION
8.1 Discussion and Conclusion of Research Aims

Two innovations and five stated research aims from the approved research proposal
defense were investigated in this dissertation research. The first stated innovation was to target
and isolate diterpenes from the heretofore unstudied traditional medicinal plant variety Grindelia
stricta var. platyphylla collected from the California coast. This was met by the isolation of six
diterpene compounds, five known and one novel as well as a known flavone of similar structure.
The second stated innovation was to the isolated grindelane compounds for antimicrobial activity
not yet reported in the literature. This was met by testing for activity against mycobacteria. These
innovations were met by completing the following five specific aims described and approved in

the dissertation research proposal.

Specific Aim 1: Identification, collection and extraction of Grindelia stricta platyphylla
flower buds. Separation of mixed fractions from the ethyl acetate extract of Grindelia stricta
platyphylla flower buds, by column chromatography. Specific Aim 2: Bioactivity testing of
mixed fractions of Grindelia stricta platyphylla against the screening organism Mycobacterium
phlei. Specific Aim 3: Isolation and structural elucidation of terpenes from Grindelia stricta
platyphylla. Specific Aim 4: Preliminary studies of the molecular mechanism of action by assay
for anti-kinase activity of column fractions and isolated terpene compounds. Specific Aim 5:
Bioactivity testing of mixed fractions and single chemical terpene compounds of Grindelia
stricta platyphylla against Mycobacterium tuberculosis (Mtb).

To complete Specific Aim 1, a definitive identification of the plant as Grindelia stricta

platyphylla was made and collection and extraction of resinous flower buds was conducted
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during peak resin production periods of June/July (collections #1,2,3). Separation of mixed
fractions from the ethyl acetate extract was conducted on plant collections #2 and #3 by column
chromatography.

To complete Specific Aim 2: bioactivity testing of mixed fractions of Grindelia stricta
platyphylla against the fast-growing screening model organisms Mycobacterium phlei and
Mycobacterium smegmatis was conducted. Disk diffusion assay's, TLC overlay assay's and the
determination of MIC by modified E-test and/or broth dilution were conducted to screen
collected fractions for bioactivity guided fractionation.

Throughout the bioassay-guided fractionations, in various screening assays (disk, TLC
overlay, broth) for anti-mycobacterial activity; the majority of diterpene rich fractions showed
activity likely due to the high resin terpene rich nature of the extract. In addition, during
preliminary screening, the ethyl acetate extract of the flower resin and the isolated compound
grindelic acid, showed a kinase inhibitory activity and lack of cytotoxicity in a Streptomyces 85E
kinase inhibition assay which simultaneously also screens for cytotoxicity and anti-

mycobacterial activity.

In the final broth dilution assays, fast growing non-pathogenic models M. phlei
(ATCC354) and M. smegmatis (ATCCI14468) were used as screening organisms. The following
MIC’s were determined for (M. phlei and M. smegmatis) respectively, ethyl acetate extract of the
flower resin (25 and 125 pg/mL); compound (1), grindelic acid (16 and 78 pg/mL); compound
(2), epoxide (63 and 250 pg/mL); compound (3) (not tested, too small amount); compound (4),
ethyl ester (16 and 250 pg/mL); compound (5), methyl ester (63 and 500 pg/mL); compound (6),
methyl 18-hydroxy-grindelate (250 and 125 pg/mL); and compound (7) (250 and 125 pg/mL);

MIC’s of the anti-mycobacteria agent rifampin (0.16 and 1.3 pg/mL) and the antibiotic/p
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lactamase inhibitor combination drug, amoxicillin/clavulanate (10 and 313 pg/mL) were also
determined. Overall, grindelic acid (1) and compound (4), the ethyl ester (MIC’s 16 pg/mL for
both) showed the best activity against M. phlei and grindelic acid (1) also showed favorable
activity (78 ug/mL) against M. smegmatis. It was interesting to note that there was a magnitude
of difference between the MIC’s determined using rifampin, against the two mycobacteria
species. In a subsequent broth dilution study, the MIC of rifampin against (M. phlei and M.
smegmatis) (0.13 and 1.25 pg/mL respectively) was reduced when the ethyl acetate extract of the
flower resin and some of the isolated compounds were dosed in combination with sub-inhibitory
doses of amoxicillin/clavulanate. Results varied against the two different species of mycobacteria
with no clear pattern. Grindelic acid (1), the most abundant isolated diterpene compound,
showed the greatest effect, lowering the MIC’s of rifampin to (0.001 and 0.01 pg/mL) against M.

phlei and M. smegmatis respectively.

For drug-drug combinations a synergistic action is described as activity greater than
activity of the individual components [114]. In the literature there is wide variability in the MIC
of the natural terpenes because of the many different methods, medias, species and strains and
sensitivities of mycobacterium, and even of the incubation times of the inoculum used
throughout different studies [26,27,64,64,80,115]. However, it is generally clear that some kind
of anti-mycobacterial activity is occurring when natural terpenes are applied and that there are
lowering needed dose effects in combination with known antibiotic drugs. This can be observed
by comparing the effects (Table /5, Figure 24) where the MIC of rifampin could be lowered in
combination with subinhibitory concentrations of ethyl acetate extract. Against M. phlei
ATCC354: (MIC 0.06 pg/mL), grindelic acid (1) (MIC 0.001 pg/mL), compound (6) (MIC 0.06

pg/mL), and compound (7) (MIC 0.03 pg/mL). Against M. smegmatis ATCC 14468: grindelic
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acid (1) (MIC 0.01 pg/mL), compound (2) (MIC 0.16 pug/mL), compound (4) (MIC 0.63

pg/mL), and compound (5) (MIC 0.04 pg/mL).

To complete Specific Aim 3, seven compounds were isolated by various chromatographic
techniques. Of these, one is a new (3) and five (1)(2)(4)(5)(6) are known labdane diterpenoids of
the grindelane type. One known flavone (7), was isolated and determined by x-ray
crystallography. The new diterpenoid was carboxyl 3,4,4a,5,6,7,8,8a-octahydro-p-hydroxy-
B,2,5,5,8a-pentamethyl-3-oxo-1-naphthalenepentanoate, (compound (3), ring opening). The
chemical structure was established on the basis of spectral analysis including 1D and 2D NMR.
The known grindelanes were labd-7-en-15-oic acid, 9,13-epoxy- (compound (1), grindelic acid),
2-(2',3,3,6a,7a-pentamethylspiro[ 1a,2,2a,4,5,6-hexahydronaphtho[2,3-b]oxirene-7,5'-oxolane]-2'-
ylacetic acid (compound (2), epoxide), spiro[furan-2(3H),1'(4'H)-naphthalene]-5-acetic acid,
4,4'a,5,5',6',7',8',8'a-octahydro-2',5,5',5',8"a-pentamethyl-, ethyl ester,4'aa,8'af]]- (compound 4,
ethyl ester), spiro[furan-2(5H),1'(4'H)-naphthalene]-5-acetic acid, 3,4,4'a,5',6',7',8',8'a-octahydro-
2',5,5',5',8'a-pentamethyl- (compound (5), methyl ester), methyl 2-[4-(hydroxymethyl)-2',4,7,8a-
tetramethylspiro[2,3,4a,5-tetrahydro-1H-naphthalene-8,5'-oxolane]-2'-yl]acetate (compound (6),
methyl 18-hydroxy-grindelate). The known flavone was 5-Hydroxy-3,7,4'-trimethoxyflavone
compound (7).

To complete Specific Aim 4, preliminary studies of the molecular mechanism of action,
an assay observing anti-kinase activity of column fractions and isolated terpene compounds was
conducted. Streptomyces is a gram-positive environmental bacterium that morphologically
resembles filamentous fungi in that it differentiates to form a layer of hyphae that can become a
chain of spores. Streptomyces 85E is a strain of the bacteria in which aerial hyphae formation

(HFI) is especially sensitive to inhibition by protein kinase inhibitors and can be used as a
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preliminary screening assay to identify novel inhibitors of eukaryotic-like protein kinases which
modulate signal transduction. Since mycobacteria possesses multiple eukaryotic like protein
kinase genes (at least eleven protein STPK's in Mtb), the Streptomyces 85E assay can be a useful
indicator for identifying compounds that inhibit mycobacterial growth through this mechanism
of action. In this assay, there is also correlation between sporulation inhibition activity on
Streptomyces 85E and the growth inhibition of M. phlei, an indicator for possible anti-Mtb
activity. In the preliminary bioassays, the Streptomyces 85E kinase inhibition assay was used
both for screening for anti-mycobacterial activity for bioassay guided fractionation and to look
for preliminary kinase inhibition activity. The results showed that there may indeed be some
kinase inhibition activity with the whole plant extract and some of the preliminary fractions (GF
76, 77(23-31) grindelic acid(1)) while other fractions (GF 77(33) and GF 150) did not have this
activity. Very closely related fractions may not necessarily contain the same compounds as two
fractions close together (GF 77(23-31) and GF 77(33) did not have the same kinase inhibitory
activity.

To complete Specific Aim 5, bioactivity testing of Grindelia stricta platyphylla against
Mycobacterium tuberculosis (Mtb) was conducted as an assay against strain Mrb mc? 6206
(MtbAux). It was found that the crude ethyl acetate extract of Grindelia stricta platyphylla, the
major compound (1) grindelic acid and the methyl ester compound (5) demonstrated an anti-
mycobacterial MIC of 0.125 mg/mL. The synergistic activity of the isolated compounds and
crude extract with known drugs against Mtb was unfortunately not able to be tested.

In terms of the effects of the anti-mycobacterial activity of natural terpenes there are
many different proposed mechanisms of action, these include inhibition of efflux pumps ([116],

cell wall and membrane integrity changes and changes in thickness and cytoplasm homogeneity
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and cell shape [26,117,118], alteration of quorum sensing [29], affecting biosynthesis pathways
of virulence factors [23], effects of terpenes on bacterial shape and ability to divide, [119] an
many other observations and possible theories. So, while the antimicrobial and anti-
mycobacterial effect of natural terpenes has been demonstrated in many studies the mechanisms
of action are not yet clear and need further study. In the literature [120,121] rifampin especially
out of the first-line drugs demonstrated enhanced activity when combined with terpenes, which
was also observed in this dissertation research. The mechanism of action for this synergistic
action remains unknown, it is known that rifampin is a lipophilic compound which inhibits DNA
dependent RNA polymerase in bacteria and it has been observed in numerous studies that
terpenes have the ability to effect the integrity of bacteria cell walls and membranes as well as
other effects mentioned above but there is as yet no definitive known mechanism of action for
the anti-mycobacterial activity of terpenes. In conclusion, in this dissertation work, it was found
that the crude ethyl acetate extract and some isolated compounds of the resin flower buds of the
traditional medicinal plant, Grindelia stricta platyphylla, have anti-mycobacterial activity. It was
further found that at subinhibitory concentrations, the extract and some of the compounds in
combination with the first line anti-mycobacterial drug rifampin, can act to reduce the MIC of
this drug in-vitro. It was also found that the crude extract and the labdane diterpene grindelic
acid (1) may have kinase inhibitory activity and are not cytotoxic. Although the mechanisms of
actions for these activities has not yet been definitively determined, there are many previous

studies on this topic [3,3,23,26,27,29,68,115,117,118,120,121].

In the stated aim to target the isolation of labdane diterpenes from the medicinal plant
Grindelia stricta platyphylla, method development was a large part of the research into this

analytical chemistry project. The following isolation method was developed to target labdane
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diterpenes. A series of three columns were used beginning with an extract of the flower resin into
ethyl acetate. This extraction solvent has the added advantage that the plant material need not be
dried before extraction as water is immiscible with ethyl acetate and can be divided by partition.
Skipping the drying step has the advantage that mold growth from humid environments and the
possibility of loss of volatile components during the drying process can be avoided. A large
amount of plant material can be extracted on the first column by using a gravity flash silica
column with hexanes: ethyl acetate as the mobile phase and cutting the separation 10-15 total
parts. The second column can be a DCVC column of either C18 or silica depending on the
fraction, this is advantageous because it is much faster than flash columns with very good
resolution and uses very little solvent. For instance, an entire column with 20 step gradients can
be completed in 2 hours vs a flash column which may take several days for the same fraction and
use much more solvent. For these two columns a TLC plate stained with p-anisaldehyde can be
used as the detector to view the fractions for combining like fractions. The final column for
isolation can be a medium prep RP-HPLC C-18 column. A long run time (60 min) is
recommended at least during the initial scout run, this allows the compounds to have greater
interaction with the stationary phase. Acetonitrile: water, 10%-100% organic can be used as this
was found to give better peak resolution than methanol: water in most cases. It is important to
note that many of the isolated compounds eluted at 90-100% organic but they could still be
resolved and separated. In order not to miss any compound of low concentration it is
recommended to initially split the eluate from the HPLC column into an ELSD detector to catch
compounds with low UV absorbance that may not have a signal in a UV detector. The ELSD
detector only needs to be used in the initial scout run and retention times of peaks noted for

collection in later runs in order to save nitrogen gas. In this way compounds that may have been
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thrown away if only a UV detector was used can be isolated and collected, this may lead to the

collection of compounds not previously seen before.

9 CHAPTER NINE: CONCLUSION
9.1 Conclusions

In conclusion it can be said that a method was developed and optimized to extract, isolate
and detect diterpenes from Grindelia flower resin. The terpene profile of medicinal plant
Grindelia stricta var. platyphylla, collected from the California coast was determined to consist
primarily of grindelanes rather than manoyl oxides, (six grindelanes and one flavone were
isolated). Crude ethyl acetate extract of the flower resin from this plant and the isolated
compound grindelic acid both demonstrated kinase inhibitory activity and lack of cytotoxicity in
a Streptomyces 85E assay. Grindelic acid, the crude ethyl acetate extract, and some of the
isolated compounds demonstrated moderate anti-mycobacterial activity against two screening
mycobacteria of different drug sensitivities and against Mtb. The most interesting result was that
the MIC of rifampin was observed to be lowered in vitro, in combination with subinhibitory
concentrations of crude extract, grindelic acid and some of the isolated grindelanes. A
demonstrated lack of cytotoxicity, as well as the long traditional medicinal history of safe use of
Grindelia sp., and the lack of knowledge surrounding the mechanisms of action of natural

terpenes, suggest that these observed effects warrant further investigation.
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