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product screening, the Loesgen Lab aims to find new microbial metabolites from bacterial and
fungal strains that are effective against TB and can serve a starting point for drug development.
In this thesis, the Mycobacterium smegmatis assay to screen for anti-tubercular novel natural
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and screen for microorganisms that are able to produce bioactive compounds that can serve as
anti-tubercular drug leads.

Key Words: natural products, drug discovery, antitubercular, M. smegmatis
Corresponding e-mail address: chenka@oregonstate.edu

3

©Copyright by Kathryn Chen
May 17, 2018
All Rights Reserved

4

A robust Mycobacterium smegmatis Assay for the Discovery of Anti-tubercular
Metabolites from Soil Bacteria

by
Kathryn Chen

A THESIS

submitted to
Oregon State University
Honors College

in partial fulfillment of
the requirements for the
degree of
Honors Baccalaureate of Science in Chemistry
(Honors Scholar)

Presented May 17, 2018
Commencement June 2018
5

Honors Baccalaureate of Science in Chemistry project of Kathryn Chen presented on
May 17, 2018.

APPROVED:

_____________________________________________________________________
Sandra Loesgen, Mentor, representing Chemistry

_____________________________________________________________________
Kerry McPhail, Committee Member, representing Pharmaceutical Sciences

_____________________________________________________________________
Chenxi Zhu, Committee Member, representing Chemistry

_____________________________________________________________________
Toni Doolen, Dean, Oregon State University Honors College

I understand that my project will become part of the permanent collection of Oregon State
University, Honors College. My signature below authorizes release of my project to any reader
upon request.

_____________________________________________________________________
Kathryn Chen, Author
6

Acknowledgments
I would like to thank my PI, Sandra Loesgen, for all of her support on this journey. She is truly a
wonderful role model for anyone in the science field. I am forever grateful to her, as she gave me
the opportunity to be in a research lab that allowed me to explore so many different areas in
science, and relate my classroom learning to reality. I would also like to thank the graduate
students for answering all my questions and being patient while I bounce ideas off of them.
Lastly, I would like to thank my family, friends, and the other undergraduates for all their
support on this journey.

7

Table of Contents
I. Introduction
1. Bacterial natural products
2. Tuberculosis background
2.1. Current tuberculosis treatment regimen
2.2. Antimicrobial drug resistance
3. Current methods for testing anti-TB drugs
4. Mt. Kilimanjaro and Marys Peak strains
II. Materials and Methods
1. Loesgen Lab bacterial strain isolation
2. Separation and spectroscopic methods
2.1. Strain fractionation
2.2. Assay sample preparation
2.3. Spectrometry and isolation methods
3. M. smegmatis assay optimization experiments
3.1. Pathogen growth
3.2. OD600 reading
3.3. Plate inoculation and reading
4. General bioassay test protocols
III. Results
1. Final M. smegmatis microbroth single dose assay protocol
2. K14 strain results
3. Marys Peak strain results
IV. Discussion
1. Installation of a robust anti-tubercular assay in the Loesgen Lab
2. Isolation and identification of chartreusin and novobiocin
3. Impact on drug development
V. References
VI. Supplemental Data

8

I. Introduction
1. Bacterial Natural Products
Natural products are secondary metabolites produced by bacteria, fungi or plants that are nonessential metabolites which give organisms competitive advantages. They contribute to an
organism’s survival, and often act as chemical weapons or convey information from one
organism to another.[1] They are made by enzymes, refined evolutionarily, and have an intra- or
interspecies purpose. Charles Gerhard synthesized aspirin by modifying salicin extracted from
the bark of a willow tree into sodium salicylate, setting the groundwork for medicinal chemistry
often based on natural products.[1,2] Actinomycin, isolated from Streptomyces parvullus and other
Streptomyces species, was the first natural product to be approved as a medication for
antibacterial chemotherapeutics, commonly known as chemotherapy.[1,3,4]
Some well-known examples of microbial natural products include the antibiotic penicillin
(fungal origin) and rifampicin (bacterial origin), a potent anti-tubercular drug. Natural products
are regarded as ‘gifted’ for application against human diseases due to their evolutionary
perfection to affect organisms, cellular pathways, or molecular targets.[5]

Figure 1: All new approved drugs 1981-2014; N: Natural products, NB: Natural product
botanical, ND: Natural product derivatives, NM: Natural product mimic, B: Biological
macromolecules, V: Vaccines, S: Synthesis, S*: Total synthesis with pharmacophore
from a natural product[5]
Historically, natural products have been a large part of drug development, but fell in disfavor of
the pharmaceutical industry in the 1990’s as they started to favor antibodies or small synthetic
molecules that could be used in targeted therapies, which could be identified by faster, high
throughput screening.[1] In the mid-1980’s, chemistry became the rate-limiting step in drug
discovery programs. While highly effective as a source for drugs, natural products-based
screening for activity was time consuming and not easy to adapt to high-throughput processes.
9

The process often included phenotypic screens of crude extracts. When screened and presented
with evidence of activity, the extract was fractionated, and the active compound was isolated and
identified.[6] This traditional process of bioactivity-guided fractionation was time-consuming,
inefficient, and labor-intensive, and did not guarantee that a lead from the initial screening would
be chemically workable or even patentable.[6] In the 1990s, high-throughput screening using
combinatorial chemistry or fragment based libraries was used to quickly screen the number of
compounds in months, instead of years.[6] These synthetic methods also decreased production
cost, increased time effectiveness, and served as easy quality control.[7] They were also used to
create targeted therapies, which target foreign cells parts or cells of the body, using fully
synthetic molecules or antibodies to target specific proteins, for example, in tumor growth and
progression.[1] Additionally, due to the influence of cost-to-benefit for targeted therapies,
financially the cost to patients or health insurance entities were enormous, amounting to
thousands or tens of thousands of dollars per day of extended life.[1] Synthetic drugs were created
to have a specific function in targeted therapies, while natural products were found in natural
sources, seeing success by being highly evolved, highly specific, and could be highly effective
toward the gene products with which they coevolved.[6] The large numbers of natural productderived compounds in various stages of clinical development and current natural products-based
drugs on the market also speak to the existing viability and significance of use of natural
products as a source of new drug candidates.[7] Overall, natural products have slowly been
reappearing on the market and are present as a source of discovery and development for
anticancer, antiviral, antibacterial, antiparasitic, and more drugs.[1, 7, 8] Specifically looking at
antibacterial agents, it is notable that 69% of all antibacterial drugs originate from natural
products.[9]
Natural products are not only a prevalent source of medical drugs, but are a base for many other
medicinal products to be created. In the past, natural products were the main source of drug
development, before, 1940 unmodified natural products and their derivatives made up 43% and
14%, respectively, of new molecular entities (NMEs) in the market.[9] Probably due increasing
interest in synthetic drug therapies between 1940 and 2000, unmodified natural products made
up 5.3% of all NMEs while natural product derivatives represent 28% of all NMEs.[9] This drop
in unmodified natural products was expected, as it was typically easier to modify known active
compounds then to screen for new molecular entities. Including natural products botanical,
mimics, and total synthesis with pharmacophore, natural products makes up an upwards of 50%
of all clinically used drugs approved in 1981-2014, making natural products a prominent part of
drug development research and a large influence on synthetic drugs made.[5] Among the Food
and Drug Administration approved natural product drugs, a few genera are heavily represented in
antibacterial and anticancer activity, including Streptomyces and Penicillium.[9]
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Soil bacteria especially have been a prolific source for natural products. Bacteria make up 30%
of all FDA-approved natural products and have consistently been a source of natural products
research in the past 80 years.

Figure 2: The cumulative percentage of FDA-approved natural product NMEs, separated by
environmental source[9]

Figure 3: Fraction of annually approved NMEs separated by environmental sources[9]
Well known examples of bacterial natural products include doxorubicin, ivermectin, and
rifampicin. Doxorubicin is a natural product derived from soil and is a cytotoxic antibiotic
11

isolated from Streptomyces peucetius that aids in chemotherapy. It was first released on the
market after studies of its effectiveness when given by intermittent single high-dosage schedule
and studying it pharmacologically, along with correlating clinical and pharmacological data.[10]
Ivermectin is a natural product derivative that originated from a Japanese soil sample with
Streptomyces avermitilis, and the product of an international collaborative research
partnership.[11, 12] It is effective against a broad range of parasites, ticks, nematodes, and is used
to treat both livestock, pets, and humans.[11, 12] Ivermectin was introduced commercially
internationally in 198, reached the USA in 1983, and eventually won the 2015 Nobel Peace Prize
in Physiology of Medicine.[11] Rifampicin is a natural product derived from soil isolated from
Amycolatopsis rifamycinica and has played a key role in tuberculosis treatment regimens since
the late 1960s when it was introduced, allowing for treatment duration to be shortened, and is
still currently used today.[11]

Figure 4: Upper left: Doxorubicin, Upper right: Ivermectin, Bottom: Rifampicin
2. Tuberculosis Background
Tuberculosis (TB) is a pressing global health issue with approximately one third of the world’s
population infected by Mycobacterium tuberculosis, the causative agent, and is considered one of
the top 10 causes of death worldwide.[13] In 2016 alone, TB killed approximately 1.7 million
people of all ages around the world and in 2016 there were an estimated 10.4 million new cases
of TB worldwide. TB is also the leading cause of deaths among immunosuppressed people
infected with HIV. Tuberculosis is most prevalent in India, Indonesia, China, Philippines,
Nigeria, Pakistan and South Africa, with roughly 61% of cases based in Asia and 26% of cases
based in Africa. As a communicable disease, both contagious and airborne, Mycobacterium
12

tuberculosis bacteria can spread from person to person through the air and predominantly affects
the lungs. Approximately one-third of the world’s population has been infected with latent phase
tuberculosis, showing no symptoms nor can transmit the disease. Those affected will experience
mild cough, fever, night sweats, and weight loss- all very unsuspecting symptoms. As a result, a
person that delays seeking care is able to transmit the bacteria to others.[13] Without proper
identification and treatment, two-thirds of people with tuberculosis can die.

Figure 5: Estimated Tuberculosis incidence rates in 2015[13]
Since 2000, 53 million lives have been saved through effective diagnosis and treatment,
treatment success rate for those with TB was 83% in 2015.[13] The vast majority of TB cases can
be cured when medications are provided and taken properly. However, important diagnostic and
treatment gaps persist. Of the above 10.4 million incident cases, 6.3 million were diagnosed and
were put through a treatment plan- however this leaves 4.1 million cases untreated. Luckily, the
number of people contracting TB is dropping, and the number of deaths has fallen 37% points
between 2000 and 2016. However, an estimated 490,000 people developed multidrug-resistant
TB in 2016, and reported cases of multi-drug resistant TB developing with poor TB treatment
(resulting from a variety of factors: unable to afford full treatment, stopped early because of lack
of symptoms, misdiagnosed) and extensively drug-resistant TB, resulting in tuberculosis that
responds to even fewer available medications.[13]
2.1 Current Tuberculosis treatment regimen
Previously, treatment of tuberculosis began in the mid-1950s, using isoniazid, streptomycin, and
aminosalicylic acid in the first curative combination regimen, administered for up to two
years.[14] More drugs were discovered to be effective against TB, and currently, active and drug13

sensitive TB disease is treated with a combination therapy involving four antimicrobial drugs
that require an extended amount of time, up to a year, for full treatment.[13] The present-day 4
antimicrobial tuberculosis drugs on the market, are used as part of the four-drug regimen, with
the following first-line anti-TB drugs: isoniazid (INH), rifampicin (RIF), ethambutol (EMB), and
pyrazinamide (PZA).[15] Previously, a series of clinical trials conducted between 1948 and 1986
showed that completion of a 6-month course of multidrug therapy could lead to a cure of drugsusceptible tuberculosis, with less than a 5 to 8% chance of relapse.[14] When relapse occurred, it
usually happened within 12 months after the completion of therapy, indicating that the disease
was incompletely treated.[14] The previously mentioned trials showed that use of rifampin (a
bacterial natural product) with isoniazid allowed treatment to be shortened from 18 months to 9
months, and the addition of pyrazinamide for the initial 2 months further shortened treatment
time to 6 months.[14] Standard treatment now consists of the four anti-TB drugs used during an
“intensive phase” for eight weeks, followed by a “continuation phase” of four months minimum
with reduced drug intake to two anti-TB drugs, typically isoniazid and rifampicin.[14, 15] More
effective treatments typically have several doses per week.

“a, b, c, d, e” superscripts refer to dosage, medication or treatment specifics to be aware of when
diagnosing according to the CDC.
Figure 6: Drug susceptible Tuberculosis treatment regimens[15]
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After the first two months of combination drug therapy, most patients are usually free of
mycobacteria, however, the addition of four months of treatment is required in order to avoid
relapse.[14] For many patients, treatment after two months is enough end the M. tuberculosis
infection, however, there is currently no easy method to identify patients who need longer
treatment. Because of this, a standardized tuberculosis treatment is used, a compromise
consisting of overtreatment of many cases in order to ensure complete treatment of the overall
population.[14]

Image 1: CT scans of the lung in a patient with pulmonary tuberculosis. Airways in green and
vasculature in red. Left: Lung before treatment, Right: Two months into treatment[14]
A prevalent anti-tubercular drug, rifampicin, is a natural product derived from soil. In
tuberculosis, the rpoB gene, encodes the beta-subunit of RNA polymerase.[16] Rifampicin is able
to interact with the prokaryotic RNA polymerase of Mycobacterium tuberculosis, inhibiting
transcription and causing cell death.[16] However, despite the current effective treatments in place
for tuberculosis, there is an urgent need for new chemical entities to combat this disease as a
resistance to common drugs is an impending problem and no research or development efforts are
spent in pharmaceutical industry to tackle TB. For example, antimicrobial resistance to
rifampicin can form by mutations in the rpoB gene, decreasing rifampicin binding affinity for
RNA polymerase.[16]
2.2 Antimicrobial drug resistance
Antimicrobial resistance is the ability of microbes to resist the effects of drugs, therefore the drug
is rendered ineffective and the microbe is not killed.[15] Standard treatments have become
ineffective, infections persist and may spread to others.[13] Using antibiotics creates resistance,
and often are not optimally prescribed with people given incorrect dosing or duration, increasing
15

likelihood of bacteria exposure to become resistant against the disease.[15] The rise of antibiotic
resistance leads to untreatable infections which impacts every person, and without action it can
lead to infections, minor injuries, and common illnesses that could once again kill.[13] Officially,
on September 19 2017, the World Health Organization reported that there are very few
antibiotics currently in development addressing the serious and growing threat of antimicrobial
resistance.[13] The report showed a lack of potential treatment options for drug-resistant
tuberculosis and 12 other classes of priority pathogens identified by WHO.[13] There is an
estimated 2,049,442 illnesses, and 23,000 deaths caused by antibiotic resistance since 2015.[15]
Without further active research and development effects, there will soon be a lack of effective
antibiotics, contributing to diseases that once again cannot be cured with current medications.

Figure 7: Development of antibiotic resistance[15]
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Figure 8: Development of antibiotic resistance[15]
As a result of antibiotic resistance, there is a greater need for TB care, preventative care, and
research and development funding. Research and development-wise, new diagnostics, drugs, and
vaccines are necessary to achieve the ambitious targets set in the End TB Strategy. As of 2017,
there are 17 drugs in Phase 1, 2, or 3 trials, including 8 new compounds.[13] Phases are different
stages in clinical research drug development, requiring a drug to pass through Phase 3 before
being approved by the FDA and sold on the market.[17] 2 drugs have received accelerated or
conditional regulatory approval, and 7 repurposed drugs. Various new combination regimens are
in Phase 2 and Phase 3 trials. There are 12 vaccine candidates in clinical trials: 3 in Phase 1 and
9 in Phase 2 or 3.[13]
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Figure 9: Clinical research phases in the pharmaceutical industry[17]
The World Health Organization has the aim to end the global tuberculosis epidemic, and has set
goals to reduce TB deaths by 95% and to cut new cases by 90% between 2015 and 2035.[13] The
strategy strives to ensure that no family is burdened with catastrophic expenses due to TB and
calls on governments to adapt and form resolutions that achieve a high-level commitment and
financial support.[13] It reinforces a focus within the strategy on serving populations highly
vulnerable to infection and poor healthcare access along with engaging in social protection.[13]
Pharmaceutical industries are able to aid in their mission by participating in the research and
development of anti-tubercular drugs.

3. Current methods for testing anti-tubercular drugs
An effective way to screen bacterial and fungal extracts for anti-tubercular activity is desired in
academic drug discovery programs. Using a high throughput method with a 96 well-plate would
allow one to go through a large number of strains to screen for activity against tuberculosis. In
this thesis, an in vitro tuberculosis assay was optimized using the mycobacterium
Mycobacterium smegmatis (ATCC 14468), a BSL-1 suitable surrogate of Mycobacterium
tuberculosis to explore microbial extracts for activities against tuberculosis. Mycobacterium
smegmatis has been shown to be closely enough related to its BSL-3 sibling TB to be useful for
early TB drug development. M. smegmatis can be handled in BSL-2 laboratories, and grows at a
much quicker rate to allow for an efficient and quick screening for microbial strains that can
potentially provide drug leads against M. smegmatis. If an isolated compound has shown efficacy
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in the preliminary M. smegmatis screening, it can then be screened directly against its more
safety-concerning and slower growing surrogate M. tuberculosis in specialized laboratories.
Currently, one of the main methods in use to test for anti-tubercular activity is the agar disk
diffusion method. For this, agar media and M. smegmatis are mixed together to create agar
seeded with the mycobacterium, and this is then poured to create a thin layer on top of premade
agar plates.[18] Samples of 10 µL of 10 mg/mL are loaded onto small paper discs and then placed
on the agar plate.[18] They are incubated for one day at 37 ℃, and then stained with 3-(4,5Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide (MTT), a stain used to measure cell
metabolic turnover, and observed for zones of inhibition.[18] If staining occurs in the zone of
inhibition, the mycobacterium has been eradicated and there is activity in the microbial extract,
fraction, or metabolite.
4. Mt. Kilimanjaro and Marys Peak strains
Throughout these studies, two sets of environmental, soil derived strains were used in assay
testing and for general anti-tubercular drug potential. Soil bacteria were isolated from Mt.
Kilimanjaro in Tanzania, Africa, and from Marys Peak in Corvallis, Oregon.

Image 2: Mt. Kilimanjaro in Tanzania, Africa[19, 20]
The Mt. Kilimanjaro strains were isolated from soil samples from the Kilimanjaro region
(Tanzania, Mramba Forest, Mwanga District) by Bioviotica. Soil samples were taken at different
altitudes and in areas of different trees on the mountain.[21] The K14 strains were specifically
taken from the “Mshira” tree soil at a height of 820 meters.[21]
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Image 3: Marys Peak in Corvallis, Oregon[22, 23]
The Mt. Kilimanjaro strains were given an internal designation of K14/X.

Figure 10: K14 Strains isolated from Mt. Kilimanjaro
Marys Peak strains were derived from soil bacteria collected in 2017 by Prof. James D. White
from Marys Peak in Corvallis Oregon. Marys Peak is 1,249 meters high, the highest point in
Oregon’s Coast Range.[24] It has been designated as a “scenic botanical area” due to rich and
unique scenery and plants. Marys Peak has two distinct botanical features that are unique to the
Coast Range, a forest of almost pure noble fir (rare in the Oregon Coast Range) surrounding a
broad grass-bald meadow with an altered gabbro rock garden. The meadow gives rise to two
distinct vegetation types: xerophytic plants and red fescue bentgrass, containing wild rye,
woodrush, violet and many other graminoids and forbs. Currently, Marys Peak’s water streams
are a source of drinking water for the City of Corvallis and it has been a place of recreation
including skiing and hiking.[24]
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Figure 11: Marys Peak Strains
The Marys Peak Strains were given internal designation of MP/X.
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II. Materials and Methods
1. Loesgen Lab bacterial strain isolation
The methods discussed for isolation are specifically for isolation of Gram positive bacteria.
Specifically, Streptomyces are Gram-positive bacteria with high DNA G-C content, and often
have a significant effect on their environment, degrading and recycling natural biopolymers
(cellulose, chitin) in the soil.[4] They are from the Actinomycetales order, and are major
producers of biologically active compounds, with two-thirds of microbially derived antibiotics
being from compounds produced by Streptomyces species.[4]
Soil samples were prepared in the following way to isolate bacteria: soil was either dry stamped
on agar or serially diluted in sterile water and spread on agar at various dilution factors. Bacteria
were incubated at 27 ℃ and checked for signs of growth, and single colonies isolated. Pure
strains were grown in liquid cultures and extracted with organic solvents using separatory funnel
workup. Organic extracts were fractionated via vacuum layer column chromatography, and
compounds isolated using high performance liquid chromatography (HPLC), and characterized
through various nuclear magnetic resonance (NMR), liquid chromatography and mass
spectrometry (LCMS), and ultraviolet (UV) profiling and spectroscopic techniques.

Figure 12: Loesgen Lab Bacteria Isolation Method
Two methods are utilized for strain isolation: soil stamping and serial dilution.
In soil stamping, soil samples are dried in open, sterile agar dishes in the biological safety
cabinet for at least 7 days. Afterwards, a sterile foam stamp is pressed into the soil and gently
stamped once onto an agar plate divided in four sections, without re-applying the soil. Agar
plates are then placed into incubators set at 27 ℃.
In serial dilution, samples are diluted 6 times and the 3rd, 4th, 5th, and 6th dilution are streaked
onto 25 mL agar plates. First, 0.5 g of soil is placed into 10 mL of sterile, ultrapure water and
mixed. It was then serially diluted 1:10 six times, taking 1 mL from the more concentrated tube
and combining it with 9 mL ultrapure water. The resulting 4th, 5th, and 6th, culture tubes are
diluted 1:10,000, 1:100,000, and 1:1,000,000 respectively. These dilutions are then plated onto
several different types of agar plates to select for actino-bacteria, including nutrient rich M2 agar
for bacteria that need lots of nutrients to grow (10 g/L malt extract, 4 g/L D-glucose, 4 g/L yeast
extract, adjusted to pH 7), antifungal agar to avoid fungal growth (M2 agar + 100 µg/mL antifungal agent cycloheximide), R2A low nutrient agar (0.5 g/L yeast extract, 0.5 g/L proteose
peptone No.3, 0.5 g/L casamino acid, 0.5 g/L dextrose, 0.5 g/L soluble starch, 0.3 g/L sodium
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pyruvate, 0.3 g/L dipotassium phosphate, 0.05 g/L magnesium sulfate) and etc. All agar plates
were made with 15.0 g/L agar. Typically, most strains grow best on M2 agar, as it is nutrient rich
and allows bacteria to flourish quickly.

Figure 13: Serial dilution isolation method for bacterial strain isolation from soil[25]
Both soil stamping and serial dilution agar plates are incubated until bacteria can be seen, and
any emerging colonies are re-streaked onto a corresponding new agar plate. A clean streak (such
as the plate on the right in Figure 14) is desired, and these steps: picking single colonies,
streaking and continuously growing, are repeated until a clean streak consistent in phenotypes,
texture, and color are produced.

Figure 14: Soil-derived bacteria on the left, isolated pure colonies on the right via serial dilution
of soil in sterile water
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After strain isolation, each bacterial strain was then grown and extracted for further chemical and
bioactivity analyses. Liquid cultures of bacteria are grown using the corresponding liquid media
from the agar the strain grew well on. Cultures are grown in 500 mL flasks, at 28 °C ± 1 for 14
days with shaking.[4] Optimal growth typically occurs after 2-4 weeks, with bacteria cultures
often increasing the culture’s pH, usually having a pH ~ 8, and cultures of Streptomyces bacteria
are accompanied by an earthy smell.
For extractions, bacteria cultures were prepared by adjusting the pH to approximately 4-5,
centrifuged, and then ran through vacuum filtration. The supernatant, containing the secondary
metabolites excreted by the bacteria, was collected. Additionally, bacterial mycelium were
solubilized, vacuum filtered, and collected. The supernatant collected was then extracted three
times with 1.5x the volume of supernatant with ethyl acetate. For example, a 500 mL solution
will be extracted with 750 mL of ethyl acetate three times. The organic layer was collected and
reduced in vacuum to yield the microbial extract.
2. Separation and Spectroscopic Methods
2.1 Strain Fractionation
The organic extract usually contains many compounds, so vacuum layer column chromatography
(VLCC) is performed in order to separate the compounds produced by the strain by polarity.
Extracts are fractionated on a column packed with one inch silica, the extract combined with ten
times the amount of silica (ex. 50 mg extract is combined with 0.5 g silica), and covered with
one inch of sand. Solvents, e.g. gradients of dichloromethane/methanol (DCM/MeOH) from
99:1, 50:1, 30:1, 15:1, 9:1, 3:1, to pure methanol, are flushed through the column to create seven
fractions with nonpolar to polar properties.

Figure 15: VLCC Fractionation
After VLCC was performed, fractions are spotted on silica gel for thin-layer chromatography and
placed in an equilibrated chamber of DCM:MeOH, at 9:1 to verify separation. Separation of
fractionated extracts were analyzed under UV light at 254 nm, 360 nm, and stained with panisaldehyde stain (1% p-anisaldehyde, 5% sulfuric acid, 10% glacial acetic, 84% methanol) and
exposed to heat to look for any notable functional groups.
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Figure 16: TLC analysis of various samples at 254 nm (left), 360 nm (middle), and stained with
p-anisaldehyde (right). Mobile phase of DCM:MeOH in 9:1 used.
2.2 Assay Sample Preparation
Samples to be tested were made as 10 mg/mL solutions in DMSO. Samples were tested in a
single-dose microbroth M. smegmatis assay to test for anti-tubercular activity with 10 mg/mL
rifampicin (known anti-tubercular drug) as the positive control, 1.25% DMSO as the negative
control, and all extracts were made at a final concentration of 125 µg/mL. Fractions that resulted
in low percent survivals (typically less than 30% survival) were investigated and further
analyzed through LCMS, HPLC, and NMR.
2.3 Spectrometry and Isolation Methods
Liquid Chromatography and Mass Spectrometry (LC/MS) samples were made as 10 mg/mL
solutions in MeOH. Samples were injected on the LC/MS on positive mode, using a standard
gradient run of 10-100% of acetonitrile with 0.5% formic acid to ultrapure water with 0.5%
formic acid, and UV data on 210 nm, 254 nm, 280 nm, and mass per charge ratio data was
recorded during a 40-minute period. If samples did not appear to ionize well, they were analyzed
using negative ionization mode. Compounds were analyzed by looking at UV chromatograms
and mass spectra with their corresponding retention time and compared with the Loesgen Lab’s
library of compounds. Potential peaks of interest were then isolated via an High-Performance
Liquid Chromatography (HPLC) Agilent 1100 or 1260 instrument. Standard and isocratic
methods were utilized, first analyzing the LC/MS data, determining if compounds could be
cleanly isolated on the regular standard gradient method used on the LCMS, or an isocratic
method should be used, fixing solvents ratios (acetonitrile with 0.5% formic acid and ultrapure
water with 0.5% formic acid) for an extended amount of time in order to elute the desired peak.
After successful compounds isolation, 1H NMR samples are prepared using deuterated solvent
and ran on the Brunker Avance III 700 MHz spectrometer. The sample prepared for 1H NMR
can also be used to gather 13C NMR and other NMR data. A combination of all spectral data is
used to characterize and identify the bioactive natural product(s) present with anti-tubercular
activity.
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As mentioned previously, there has not been a M. smegmatis assay protocol in the Loesgen Lab
to use to screen for anti-tuberculosis activity. A series of experiments were performed in order to
adopt literature published assays and to optimize the assay in several aspects, from optimal M.
smegmatis growth, OD600 value, and optimal plate reading time.
3. M. smegmatis Assay Optimization Experiments
Professor Mahmud’s standard operating procedure (SOP) for an M. smegmatis assay was used as
a guideline for a M. smegmatis microbroth assay. A general protocol for this assay is as follows:
inoculation of M. smegmatis on an agar plate for 16 hours at 37 ℃, a single colony picked and
inoculated for continued seed culture growth in a culture tube for two days at 37 ℃, OD600
measured at 0.1 and diluted down accordingly, inoculation of the assay plate with samples at 10
mg/mL, and then analysis of assay plate 36 hours later. Using literature, it was noted that the
time for growth on agar plate and seed culture would be 2-3 days rather than 16 hours at 28 ℃
and the plate would be read at increments of 2 hours from 36-48 hours.[18]
3.1 Pathogen Growth
M. smegmatis glycerol stock consisting of 70% bacterium and 30% glycerol was T-streaked onto
an agar plate made with Luria media (10 g/L tryptone, 5 g/L yeast, 10 g/L NaCl, 15 g/L agar, pH
adjusted to 7). The plate was then set in the 28 ℃ incubator, and its growth was observed on the
same time daily for three days in order to figure out its optimal agar plate growth.

Image 4: Left: M. smegmatis agar plate growth two days at 37℃,
Right: Overgrown at four days at 37 ℃
After three days, the agar plate looked similar to the above Image 4. M. smegmatis was then
streaked and monitored in both a 28 ℃ and 37 ℃ incubator, and it was found to grow well and
produce single colonies after three days at 28 ℃ and two days at 37 ℃.
After growth on the agar plate, a single colony was picked and inoculated into a 10 mL culture
tube and combined with 5 mL Luria media. The culture tube was then placed into an incubated
shaker at 37 ℃, mimicking the temperature inside the human body. According to past antibacterial assays and comparison M. smegmatis protocols, seed culture growth turned out to
require more than the dictated one day procedural one day step.[18] It was evident that it had not
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grown to 20% of the required density, which was verified through measurement on the OD600.
Through several seed culture growth attempts, it was found that it was necessary to grow the
bacterium longer, for 2-3 days, however this lead to clumping and inaccurate readings of the cell
density. Even after the M. smegmatis been shaken, the bacterium would remain clumpy and not
form a homogenous mixture. It was thought that the aggregations could be solubilized by simply
vertexing the mixture. This proved to not solubilize the mixture enough and later inoculation into
the 96 well assay plate would have wells seeded with differing concentrations of M. smegmatis.
The idea to use an anti-clumping agent was born in order to grow the bacteria in a more
homogenous way.
An experiment was run using several common agents to disrupt clumping, yet still allow optimal
growth of the bacterium. Tween-20 is a readily available detergent- most literature cited use of
Tween-80 but they were both said to have similar properties and perform similar functions.[26]
Different amounts of Tween 20 (a detergent: polyethoxy-20 sorbitan monolaurate) and glass
beads were used to see which would allow for the least clumping yet allow for little use of the
outside agent.
OD600

Observations

Control

1.7

Clumpy

0.1 % Tween 20

0.8

Less clumpy

0.5 % Tween 20

2.9

Less clumpy

1.0 % Tween 20

-

Less clumpy

2.0 % Tween 20

0.6

Clumpy, settled quickly

5 glass beads

1.5

Less clumpy

10 glass beads

-

Less clumpy

15 glass beads

0.9

Less clumpy

Table 1: Culture Tube Anti-clumping Experiment Using Tween 20 or Glass Beads
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Image 5: M. smegmatis Growth: Control (left) and ten glass beads (right)
It was seen through several growth experiments that both Tween 20 and glass beads were useful
in preventing clumping. Results showed that too little or too much Tween 20 would cause the
seed culture to aggregate as much as before, and in general, glass beads were good to prevent
large bacterial particles. Tween 20 addition experiments were performed, and it was determined
that for optimal seed culture growth, Luria media made with 0.1 % Tween and combined with
ten glass beads allowed for a homogenous mixture that could be distributed in an assay and not
create biased and inaccurate results- suitable for fast and efficient plate reading applications.
Also, along with adding Tween 20 in the Luria media for seed culture growth, Tween 20 was
added into the assay inoculating media in order to ensure clumping did not occur during plate
incubation.
3.2 OD600 Reading
After the seeding culture conditions were optimized, and could produce a homogenous mixture,
the next steps consist of measuring the OD600- to check for growth of M. smegmatis in a Luria
media compared to a media blank of Luria media. Based off the finalized optimal Tween 20 and
glass beads ratio, an OD600 value of 0.1 was seen as the most optimal for growth, as it was
achievable in 1-2 days of growth with Tween 20 and was early enough where the M. smegmatis
did not aggregate, yet still reached a high enough concentration to move forward with the assay.
An OD600 reading correlated with a pathogen optical density of 1x107 CFU/mL.
3.3 Plate Inoculation and Reading
The 96 well plate was set up in the following manner (Figure 17), performing duplicates for each
sample, and using rifampicin (a known and widely used anti-TB drug) as the positive control,
DMSO as the negative control, and a media blank to check for media infection.
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Figure 17: M. smegmatis 96 Well Plate Layout
When the assay was first run, the aggregation issue had not been resolved, but the assay
procedure was continued to observe and identify potential procedural problems with seeding the
96 well plate. Despite this obstacle of potential clumping, K14 strains extracts and fractions and
other various lab samples were tested in the M. smegmatis microbroth dilution assay.

Image 6: Microbroth dilution 96 well plate
Because of the M. smegmatis aggregation problem, the results of the first assay were not
consistent. At the time of analyzing the assay plate, it was also observed that there were several
bubbles in the assay, which may have additionally affected results. As a result, data from each
well was scrutinized very carefully. However, it was observed that both positive control wells
and one negative control well did work, and although the results were not consistent, it could be
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comparatively observed which samples were most potent and had a lower percent survival of M.
smegmatis relative to others. From this analysis, it was observed that the K14/6 extract and its
fractions (1, 2, 4, 5) may potentially have M. smegmatis activity along with the K14/11 extract.
This data could not be considered publishable, but was valuable as a lead to narrow down the
vast amount of samples in the next steps.
A

B

Figure 18: First assay attempt’s M. smegmatis assay data.
A) Sample names are bolded and values represent percent cell survival of M. smegmatis
B) Results from Figure 18A displayed in a bar diagram
After several more assay attempts, clumping was confirmed as a factor in causing inconsistent
readings throughout the plate. Since plates were stationary and incubated for 1.5-2 days - this
allowed for even more potential for aggregation. A few assay plates were analyzed without
realizing this would be a problem, and plate readings came out very inconsistent, with some
samples having one well with high anti-tubercular activity and one well with no anti-tubercular
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activity in the duplicate seeding. As a result, adding Tween 20 during the seed culture phase and
assay plate inoculation phase would allow for regular, yet non-aggregated growth as seen earlier
in the process. This was preferred compared to glass beads, as adding glass beads would be
extremely difficult and tedious to add to every well of a 96 well assay plate. The test media,
Middlebrook 7H9 (0.47 g/L), specifically used to support the growth of Mycobacterial species,
was combined with 2 % glucose, FBS serum, 0.05 % Tween 20, and adjusted to a pH of 6.6.
Originally, the container called for ADC enrichment (bovine serum albumin fraction V,
Dextrose, Catalase), but the lab was not stocked with the needed materials, so an alternative to
ADC enrichment with glucose and FBS serum was used and has been seen to work well in both
literature and in performed M. smegmatis assays.[27] The amount of Tween 20 was also reduced
compared to the media used during seed culture growth as testing broth was made and used in
much smaller amounts, leading to the desire to use minimal Tween 20 in the assay.
Lastly, the optimal time to analyze and measure 620 absorbance values was monitored. Every
four hours between 36-52 hours, the 620 absorbance was measured and change in absorbance
and values for primarily the positive and negative controls and observations of sample 620
absorbance values changing were analyzed for a plateau or broad range of no change in value.
Since M. smegmatis had a longer incubation time compared to other bacterial pathogens, one
potential problem that could lead to inaccurate results was that the assay test media would
evaporate, leading to inaccurate concentration values in the well and cause a sample to appear
more potent than it actually was. It was found that measuring the assay plate between 42-46
hours yielded consistent 620 absorbance readings, and media levels in the wells were still
relatively the same height as when inoculated into the wells. Because of M. smegmatis’s slow
growth, reading anytime between the four-hour range has been shown to have little change in
absorbance and little effect on results.
5. General bioassay test protocols
Bacterial strains were also tested in other antibacterial assays (Staphylococcus aureus,
Methicillin-resistant Staphylococcus aureus, Enterococcus faecium) and a cytotoxicity assay
(HCT-116 colon cancer). The antibacterial assays were performed very similarly to the M.
smegmatis assay, with differences in the type of growth media and inoculation media, growth
times on agar and in seed culture, expected OD600 concentration and its corresponding CFU/mL
value, and time period of plate reading. The HCT-116 (ATCC CCL-247) assay was performed
using MTT stain to determine cell viability in a human colorectal carcinoma model.[28]
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III. Results
1. Final M. smegmatis microbroth single dose assay protocol
On the first day, inoculate from a glycerol stock of M. smegmatis on Luria agar. Incubate
overnight for two days at 37 ºC or three days at 28 ºC to achieve single colony resolution.
After the appropriate incubation period, a single colony of pathogen is selected from the agar
plate and inoculate into 5 mL of Luria Broth with 0.1 % Tween 20 and ten glass beads to prevent
aggregation. The liquid culture is incubated at 37 ºC with shaking overnight for one to two days,
checking the OD600 to determine the growth of M. smegmatis. OD600 reading around 0.1 is
desired for, with little to no further dilution. When OD600 reached = 0.1, the concentration of M.
smegmatis corresponds to 1x107 CFU/mL. The inoculum is diluted 20-fold to 5x105 CFU/mL in
a volume of X+1 mL media (X being the number of assay plates needed for all samples) in
Middlebrook 7H9 broth with 0.05 % Tween. In a broth reservoir, 9.5 mL of Middlebrook 7H9
media with additives and 0.5 mL of diluted inoculum is combined to achieve a final
concentration of 2.5x104 CFU/mL and incubated between 10-30 minutes. In the 96 well plate,
1.25 µL of sample is added in duplicates, and 1.25 µL of the positive and negative control in
duplicates are added. After 10-30 minutes of incubation of broth reservoir is complete, 98.75 µL
of inoculum is added to all wells except for media blank wells, which instead are filled with 100
µL of media. All assay plate wells should have a final volume of 100 µL and samples are diluted
to a final concentration of 125 µg/mL. Place the lid on the well plate and incubate at 37 ºC for
42-46 hours without shaking. Analyze the plate between 42-46 hours, and record all
corresponding 620 absorbance values. The plate should be read between the times given or else
the pathogen will eventually overtake the antibiotics and result in false negative readings.
2. K14 Strain Results
K strains from Mt. Kilimanjaro were isolated by Bioviotica and supplied to the Loesgen Lab for
chemical analysis. Strains were grown in liquid cultures and extracted with ethyl acetate via
separatory funnel workup. Extracts were tested in the M. smegmatis assay for potential activity.

Figure 19: Results of K14/X Strains in anti-M. smegmatis microbroth assay
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K14/6 and K14/10 were of interest as they were active with low percent M. smegmatis survival.
Extracts were then fractionated using VLCC and TLC was used to verify separation. Fractions
were then placed back into the assay to test for specific fractions active in the M. smegmatis
assay. This bioactivity-guided-isolation processed was continued several times and moved
forward to HPLC for single compound isolation.

Figure 20: K14/6 TLC Plates in 254 nm and p-anisaldehyde stain,
tested in DCM:MeOH in 9:1, Rf value = 0.4
After separation through VLCC, a prominent peak constantly appeared in F1-F5 and was
bright yellow in color. For bright yellow spot, in DCM/MeOH 9:1, the Rf value = 0.4.
Fractions were then tested in the M. smegmatis assay.

Figure 21: K14/6 fractionation chart and M. smegmatis assay data
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Figure 22: K14/10 fractionation chart and M. smegmatis assay data
Both K14/6 and K14/10 had persistent activity against M. smegmatis, and its potency was
reflected in K14/6’s F1 fraction and K14/10’s F1-F5 fractions. Samples of 10 mg/mL in
methanol were then made and analyzed with the LCMS to get UV and MS data.

Figure 23: LCMS data of K14/6 organic extract and fractions, arrows pointing at
chartreusin peak eluted at 16.63 min analyzed at 254 nm
K14/6 LCMS data was taken, and it was found that the major peak for the majority of fractions
appeared at 16.63 minutes- matching up with the bright yellow spot in TLC. UV chromatograms
were then analyzed for potential matches in the Loesgen Lab database of compounds.
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Figure 24: K14/6 UV Profile: experimental data vs. chartreusin literature[29]
K14/6 UV chromatogram data matched up with a compound in the Loesgen Lab databasechartreusin. The UV profile in literature was found and compared- showing similar UV
absorbances. Mass spectrometric data was then analyzed, with chartreusin as a lead due its match
in its unique UV pattern.
1303.1:
+
[2M+Na]

663.0:
+
[M+Na]

Figure 25: K14/10 Mass Spectrometry Data
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The mass spectrometer did not find the [M+H] peak for chartreusin. However, chartreusin’s
molecular mass is 640.594 g/mol, mass spectrometry data showed its [M+Na]+ peak (m/z 663)
and [2M+Na]+ peak (m/z 1303). All fractions containing chartreusin were combined and the
compound isolated on HPLC, yielding 1 mg.
Unfortunately, due to lack of material and impurities, a clear 1H NMR could not be obtained. In
order to obtain a clearer NMR, the isolated compound would need to be re-isolated, causing a
lower yield. However, when looking through data on K14/10, the same peak was seen (also the
major peak), and observed to have the same UV and MS data as K14/10. Since both bacteria
K14/6 and K14/10 were isolated from the same soil, it could be inferred there was a high
likelihood of them being similar or related, and produced the same compound. Additionally, they
both also showed similar activity in the M. smegmatis assay. As a result, the major peak thought
to be chartreusin in K14/10 was isolated via HPLC separation, yielding 10 mg of pure
compound. 1H NMR for the isolated K14/10 peak in deuterated chloroform were recorded at the
700Hz NMR instrument. Data for chartreusin in deuterated chloroform was then compared to
literature chartreusin NMR data acquired in deuterated pyridine data.

Figure 26: K14/10 1H NMR Spectrum in deuterated chloroform (CDCl3) on 700 Hz.

36

Figure 27: 1H NMR for chartreusin in deuterated pyridine[30]
The 1H NMR spectrum was compared to literature, and found to be almost identical. Chemical
shifts were compared to literature, which had 1H NMR spectra of chartreusin in pyridine. First,
the structure of chartreusin was compared to the 1H NMR spectra to match up peaks, and then
shifts were compared to literature values.

Figure 28: Chartreusin Structure and 1H NMR Peak Match Up[30]
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Figure 29: Comparison of experimental (deuterated chloroform) 1H NMR data vs. literature
(deuterated pyridine) 1H NMR data[30]
The chemical shift values mostly match up, and although different solvents were used, the
correct number of aromatic and aliphatic proton signals, and protons shifts were similar in both
deuterated chloroform and deuterated pyridine. 13C NMR and HSQS spectrum (Spectra found in
the Supplemental Materials section) were also obtained, and match the structure of chartreusin.
Overall, from the K14 strains, K14/6 and K14/10 were investigated and the active compound
was identified as chartreusin. Experimental data including MS, 1H NMR, and UV profiling all
matched, along with documented M. tuberculosis activity for chartreusin. [AC, AE] Additional
antimicrobial testing showed no activity against MRSA or E. faecium.
Previously, some other strains of the K-series were analyzed by K. Ströch in his Ph.D thesis.[21]
He also found among these African strains, several others were also producers of chartreusin,
having a similar Rf = 0.37 in CHCl3/MeOH 9:1, and were yellow in color on TLC. He also noted
chartreusin characteristics including poor solubility in methanol but good solubility in pyridine
and DMSO.[18] This documented data matches up with experimental data collected for
chartreusin from K14/10 in this thesis. Chartreusin was first isolated from Streptomyces
chartreusis in 1953, and it was known for its high cytotoxic activity.[29] Unfortunately, despite its
high activity, especially noted for anti-cancer activity, it had been seen as unsuitable for clinical
use as it was cytotoxic to not only cancer cells, but somatic human cells.[18]
3. Marys Peak strain results
Marys Peak strains were analyzed in a similar fashion to the K14 strains. Since work is still
currently being done on growing and extracting MP strains, only the extracted MP Strains were
tested in the M. smegmatis assay for potential anti-tubercular activity.
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Figure 30: M. smegmatis Assay results for three Marys Peak strains
Upon seeing potential activity in MP #4T, a sample was analyzed on the LCMS for UV and mass
spectrum data.

Figure 31: MP #4T UV Profile in blue (24 min peak) overlayed with novobiocin (red) from
Loesgen Lab database
MP #4T’s UV profile was compared with the Loesgen Lab database of UV chromatograms, and
matched with novobiocin.

39

613.2:
+
[M+H]

1247.1
+
[2M+Na]

Figure 32: MP #4T Mass Spectrum Data
From the MS data, an [M+H]+ peak (m/z 613) and [2M+Na]+ peak (m/z 1247) were seen clearly,
representing a compound with a 612 g/mol molecular weight. By de-replicating based on UV
profile, its origin being derived from a soil bacterium, and molecular weight, all data matched up
with the compound novobiocin.

Figure 33: Novobiocin
Novobiocin has a mass of 612.232 g/mol and had documented anti-tuberculosis activity.[31]
Novobiocin also had documented MRSA-activity, found to be effective in curing MRSA in
combination with rifampicin.[32] MP #4T was screened in the HCT-116 colon cancer assay, and
had no cytotoxic activity. It was also screened in the MRSA assay, resulting on only 1% survival
and in the E. faecium assay, having 5% cell survival. Both tubercular and activity against Gram
positive bacteria were found experimentally and in literature.
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IV. Discussion
1. Installment of a robust anti-tubercular assay in the Loesgen Lab
The main thesis work was focused on installing and optimizing a M. smegmatis assay protocol.
Protocol changes from published guidelines were implemented to allow for similar culture
quality of the M. smegmatis culture from start to finish and for consistent, repeatable assay
results. For the agar plate phase, changing from a typical T-streak to a normal clean streak was
found to work best to achieve single colonies to propagate for the assay. In the seed culture
phase, adding Tween 20 and glass beads enabled less aggregation of the bacterium, yielding a
more homogenous mixture that could allow for more consistent OD600 readings. Not only did
this help to identify the correct cell density to continue the assay, it also resulted in more
consistent readings in the 96 well plate format. In order to ensure continual homogenous mixture
in the 96 well plate as well, Tween 20 was also added in the Middlebrook 7H9 broth, to also aid
in consistent 96 well plate 620 absorbance readings. Additionally, an earlier and wider time gap,
42-46 hours after assay inoculation, is used to read the M. smegmatis assay plate. This was found
to allow for easier scheduling of plate reading along with preventing additional hours that could
contribute to evaporation of media in the assay plate. These changes to optimize the assay were
found to contribute to more consistent and accurate readings for the M. smegmatis assay in the
Loesgen Lab, allowing other lab members (current and future) to test for potential anti-tubercular
drug leads.
2. Isolation and identification of chartreusin and novobiocin
The newly developed M. smegmatis assay was tested with extracts from the K14 strains and
Marys Peak strains, along with known positive controls. From K14/6 and K14/10, chartreusin
was isolated (though LCMS, TLC, and HPLC) and characterized (through different types of
spectroscopy and literature comparisons). From MP1 #4T, novobiocin is suspected to be the
active compound through UV profiling and LCMS data. Both molecules were the main
compound in organic extracts, contributed activity in the M. smegmatis assay and had
documented tuberculosis activity. Chartreusin has documented Mycobacterium tuberculosis
activity, requiring a concentration of 2.0 µg/mL to inhibit growth of microorganisms in nutrient
broth, while novobiocin was found to inhibit the growth of 31 strains of tuberculosis at a
concentration of 4 μg/mL.[AE, AG] Although these two molecules were not newly found
compounds, the activity of each compound in the M. smegmatis assay and characterization of
them to find supporting literature shows that the optimized M. smegmatis assay does what it was
intended to do, and can be used to screen for potential anti-tubercular drug leads in the Loesgen
Lab. It was able to detect activity in two vastly different soil strains, showcasing its ability to
find anti-tubercular activity in other organic extracts.
3. Impact on drug development
Overall, through natural product screening, new molecular metabolites from bacterial and fungal
strains that are as effective against TB as current medications have been an effective starting
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point for drug development of medication by decreasing the number of medications needed or
being as effective as previous treatments. Continued research must happen in order to fight
against drug resistance and allow tuberculosis to be eradicated. The optimized M. smegmatis
assay installed in the Loesgen Lab will be a valuable tool that will allow other members of the
lab to test fungi and bacteria samples from soil, the ocean, and other sources of natural products.
Although new compounds were not found in the K14 strains or the Marys Peak strains, the assay
has been proven to work, and can be used to assist in screening for new natural products that can
be used or also optimized in order to join the fight against tuberculosis. Currently, tuberculosis is
a preventable disease, but if no new molecular entities are constantly being investigated,
researched, and discovered, tuberculosis could soon be a disease that impacts communities all
over the United States, and continue to impact those on a global level. Not only restricted to
tuberculosis, bacterial diseases in general such as the meningitis or strep throat can also become
deadly if bacteria fighting these commonly used drugs become resistant and there is no ongoing
research to develop antibacterial drugs.
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VI. Supplemental Data

Figure 34: K14/10 13C NMR Spectrum

Figure 35: K14/10 HSQC Spectrum
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