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ABSTRACT OF THE DISSERTATION

A Bacterial Cytological Profile (BCP) Guided Approach to Mining Bacterial Natural
Products and Synthetic Compound Libraries for Antibiotic Discovery

by
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Professor Joseph Pogliano, Chair

Professor Victor Nizet, Co-Chair

The exponential increase in multi-drug resistant pathogens is unmet by the
number of effective antibiotics to treat their infections, posing a serious threat to human

global heath. To address this issue, we need new sources and better tools to discovery

XVi



new antibiotics. Bacterial cytological profiling (BCP) is a new tool that rapidly identifies
the mechanism of action of bioactive compounds and is applicable to natural product
discovery and serves as a guide to increase the hit to lead ratio among chemical library
screens. This dissertation includes five chapters that explore bacterial natural products
and synthetic small molecules, guided by BCP, for the discovery of new antibacterials.
The first chapter introduces potential sources for novel discoveries and describes the
utility of BCP, followed by three research chapters and a summary chapter.

Chapter 2 describes the diversity and antibacterial activity of bacteria cultured and
isolated from four limestone caves in Carlsbad Caverns National Park (NM, USA). A
genus level phylogenetic tree was generated to display the diversity of the bacteria. The
antibacterial activities were characterized via bacterial cytological profiling (BCP) and
the cross streak method. The biosynthetic potential of four Actinobacteria and five
Bacillus sp. was investigated via genome mining for biosynthetic gene clusters.

Chapter 3 presents the discovery of novel antibiotics that inhibit DNA replication
by targeting E. coli thymidylate kinase (TMK). BCP was used to identify these molecules
from a synthetic small molecule library screen and to guide the structure activity
relationship (SAR) studies aimed to identify compounds with improved bioactivity that
also target DNA.

The final research chapter presents a study of the isolation and characterization of
Streptomyces sp. bacteriophages and describes the biosynthetic arsenals of their
associated hosts. Four Streptomyces sp. were isolated from soil samples and their

bioactivity was determined against strains of E. coli and B. subtilis. Additionally,
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bacteriophages were isolated from the soil samples, their genomes were sequenced,
assembled, and annotated, and their host range was described. The bacterial genomes
were assessed for known phage immunity factors to further characterize the host range of
each bacteriophage and elucidate their potential use for Streptomyces genetic

manipulation.
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Chapter 1: Introduction to the dissertation






1.1 Discovery of natural product antibiotics

Secondary metabolic natural products are non-essential molecules biosynthesized
by living organisms!. In certain microenvironments, these metabolites serve as an
important evolutionary strategy by increasing the overall fitness of producers and
function as niche specific drivers of microbial evolution?. The specific mechanisms by
which these molecules function in nature is largely unknown however some have been
proposed including the formation and maintenance of symbiotic relationships among
producers and non-producers in biofilms?, and competitive biological warfare*>. Soil
dwelling Actinobacteria, particularly Streptomyces sp., have been the leading source of
clinically useful compounds with novel chemistries and differential bioactivities
including immunosuppressants, anti-cancer agents, antifungals, and antibiotics® !>

The discovery of antibiotics has been one of the greatest contributions to
increasing the longevity of the human lifespan!®. Prior to the discovery of antibiotics in
the late 19" and 20" centuries, the leading cause of death was untreated bacterial
infections including pneumonia, diarrhea and diphtheria (cholera), and tuberculosis!’.
The advent of medical bacteriology sprung from the correlation between disease and the
bacteria that cause them and marked the dawn of a new era in human global health. The
correlation was a result of Robert Koch’s discoveries of the anthrax disease cycle
(Bacillus anthracis, 1876) and the bacteria responsible for tuberculosis (Mycobacterium
tuberculosis, 1882) and cholera (Vibrio cholerae, 1883)'%1°, These findings led to efforts
to discover anti-infective drugs to cure these diseases.

The first clinically useful antibiotics were chemically synthesized and discovered

by screening synthetic molecular libraries for bioactivity. Paul Ehrlich discovered



salvarsan (1909), the first antibiotic, using a mouse model to systematically screen a
synthetic compound library for selective toxicity!”2°22, Similar to Ehrlich’s approach,
Gerhard Domagk discovered Prontosil (1928)*, a broad-spectrum sulfa drug that
replaced salvarsan®*%°, by screening azo related dyes against pathogenic bacteria. The
first clinically useful natural product antibiotic was discovered serendipitously.
Alexander Fleming discovered penicillin (1928), produced by the fungus Penicillium
nonatum, after making an astute observation of a zone of lysis surrounding a fungal
contaminant on a plate containing Staphylococci®®. Penicillin was later developed as a
potent antibiotic. Its first use in 1941 saved someone’s life, and since then, countless
others.

Following the discovery and successful clinical application of the first natural
product antibiotic, and Rene Dubos’ discovery of tyrothricin (1939, Bacillus brevis),
Selman Waksman began a systematic study of soil-dwelling microbes for drug discovery,
and identified members of the genus Streptomyces (belonging to the phylum
Actinobacteria) as the most prolific producers of bioactive natural products, including
antibiotics. This led to the discovery of neomycin (1949, Streptomyces fradiae), and the
first compound active against M. tuberculosis, streptomycin (1943, Streptomyces
griseus)®®. These discoveries spurred the onset of the ‘Golden Age’ (1940-1970) of
antibiotics?’, the time period wherein natural products made by soil-dwelling microbes
were mined for drug discovery yielding 270 new drugs and 11 structurally distinct
classes, including several antibiotics produced by soil bacteria; gentamicin
(Micromonopora)*®*, chlortetracycline (Streptomycin aurefaciens®®), erythromycin A

32,33)
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(Streptomyces  aureofaciens®®),  chloramphenicol  (Streptomyces — venezuelae®*>%),

kanamycin (Streptomyces kanamyceticus®’), lincomycin (Streptomyces lincolnensis®),
vancomycin (Amycopolis orientalis®), rifamycin (Amycopolis mediterranei*®*"),
novobiocin (Streptomyces spheroides*?), specinomycin (Streptomyces spectabilis 37), and
daptomycin (Streptomyces roseosorus***). In addition to treating infectious diseases,
antibiotics made many modern medical procedures possible, including high-risk surgical
procedures, and cancer treatment?’.

The ‘Golden Age’ drew to an end when the historically successful methods for
natural product drug discovery were no longer useful. The traditional workflow included
(1) the collection of a wide variety of soil samples from local and exotic locations, (2)
isolation of the most ‘interesting’ microbes (identified on the basis of colony formation,
and color), (3) fermentation, (4) crude extract screening (5) activity guided fractionation,
(6) compound isolation, and (7) structure elucidation. A steep decrease in the number of
novel drug discoveries*>*® resulted from re-isolations of known bacterial strains and
bioactive compounds became more frequent, making the task more laborious, and yielded
fewer and fewer novel compounds®’.

The years following the ‘Golden Age’ marked a new paradigm, ushering in
completely new approaches to drug discovery. Microbes that are being mined for natural
products come from novel taxa and unmined ecosystems in geographical locations that
harbor unique bacterial communities. The advent and relatively low costs of whole
genome sequencing has opened up novel discovery methods including investigating the
natural product biosynthetic potential before applying the traditional methods for

identifying the bioactive compound of interest (genome mining). Novel methods to speed



up the identification and purification of natural products with interesting bioactivities
include molecular structure prediction on the basis of a natural product gene cluster,
cloning a natural product cluster into an expression vector and transforming it into a
strain genetically modified not to produce bioactive natural products. This process can
also lead to cluster refactoring to produce a scaffold of interest bypassing synthetic

5.6,48:49.7-10,12-15 Rinally, fluorescence microscopy has been used as a powerful

chemistry.
tool to rapid identify the mechanism of action of bioactive compounds via phenotypes of
treated bacteria, which is still a major bottleneck in the discovery pipeline**->°.
1.2 Antibiotic resistance

With the discovery of antibiotics came resistance. The pathogenic bacteria
responsible for causing infections possess a variety of modes of resistance (inherent or
acquired through mutations and genetic exchange) to a broad range of antibiotics®!2,
Persistent overuse and misuse of these precious compounds over the past three decades
further diversified the pool of acquired modes of resistance and greatly contributed to the
rapid and widespread emergence of multi-drug resistant pathogens®-*. Antibiotic
resistance is spread rapidly by horizontal transfer and clonal expansion, and as a result,
populations of resistant pathogens are exponentially increasing, and the probability of
newly- and re- emerging pathogens is increased significantly. As a result, diseases that
were once easily treatable are deadly again because the available treatment options are
limited or non-existent due to a lack of new antibiotics to treat them>,

1.3 Caves harbor great potential for drug discovery

1.3.1 Cave microbial ecology.



Caves select for diverse bacteria because of the location of caves in the
subsurface, the lack of sunlight, limited primary nutrient sources that occur inorganically,
rapidly changing host rock conditions over short distances (reduced compounds involved

in redox reactions), and zonation>®®!

. Biosynthesis of natural products may be an
important evolutionary strategy by which cave bacteria establish and maintain symbiotic
relationships. For example, the natural product desferroxamine, which is produced by
many Streptomyces, is required for some bacteria to be cultured in vitro®. This symbiotic
relationship likely formed as an evolutionary mechanism to efficiently utilize the limited
resources available in the cave environment. Cave bacteria are known to have evolved to
use extremely small amounts of carbon®?, fix CO, present in the cave, and mine the
bedrock for inorganic electron sources® so working in symbiotic teams to gain fitness in
an oligotrophic environment is not a far stretch for microbial evolution. The biosynthesis
of natural products by bacteria in nature may be a mechanism of communication®%3
ecological space competition, and perhaps both®¢’, In tight knit microbial communities
where symbioses occur®, the use of natural products for communication and weaponry
may become more necessary than in other instances. Caves are well preserved
ecosystems where phylogenetically novel bacteria and producers of novel natural
products likely reside. Cave microbial ecosystems may represent a new source of
antibiotics, and much remains to be explored. Less than fifty percent of caves in well
studied areas have been subject to research and even fewer for natural products®°.

1.3.2 Bacteria in caves

Caves are multifarious environments populated by a variety of novel bacterial

species nested in phyla that are known producers of natural products. Caves are inhabited



by a multitude of novel Actinobacteria®. There is strong potential for discovering novel
adaptations and secondary metabolite pathways used to synthesize antibiotics within
microbial genomes residing deep within Lechuguilla Cave, the deepest cave in the
continental US™,

Data resulting from 16S rDNA sequencing of cultured bacterial cave isolates
(from lava tubes in Hawaii and carbonate caves in New Mexico, USA) has revealed
many novel species including those belonging to entirely new genera and families.
Among these are many belonging to phyla that were previously determined as the most
prolific natural product producers, including: Actinobacteria, B-Proteobacteria, o-
Proteobacteria, Cyanobacteria, and the less-studied phyla Verrucomicrobia and
Chloroflexi. The Actinobacteria comprised the greatest portion of the diversity found
among all six phyla and are known as the most prolific producers of natural products with
antibiotic activity’!.

7274 A diverse

Distinct microbial communities exist in subsurface caves
community of microorganisms also inhabit carbonate caves, deep within the extreme
aphotic and oligotrophic subsurface®®’>7¢, Study results from 454 Life Sciences next
generation pyro-sequencing of bacterial isolates in Lava Beds National Monument have
revealed substantial differences in the phyla found in the cave versus surface soils. The
ecological parameters that exist in caves and function as the drivers of evolution have
previously been investigated for cave-adapted animals (troglobionts)’’ but little research
exists on how microorganisms adapt to the abiotic and biotic selective pressures of caves

in karstic and volcanic landscapes’. Microbial adaptations to the extreme subsurface

environment may include slowed growth rates, unusual phenotypes, and metabolic



modification (e.g. antibiotics) etc. for survival and reproduction optimization. The
following is an exploration of the possible observations of evolution among bacteria that
are a result of cave specific selective pressures that may influence antibiotic production
among these organisms.

Bacterial inhabitants of limestone caves have been investigated using culture-
independent techniques and revealed the presence of novel species within the phyla
Actinobacteria, Proteobacteria, Archaea, Planctomyces, Chloroflexi, Acidobacteria,
Tiothrix, Flexibacter, Cytophaga, and Bacteroides. This technique usually involves the
extraction of stable marker compounds that are useful in representing the community and
variable across interested microbial communities. Phylogenetic information is also
contained in the markers allowing for less ambiguous profiling. For example, biomarkers
exist for RNA and DNA molecules. This involves nucleic acid extraction, PCR
amplification, and Genetic Fingerprinting Techniques for community profiling,
sequencing, and phylogenetic analysis’.

Denaturing Gradient Gel Electrophoresis is used to identify bacterial species
present in a mixed sample. Whereas this method is becoming replaced by more modern
technology such as whole genome sequencing, it remains less expensive than community
sequencing and is still used today’®'. Upon confirmation of a successful PCR, the
collective PCR products from each sample are separated via DGGE to obtain an overall
gene diversity fingerprint. DGGE separates the PCR products over an increasing urea-
formamide gradient acrylamide gel based on their unique denaturation point. When a
pool of double stranded DNA is exposed to an increasing concentration of urea in the

acrylamide gel, the fragments will denature into single strands at a specific urea



concentration for each individual represented in the sample. The resulting banding
patterns allow for separation of individual species within the community structure.
1.4 Role of antibiotics among cave bacteria
1.4.1. Caves are an ideal ecological niche to look for antibiotics

There is strong evidence for bacteria producing novel antimicrobial compounds in
caves, and this ecosystem has been largely unexplored in a systematic manner for novel
antibiotics in the past. Resistance genes recovered from bacterial isolates in Lechuguilla,
a 4 million year old carbonate cave provide circumstantial evidence for the production of
antimicrobial compounds for which the bacteria have synthetic pathway genes’®82!,
Bacterial species belonging to phyla that are known prolific natural product producers
have been cultured and sequenced from the cave environment. Caves are a promising
habitat wherein to look for novel antibiotic production because they are a terrestrial dark
life ecosystem with distinct ecological pressures from the surface that may foster the
evolution of novel mechanisms responsible for the production of novel natural products.
For example, Naowarat Cheeptham and her team of researchers have discussed the
potential for antibiotic production to occur among bacteria inhabiting cave biofilms.
Their hypothesis is backed by the need to secrete antimicrobial compounds for the
purpose of inhibiting nearby cells because competition for resources in a high cell density
biofilm is fierce’. Previous studies indicate that antibiotic production is higher in a
biofilm than among planktonic cells making biofilms in cave a promising
microenvironment wherein to search for novel antibiotics®?. A 1999 study by Burgess et
al. reports that bacteria producing natural products are more frequently associated with in

marine biofilms than in planktonic populations.’+78:9192.83-90



While soil samples have been analyzed from remote and exotic terrain, caves are
ideal study sites for antibiotic research because in addition to soil they house a variety of
distinct micro-habitats and to date remain understudied for these purposes. These
subterranean locations have the potential to enhance our understanding of diversity,
biotechnological potential (fuel sources, medicine), and ecology (nutrient cycling,
adaptation). In a recent paper by Bull and Asenjo, Marcel Jaspars of Aberdeen University
references new bioactive compounds produced by microbes from volcanic springs,
industrial waste sites, deep-seas, cryo-environments, and areas of high saline, pH, and
metal contamination, providing support for this notion®>. Researchers are waiting for a
breakthrough to emerge from novel environmental sources because despite the last 15-20
years of sampling these kinds of natural habitats, no commercially viable compound has
yet emerged.

1.4.2. Selective pressures in caves that may affect antibiotic production

Abiotic and biotic factors associated with natural habitats work together and act
on their inhabitants as the driving forces of evolution. Evolutionary adaptations include
metabolic functions (nutrient and energy sources), phenotypic expressions, community
structure, distribution, and diversity. Microorganisms provide the greatest contribution to
the evolutionary diversity that exists among living organisms. Specifically, Bacteria and
Archaea are the domains that are comprised of microorganisms that have had the longest
historical time to evolve as a result of the aforementioned abiotic and biotic selective
pressures. One study investigating novel drug production among psychrophilic and
psychrotrophic bacterial strains (Serratia proteamaculans) isolated from soil in the Isla

de los Estados-Ushuaia Argentina reported the influence of two key abiotic ecological
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factors on antibiotic production®*>. The temperature and nutrient availability during
growth conditions are essential to creating the ideal conditions for antibiotic production.
Isolates were grown in a variety of nutrients coupled with varying temperatures (4-45°C).
The antimicrobial compound (Serraticin A) was produced at lower temperatures (4-8°C)
whereas no production occurred at higher temperatures (30,37,45°C) despite the fact that
cells were visibly present (perhaps not yet in stationary phase when bioactive secondary
metabolites including antibiotics are most often produced) at these temperatures. This
indicated adaptation to a cold environment and demonstrates the role of growth
conditions on antimicrobial production. In addition to the low temperature that mimics
the natural cold ecological conditions from where the bacterium was isolated, nutrients
played a key role in antibiotic production. Antibiotic production was the highest when the
isolate was grown in LB a nutrient rich media. This is counter intuitive because isolates
producing similar antibiotics to Serraticin A (microcins) required minimal or nutrient
poor media to obtain maximum production®. Ecological factors may play an active role
in bacterial antibiotic production in nature.
1.4.3 Communication through sublethal concentrations of antibiotics as an
adaptation to abiotic and biotic factors in caves

Support for the production of antibiotics for the purpose of bacterial
communication exists in a paper by Deziel®S. They propose that antibiotics are signaling
molecules that are toxic at high doses. This theory stems from experiments where
microbes were exposed to antibiotics at sublethal concentrations. The target bacteria did
not ignore these compounds, rather the compounds elicited a response. These responses

included the formation of biofilms, activation of the cells” SOS response, and becoming
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more or less virulent. Further support for the communication hypothesis comes from
Linares et al. (2006)%* who state that microbes generate signals to coordinate mutually
beneficial activities. Examples of these activities include antibiotics that kill prey and
suppress or deter competitors. Sublethal concentrations of these antibiotics can elicit
changes in microbial metabolism, behavioral change (trigger fleeing, hiding in a biofilm,
and manipulation). Antibiotics tobramycin (produced by Streptomyces tenebrarius) and
tetracycline (produced by Streptomyces aureofaciens) are effective against Pseudomonas
aeruginosa by causing cell death and inhibiting their growth respectively. These
antibiotics also elicit an increase in motility (triggers fleeing) and biofilm formation
respectively. These are members of the Actinobacteria, the most prevalent group of
bacteria inhabiting many caves.

There could be many antimicrobial compounds present at sublethal concentrations
in an oligotrophic environment where communication may be more important. If we use
the biofilm formation among cave bacteria as an example, we can speculate that this
formation may have occurred because of the presence of many bioactive metabolites
including antimicrobials present at low concentrations in the environment. Biofilm
formation may reduce the potency of an antibiotic attack, in turn increasing the fitness of
all members in the biofilm. If the above is true of biofilm formation and the widespread
presence of antimicrobial compounds, the greatest variety in caves may be revealed in
these biofilms. Additionally, many antibiotics produced in nature are potentially only
produced in the presence of other community members. Maintaining the community
could therefore be key to increasing the array of antibiotic biosynthesis in a laboratory

setting.”’~%
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1.4.4 The Atacama Desert is a hyper arid environment that might contain similar
microbes.

In addition to caves, other potential areas for exploring for antibiotics that are
underexplored relative to the soil include deserts, deep seas, and coral reefs. A recent
study of the hyper arid climactic region in the Atacama Desert of northern Chile revealed
high microbial diversity with members that are known sources of natural products.
Similar to caves located in the semi-arid region of the United States, the Actinobacteria
contain a large proportion of the microbial diversity found in the Atacama Desert. Within
this Desert ecosystem, this phylum revealed species that produce bioactive secondary
metabolites (natural products) that display a wide range of beneficial activities including
anti-inflammatory, anti-cancer, and antibiotic. This study states found increased levels of
taxonomic diversity among the Actinobacteria is likely paired with increased potential to
produce novel bioactive compounds. Of the twelve genera isolated and sequenced from
the Atacama Desert, there was a high representation of species from the Streptomyces
that contained a distinct clade (likely comprised of salar-adapted ecovars) that displayed
antimicrobial activity with novel mechanisms of action. This clade was used as the
determinant of the group of interest'®’. Further, Jaspar and his group, in order to
compliment his organism selection (Modestobacter) used MALDI-TOF mass
spectrometry and its potency demonstrated by the identification of a novel peptide
produced by members within this clade. The genome of Streptomyces sp. C34 was mined
and targeted the gene encoding 3-amino-5-hydroxybenzoic acid (AHBA) synthase
revealing ansamycins. Among these, chaxamycin D displayed antibacterial activity

against MRSA and inhibit Hsp90 (potential antitumor agent) while other chemical
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entities were promising antibiotics. In order to identify as many of the chemicals with

antibiotic activity produced by Streptomyces sp. C34, fermentation conditions were

varied to express genes that are silent under other conditions and revealed the production

of a novel lasso peptide, and chaxalactins, rare molecules that are active against Gram

positive bacteria. The extreme nature of the Atacama Desert is similar to that of semi-arid

caves in nutrient and liquid water availability. The region has had over 100 My of aridity

and 10-15 My of aridity with an annual average rainfall of <2 mm, low concentrations of

carbon, and microbial communities with high oxidation capacity making the Atacama

Desert comparable to the subsurface cave environment in semi-arid climates.”
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Chapter 2: Diversity and antibacterial activity of bacteria cultured from four semi-
arid carbonate limestone caves (Carlsbad, NM, USA)
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2.1 Abstract

The culturable diversity of bacteria isolated from four carbonate limestone caves,
Lechuguilla, Spider, Carlsbad Cavern, and Backcountry, was examined (Carlsbad
Caverns National Park, New Mexico, USA). I purified and taxonomically characterized
334 isolates belonging to four phyla, 150 Actinobacteria, 95 Firmicutes, 82
Proteobacteria and 7 Bacteroidetes. I screened them for antibiotic production, determined
the mechanism of action (MOA) of the antibiotics they produce and on the basis of
phylogenetic relatedness and bioactivity prioritized a group of 9 isolates consisting of
five Bacillus sp. and four Actinobacteria for downstream analyses. I focused on these
strains by screening them for pathogen inhibition, identifying the MOA of NPs expressed
when grown on two additional media, sequenced their genomes and mined them for
biosynthetic gene clusters associated with secondary metabolic natural products (NPs). A
summary of the results is provided below.
2.2 Introduction

Multidrug resistant bacterial pathogens have created an urgent need for the
discovery of new antibiotics'™. Microbial derived natural products (NPs) are a rich
source of biologically active compounds®”’. The global distribution of NP biosynthetic
potential is not fully understood, however it is widely accepted that in some ecological
niches and among select bacterial lineages it is enriched®, while in others it is
significantly reduced®. Soil dwelling Streptomyces sp., have long been recognized as
prolific producers of bioactive compounds including two-thirds of the antibiotics
currently on the market!'®!%, Recent evidence suggests that more extreme habitats also

harbor the potential for drug discovery'®, including hydrothermal vents!®, cryo-
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19-22 "and subterranean caves>2%. The characterization of the

environments!¢-1® deep-seas
natural products biosynthesized by bacteria isolated from underexplored locations
increases the likelihood of discovering antibiotics with novel pharmacores and
mechanisms of action?’.

Caves are naturally occurring and geographically widespread reservoirs of

bacterial biodiversity?®-3°

and represent a unique, underexploited habitat in comparison to
the surface soil from which Actinobacteria have previously been isolated and
characterized for the production of antibiotics'!*!. Specifically, the dark zone of caves is
the most unique in comparison to surface soils because they are characteristically
oligotrophic as a result of the lack of sunlight and therefore photosynthesis. Because of
this, primary nutrient sources are limited and occur inorganically, resulting in a microbial
community dominated by chemolithoautotrophs®2-37. The dark zone is also uniquely well
preserved as it is secluded from weathering, maintains a relatively stable temperature and
is moisture saturated®®®. The known diversity of bacteria in limestone caves in semi-arid
climactic regions include phyla with members that are known prolific producers of
clinically useful natural products including Actinobacteria, p-Proteobacteria, -
Proteobacteria, Cyanobacteria, and the less-studied phyla Verrucomicrobia and
Chloroflexi***. The ecological parameters that exist in caves and function as the drivers
of evolutionary speciation and metabolic diversification have previously been
investigated for cave-adapted animals (troglobionts)*?, but less is known about how

microorganisms adapt to the abiotic and biotic selective pressures of caves in karstic

landscapes?!. Similar to marine Actinobacteria, functional bacterial adaptations to the
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extreme subsurface environment may include secondary metabolic modifications
resulting in the biosynthesis of new bioactive compounds*#+,

While the NP biosynthetic potential existing in the dark zones of caves is largely
unknown, a few collections of bacteria from caves are currently being mined for
bioactive natural products. For example, the Bachmann group identified novel
hypogeamicins from the Actinomycete Nonomuraea specus isolated from Hardin’s cave
system near Ashland Tennessee®. Additionally, four different compounds with various
bioactivities were isolated from Streptomyces species cultured from the biggest
conglomeratic Karstic Cave in Siberia*. Also, a pigment with a phenooxazinone
chromophore was extracted from a Streptomyces sp. from Borra Caves in India and is
active against MRSA and TB*’. Finally, novel polyketide glycosides, Cervimycins A-D,
that are active against MRSA and VRE were discovered from Streptomyces tendae

isolated from the Grotta dei Cervi in Italy>>*

. Despite these recent efforts, to date, less
than fifty percent of caves have been subjected to extensive scientific research, and even
fewer for antibiotic discovery, leaving much to be discovered in this extreme
subterranean habitat*.

Bacterial Cytological Profiling (BCP), is a whole cell screening technique that can
be used to rapidly identify bacteria that produce inhibitory compounds. BCP uses
fluorescent microscopy to image E. coli cells that have been exposed to a potential
antibiotic. The images of the treated cells are then quantitated to generate a cytological
profile, which can then be compared to profiles of untreated cells grown under the same

condition and a library of profiles for known antibiotics. BCP is accurate enough to

identify most of the major pathways by which antibiotics are known to act and has the
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ability to distinguish between molecules acting on different steps within the same
pathway. BCP also allows the identification of the MOA for mixtures of compounds,
including unpurified antibiotics found within crude natural product extracts. BCP is
especially useful for NP discovery because it can be performed directly on petri plates,
serving both as a dereplication filter and a discovery method to rapidly prioritize strains

for further studies>®9°,

Here I report on the cultivation-based bacterial diversity of Lechuguilla, Spider,
Carlsbad Cavern, and Backcountry Caves. I evaluate the potential for bacteria cultured
from four semi-arid carbonate caves to produce novel antibiotics and explore the
possibility for cave specific ecological parameters to help characterize the areas within
the caves where these bacteria reside. This research uses a combination of
geomicrobiological, phylogenetic, and bioinformatic approaches to characterize the
biosynthetic potential of cave bacteria for natural product antibiotic discovery. A total of
334 bacterial strains were screened for antimicrobial activity resulting in a select group of
95 displaying antibiotic activity. We assessed their ability to produce compounds with
bioactivity against pathogenic bacterial strains and used BCP to characterize their
activity. This work highlights a collection of bacteria that can be explored further for the
discovery of potentially novel natural products.

2.3 Materials and methods
2.3.1 Study sites: four subterranean limestone caves

Four caves located in the karstic landscape of Carlsbad Caverns National Park

(CCNP) were chosen for this study; Lechuguilla [Lech], Carlsbad Cavern [CC], Spider

[S], and Backcountry [BC]. CCNP is situated in the semi-arid climactic region of the
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Guaralupe Mountains in the Chihuahuan Desert (NM, USA). (32°10°31”N,
104°26°38”W). The caves were formed by sulfuric acid speleogenesis, range in
temperature from 15.4°C to 18.3°C and maintain ~99% relative humidity. Each cave was
chosen on the basis of varied age, depth, length, microhabitats, and anthropogenic
impact.8
2.3.2 Description of sample sites in each cave

Within each cave, sample sites were identified along the length (23 m to 209 km),
and at varying depths (-1.5 m to -300 m). The sampling sites were chosen on the basis of
differing amounts of two biologically important chemical elements, carbon (4.98% to
9.25%) and nitrogen (0.04% to 2.99%), and on the basis of diverse microhabitats
including ferromanganese deposits (FMD), speleothems, moonmilk, water, rock, and
soils containing surface soil and decomposed wall rock.*
2.3.3 Sample collection

Bacterial cultures were obtained aseptically by dipping a sterile rayon-tipped
swab in sterile deionized water, rubbing the sample site surface, and streaking it onto a
variety of solid agar growth media. All cultures were incubated in the cave for the first 24
hours then maintained in the lab, in the dark, at cave temperature (~20°C). Upon arrival
in the lab, the culture plates were scraped and glycerol stocked for long-term storage at -
80°C. Media included those known to support the growth of the oligotrophic, slow
growing, cave bacteria including, low nutrient 2 R2A, Actinomycete Isolation Agar
(AIA), Humic Acid Vitamin Agar with antibiotics, RASS, and Bennett’s (for
Actinoplanes sp.) (Table 1). On site sampling in Backcountry Cave (BCC) varied within

5-6 m of depth below the surface every 3 meters, Spider Cave (SP) sample sites varied
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from 38-39 m of depth every 10 m, whereas sampling in Lechuguilla was done at every
50 m of increasing depth below the surface beginning at -150 m and ending at -300 m.
Sampling in Carlsbad Cavern was done in LHT passage, at -228 m every 50 m along the
length of the passage. All samples were taken in the aphotic zone, except for entrance
samples in BCC and Spider Cave. %
2.3.4 Isolation and maintenance of bacterial cave strains

To obtain individual bacteria in pure culture, mixed cave cultures were
subcultured onto specialized growth media and grown in the dark at room temperature for
two to three months. Upon the growth of individual colonies, different colony types were
streak isolated onto the same media that they were initially grown on. Streak isolations
were repeated three times or more until considered pure then put into a freezer stock
maintained at -80°C.
2.3.5 Bacterial genomic DNA extraction and quantification for 16S rRNA PCR
amplification and sequencing

Crude genomic DNA was extracted from >500 bacterial isolates using a protocol
adapted from a QIAGEN DNeasy Blood and Tissue kit. Ten microliters of the resulting
genomic DNA was diluted then used as the template in the polymerase chain reaction
(PCR) to amplify the bacterial 16S rRNA gene. Strains were cultured overnight at 30°C
in 5 mL of LB broth while rolling. Cells were pelleted (16,000 x g, 3 min) from 1 ml of
culture, re-suspended in 180 pl of lysis buffer (prepared in house), and incubated at 37°C
for 45 min after which 25 pl of proteinase K (20 mg/mL) and 200 pl Buffer AL (Qiagen)
was added. The samples were vortexed at maximum speed for 20 sec, incubated at 56°C

for 30 min, and 200 pl of ethanol (96-100%) was added. The samples were vortexed at
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maximum speed for 30 sec, added to a DNeasy Mini spin column, centrifuged (16,000 x
g, 1 min), and the supernatant was discarded. Buffer AW2 (Qigen) was added (500 pl),
followed by centrifugation (20,000 x g, 3 min). The DNeasy Mini spin column was
placed into a sterile 2 mL microcentrifuge tube, and the gDNA was eluted in 100 pl of
AE Buffer by centrifugation (20,000 x g, 1 min) following a 1 min incubation at room
temperature. The gDNA concentration was quantified (1 pl sample volume) with a
Thermo Scientific™ NanoDrop™ One Microvolume UV-Vis Spectrophotometer
(840274100) and stored at -20°C.
2.3.6 16S rRNA PCR amplification and sequencing

16S ribosomal DNA templates (~1,465 bp) were amplified using Q5 high fidelity
PCR (New England Biolabs) with the universal primer set 27F (5°-
AGAGTTTGATCCTGGCTCAG-3") and 1492R (5’-GGTTACCTTGTTACGACTT-
3’61, Each PCR mixture (50 ul) contained 100 ng of template gDNA, 500 pmol of each
primer, and 200 pM dNTPs. PCR thermocycling conditions were as follows: 30 seconds
of initial denaturation at 98°C, 30 cycles of denaturation at 98°C for 10 seconds,
annealing for 15 seconds at 60°C, extension at 72°C for 1.5 minutes, and a final
extension at 72°C for 5 minutes then held at 4°C. PCR products were purified with the
oligonucleotide cleanup protocol as described in the Monarch PCR & DNA Cleanup Kit
5 ng user manual (NEB #T1030). Resulting 1.5kB amplicons were electrophoresed in 1X
TAE buffer on a 1% agarose gel containing 2ul of Ethidium bromide and visualized
under UV transillumination. Clean PCR products were sequenced using Sanger methods
by Eton Biosciences (https://www.etonbio.com/) and trimmed for quality before analysis.

2.3.7 Phylogenetic analyses of bacterial isolates
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16S rRNA sequences were trimmed on both ends, (5’ and 3’) in Geneious Prime
using the Trim Ends function with an error probability limit set at 0.05, which trims
regions with more than a 5% chance of an error per base. Reference sequences were
obtained using a nucleotide BLAST (blastn) against the reference RNA sequences
(refseq rna) database. The nucleotide sequences used to determine the genus level
phylogeny were aligned using MUSCLE. Maximum likelihood analysis of the data was
run using RAXML with 100 rapid bootstrap replicates and the GTR+G model®>%3. All
trees were visualized using FigTree v1.4.2.
2.3.8 Bacterial cytological profiling (BCP) on LB, ISP2, ATA

The cave bacteria were streaked in the middle of LB, AIA, and ISP2 plates and
incubated for one week at 30°C. To test for antibiotic activity, 10 ul of an exponentially
growing culture of E.coli tolC was then spotted in a line perpendicular to the cave strain,
incubated for two hours, and the imaged using BCP>°. The plates were allowed to
incubate for 3 hours and then one side of the agar containing the E. coli cells was cut out,
stained with fluorescent dyes [1 pg/mL FM4-64 (red), 2 pg/mL DAPI (blue), and 0.5 uM
SYTOX (Green)] and imaged by fluorescence microscopy. A 10 pl sample of E. coli
grown alone on a petri plate served as a control. The remaining plate was left to grow
overnight and the next day the plates were assessed for killing activity by looking for a
zone of inhibition of the E. coli strain (Figure 5). The 95 cave bacteria that were positive
for next day killing were all assigned a cell profile that matched a known MOA (Figure
6). These cave bacteria were then grouped based on species to investigate whether
bacterial members belonging to the same species can produce molecules that act on a

different cellular target in the same organism (Figure 7).
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2.3.9 Genomic DNA extraction for PacBio whole-genome sequencing

High molecular weight genomic DNA (20-160 kb) was extracted from 4
Actinobacteria (EMS5, EM7, EM9, and EM10) and 5 Bacillus strains (EM1, EM2, EM3,
EM6) with the QTAGEN-Genomic-tip 500/G kit (10262) according to the manufacturer's
protocol for bacteria.
2.3.10 Whole-genome sequencing, assembly, and annotation

The genome sequences of 4 Actinobacteria and 5 Bacillus sp. were generated
using the Pacific Biosciences RS II (PacBio RS II) single molecule real-time (SMRT)
sequencing platform at the IGM Genomics Center, University of California, San Diego,
La Jolla, CA. Genome sequences were assembled using the HGAP protocol integrated in
the PacBio RS II sequencer (smrt analysis v2.3.0/Patch5) resulting in a variable number
(n = 1-10) of contigs per genome, and ranged in size from 5.58 to 8.54 Mb. The mauve
contig mover was used to order the contigs of 8 draft genome sequences (genomes of
strains EM1, EM2, EM3, EM6, EM5, EM7, and EM9) relative to a closely related
reference sequence (B. thuringiensis HD-771, S. griseus subsp. griseus NBRC 13350, S.
Sfulvissimus DSM 40593, and S. coelicoflavus ZG0656 respectively). DNA sequencing of
strain EM10 resulted in a single contig and did not require reordering to restore gene
synteny. Gene prediction and annotation were made with the Rapid Annotations using
Subsystems Technology (RASTtk)%* platform.
2.3.11 Genome mining for secondary metabolic gene clusters

antiSMASH v5.0%° was used to perform the prediction of biosynthetic gene
clusters. Annotations were from AntiSMASH of secondary metabolite biosynthesis gene

clusters (smBGCs).
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2.4 Results and discussion
2.4.1 Study sites: 4 carbonate limestone caves

Four cave systems were identified as study sites and from their maps a systematic
sampling method was set up. The caves are located in the semi-arid climactic region of
the southwestern United States in the state of New Mexico in Carlsbad Caverns National
Park (CCNP). These caves include Lechuguilla Cave, Left Hand Tunnel in Carlsbad
Cavern, Spider Cave, and Backcountry Cave (Figure 1). The caves were systematically
assessed along the length and at varying depths (-1.5 to -300 m) for areas of interest
including; the Dark Zone, areas with low anthropogenic effect, and the presence of

Moonmilk?3,
2.4.2 Bacterial sample collection

A total of 108 cultures were isolated from a variety of microhabitats including
flowstone, stalactites, and moonmilk within all four caves using sterile swabs dipped into
lab grade DI water streaked onto a variety of specialized growth media®®. It is commonly
accepted that less than two percent of the microorganisms occurring in nature have been
successfully cultured. Recent culture independent phylogenetic studies focusing on

314174756673 Growth media and

microorganisms have provided support for this
conditions were therefore customized for improving culturability of the existing bacterial
biodiversity in caves. Media included those known to support the growth of the
oligotrophic, slow growing, cave bacteria including; low nutrient 2 R2A, Actinomycete
Isolation Agar (AIA), Humic Acid Vitamin Agar with antibiotics, Oatmeal agar (for

Actinomadura sp.), and Bennett’s (for Actinoplanes sp.). All samples were incubated in

the cave for the first 24 hours then maintained in the lab, in the dark, at cave temperature
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(~20°C). Upon arrival in the lab, the growth plates were scraped and glycerol stocked for
long-term storage at -80°C. The cave samples were streak isolated onto a variety of
growth media including AIA with antibiotics to further select for Streptomyces sp., the
original growth media to isolate the highest level of diversity, and nutrient rich Luria

Bertani (LB).

2.4.3 Isolation, taxonomic identification, and genus level phylogeny

A total of 334 cave strains were isolated and the 16S rRNA gene was sequenced
revealing the taxonomic identification of each, and the diversity among the collection.
The phylogenetic relatedness was determined among all 334 taxa and is displayed in a
phylogenetic tree (Figure 2) Table 2 contains a list of the cave isolate strain names, and
their corresponding genus level classification, and Table 3 contains a list of the 100 type
strain reference sequences used to build the tree. The cave isolate strains classified in 25
genera, both Gram-positive and Gram-negative, spanning 4 phyla (Figures 2-4). Isolate
A13Al is the only strain in the Agromyces genus. The Stapholycoccus strains fall inside
the larger Bacillus clade; this could be an artifact of the limited sequence data used in the
study and/or because those two genera are very highly similar based on 16S rRNA

sequences.

2.4.4 Bacterial cytological profiling of cave bacteria natural products on LB plates
All 334 isolates were screened with tandem cross-streak inhibition assays on solid
LB media to identify isolates that produce inhibitory natural products against E. coli
JP313 AtolC (pump knock out mutant strain rendering it more sensitive to most
antibiotics), and E. coli JP1033 IptD (lipopolysaccharide assembly protein mutant

rendering it more sensitive to most antibiotics). A total of 95 strains (29%) were active
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against 2 test stains of E.coli. 53 strains (16%) displayed a zone of inhibition when tested
against E. coli JP1033 [ptD, and 42 strains (13%) displayed a zone of inhibition when
tested against E. coli JP313 AtolC, and 239 (72%) were inactive under these test
conditions (Figure 6). An example of the E. coli tolC control and test plates are shown in
Figure 5. Next, I assessed the taxonomic classification data gathered for all 95 (29%)
isolates. Representatives from all four phyla were present among the 95 inhibitor strains
and were heavily represented among the Firmicutes, the majority belonged to the genus
Bacillus. Fifteen of the Bacillus sp. had very similar 16S rRNA sequences and grouped
with Bacillus toyonensis, a known producer of an antibacterial lantibiotic (Figure 7).
Among the Actinobacteria were four inhibitor strains that belonged to the genera

Streptomyces and Nocardiopsis. (Figure 9, Table 4).

The likely MOA of compounds produced by the 95 strains that displayed a zone
of inhibition against E. coli JP313 AtolC and E. coli JP1033 IptD on LB were studied
using BCP. We found 7 major BCP phenotypes, including inhibitors of the cell envelope,
protein translation, DNA replication, membrane activity, and one DNA intercalation
phenotype. The most common MOA (28% of strains) was those producing multiple
phenotypes and strains that produce a DNA intercalating agent followed closely by DNA
replication inhibition were the least common under these growth conditions (Figure 6).

Because Streptomyces sp. are known prolific antibiotic producers and they
displayed phenotypes indicative of producing bioactive molecules that target different
major cellular pathways, four of the Actinobacteria were chosen for further
characterization (Figure 9, Table 4). In addition, because so many Firmicutes displayed

bioactivity against E. coli, 1 selected five Bacillus strains for further study. (Figure 9,
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Table 4). Bacillus sp. are a prevalent group among the Firmicutes with antibacterial
activity, and among these, we found 15 closely related Bacillus toyonensis isolates. B.
toyonensis is a probiotic in livestock feed and was recently found to be a producer of a
lantibiotic molecule with antibacterial effects. Fifteen closely related members of the
Firmicutes tightly cluster with Bacillus toyonensis, and according to their 16S rRNA gene
these cave isolates are the same species, however, I found that they have different MOA
against E. coli JP313 AtolC and E. coli JP1033 IptD on LB (Figure 8) suggesting
variation among the natural products produced. For example, one of the strains inhibited
DNA replication while two others inhibited protein translation and cell wall biogenesis.
Despite the close relationship based on 16S rRNA, our results reflect previous studies
suggesting that bacteria with high 16S rRNA gene sequence similarity can exhibit
different capacities to produce antibacterial molecules and it is worth further
investigating many other closely related members of the collection. Strains of bacteria
belonging to the same species that are capable of inhibiting different cellular pathways
alludes to the evolution of potentially unique natural product genes present within the
cave microbiome. The same species of bacteria cultured from an oligotrophic
environment like caves may have evolved unique biosynthetic gene clusters that act on
different cellular pathways within the same Gram-negative organism (such as E. coli) to

make one variant better equipped to compete for space and resources than another.

I also examined the MOA using BCP of four Actinomycete strains that inhibited
E. coli tolC growth. These strains displayed four different MOA, including cell wall,

DNA intercalation, a mixture of cell and DNA, and a mixture of cell wall and membrane
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activity (Table 4). Based on the BCP phenotypes of these strains, I identified four
Actinomyces strains to prioritize for genome sequencing.
2.4.5 Pathogen inhibition by cave isolates

I began further characterizing the NP arsenal of the 9 most interesting isolates,
five Bacillus sp. and four Actinobacteria, by assessing their biosynthetic potential to
inhibit the growth of five known pathogens using the rapid cross-streaking method. All
but three cave isolates inhibited at least one of the known pathogens including E. coli
ATCC25922 (WT), S. aureus USA 300 1516 (MRSA), P. aeruginosa strain K2733

(Apump), PAO1 (WT), and P4 (MDR) (Table 4).

2.4.6 Bacterial cytological profiling of cave bacteria natural products on different
media

Next, I assessed the potential for expressing different bioactive molecules under
different growth conditions using BCP to identify the MOA of the NPs produced on two
additional solid media. Initially I screened all cave isolates, including the 9 strains of
interest, on LB media against E. coli AtolC AD3644. I expanded the characterization of
their biosynthetic capacities by evaluating them on Actino Isolation Agar (AIA) and the
low nutrient media ISP2. This experiment was attempted to further diversify the
phenotypes, and potentially induce the expression of diverse bioactive compounds among
the 9 strains. This also allowed for the identification of the growth conditions under
which each strain expresses the most interesting NPs resulting in unique BCP profiles as
shown in Figure 10 (Bacillus strains) and Figure 11 (Actinobacteria strains), the BCP

phenotypes of the strains depended upon the growth conditions. For example EMS5
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inhibited translation of E.coli tolC when grown on LB but inhibited cell division when
grown on ISP2 (Figure 11).
2.4.7 Genome sequencing

The genomes of nine cave isolates (4 Streptomyces and 5 Bacillus) were
sequenced using PacBio at the UCSD IGM sequencing Core and assembled into contigs.
When the sequence data came back, I reorganized the contigs resulting from assembly to
the whole genome sequence (WGS) of the most similar known bacterial isolate (based on
16S rRNA sequence) to restore gene synteny. Of these nine, I focused on the five
Actinobacteria: strains EM5, EM7, EM9, and EM10. I annotated the genomes using

RAST.

2.4.8 Biosynthetic capacity of 4 cave bacteria.

I used AntiSMASH 5.0 to identify predicted gene clusters associated with
secondary metabolism (Figure 12), and using sequence comparison by pairwise amino
acid alignment, began to characterize the clusters by determining the level of similarity or
dissimilarity to known BGCs (Figure 13). Each strain encoded more than 10 BGCs, with
many of the clusters not matching to previously described BGCs (Figures 12 and 13).
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2.6 Figures
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Figure 2.1 Map displaying the location of four carbonate caves in the Guadalupe
Mountains (Carlsbad Caverns National Park, New Mexico, USA).
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A13A1 (Agromyces sp.)

Figure 2.2 The maximum likelihood phylogeny of 334 isolates cultured from caves
and 100 bacterial type strain reference sequences. 16S rRNA sequences were aligned
with MUSCLE and analyzed with RAXML. Genus level clades have been collapsed for

viewing purposes.
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Phyla of Bacteria Cultured from 4 Carbonate Caves

Firmicutes
28%

Bacteriodetes
2%

Figure 2.3. Phylum level bacterial diversity of the isolates cultured from four
carbonate limestone caves; Lechuguilla, Backcountry, Spider, and Carlsbad
Cavern. Members of the Actinobacteria were selectively cultured for this study.
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A_ Carlsbad Cavern, Left Hand Tunnel Passage B_ Lechuguilla Cave

Bacteriodetes
1% I
Firmicutes

26%

c. Spider Cave D_ Backcountry Cave

Firmicutes
38%

Firmicutes
40%

Figure 2.4. Phylum level bacterial diversity of the isolates cultured from carbonate
limestone caves. (A) Carlsbad Cavern, the Left Hand Tunnel Passage, (B) Lechuguilla
Cave, (C) Spicer Cave, and (D) Backcountry Cave.
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E.coli tolC AD3644 untreated controls  Cave Bacteria versus E.coli tolC

tolC vs. tolC tolC Inhibition tolC Uninhibited

Figure 2.5. Screening cave bacteria for antibiotic production. The cave bacteria is
streaked in the middle of the plate and allowed to grow for 3 to 5 days. 10 pl of an
exponentially growing culture of E.coli tolC is then spotted in a line perpendicular to the
cave strain, incubated for two hours, and the imaged using BCP?*. Plates are incubated
overnight at 30°C and the zone of inhibition on the plate is determined. (A) E.coli tolC
control alone or E.coli tolC tested against E.coli tolC as a control. (B) E.coli tolC tested
against two cave strains. E.coli tolC is inhibited by the cave strain HV11A2 (left) but not
by A7B2 (right).
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DNA Interchelator
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72%
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Figure 2.6. Cave bacteria produce Gram-negative inhibitory bioactive compounds
using a variety of mechanisms to target different cellular pathways.
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Figure 2.7. The maximum likelihood phylogeny of 84 isolates cultured from caves
and 17 bacterial type strain reference sequences. 16S rRNA sequences were aligned
with MUSCLE and analyzed with RAXML. Two closely related clades of Bacillus sp.
isolates had differential inhibition abilities and major cellular targets against E.coli tolC
when tested on LB with different cellular targets. Five isolates, highlighted in orange,
from these clades were chosen for further study based on the difference in killing and
MOA observed in BCP.
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B. toyonensis inhibit E.coli tolC on LB

1) Small cells 2) DNA Replication

Untreated
E.coli tolC

3) DNA replication and Membrane 4) Protein Translation and Cell wall

Figure 2.8. Bacillus toyonensis strains exhibit different phenotypes when tested
against E. coli tolC on LB. (1) AC23al produces very small cells. (2) AC79al blocks
DNA replication. (3) HVC74al targets DNA replication and membrane. (4) A27al
targets protein translation and cell wall.
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Figure 2.9. The maximum likelihood phylogeny of 9 isolates cultured from caves and

6 bacterial type strain reference sequences. 16S rRNA sequences were aligned with
MUSCLE and analyzed with RAXML.
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BCP Phenotypes of E. coli AtoIC AD3644 Exposed to NPs of Cave Bacillus sp. on Three Different Solid Growth Media
EM2 EM3

EM4 EM6

EM1

LB

AIA

IsP2

Figure 2.10. BCP analysis of 5 Bacillus cave strains.

49



BCP Phenotypes of E. coli AtolC AD3644 Exposed to NPs of Cave Actinobacteria on Three Different Solid Growth Media
EM9

EM7

EM5

AIA

ISP2

Figure 2.11. BCP analysis of 4 Actinobacteria cave strains.
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Figure 2.12. Distribution of biosynthetic class among secondary metabolic gene
clusters predicted in the genomes of 9 cave isolates. The total number of BGCs
associated with secondary metabolism according to antiSMASHS5.0 and the distribution
of their corresponding biosynthetic classes are shown.
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Figure 2.13. Sequence comparison of predicted BGCs to known secondary metabolic
gene clusters. Displaying the number of BGCs predicted in 9 bacterial genomes that
share some amount of sequence similarity with clusters in the MiBIG database.
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2.7 Tables

Table 2.1. Specialized growth media used to culture and isolate bacteria from semi-
arid limestone caves.

Medium Name Medium Composition (1 L)

yeast extract 0.5g, proteose peptone No.3 0.5g, casamino acids 0.5g , dextrose 0.5g,
1/2 R2A soluble starch 0.5g, sodium pyruvate 0.3g, dipotassium phosphate 0.3g, magnesium sulfate
0.05g, agar 30g. (pH 7.2+ 0.2). + pulverized limesone

Bennet's  yeast extract 1g, glucose 10g, casein 2g, nutrient agar with beef extract 23g. (pH 7.2+ 0.2)

Na2HPO4 0.5g, KCI 1.71g, MgS0O4*7H20 0.05g, FeSO4*7H20 0.01g, CaCO3 0.02g, humic

HVA acid 1g, agar 18g.

starch orglycerol 12.5g, L-arginine 0.1g, K2HPO4 1g, NaCl 1g, MgSO47H20 0.5g, trace
RASS elements 1 mL, agar 15g. (trace elements/100ml CuSO4 0.1g , MnSO4 0.1g, Fe2(S04)3
—6H20 1.0g , ZnSO4- 7H20 0.1g)

sodium caseinate 2g, L-Asparagine 0.1g, sodium propionate 4g, dipotassium phosphate 0.5g,

AlIA magnesium sulphate 0.1g,glycerol 5 mL, rifampicin 50 pgmL-1, cycloheximide 100 pgmL-1,
agar 15g. (pH 8.1 £0.2)
LB yeast extract 5g, tryptone 10g, NaCl 10g, agar 15g. (pH 7.0)
ISP2 yeast extract 4g, malt extract 10g, dextrose 4g, agar 2g. (pH 7.0)
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Table 2.2. Genus classifications of cave isolates based on maximum likelihood
analysis of 16S ribosomal RNA sequence data.

Strain 1D Genus Classification
A10A1 Micrococcus
Al12A1 Chryseobacterium
A12B1 Chryseobacterium
Al13A1 Agromyces
Al13A2 Bacillus
Al13B1 Bacillus
Al7A1 Bacillus
Al18A1 Microbacterium
Al18A2 Microbacterium
Al19A1 Bacillus
A21A1 Bacillus
A22A1 Microbacterium
A22A2 Microbacterium
A22C1 Microbacterium
A22D1 Microbacterium
A23A1 Bacillus
A25B1 Microbacterium
A25C1 Microbacterium
A26A1 Arthrobacter
A27A1 Bacillus
A30Al Enterobacter
A34A1 Arthrobacter
A34Bl1 Stenotrophomonas
A42B1 Enterobacter
A43A1 Pseudomonas
A43Bl1 Pseudomonas

A4Al Bacillus
A56Cl1 Microbacterium
AS5TA1 Bacillus
A61A1 Rhodococcus
A65A1 Microbacterium
AT73A1 Glutamicibacter
AT7A1 Arthrobacter

ATAl Bacillus

ATA2 Stenotrophomonas

A7BI1 Bacillus

A7B2 Stenotrophomonas
A82B1 Kocuria

ACI106A1 Paenibacillus

AC106A2 Paenibacillus

AC10A1 Bacillus

AC10A2 Bacillus
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Table 2.2. Genus classifications of cave isolates (continued).

Strain ID Genus Classification
AC12B1 Chryseobacterium
AC23al Bacillus
AC24Bl1 Paenibacillus
AC24B2 Paenibacillus
AC30B1 Enterobacter
AC31A1 Bacillus
AC38A1 Stenotrophomonas
AC42A2 Enterobacter
AC43A1 Bacillus
AC52al Bacillus
AC56B Arthrobacter
AC57A1 Microbacterium
AC58B1 Microbacterium
AC61A1 Lysinibacillus
AC61A2 Paenibacillus
AC61A3 Paenibacillus
AC64Bl1 Microbacterium
AC64Cl1 Arthrobacter
AC64C2 Bacillus
AC64C3 Arthrobacter
AC64D1 Microbacterium
AC67A1 Stenotrophomonas
AC67B1 Stenotrophomonas
AC68A1 Brevundimonas
AC69BI1 Enterobacter
ACT3A1 Glutamicibacter
ACT9A1 Bacillus
ACS8I1BI Microbacterium
AC83BlI Arthrobacter
AC83B2 Microbacterium
ACS85A1 Arthrobacter
AC85A2 Arthrobacter
ACS86C1 Microbacterium
AC86D1 Microbacterium
AC86D2 Brevundimonas
ACS88A1 Arthrobacter
ACB8A1 Microbacterium
AC8A2 Rhodococcus
AC8BI1 Enterobacter
AC8B2 Microbacterium
ACI91A1 Arthrobacter
AC92A Bacillus
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Table 2.2. Genus classifications of cave isolates (continued).

Strain ID Genus Classification
AC92A1 Bacillus
AC92C1 Lysinibacillus
AC94B1 Brevundimonas
AC94B2 Microbacterium
AC95B1 Paenibacillus
AC95B2 Paenibacillus
ACIAI1 Bacillus
ARC1 Streptomyces
ARCI10 Streptomyces
ARCIl11 Streptomyces
ARCI12 Streptomyces
ARCI13 Streptomyces
ARCl14 Streptomyces
ARCI5 Streptomyces
ARCI16 Achromobacter
ARCI18 Burkholderia
ARC2 Streptomyces
ARC21 Streptomyces
ARC22 Streptomyces
ARC25 Nocardiopsis
ARC26 Nocardiopsis
ARC27 Nocardiopsis
ARC28 Streptomyces
ARC29 Streptomyces
ARC3 Streptomyces
ARC31 Streptomyces
ARC32 Streptomyces
ARC33 Streptomyces
ARC34 Streptomyces
ARC35 Nocardiopsis
ARC36 Nocardiopsis
ARC37 Nocardiopsis
ARC38 Streptomyces
ARC4 Streptomyces
ARC40 Streptomyces
ARCA41 Streptomyces
ARC42 Streptomyces
ARCS Streptomyces
ARC6 Streptomyces
ARC7 Streptomyces
R30Bl1 Bacillus
R30B2 Stenotrophomonas
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Table 2.2. Genus classifications of cave isolates (continued).

Strain ID Genus Classification
R55A1 Microbacterium
R72A1 Bacillus
R87A1 Microbacterium

RC26A1 Pseudomonas
RC30B1 Bacillus
RC34Bl1 Brevundimonas
RC43A1 Brevundimonas
RC43A2 Brevundimonas
RC43B1 Microbacterium
RC43B2 Lysinibacillus
RC45B1 Microbacterium

RC52A1 Bacillus

RC53A1 Microbacterium

RC53A2 Microbacterium

RC55A1 Microbacterium

RC59A1 Microbacterium

RC72A1 Bacillus

RC83B1 Brevundimonas
RC8A1 Pseudomonas
RC9A1 Bacillus
RC9B1 Bacillus

CB062A Bacillus

CB076B Bacillus

CB102A1 Bacillus

CB103A1 Paenibacillus

CBI105A1 Bacillus

CB105B1 Bacillus

CB106A1 Micrococcus

CB106A2 Brevundimonas

CB106B1 Brevundimonas

CBI10A1 Lysinibacillus

CBI112A1 Pseudomonas

CB112B Paenibacillus

CBI113A1 Paenibacillus

CB113B1 Paenibacillus

CBI11Al Paenibacillus

CBI12A1 Burkholderia

CBI18A1 Paenibacillus

CB18A2 Paenibacillus

CB21A1 Pseudomonas

CB22A1 Bacillus
CB23B Paenibacillus
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Table 2.2. Genus classifications of cave isolates (continued).

Strain ID Genus Classification
CB23B1 Paenibacillus
CB24Cl1 Acinetobacter
CB28Al Bacillus
CB29A1 Bacillus
CB32A1 Enterobacter
CB33Al Bacillus
CB33B1 Bacillus

CB34A Bacillus
CB34A1 Bacillus
CB39A1 Enterobacter
CB40A1 Enterobacter
CB41A1 Bacillus
CB42A1 Acinetobacter
CB43Al1 Acinetobacter
CB43B1 Microbacterium
CB43B2 Pseudomonas

CB4al Bacillus
CB52A1 Lysinibacillus
CB53A1 Enterobacter
CB56A1 Stenotrophomonas
CB58AL1 Rhodococcus
CB60A1 Bacillus
CB62A1 Bacillus
CB62B1 Bacillus
CB63A1 Pseudomonas
CB64A1 Enterobacter
CB67A1 Pseudomonas
CB67A2 Pseudomonas
CB69A1 Stenotrophomonas
CB75B1 Pseudomonas
CB76A1 Bacillus
CB76B1 Bacillus

CB8Al Paenibacillus

CB8BI1 Achromobacter

CB8C1 Achromobacter
CB91Al Paenibacillus
CB93A1 Stenotrophomonas
CB93B1 Bacillus
CB9%4A1 Enterobacter
CB94Bl1 Enterobacter
CB97A1 Stenotrophomonas
CB97B1 Enterobacter
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Table 2.2. Genus classifications of cave isolates (continued).

Strain ID Genus Classification
CB98B1 Bacillus
CB99A1 Burkholderia

HV102A1 Bacillus

HV102A2 Microbacterium

HV108A1 Paenibacillus
HV10A1 Bacillus
HVI11Al Paenibacillus
HVI11A2 Paenibacillus
HVI12A1 Agrobacterium
HV17A1 Bacillus
HV20A1 Lysinibacillus
HV20A2 Lysinibacillus
HV21Al1 Bacillus
HV22A1 Brachybacterium
HV22A2 Brachybacterium
HV23Al Bacillus
HV24Al1 Bacillus
HV25Bl1 Microbacterium
HV25Cl1 Pseudomonas
HV27Bl1 Microbacterium
HV2AI1 Bacillus
HV30B2 Bacillus
HV31Al Bacillus
HV32Al1 Bacillus
HV32A2 Bacillus
HV40A1 Bacillus
HV41A1 Lysinibacillus
HV43Al1 Brevundimonas
HV43A2 Brevundimonas
HV43Bl1 Pseudomonas
HV44Bl1 Microbacterium
HV47A1 Microbacterium
HV49A1 Ensifer
HV49A2 Bacillus
HV50A1 Bacillus
HV55A1 Microbacterium
HV56A1 Microbacterium

HV58B Bacillus
HV58BI1 Bacillus

HV61A1 Rhodococcus
HV66A1 Paenibacillus
HV66BI1 Micrococcus
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Table 2.2. Genus classifications of cave isolates (continued).

Strain ID Genus Classification
HV68A1 Staphylococcus
HV69A1 Agrobacterium
HV69BI1 Sphingobacterium
HV69B2 Brevundimonas
HV6A1 Bacillus
HV71A1 Microbacterium
HV74A1 Bacillus
HV74B Brevundimonas
HV74Cl1 Paenibacillus
HV74C2 Bacillus
HV74D1 Bacillus
HV76A1 Microbacterium
HV77Bl1 Microbacterium
HV83Al Rhodococcus
HVS83BI Rhodococcus
HVS83Cl1 Microbacterium
HVS85A1 Bacillus
HV87Bl1 Microbacterium
HVS88AI Pseudomonas
HVE8A2 Microbacterium
HV94Cl1 Brevundimonas
HV98AI1 Bacillus
HV9A1 Bacillus
HVCI102A2 Bacillus
HVC106B1 Paenibacillus
HVC106B2 Paenibacillus
HVC108A1 Paenibacillus
HVCI2A Chryseobacterium
HVCI12A1 Chryseobacterium
HVCI16A1 Bacillus
HVCI16A2 Rhodococcus
HVC17C1 Bacillus
HVC23A1 Bacillus
HVC24B1 Brevundimonas
HVC24B2 Bacillus
HVC33BlI Microbacterium
HVC33B2 Microbacterium
HVC34A1 Stenotrophomonas
HVC34A2 Pseudomonas
HVC43B1 Pseudomonas
HVC44A1 Bacillus
HVC44A2 Microbacterium
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Table 2.2. Genus classifications of cave isolates (continued).

Strain ID Genus Classification
HVC46A Microbacterium
HVC46A1 Microbacterium
HVC47A1 Microbacterium
HVC48A1 Ensifer
HVC51A1 Brevundimonas
HVC53A1 Microbacterium
HVC54A1 Bacillus
HVC55A1 Microbacterium
HVC56A1 Pseudomonas
HVC59A1 Microbacterium
HVC61A1 Paenibacillus
HVC61A2 Rhodococcus
HVC65A1 Pseudomonas
HVC65A2 Pseudomonas
HVC66A1 Paenibacillus
HVC68A1 Staphylococcus
HVC68A2 Bacillus
HVC68BI1 Microbacterium
HVC69B1 Rhodococcus
HVC72A1 Kocuria
HVC74A1 Bacillus
HVC7BI Stenotrophomonas
HVC80A1 Bacillus
HVC81A1 Paenibacillus
HVC81D1 Microbacterium
HVCS81D2 Pseudomonas
HVC83A1 Pseudomonas
HVC83A2 Brevundimonas
HVC86A1 Brevundimonas
HVCS8A1 Microbacterium
HVC90A1 Paenibacillus
HVC90B1 Microbacterium
HVCI1A1 Arthrobacter
HVC92A1 Sphingobacterium
HVC92B1 Bacillus
HV(C94C1 Bacillus
HVC9%4D1 Microbacterium
HVC94D2 Microbacterium
HVC97A1 Micrococcus
HVC97B1 Microbacterium
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Table 2.3. 100 Reference type strain 16S ribosomal RNA sequences used in
maximum likelihood analysis and classification of cave isolates.

Accession
NR 024640
NR 024957
NR 025083
NR 025228
NR 025517
NR 025548
NR 025589
NR 025922
NR 026162
NR 026194
NR 026234
NR 026342
NR 026452
NR 027199
NR 028993
NR 029109
NR 037024
NR 041175
NR 041210
NR 041396
NR 041546
NR 042092
NR 042136
NR 042263
NR 042568
NR 043268
NR 043535
NR 043846
NR 043854
NR 044365
NR 044524
NR 044525
NR 044906
NR 075062
NR 102890
NR 103947
NR 104689
NR 104776
NR 104795
NR 104978
NR 104982
NR 108441
NR 108531
NR 108689
NR 112067
NR 112192
NR 112261
NR 112306
NR 112403
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Table 2.3. 100 Reference type strain 16S ribosomal RNA sequences (continued).

Accession
NR 112429
NR 112527
NR 112569
NR 112632
NR 112746
NR 112780
NR 113341
NR 113611
NR 113627
NR 113648
NR 113732
NR 113800
NR 113828
NR 113855
NR 113893
NR 113990
NR 113991
NR 114435
NR 114710
NR 114963
NR 114986
NR 115064
NR 116448
NR 116722
NR 116873
NR 117268
NR 117621
NR 117644
NR 118008
NR 118146
NR 118617
NR 121761
NR 125618
NR 133968
NR 134084
NR 134114
NR 134118
NR 145647
NR 145660
NR 145886
NR 146667
NR 148610
NR 148786
NR 152692
NR 156872
NR 157010
NR 157731
NR 157733
NR 157734
NR 157735
NR 163642
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Table 2.4. Inhibition of pathogens by bacterial isolated from caves. Isolates EM4,
EM9, and EM10 had no inhibitory activity against test pathogens, whereas 4 isolates
inhibited the clinically relevant E. coli ATCC 25922 strain (EM1-3 and EM6), and five

inhibited a MDR clinical isolate of MRSA (USA300 TCH1516) (EM1-2, EM5-7).

Cave and E.coli AtolC AD3644
Isolate . By Pathogen Inhibition
Microhabitat MOA (LB) g
EM1 Lechuguilla . E. coli ATCC 25922 (WT)
Bacillus sp. Cave column DNA Replication . aureus USA 300 TCH1516 (MRSA)
EM2 Red :f:/luf::laosi " DNA Replication and E. coli ATCC 25922 (WT)
Bacillus sp. P Membrane . aureus USA 300 TCH1516 (MRSA)
and crystals
EM3 Back Country Cave | .\ ail or Membrane E. coli ATCC 25922 (WT)
Bacillus sp. Rock
I-;M4 Back Country Cave Cell wall and DNA None
Bacillus sp. Rock
Lechuguilla .
EM6 . E. coli ATCC 25922 (WT)
Bacillus sp. | "9 FeMn deposits Cell Wall and DNA . aureus USA 300 TCH1516 (MRSA)
and crystals
EM5 Carlsbad Cavern Cell wall, Membrane and . aureus USA 300 TCH1516 (MRSA)
S. griseus stalagmite Protein translation P. aeruginosa K2733 (Apump)
EM7 Carlsbad Cavern Cell wall / Cell envelope  |S. aureus USA 300 TCH1516 (MRSA)
S. fulvissimus water droplet
EM9 Carlsbad Cavern
S. lividans cave formation Cell wall None
E'IVI'10 Carlsbad Cavern Cell wall and DNA None
N. umidischolae cave column
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3.1 Abstract

The discovery of new antibiotics is a pressing need perpetuated by an increasing
prevalence of multi-drug resistant (MDR) pathogens. Here we report the identification of
a chemical series of pan assay interference compounds (PAINS), which we have
classified according to their activity and mechanism of action in E. coli AtolC. PAINS
have been largely avoided in the field of antibiotic discovery due to their promiscuity,
which makes them very difficult to characterize. Despite this, however, these
understudied molecules exhibit considerable antibacterial activity and show promise as
potential starting points for new efforts in antibiotic development. We initially used
bacterial cytological profiling (BCP) to determine that two PAINS inhibit the DNA
synthesis and cell wall biogenesis pathways. We conducted genetic studies that identified
thymidylate kinase (an enzyme essential for DNA synthesis) as one of the primary
intracellular targets of these two compounds. An activity screen of 29 structural analogs
yielded nine active molecules, on which we performed BCP to identify their relative in
vivo specificities for the DNA replication pathway. One molecule in particular appeared
to potently and selectively inhibit DNA replication. Thymidylate kinase was confirmed
as the molecular target of this compound and the other analogs via resistance studies,
plasmid overexpression, and an in vifro biochemical assay. These inhibitors of bacterial
thymidylate kinase may be useful scaffolds that could be explored further to develop
novel antibacterial drugs active against multi-drug resistant pathogens.
3.2 Introduction

Due to an increasing emergence of MDR bacteria, there is a desperate need for

new antibiotics to effectively treat persistent infections.!> While the rate at which
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pathogens are developing resistance to clinically administered antibiotics appears
continues to increase, many companies once actively involved in antibiotic discovery
have left the industry. As a result, the rate at which antibiotics are achieving clinical
status is not fast enough to keep pace with evolving resistance. For example, in 2015,
ceftazidime-avibactam-resistant Klebsiella pneumoniae was identified within just months
of the antibiotic’s approval for use in the clinic.* While there is no way to predict whether
or not a particular antibiotic will retain long-term efficacy against MDR pathogens in the
clinic, the research and development of potential drug candidates is critical for
combatting one of the greatest threats to global health today.

Vast libraries of natural products and/or synthetic molecules are frequently
screened in order to identify those with antibacterial activity.> These screens have often
identified a number of active molecules;® however, molecules are rarely pursued if their
mechanisms of action (MOA) are difficult to classify. Consequently, many of these
molecules do not make it to the development stage of antibiotic research.® For example,
pan assay interference compounds (PAINS) are often discarded from antibiotic studies
because they are notoriously difficult to study due to their tendency to bind
promiscuously to many different targets.” In fact, filters have been developed for
removing PAINS from compound libraries prior to screening.® For these reasons, many
PAINS remain unstudied.

Previously, we developed bacterial cytological profiling (BCP), a method for
rapidly screening antibiotics in order to identify their broader MOA and the cellular
pathway(s) that they inhibit>~'2. This fluorescence microscopy technique allows us to

assess the specificity of antibiotics in vivo, and thus, it allows us to effectively study
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molecules with multiple cellular targets that would otherwise present an insurmountable
challenge. When coupled with SAR analyses, BCP allows the identification of PAINS
analogs that have a greater specificity for a single target pathway.

Here, we conducted an antibiotic screen and identified a chemical series of
PAINS with antibacterial activity against E. coli AtolC. Using BCP, we discovered that
some of these molecules appear to inhibit both cell wall biogenesis and DNA replication
in vivo, while other structural analogs exhibit greater specificity for the DNA synthesis
pathway. In vivo and in vitro experiments revealed that these molecules specifically
inhibit thymidylate kinase (TMPK), an essential enzyme that catalyzes the synthesis of
thymidine 5’-diphosphate from thymidine 5’-monophosphate.!* Conserved by many
bacterial species, TMPK is a promising target for new antibiotics. Thus, our study, which
identifies a chemical backbone with specific activity against TMPK, highlights a novel
path toward studying a family of antibiotics that has long been considered too much of a
“pain” to study.

3.3 Materials and methods
3.3.1 Synthetic compound library screen

A synthetic small molecule library consisting of ~1,800 compounds was obtained
from the ChemBridge EXPRESS-pick library stock collection and screened in 96-well
plates at 100 ug/mL in LB to identify compounds active against E. coli JP313 AtolC (i.e.
“hits”).

3.3.2 Minimum inhibitory concentration (MIC) determination
The minimum inhibitory concentration (MIC) was determined using the broth

microdilution method performed in triplicate. All compounds used in this study were
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purchased from ChemBridge in 5 mg increments and resuspended in dimethylsulfoxide
(DMSO). Concentrated stocks of each compound were prepared at 20 mM and stored at -
80°C. Prior to the start of each experiment, new experimental stocks were prepared in
DMSO to the desired concentration. A 1:100 dilution of an overnight culture of E. coli
JP313 AtolC was prepared in LB liquid media and grown at 30°C to an ODsoo between
0.2 and 0.4. With the exception of a media control column, 1 uL of cells diluted to an
ODgoo of 0.05 was added to a 96-well plate containing 2-fold serial dilutions of eight
different starting concentrations of each compound in 100 xL LB. An initial cell density
count was determined using a Tecan reader, then the plates were incubated at 30°C for 24
hours while shaking. After 24 hours the optical density was determined and bioactivity
was calculated by subtracting the initial ODgoo reading at T from the final ODsoo reading
at T?*. Bioactive compounds were defined as resulting in an ODgoo 0.5 and below,
indicating inhibition.
3.3.3 Bacterial cytological profiling (BCP)

High-resolution fluorescence microscopy and BCP was conducted with E. coli
JP313 AtolC as previously described by Nonejuie et. al*?. Briefly, overnight cultures were
diluted 1:100 in LB and incubated while rolling at 30°C until cells reached an ODsoo
between 0.15-0.17. 300 uL of cells was added to compounds previously prepared to the
desired test concentration then incubated while rolling at 30°C. Microscopy images were
taken after 30 minutes, and 2 hours, and in the case of compounds 1 and 2, also at 1 and 4
hours, post-treatment. Samples were prepared for microscopy by adding 20 uL of cells to
1 uL of a fluorescent dye mixture containing FM4-64, DAPI, and SYTOX-green.

3.3.4 Cell viability
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Viability counts were performed in triplicate for E. coli JP313 AtolC treated with
compounds 1 and 2 at each imaging time point in a 96-well plate. 10 uL of cells was
added to 90 uL of 1X Tbase (10X Tbase = 20g (NH4)2SO4, 140 g KoHPO4, 60 g KH2POq,
10 g NasCitrate TH,O per L) and serially diluted 1:10 to 10%. A multichannel pipettor
was used to add 5 uL of each dilution onto an LB solid agar plate. The plates were
incubated at room temperature overnight, then individual colonies were counted. To
calculate the colony forming units (CFU) per mL, colony counts were multiplied by the
volume plated, the resulting value was divided by the DMSO control then logio
transformed. This was performed in triplicate and the resulting values were averaged then
plotted with standard error values.

3.3.5 Resistant mutant generation

Mutants resistant to compounds 1 and 2 were obtained via serial passaging. A
single colony of E. coli JP313 AtolC was added to 5 mL of LB and grown overnight at
30°C while rolling. A 1:500 dilution of the overnight culture was prepared in 6 mL LB
and incubated at 30°C while rolling until the cells reached an ODego of 0.2-0.23. In a
small glass culture tube, 1 uL of cells was added to 1 mL of LB and compound at a
concentration of 1/2x MIC. The samples were incubated at 30°C for 1 day while rolling.
If growth occurred at the starting concentration, a new culture was started by adding 1 uL
of cells to 1 mL of LB containing a slightly higher concentration of compound. Serial
passaging was performed until the highest concentration of each compound was reached.
When the mutant strains no longer grew overnight in a higher concentration of
compound, the cultures were purified on plates containing the compound grown to

saturation for the preparation of glycerol stocks for long term storage at -80°C. The
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extent to which each mutant was resistant to their corresponding compound was
determined by identifying the MIC and comparing it to the MIC of the parent E. coli
JP313 AtolC strain.
3.3.6 Genomic DNA extraction and quantification

Genomic DNA was extracted using a protocol adapted for use with Qiagen’s
DNeasy® Blood & Tissue Kit. Bacterial strains were grown from individual colonies in 5
mL of LB overnight at 30°C while rolling. 500 uL of the overnight culture was pelleted
(16,000 x g, 3 min), re-suspended in 180 uL of a lysozyme-RNase mixture [100 mg
lysozyme, 5 uL RNase A (100 mg/mL) 5 mL lysis buffer (20mM Tris'Cl pH 8.0, 2mM
sodium EDTA, 1.2% Triton®X-100, H20)], and incubated at 37°C for 45 minutes. Next,
25 uL of proteinase K (20 mg/mL) and 200 uL of AL Buffer (Qiagen) was added to each
sample followed by a 20 second vortex at maximum speed, and a 30 minute incubation at
56°C. Post-incubation, 200 uL of lab grade ethanol (96-100%) was added to each sample
followed by a 30 second vortex at maximum speed. The samples were then added to a
DNeasy Mini spin column, centrifuged (16,000 x g, 1 min), and the supernatant was
discarded. 500 uL. of AW2 Buffer (Qigen) was added to the column, followed by
centrifugation (20,000 x g, 3 min). The DNeasy Mini spin column was placed into a
sterile 2 mL microcentrifuge tube, incubated for 1 minute at room temperature, and the
genomic DNA (gDNA) was eluted in 100 uL of AE Buffer by centrifugation (20,000 x g,
I min). The gDNA concentration was quantified (1 ul sample volume) with a Thermo
Scientific™ NanoDrop™ One Microvolume UV-Vis Spectrophotometer (840274100)
and stored at -20°C.

3.3.7 Genome sequencing, assembly, and variant analyses
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The genome sequences of two E. coli JP313 AtolC mutants were generated using
the [llumina MiSeq sequencing platform with a V2 500 paired-end read kit at the La Jolla
Institute for Allergy and Immunology Research (LIAI), San Diego, CA. All sequence
processing and analyses were performed in Geneious Prime. Two FastQ files containing
forward and reverse sequence read lists were generated for each genome. The files were
imported into Geneious and simultaneously paired (input of expected insert size of 500
bp), resulting in a single paired read list. The sequences were trimmed using the BBDuk
v38.37 plugin. BBDuk identifies and trims adapters based on presets for Illumina
adapters and paired read overhangs, trims the end of sequences based on quality (Q
score), and discards short reads and their associated pair mate. Adapter sequences
trimmed using presets for Illumina adapters were trimmed from the right end of the
sequence with the Kmer length set at 27 with a maximum substitution allotment of 1. A
minimum overlap value of 25 was set for adapter trimming based on paired read
overhangs. Low quality sequences were trimmed on both ends with the minimum quality
score set at 30, and reads shorter than 30 bp were discarded. After trimming, the paired-
end reads were merged into a single read with BBMerge. The resulting merged and
unmerged sequences were mapped to the previously sequenced and annotated genome of
the E. coli JP313 AtolC parent strain using the Geneious assembler set to medium
sensitivity, and to find structural variants, short insertions, and deletions of any size.
Further variation analysis was performed with the resulting alignment using the Geneious
SNP finder set to use the bacterial genetic code and the following parameters; a minimum
variant frequency of 0.25, maximum variant P-value of 6, minimum strand-bias P-value

of 5 when exceeding 65% bias, and to calculate an approximate P-value for identified
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variants. Manual inspection of these resulting data led to the identification of mutations in
present in each genome.
3.3.8 Primer design and polymerase chain reaction (PCR)

Thymidylate kinase DNA templates (~1,099 bp) were amplified from E. coli
JP313 AtolC strains with a Q5 high-fidelity DNA PCR (New England Biolabs) with
primer set EM029-TMKF1 (5’-ATGGCAAACTTTCTCGTG-3’) and EM030-TMKR1
(5’-GGTGTAGTAATCGGGATG-3). Each PCR mixture (50 uL) contained 100 ng of
template genomic DNA, 500 pmol of each primer, and 200 uM dNTPs. PCR
thermocycling conditions were as follows: 30 seconds of initial denaturation at 98°C, 30
cycles of denaturation at 98°C for 10 seconds, annealing for 15 seconds at 61°C,
extension at 72°C for 2 minutes, and a final extension at 72°C for 5 minutes then held at
4°C. PCR products were purified with the oligonucleotide cleanup protocol as described
in the Monarch PCR & DNA Cleanup Kit 5 ug user manual (NEB #T11030). Clean PCR
products were sequenced using Sanger methods by FEton Biosciences
(https://www.etonbio.com/) and trimmed for quality prior to analysis.
3.3.9 E. coli genome manipulation by P1 virulent transduction

Plvir bacteriophage was used to move ~100 kb portions of the E. coli genome
from one genetic variant to another. The lysates that were used to infect recipient strains
were prepared from phage grown on the following four E. coli strains: MG1655 CGSC
9032 (AfhuE764::kan), E. coli JP313 AtolC, E. coli JP313 AtolC R.mut 1 [TMK Q45P],
E. coli JP313 AtolC R.mut. 2 [TMK A69T].

Lyates of a virulent P1 mutant phage (P1vir) were prepared in liquid. First, the E.

coli nonlysogenic donor strains containing the genetic marker to be transduced, were
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prepared for infection by growing a single colony at 37°C while rolling in 7 mL LB to an
ODsgoo of 0.1. Glucose and CaCl, were added to the culture to final concentrations of
0.2% and 5 mM, respectively, followed by a 10 minute incubation while rolling at 37°C.
Second, the donor strains were infected with 60 uL of a high titer (10°-10!° pfu/mL)
Plvir stock lysate and incubated at 37°C while rolling for ~3 hours, or until the culture
became clear indicating bacterial lysis. Next, to ensure complete lysis of the bacterial
cells, 60 uL of CHCI; was added to the cultures followed by a 10 minute incubation at
37°C while rolling, and a 2 hour incubation at 4°C. Finally, the lysates were prepared by
separating the phage lysate from the bacterial cell debris via a 30 minute centrifugation
(1,300 rpm) at 4°C. The supernatant containing the lysate was added to a sterile 5 ml
screw-cap vial and serially diluted 1:100 in 3mL of LB to a final dilution of 107, After
the addition of 60 4L of CHCl; to all dilutions (10°-103), the lysates were stored at 4°C.
Transductions were performed with the lysates prepared from donor strains and
recipient strains of interest. First, an overnight culture of the recipient strain was prepared
by inoculating 5 mL LB with a single colony followed by incubation at 37°C while
rolling. 1 mL of the overnight culture was pelleted (16,000 x g, 3 min) and re-suspended
in 1 mL of filter sterilized MC buffer (xx). Second, the recipient strains were infected by
the previously prepared Plvir lysates. All transductions were performed by infecting 100
uL of the recipient strain in MC buffer with 100 uL of all four dilutions (10°-10-%) of
phage lysate separately, resulting in 4 infections/recipient strain. Experimental controls
included 100 uL of the 4 phage lysate dilutions and the recipient strain in MC buffer
separately. The cultures were incubated for 30 minutes in a 37°C water bath followed by

the addition of 1 M NaCitrate (200 uL to transductions and 100 xL to controls), and LB
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(1 mL). Next, the cultures were incubated for 1 hour at 37°C while rolling, then the cells
were pelleted (16,000 x g, 3 min) , resuspended in 300 uL of 0.1 M NaCitrate, and spread
onto antibiotic plates. After an overnight incubation at 37°C, resultant transductants were
purified via patching onto plates previously spread with 300 4L of 0.1 M NaCitrate (LB
and LB with the antibiotic used for selection).

3.3.10 TMK expression in E. coli JP313 AtolC

Three full length E. coli K-12 MG1655 thymidylate kinase (WT, Q45P, A69T)
nucleotide sequences were synthesized and cloned into the plasmid expression vector
pRSFDuet-1 (GenScript). pRSFDuet-1 is under the control of the T7 lac promoter and
induced by lactose, provides a high level of protein expression. Plasmids were
transformed into E. coli JP313 AtolC resulting in the following recombinant E. coli
strains: JP313 AtolC-pRSFDuet, JP313 Atol/C-pRSFDuet-tmk*, JP313 AtolC-pRSFDuet-
tmk-134, and JP313 AtolC-pRSFDuet-tmk-203.

Proteins were expressed in E. coli JP313 AtolC grown in LB media in the
presence of kanamycin (30 ug/mL). Cells were initially grown in 5 mL of LB at 30°C
while rolling until an ODgoo 0.1-0.2 was reached. The cells were diluted to ODgoo 0.05
and 1 uL. was added to each well except column 12, the media control. The assay was
performed with eight different concentrations of each compound, serially diluted 2-fold,
in 96-well plates in 100 uL of LB with kanamycin 30 ug/mL. Cell densities were
determined using a Tecan reader before and after a 24 hour incubation at 30°C while
shaking. The effect of protein expression on the activity of each compound was
calculated by subtracting the starting cell densities from the final, then calculating the

resulting MIC. MICs were determined as the lowest concentration of compound resulting
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in an ODgoo 0.5 and below, indicating inhibition. Elevated MICs against these strains
were observed for compounds targeting TMK.
3.3.11 Molecular docking

The ligand-protein docking was performed using Autodock Vina (v1.1.2). .The
crystal structure of Escherichia coli thymidylate kinase (TmpK) was obtained in complex
with P1-(5'-adenosyl)-P5-(5'-thymidyl)pentaphosphate and P1-(5'-adenosyl)P5-[5'-(3'-
azido-3'-deoxythymidine)] pentaphosphate from Protein Data Bank (PDB code: 4TMK,
http://www.rcsb.org/). Water molecules, cofactors, and the originally docked ligand were
removed while polar hydrogens and partial charges were added all with Autodock Tools
(v1.3.6) which is available as a part of MGLtools v1.3.6 made available by The Scripps
Research Institute (http://mgltools.scripps.edu/downloads). Docking was carried out
following the standard procedures for Autodock Vina and the resulting docking
configuration was viewed with Chimera X (https://www.rbvi.ucsf.edu/chimerax/)>.
3.3.12 E. coli TMK ICs¢ determination

E. coli TMK activity was measured using the ATPlite luminescence assay
(PerkinElmer cat# 6016739) in 384-well (Corning 3825) format. The following solutions
were prepared prior to experimentation; buffer (50 mM HEPES (pH 8.0), 25 mM
NaAcetate, 10 mM MgCl,, 5 mM dithioreitol, 0.01% TX-100, and 0.5 mM EDTA in
water), 3X TDP/ADP (195 uM TDP and 30 uM ADP in buffer), and buffer + 1% (v/v)
DMSO (70 4L of DMSO in 7 mL of buffer). The 13 compounds (1, 2, 8, 9, 11-16, 27, 28,
and 31) included in this assay were prepared as follows: 10 mM stocks in DMSO, and
100 uM working stocks in buffer. In preparation for the assay, a 384-well dilution plate

was set up encompassing columns 1-13 and rows A-L. With the exception of row B, all
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wells were filled with 30 uL of buffer + 1% (v/v) DMSO. Each well in row B (1-13) was
filled with 60 uL of one of the 13 compounds (100 xM), and all of the remaining wells
(columns 1-13, rows C-L) were filled with 30 uL of the buffer + 1% (v/v) DMSO
solution. A series of 2-fold dilutions was made for each compound by taking 30 L from
row B and mixing it with row C, then taking 30 uL from row C and mixing it with row
D, this dilution method was continued to row L and the remaining extra 30 uL was
discarded. The concentrations of each compound in the dilution plate ranged from 100
uM to 0.098 uM. Enzyme inhibition studies were performed in two 384-well plates, plate
one (+tmk) contained a 10.05 uL reaction mixture consisting of 3.35 uL transferred from
each well of the dilution plate, 3.35 L of 3X TDP/ADP, 3.35 uL of E. coli TMK (1200
pM), and in row M 10 uL of buffer was added for background subtraction. Plate two (-
tmk) contained a 10.05 uL reaction mixture consisting of 3.35 uL transferred from each
well of the dilution plate, 3.35 uL of 3X TDP/ADP, and 3.35 uL of buffer. The final test
concentrations of each compound ranged from 33.3 uM to 0.033 uM. The plates were
incubated for one hour at room temperature, then the experiment was quenched with the
addition of 5 4L of ATPlite followed by a 5 minute incubation in the dark at room
temperature. The results of the experiment were identified via luminescence detected by a
PherastarFS plate reader using the “ATP 384” method with the following settings: 1
second measurement with the LUM Plus module, a 0.1 second settling time, gain set to
3203 and a focal height of 11.1 mm. The ICso values were determined by subtracting the
average value of row M in plate 1 (the background) from all wells in plates 1 and 2, then
correcting for signal suppression in the data from plate 1 (+tmk) using the data from plate

2 (-tmk) at each concentration for each compound. Next, the percent inhibition was
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calculated for each inhibitor concentration as the amount of enzyme activity inhibited in
the test wells as compared to the complete reaction wells. A minimum was calculated as
the average of the -tmk data with no compound (plate 2, row A), and a maximum was the
+tmk data with no compound (plate 1, row A), the minimum and maximum percentages
are from 0 and 100 respectively. Finally, the data analysis was done using Excel-fit
software (ID Business Solutions Ltd., U.K.) with equation 205 by nonlinear regression
(curve fitting). The percent of TMK inhibition for each test concentration (n=11) was
plotted using the minimum and maximum percentages from 0 to 100 against the
logarithm of inhibitor concentrations [uM]. The ICso values of each compound was
calculated from the regression fit as the concentration at which 50% inhibition of the
TMK enzyme activity was observed.
3.4 Results and discussion
3.4.1 BCP identifies the cellular pathway(s) inhibited by two PAINS

A library of 1,798 synthetic small molecules was screened in order to identify
compounds that inhibit the growth of E. coli Atol/C. This screen allowed us to identify a
chemical series that shared a similar backbone structure, which included a rhodanine
moiety and are known as pan-assay interference compounds, or PAINS’. Two
compounds in this series are shown in Table 1. Their MICs against E. coli AtolC were
determined to be 11.65 uM and 6.05 uM, respectively. To rapidly probe the MOA of
these compounds, we performed BCP. E. coli AtolC cells were treated with each
compound at concentrations equivalent to 1X, 3X, and 5X MIC for durations of 30
minutes, one hour, two hours, and four hours. Following treatment, the cells were stained

with fluorescent dyes and imaged using high resolution fluorescence microscopy (Figure
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1). Consistent with the knowledge that molecules belonging to the PAINS family of
antibiotics potentially target multiple pathways, we found that compounds 1 and 2
inhibited both DNA replication and cell wall biogenesis. As evident in the resulting
cytological profiles, compound 1 induced cell filamentation with chromosomal
segregation defects at 3X and 5X MIC after two hours, and at these concentrations, some
cells also appeared to be swollen, permeabilized, or even lysed (Figure 1A). Compound
2 induced similar DNA replication defects after one hour of treatment at all tested
concentrations, and a severe degree of cell lysis was observed after four hours of
treatment (Figure 1B).
3.4.2 Viability of E. coli AtolC cells treated with compounds 1 and 2

Our viability experiments further characterized the antibacterial effects of
compounds 1 and 2 against E. coli AtolC. Compound 1 appeared largely bacteriostatic,
for even when cells were treated at 5X MIC, viability never decreased considerably, and
cells resumed growth on an agar plate shortly after treatment ceased (Figure 2A).
Compound 2, on the other hand, demonstrated nearly a 100-fold reduction in E. coli
AtolC viable cell counts when treated at 5X MIC (Figure 2B). These data are consistent
with our BCP observations because while both compounds inhibited DNA replication,
compound 1 appeared to inhibit cell wall biogenesis to a lesser degree, evidenced by a
low frequency of cell lysis.
3.4.3 Isolation of resistant mutations identifies Tmk as a potential target

Though we suspected that compounds 1 and 2 inhibited the DNA replication
pathway, we did not know which protein within the pathway was inhibited. Thus, in

order to identify a potential enzymatic target, we isolated resistant mutants against both
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compounds. Using serial passaging, one resistant mutant was successfully isolated for
each compound. Mutant 1 (generated using compound 1) was six times more resistant to
compound 1 than the A70lC parent strain (Table 2). This strain was also resistant (~ 3-
fold) to compound 2. Mutant 2 (generated using compound 2), when compared to the
AtolC parent, was approximately 10-fold resistant to both compounds. Whole genome
sequencing revealed that both of these resistant mutants contained missense mutations in
the tmk gene encoding thymidylate kinase, an enzyme essential to the DNA replication
pathway (SI Figure 1). In mutant 1, proline replaced glutamine at residue 45, and in
mutant 2, threonine replaced alanine at residue 69. Mutant 1 contained an additional
mutation the dksA gene, and mutant 2 contained an additional mutation in the yje4 gene.
However, because tmk was the only gene that was mutated in both strains and because
cross-resistance was conferred, we suspected that these mutated mk alleles likely
constituted the mutations conferring resistance to compound 1 and compound 2.
Therefore, we moved the rmkR2(4697) allele into a clean strain background via phage P1
transduction. The tmkR2(A69T) allele conferred 6-fold resistance to compound 1 and 2.4-
fold resistance to compound 2 (Table 3). These results suggest that TMPK is one of the
targets of these compounds in vivo.
3.4.4 Docking of compound 1 to thymidylate kinase

In order to better understand the molecular mechanism of our compounds, we
used computational modeling to dock compound 1 to thymidylate kinase (Figure 3). This
analysis predicted that the binding site of compound 1 overlaps considerably with the
TMPK active site, forming hydrogen bonds with residues THR 17, LYS 16, ASP 99, and

ARG 100. While binding to this location would presumably compete with substrate
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binding and block its catalytic activity, neither of the resistant mutations were located at
the enzymatic active site or the compound binding site. Therefore, it remains unclear how
these mutations confer resistance to compounds 1 and 2.
3.4.5 Screening analogs of compounds 1 and 2

We screened 29 structural analogs of compounds 1 and 2 for their antibacterial
activity against E. coli AtolC. The structures of these analogs, designated compounds 3 —
31, are described in SI Figure 2. Of these analogs, seven displayed antibacterial activity
with an MIC less than 50 uM (Table 4, SI Table 1). Compound 27 was the most potent,
with an MIC as low as 1.87 pM. As an additional screen, we performed BCP in order to
determine if any of these analogs targeted the same major pathway (DNA replication) as
compounds 1 and 2 (Figure 4). To do this, we treated E. coli AtolC with each of the seven
active analogs at a concentration equivalent to 5X its MIC. Images were taken after 30
minutes and two hours of treatment. Many of the compounds appeared to inhibit DNA
replication to some degree (compound 9, compound 11, compound 12, compound 27, and
compound 28), with two compounds also causing lysis (compound 12 and compound 28).
Compound 13 also induced cell lysis; however, it did not produce any phenotypes
associated with the inhibition of DNA replication. All the analogs that exhibited an MIC
lower than compound 1 induced DNA replication defects, while some of the compounds
that exhibited higher MICs lost this phenotype. These data suggest that the inhibition of
DNA replication might be the primary mechanism by which active analogs of compound
1 and compound 2 inhibit the growth of E. coli.

3.4.6 Mutant allele Tmk R2 confers resistance
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To determine if TMPK might be the molecular target of these analogs, we tested
their activity against the tmkR2(A69T) mutant strain. This mutant exhibited some degree
of resistance to all of the analogs (Table 3). The MIC of compound 27, which appeared
based on our BCP data to be the most specific inhibitor of DNA replication, was most
drastically increased in the E. coli strain containing tmkR2(A69T). The mutant strain was
10-fold resistant to compound 27, suggesting that this analog specifically inhibits
thymidylate kinase in vivo. Conversely, those analogs that appeared not to inhibit DNA
replication as explicitly as compound 27 experienced only a modest increase in MIC
against the tmkR2(A697T) strain. For example, the MICs of compound 13 and compound
31 were only approximately 2-fold higher against this strain compared to the E. coli
AtolC strain containing the wild-type tmk.

3.4.7 Tmk overexpression confers resistance

To provide additional evidence that thymidylate kinase might be the target of this
family of compounds, we tested whether or not TMPK overexpression conferred
resistance. To accomplish this, we cloned the wild-type tmk gene and the tmkR2(4697T)
and tmkR1(Q45P) resistant alleles on multi-copy number plasmids and measured the
MICs of all nine of our active compounds against these engineered strains. Our
experiments revealed that, typically a 4-fold increase in MIC was observed when wild-
type tmk was overexpressed, and, in some cases, an even greater increase (up to 8-fold)
was observed when tmkR2(A69T) or tmkR1(Q45P) was overexpressed (Table 5).

3.4.8 Compounds inhibit thymidylate kinase in Vitro
Taken together, our genetic and cell biology studies suggested that thymidylate

kinase is likely one of the E. coli enzymes inhibited by this family of molecules. We,
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therefore, performed an assay to determine whether or not these compounds can inhibit
purified E. coli thymidylate kinase in vitro. Using this assay, we obtained I1Csos for all
nine active compounds and, as well, for three hand-picked compounds that did not have
MICs against E. coli AtolC (compound 8§, compound 14, and compound 16). The inactive
compounds studied were selected because of their relative structural diversity. The ICso
values for all 12 compounds ranged from a low of 250 nm (compound 27) to a high of
3.6 uM (compound 16). The three compounds for which MICs could not be measured
had some of the highest ICso values. Additionally, the data obtained for these compounds
did not fit as well to a sigmoidal curve as the data obtained for other more active
compounds, further suggesting the relative inactivity of these compounds (SI Figure 3).
Despite this, our data did not display an apparent correlation between ICso values and
MICs. For example, compound 2, which had one of the lowest MICs against E. coli
AtolC, had an ICso as high as 2.5 pM. This result might be explained in part by the fact
that the cell envelope is a significant barrier to antibiotic infiltration, and different
structural features of our antibiotic analogs could affect their ability to enter the cell.'*
Taken together, these results are consistent with TMPK being one of the cellular targets
of molecules within this family.

A collection of genetic, cell biological, and biochemical data suggests that many
of the molecules within this family inhibit TMPK in vivo. However, some of these
molecules likely have additional targets in vivo. For example, compound 2 appeared to
inhibit both cell wall biogenesis and DNA replication in vivo and had a relatively high
ICso (2.5uM) for the inhibition of TMPK in vitro. Compound 27, stands out among this

group because it appeared to be relatively specific for TMPK, inducing a strong DNA
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replication block in vivo, displaying the most potent ICso in vitro, and inhibiting growth
of E. coli AtolC with the lowest MIC. This work highlights the utility of combining an in
vivo MOA assays with medicinal chemistry to study the antibacterial mechanisms of
promiscuous molecules.
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3.6 Figures

A. E. coli JP313 AtolC treated with compound 1
DMSO 2% 1x [11.65 pM] 3x [34.95 uM] 5x [58.25 uM]
30 min
1hr
2 hr
4 hr
B. E. coli JP313 AtolC treated with compound 2

DMSO 2% 1x [6.05 uM] 3x [18.15 uM] 5x [30.25 uM]

Figure 3.1. Cytological profiles of E. coli JP313 AtolC treated with compounds 1 and
2. (A) Compound 1 at 1x, 3x, and 5x MIC for 10 minutes, 30 minutes, 1 hour, 2 hours,
and 4 hours. (B) Compound 2 at 1x, 3x, and 5x MIC for 10 minutes, 30 minutes, 1 hour,
2 hours, and 4 hours. BCP images were collected after staining the cells with FM4-64

9red), DAPI (blue), and SYTOX-green (green). (Scale bar, 1 uM).
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Figure 3.2. Cell viability of E. coli JP313 AtolC. Cells were treated with (A) Compound

1 and (B) Compound 2, at 1x, 3x, and 5x MIC for 4 hours and viability was measured via
cells counts after 10 minutes, 30 minutes, 1 hour, 2 hours, and 4 hours.
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Figure 3.3. E. coli thymidylate kinase with compound 1 docked to the active site.
Amino acid residues with hydrogen bonds are displayed as well as the two mutations that
arose in two different, non-clonal, E. coli JP313 AtolC strains conferring resistance to two
different compounds that target E. coli TMK (compound 1 [Q45P] and compound 2
[A69T]). (PDB 4TMK)
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Figure 3.4. Cytological profiles of E. coli JP313 AtolC treated with 9 S5-
Benzylidenerhodenine analogs. E. coli JP313 AtolC DMSO control (2%), and BCP
profiles of treatment with 9 structural analogs at 5X MIC, after 30 minutes and 2 hours.
(Scale bar, 1 um).
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3.7 Tables

Table 3.1. Chemical structures and MICs of compounds 1 and 2 against E. coli
JP313 ArolC.

E. coli JP313 AtolC

Compounds Structure MIC (uM)
1 NP o O 10.8-12.5

S > 5 1 30/
2 = NS 5.86-6.25

S:é< 5 1 30H

~
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Table 3.2. Minimum inhibitory concentration (MIC) of E. coli JP313 AtolC and two
mutants treated with compounds 1 and 2. MIC values were determined using the
standard microdilution method performed in triplicate.

MIC (uM)
Strains Compound Compound
1 2
E. coli JP313 AtolC 11.65 6.05
E. coli JP313 AtoIC R. Mutant 1 75 17.18
E. coli JP313 Ato/C R. Mutant 2 >100 81
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Table 3.3. Minimum inhibitory concentration of E. coli JP313 AtolC [2 A69T] and 8
5-Benzylidenerhodenine derivatives.

E. coliJP313

Compounds AtolC [2 A69T] Fold Increase

MIC (uM) in MIC

1 68.75 6

2 14.84 24
9 43.75 3.7
11 37.5 2.6
12 20.31 2.3
13 56.25 2

27 18.75 10
28 19.53 2.5
31 93.75 2.1
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Table 3.4. Chemical structures and minimum inhibitory concentrations of 9
structural analogs against E. coli JP313 AtolC.

E. coli JP313 AtolC

Compounds Structure MIC (uM)
1 NP s NP 10.8-12.5
s 2 5 : 2 30/
2 e NS 6.25
. g 5.86-6.
s;2<‘3 1 ? OH
S . 0 . : o. 2
9 =T Y 10.8-12.5
s N N0
o\[/2
11 N s O 14.06-14.1
s= 5 | 20/
S0 . 2 _OH
12 o T g 8.59-9.37
2 S . - 0/
4 : 6 O+ NI:
13 R . 28.125
\Q/\O > 1 5 s>=s
o/
27 AN 2 : OH 1.87
S 2 5 1 . 0/
OYQ
28 N s o 7.81
S > 5 ! 20/\2
o)
3 R O 6 1
31 el ;°%o/\z 43.75
5= | o
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Table 3.5. Results of pRSFDuet-1 plasmid overexpression of E. coli MG1655 TMK
and variants in E. coli JP313 AtlC.

Compounds MIC (uM)

E. coli JP313 AtolC Strains 1 2 9 11 12 13 27 28 31
plasmid 15.5 7.75 15.5 15.5 7.75 62.6 3.88 7.75 31.25
plasmid + WT TMK 62 31 62 62 31 125 15.5 31 125

plasmid + R1 [Q45P] TMK 62 62 62 >62  >62 125 155 64 125
plasmid + R2 [A69T] TMK 62 62 62 >62  >62 125 155 64 125
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Table 3.6. ICso values calculated from an in vitro assay of E. coli TMK and 12
structural analogs.

Compounds E. coli TMK
IC5, (UM)
1 0.39
2 2.5
8 1.2
9 0.41
11 0.48
12 0.5
13 1
14 4.2
16 5.6
27 0.25
28 0.47
31 0.68
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Table 3.7. Plasmids and strains used in this study.

Plasmids and Strains Relevant Genotype and Characteristics Source
Plasmids
pRSFDuet T7 promoter, kan® GenScript
pRSFDuet-tmk* pRSFDuet with E. coli K-12 MG1655 tmk (WT) cloned GenScript

pRSFDuet with E. coli K-12 MG1655 tmk (SNP at allele 134, an A to C transversion,

PRSFDuet-tmk-134 resulting in a missense mutation of amino acid residue 45, Q to P), compound ¥ GenScript
PRSFDUet-tmk-205 pRSFPue't with E coliK-12 MF31655 tn7k (SNP at a'llele 205, an G to A transition, GenScript
resulting in a missense mutation of amino acid residue 69, A to T), compound 3
Strains

E. coli JP313 AtolC E. coli K-12 MC4100 with a Ato/C5 from strain CGSC5634 Previous study
JP313-pRSFDuet E. coli JP313 AtolC with plasmid pRSFDuet This study
JP313-pRSFDuet-tmk* E. coli JP313 AtolC with plasmid -pRSFDuet-tmk* This study
JP313-pRSFDuet-tmk-134 E. coli JP313 AtolC with plasmid -pRSFDuet-tmk-134 This study
JP313-pRSFDuet-tmk-205 E. coli JP313 AtolC with plasmid -pRSFDuet-tmk-205 This study

E. coliMG1655 with genotype F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A”
, AfhuE764::kan, rph-1, A(rhaD-rhaB)568, hsdR514.
E. coli JP313 AtolC, compound 17 (SNP at allele 134, an A to C transversion,
resulting in a missense mutation of amino acid residue 45, Q to P)
E. coli JP313 AtolC, compound 27 (SNP at allele 205, an G to A transition, resulting in
a missense mutation of amino acid residue 69, A to T)

E. coliJW1088-5 (CGSC 9032) The Coli Genetic Stock Center

JP313-tmk-134 This study

JP313-tmk-205 This study
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Chapter 4: Isolation and characterization of Streptomyces bacteriophages and the
biosynthetic arsenals of their associated hosts
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4.1 Abstract

The threat to public health posed by drug-resistant bacteria is rapidly increasing,
as some of  healthcare’s most potent  antibiotics are  becoming
obsolete. Approximately two-thirds of the world’s antibiotics are derived from natural
products produced by Streptomyces encoded biosynthetic gene clusters (BGCs). Thus, in
order to identify novel BGCs, we sequenced the genomes of four bioactive Streptomyces
strains isolated from the soil in San Diego County and used bacterial cytological profiling
(BCP) adapted for agar plate culturing in order to examine the mechanisms of bacterial
inhibition exhibited by these strains. In the four strains, we identified known antibiotic-
producing BGCs that partially explain the results of our mechanistic analyses. However,
these known clusters could not fully account for the antibacterial activity exhibited by the
strains, suggesting that novel clusters might encode antibiotics. Additionally, due to the
utility of bacteriophage for genetically manipulating bacterial strains, we isolated four
phages (BartholomewSD, IceWarrior, Shawty, and TrvxScott) against S. platensis and
tested the host range of each phage against eight Streptomyces isolates. This study
identified Streptomyces strains with the potential to produce novel chemical matter as
well as four phages that may prove useful for genetically manipulating the strains
encoding these clusters.
4.2 Introduction

Antibiotic discovery is an international priority requiring immediate action!. The
increasing prevalence of multi-drug resistant (MDR) bacterial pathogens has resulted in
an increased use of last-resort antibiotics!. Microbes that produce natural products are

the most prolific source of clinically approved antibiotics*. In particular, soil dwelling
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Actinobacteria, notably the Streptomyces sp., account for two-thirds of the antibiotics
currently on the market>”’. Despite intensive studies, however, the full potential of
microbes to produce natural products has not been fully realized®. Genome mining
studies have shown that microbes encode many biosynthetic gene clusters (BGCs) that
have not yet been characterized®. It is widely assumed that many of these clusters
produce novel natural products and that further characterization of Streptomyces bacteria
increases the probability of identifying molecules with unique chemical structures and
new mechanisms of action’.

In addition to identifying Streptomyces strains containing potentially novel BGCs,
it is necessary to improve on the conventional approaches used in natural product
antibiotic discovery. One of the major stumbling blocks in natural product discovery is
dereplication, since the isolation of bioactive molecules often yields antibiotics that have
previously been discovered. We recently developed Bacterial Cytological Profiling
(BCP) as a new whole-cell screening technique that can be used to rapidly identify the

10-15 "BCP can accurately identify the pathway

mechanism of action (MOA) of antibiotics
inhibited by antibacterial compounds present in unfractionated crude organic extracts and
can be used to guide the purification of molecules with specific bioactivities'®!4. BCP
can also be used to screen bacterial strains directly on petri plates in order to identify and
prioritize those strains that produce molecules with desired MOA!*. In effect, BCP helps
with the problem of dereplication by allowing for the determination of the MOA of

antibiotics synthesized by a particular Streptomyces strain before labor-intensive

antibiotic purification efforts are performed.
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Since many BGCs are not expressed under laboratory conditions, genetic methods
are often used to augment their expression and facilitate the identification and
purification of their products'®. Sometimes, increased expression can be achieved using
techniques such as CRISPR/Cas, Red/ET recombineering, or plasmid cloning and
overexpression'®. However, there is still an occasional need to move large chromosomal
regions from one strain to another via transduction in order to engineer strains optimally
suited for antibiotic production. Transduction requires a phage capable of infecting the
strain(s) of interest. Moreover, because phages generally display narrow host ranges!’
and relatively few Streptomyces phages have been isolated!® compared to the large
number of studied Streptomyces bacteria'®, phages aptly suited for genetic manipulations
are not available for the majority of antibiotic producing Streptomyces strains isolated.

Here we describe the isolation and characterization of Streptomyces strains and
phages. We sequenced and analyzed the genomes of four phage isolates and also
assessed their ability to infect different Streptomyces strains. Additionally, we used a
combination of bioinformatics and BCP to characterize the antibiotic biosynthetic
potential of four Streptomyces strains that displayed an ability to inhibit Gram-negative
and Gram-positive growth. This work highlights a novel set of gene clusters and
Streptomyces sp. phages that serve as a starting point for the isolation of potentially novel
natural products.

4.3 Materials and methods
4.3.1 Soil sample collection and site description
Undergraduate students enrolled in the Phage Hunters Advancing Genomics and

Evolutionary Science (PHAGE) class at UCSD collected soil samples for isolating
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bacteria and their associated phages. Soil samples (approx. 30 mL) were collected around
San Diego County (32.7157° N, 117.1611° W), California, USA.
4.3.2 Isolation of Streptomyces sp.

Actinomycete isolation agar (AIA) plates (for one liter: sodium caseinate 2 g, L-
Asparagine 0.1 g, sodium propionate 4 g, dipotassium phosphate 0.5 g, magnesium
sulphate 0.1 g, glycerol 5 mL, rifampicin 50 ugmL-!, cycloheximide 100 ugmL™!, agar 15
g, pH 8.1) supplemented with 100 pg/ml of cycloheximide (CHX), 100 pg/ml of nystatin
(NYS) and 10 pg/ml of rifampicin were used to select for Actinobacteria from soil
samples. One gram of soil was added to the agar surface and streaked across the AIA-
NYS-CHX plate and incubated for two days at 30°C. The plates were investigated for
individual colonies with morphologies indicative of Streptomyces sp. (vegetative hyphae,
aerial mycelium), those colonies were picked and purified at least four times on AIA-
CHX plates.

4.3.3 Phage isolation and purification

Bacteriophages were isolated from soil samples with host, Streptomyces platensis
JCM 4664 substr. MJ1A1#. An enrichment culture was prepared from 1 g soil and 2.5
ml of S. platensis added to 15 ml of Luria-Bertani (LB) medium (for one liter: tryptone
10 g, yeast extract 5 g, NaCl 10 g, agar 15 g, pH 7.0), followed by a 2-day incubation at
30°C with shaking. Phage were isolated from a 1.2 ml volume of enrichment culture that
was centrifuged at maximum speed for 3 min, 1 ml of the resulting supernatant was
filtered (0.22 uM filter), and 5 pl of the filtrate was spotted and then streaked onto an LB
plate containing 100 pg/ml of cycloheximide. S. platensis (0.1 ml) was mixed with 4.5 ml

of LB top agar 0.7%, poured over the streak plate and incubated for two days at 30°C.
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Resultant plaques were re-streaked onto new LB plates containing 100 pg/ml of
cycloheximide about 3-4 times for phage purification.
4.3.4 Bacterial genomic DNA extraction and quantification for 16S rRNA PCR
amplification and sequencing

An adaptation of the DNeasy® Blood & Tissue Kit (Qiagen) protocol was used
for bacterial genomic DNA extraction. Strains were cultured overnight at 30°C in 5 ml of
LB broth while rolling. Cells were pelleted (16,000 x g, 3 min) from 1 ml of culture, re-
suspended in 180 pl of lysis buffer (prepared in house), and incubated at 37°C for 45 min
after which 25 pl of proteinase K (20 mg/mL) and 200 pl Buffer AL (Qiagen) was added.
The samples were vortexed at maximum speed for 20 sec, incubated at 56°C for 30 min,
and 200 pl of ethanol (96-100%) was added. The samples were vortexed at maximum
speed for 30 sec, added to a DNeasy Mini spin column, centrifuged (16,000 x g, 1 min),
and the supernatant was discarded. Buffer AW2 (Qigen) was added (500 pl), followed by
centrifugation (20,000 x g, 3 min). The DNeasy Mini spin column was placed into a
sterile 2 ml microcentrifuge tube, and the gDNA was eluted in 100 pl of AE Buffer by
centrifugation (20,000 x g, 1 min) following a 1 min incubation at room temperature.
The gDNA concentration was quantified (1 pl sample volume) with a Thermo
Scientific™ NanoDrop™ One Microvolume UV-Vis Spectrophotometer (840274100)
and stored at -20°C.
4.3.5 Bacterial genomic DNA extraction for PacBio whole-genome sequencing

High molecular weight genomic DNA (20-160 kb) was extracted from 4
Streptomyces strains (DF, SFW, QF2, and JS) with the QIAGEN-Genomic-tip 500/G kit

(10262) according to the manufacturer's protocol for bacteria.
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4.3.6 Bacterial whole-genome sequencing, assembly, and annotation

The genome sequences of 4 Streptomyces sp. were generated using the Pacific
Biosciences RS II (PacBio RS II) single molecule real-time (SMRT) sequencing platform
at the IGM Genomics Center, University of California, San Diego, La Jolla, CA. Genome
sequences were assembled using the HGAP protocol integrated in the PacBio RS II
sequencer (smrt analysis v2.3.0/Patch5) resulting in a variable number (n = 1-95) of
contigs per genome, and ranged in size from 5.42 to 7.79 Mb. The mauve contig mover
was used to order the contigs of three draft genome sequences (genomes of strains SFW,
QF2, and JS) relative to a closely related reference sequence (S. pratensis ATCC 33331,
S. globisporus C-1027, and S. parvulus 2297 respectively). DNA sequencing of strain DF
resulted in a single contig and did not require reordering to restore gene synteny. Gene
prediction and annotation were made with the Rapid Annotations using Subsystems
Technology (RASTtk)*? platform.
4.3.7 Genomic analysis of secondary metabolite biosynthetic potential

Prediction of secondary metabolite biosynthetic gene clusters (smBGCs) was
performed by antiSMASH v5.0%.
4.3.8 Phage genomic DNA extraction

Sul of RNAase A and 5 pl of DNase I were added to 10ml of lysate, incubated at
30°C for 30 minutes, and then precipitated overnight at 4°C by the addition of 4 ml of
20% polyethylene glycol 8,000. Samples were centrifuged at 10,000 g’s for 30 minutes,
and pellets resuspended in Qiagen PB buffer and DNA isolated using a Qiagen plasmid
DNA isolation column as recommended by the manufacturer.

4.3.9 Phage genome sequencing, assembly, and annotation
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Genomic DNA of 4 bacteriophages (TrvxScott, BartholomewSD, Shawty, and
IceWarrior) was sequenced using the Illumina MiSeq platform at the Pittsburgh
Bacteriophage Institute sequencing facility. The genomes were assembled with Newbler
and checked for quality with Consed. The whole genome sequences were submitted to
GenBank (Acc No. MH669016, MK460245, MK433266, and MK433259). DNA Master
was used for annotation, and NCBI BLASTp was used to determine the potential function
of gene products. = Whole genome sequence comparisons were performed in
Phamerator®.

4.3.10 16S rRNA PCR amplification and sequencing

16S ribosomal DNA templates (~1,465 bp) were amplified using Q5 high fidelity
PCR (New England Biolabs) with the universal primer set 27F (5°-
AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-
3’4 Each PCR mixture (50 ul) contained 100 ng of template gDNA, 500 pmol of each
primer, and 200 pM dNTPs. PCR thermocycling conditions were as follows: 30 seconds
of initial denaturation at 98°C, 30 cycles of denaturation at 98°C for 10 seconds,
annealing for 15 seconds at 60°C, extension at 72°C for 1.5 minutes, and a final
extension at 72°C for 5 minutes then held at 4°C. PCR products were purified with the
oligonucleotide cleanup protocol as described in the Monarch PCR & DNA Cleanup Kit
5 pg user manual (NEB #T1030). Clean PCR products were sequenced using Sanger
methods by Eton Biosciences (https://www.etonbio.com/) and trimmed for quality before
analysis.

4.3.11 CRISPR-Cas sequence analysis and predictions
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The sequences of all 4 Streptomyces were searched for CRISPR arrays (repeats
and spacers) and potentially associated Cas genes using the following software tools;
CRISPR-Cas++333¢, CRISPROne?’, CRISPRMiner2°8, and CRISPRDetect?” .

4.3.12 Phylogenetic analyses of bacterial isolates

16S rRNA sequences were trimmed on both ends, (5’ and 3’) in Geneious Prime
using the Trim Ends function with an error probability limit set at 0.05, which trims
regions with more than a 5% chance of an error per base. Sequences were aligned using
MUSCLE v3.8.425 with a maximum of 1,000 iterations, and profile-dependent
parameters were set. Sequences were grouped based on similarity, and anchor optimized.
Distance was measured using kmer4 6 for the first iteration, and subsequent distance
measurements were performed with pctid kimura. For all iterations the clustering method
was neighbor joining, and the sequence weighting scheme was ClustalW with an spm
objective score, 32 anchor spacing and -1 gap open score. Diagonals were set at a
minimum length of 24 and a margin of 5, the minimum column anchor scores were set
min best and min smoothed at 90. Finally, the hydrophobicity multiplier was set at 1.2
with a window size of 5. The tree was created with the Geneious Tree Builder using the
Jukes-Cantor genetic distance model, Neighbor-Joining method to build the tree, with the
outgroup set as Chlorobium limicola strain DSM 245. The resulting consensus tree was
obtained after 1,000 iterations of bootstrap resampling, with a support threshold set at
70% and a random seed of 409,923.

4.3.13 Cross-streak method for assessing antibacterial production potential
From a single colony, using sterile Q-tips, Streptomyces isolates were streaked in

a broad vertical line (2 inch) onto LB, and AIA, solid agar plates and incubated for one
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week at 30°C. The day before the assay, test strains (E. coli AtolC, B. subtilis, and E. coli
MC4100) were grown in 5 ml of LB and incubated at 30°C overnight while rolling. On
the day of the antibacterial screen, the overnight cultures of each test strain were diluted
(1:100 in 5 ml LB) and grown to log phase OD600 0.15-0.2 (~1.5hr at 30°C while
rolling). A volume of 10 ul of each test strain was spotted in distinct lines almost to the
edge of the Streptomyces line at a perpendicular angle. The plates were incubated
overnight at 30°C, then investigated for the presence of zones of inhibition which were
measured in millimeters.
4.3.14 Bacterial cytological profiling (BCP) on plates

Fluorescence microscopy and BCP on plates was performed as previously
described by Nonejuie et. al.'* Briefly, Streptomyces sp. strains (DF, SFW, QF2, and JS)
were streaked in a vertical line down the center of LB, AIA, and ISP2 plates (for one
liter: 4.0 g Difco yeast extract, 10.0 g Difco malt extract, 4.0 g dextrose, 20.0 g agar, pH
7.0), incubated for one week at 30°C. The test strain, E. coli JP313 AtolC, was prepared
and spotted as described above in the cross-streak method. Following a 2 hr incubation at
30°C, a 1.5 x 1.5 cm square (~2.5 cm?) piece of agar containing the E. coli test strain was
cut and prepared for high resolution fluorescence microscopy. The cut piece of agar was
placed on a microscope slide, the E. coli cells were stained with fluorescent dyes, a
coverslip was placed on top of the stained cells then imaged.
4.3.15 Host range experiment

The host range of 4 phages was determined against 10 different Streptomyces
strains, including S. platensis and S. coelicolor. The experiment was blinded by

assigning phages numbers i-iv and hosts letters A-J. A lawn of Streptomyces in LB top
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agar was poured on LB CHX plates. After the top agar solidified, a grid was drawn on
the bottom of the plate, and 5 pl of pre-diluted phage (10° to 10°'° in phage buffer) was
spotted in squares on the grid. Plaques were counted and used to calculate the titer which
was compared to the detection limit to determine infectivity.
4.3.16 Transmission electron microscopy

10 pl of lysate was applied to a copper grid, stained with 1% uranyl acetate,
washed twice with phage buffer, and allowed to dry. Images were collected using a FEI
Tecnai Spirit G2 BioTWIN Transmission Electron Microscope equipped with a bottom
mount Eagle 4k camera.
4.3.17 Strains used in this study

We used the following strains: S. platensis JICM 4664 substr. MI1A1%!, E. coli
MC4100%, B. subtilis PY79%, P. aeruginosa P4*’, MRSA USA 300 TCH1516%, S.
coelicolor A3(2) substr. M146%, E. coli JP313°°2 AtolC (MC4100 with a AtolC5 from
strain CGSC5634), as well as two strains generously donated by Prof. Keith Poole at
Queens University in Kingston, Canada — P. aeruginosa PAO1 and P. aeruginosa K2733
Aefflux (AMexAB-OprM, AMexCD-OprJ, AMexEF-OprN, AMexXY—-OprM). The
AtolC5 mutation is derived from strain PB3°, and was introduced into strain JP313° by
P1 transduction. JP313%%32 was transduced to tetracyline resistance with a lysate of strain
CAG18475 (metC162::Tnl0), and the methionine requirement of the transductants
confirmed. This strain was then transduced to prototrophy with a lysate of PB3, and these
transductants were screened on MacConkey agar for the presence of the Ato/C5 mutation.
Transductants that acquired Afo/C5 were unable to grow on this medium owing to their

sensitivity to bile salts such as deoxycholate®!, and these arose at about 6%, in keeping
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with previous linkage data®?. PB3 and CAG18475 were obtained from the Coli Genetic
Stock Center at Yale University.
4.4 Results and discussion
4.4.1 Isolation and antibacterial activities of Streptomyces sp.

To identify Streptomyces strains containing potentially novel BGCs, we collected
28 unique soil samples from sites across San Diego County. From these samples, we
isolated a total of eight bacterial strains that were determined, based on 16S rRNA
sequencing, to be members of the Streptomyces genus (Figure 1, Table 1). These strains
and two known species (Streptomyces coelicolor A3(2) and Streptomyces platensis
AB045882) were screened using the cross-streak method (as described in materials and
methods) for their ability to inhibit the growth of wild type E. coli MC4100, an efflux
defective mutant E. coli JP313 AtolC, and B. subtilis PY79. Since the production of
bioactive secondary metabolites is highly dependent on growth conditions®’, this screen
was conducted on actinomycin isolation agar (AIA) as well as LB agar. Each of the 10
strains proved capable of inhibiting the growth of E. coli and/or B. subtilis on at least one
of the tested media (Figure 2), suggesting that these strains likely produce antibiotics. As
expected, however, the production of antibiotics often depended upon whether the strain
was grown on AIA or LB agar. For example, strain ELW was incapable of inhibiting the
growth of Gram-negative and Gram-positive bacteria when grown on AIA. However,
when grown on LB agar, strain ELW inhibited the growth of both Gram-negative and
Gram-positive bacteria. Conversely, strains JS and QF2 exhibited growth inhibition

regardless of the media on which they were grown.
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4.4.2 Mechanistic analysis of natural products produced by four Streptomyces
isolates

Strains QF2, JS, SFW and DF all inhibited the growth of E. coli AtolC when
grown on either AIA or LB agar, but in each case, the mechanism underlying inhibition
was unknown. Thus, we utilized BCP to examine the mechanism of growth inhibition
exhibited by the antibacterial natural products synthesized by these four Streptomyces
isolates. Each of the four strains was grown on three different media (LB, AIA, or ISP2)
for 5 days to allow for the synthesis and excretion of natural products into the
surrounding agar. We then added exponentially growing E. coli cells adjacent to the
Streptomyces lawn. After two hours of incubation at 30°C, the E. coli cells were stained
with fluorescent dyes and imaged with high resolution fluorescence microscopy. E. coli
cells incubated adjacent to each of the four Streptomyces isolates displayed characteristic
cytological profiles that, in some cases, allowed for the classification of these strains
according to the MOA of the natural products they produce (Figure 3).

When grown on either LB or ISP2, strain QF2 synthesized an antibiotic that
caused the DNA of affected E. coli cells to assume a toroidal conformation (Figure 3).
This phenotype is characteristic of bacteria treated with protein synthesis inhibitors such
as chloramphenicol!®2!, and thus, we concluded that strain QF2 is capable of synthesizing
a translation-inhibiting natural product. QF2 also produced a membrane-active secondary
metabolite, evidenced by Sytox Green permeability under all tested nutrient conditions
(Figure 3). Strain JS appeared to induce similar phenotypes in E. coli, though under

different growth conditions; protein synthesis phenotypes were observed on AIA and
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ISP2 but not on LB. As was the case with strain QF2, Sytox Green permeability was
observed in some cells regardless of the medium on which strain JS was grown.

Strain SFW induced distinct phenotypes in E. coli cells under each of the three
nutrient conditions (Figure 3). On LB, a significant number of E. coli cells grown in the
presence of strain SFW appeared to contain three chromosomes (white arrows), a
phenotype that was not present in the untreated control cells. When strain SFW was
grown on AIA, the E. coli cells became bent and lost their characteristic rod shape.
Finally, strain SFW grown on ISP2 induced substantial swelling in E. coli cells that
ultimately led to lysis. Notably, E. coli cells grown in the presence of strain DF exhibited
nearly these same phenotypes under identical growth conditions, suggesting that these
two strains produce compounds targeting similar pathways.

4.4.3 Genomic analysis of four Streptomyces isolates

The genomes of strains QF2, JS, SFW and DF were sequenced, and each was
aligned to the most similar genome in the NCBI database (Figure 4A). Sequence reads
for strain DF were assembled into a single contig that was most similar to the genome of
S. fulvissimus DSM 40593. Sequencing of strains QF2, JS, and SFW yielded multiple
contigs that were aligned to the genomes of S. globisporus C-1027, S. parvulus 12434, S.
pratensis ATCC 33331, respectively.

In order to identify predicted gene clusters associated with secondary metabolism,
the assembled genome sequences for strains QF2, JS, SFW and DF were annotated using
RASTtk?? and submitted to AntiSMASH 5.0%* (Figure 4B). Each strain encoded between
18 and 34 BGCs, some of which were present in multiple strains (Figure 4C). Many of

the encoded clusters closely resembled known BGCs in the MIBig repository (Tables 2-
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5)**. For example, of the 23 putative BGCs identified in the genome of strain QF2 (Table
2), one of them (cluster 21) was similar to the viomycin BGC (Figure 5A). Viomycin
inhibits protein synthesis by stabilizing tRNAs in the A site of the bacterial ribosome,
inhibiting translocation?. According to AntiSMASH, 66% of the genes within the
viomycin BGC were similar to genes within cluster 21. However, a global pairwise
alignment of cluster 21 and the viomycin BGC revealed that the nucleotide sequence of
cluster 21 is actually 98.5% identical over 32.5kb of the 36kb viomycin BGC (Figure
5A). This suggests that a viomycin related molecule is synthesized by strain QF2 and
may account for strain’s ability to inhibit protein synthesis in E. coli (Figure 3). While
other clusters (Table 4: clusters 2, 4, 7, 8, 9, 12, 13, 22) have significant similarity to
known BGCs, none of these clusters produce known antibiotics.

Strain JS contained 18 putative BGCs, six of which shared significant similarity
(>60% of genes in common) with a known cluster (Table 3). Of these six, however, only
cluster 7 was predicted to produce an antibiotic. All of the genes constituting a known
terpene cluster that produces albaflavenone were present in cluster 7 (Figure 5B).
Albalfavenone is capable of inhibiting the growth of B. subtilis by an unknown MOA?ZS,
Notably, albaflavenone has previously been isolated from S. coelicolor A3(2)*’, a close
relative of strain JS. Since the MOA of albaflavenone is unknown, it's not clear whether
the products of cluster 7 or of a different cluster are responsible for the inhibition of
protein synthesis and/or the membrane permeabilization observed in E. coli (Figure 3).

Of the 26 putative BGCs that were identified in the genome of strain SFW, only
one cluster shared a high percentage of genes in common with a known antibiotic-

producing cluster (Table 4). Cluster 1 shared similarity with 62% of the genes within a
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known BGC that produces carbapenems (Figure 5C), a class of beta-lactam antibiotics
that inhibit cell wall biogenesis?®2°. Additionally, cluster 4 contained a low percentage of
genes in common with a BGC involved in the synthesis of clavulanic acid, which inhibits
beta-lactamase and consequently strengthens the bactericidal activity of beta-lactams?®,
Cluster 1 (and perhaps cluster 4) could, therefore, contribute to the synthesis of bioactive
molecules that account for the inhibition of E. coli cell wall biogenesis on ISP2 media
(Figure 3).

Strain DF encoded 34 BGCs (Table 5). Despite this rich supply of BGCs,
however, we were only able to identify one cluster that participated in the synthesis of a
known antibiotic. According to AntiSMASH v5.0, cluster 27 shared 85% identity with a
known BGC that produces nonactin, a bioactive ionophore that disrupts membrane
potential®! (Figure 5D). The known clusters could not fully account for the antibacterial
activity exhibited by strain DF, suggesting that antibiotics might be produced by novel
clusters.

4.4.4 Antimicrobial activity of four Streptomyces isolates against clinically relevant
pathogens

Strains JS, DF, SFW, and QF2 were screened for the ability to inhibit the growth
of three clinically relevant pathogens using the cross-streak method (Table 6). Both strain
QF2 and strain JS inhibited the growth of E. coli, B. subtilis, and MRSA, but not P.
aeruginosa PAO1 and P. aeruginosa P4, which were resistant to the antibiotics produced
by all four Streptomyces isolates. Strain DF, though incapable of inhibiting the growth of
wild-type E. coli MC4100, an efflux pump defective strain of P. aeruginosa K2733, B.

subtilis PY79, and MRSA USA 300 TCH1516. Strain SFW was the least capable of
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inhibiting the growth of pathogens, producing antibiotics only effective against E. coli
MC4100 and B. subtilis PY79.
4.4.5 Phage isolation and host range

Using S. platensis as a host, four bacteriophages (BartholomewSD, IceWarrior,
Shawty, and TrvxScott) were isolated from the same soil samples from which we isolated
the Streptomyces strains. These four phages were imaged using negative-stain
transmission electron microscopy (Figure 6A) and were subsequently characterized as
members of the family Siphoviridae due to their long filamentous tails and icosahedral
capsids*??3. Genome sequencing revealed that BartholomewSD (52.1 kb) and TrvxScott
(52.6 kb) are 89% identical (Figure 6B) and belong to the BD2 subcluster of
Streptomyces phage, which currently contains 20 other members'®. IceWarrior (55.5 kb)
clustered in subcluster BI1 (19 members), and Shawty (40.7 kb) clustered in BB1 (6
members) (Table 7). The BLASTp-predicted functions of the gene products encoded by
these phages are shown in Table 8.

To determine which of these four phages might be the most useful for genetically
manipulating our newly isolated antibiotic-producing Streptomyces strains, we assessed
the host ranges of the phages (Figure 6C). Five of our bacterial isolates (strains JS, DF,
SFW, EDE, and ELW) and two laboratory strains (S. platensis and S. coelicolor) were
capable of being infected by at least one of the four phages. However, the remaining
three soil isolates (strains QF2, AH, and SK) were not successfully infected by any of the
four phages. Despite a high degree of synteny between BartholomewSD and TrvxScott,
these two phages exhibited distinct host ranges. While TrvxScott was capable of infecting

strains ELW, DF, and JS in addition to S. platensis, BartholomewSD was only capable of
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infecting S. platensis. This discrepancy may be accounted for by a DNA methylase
encoded in the genome of TrvxScott but not BartholomewSD. Notably, methylation can
protect the phage genome from digestion by host-encoded restriction enzymes®*.
Additionally, differences in the sequences of a minor tail protein (77% similarity)
encoded by these two phages could contribute to the observed disparity in host ranges.
Similar to BartholomewSD, Shawty exhibited a narrow host range, only infecting strain
ELW and S. platensis. IceWarrior, however, displayed a relatively broad host range, as it
was capable of infecting five of the soil isolates in addition to S. platensis and S.
coelicolor.
4.4.6 Characterization of CRISPR elements in the genomes of our bacteria

Our bioinformatic analysis identified the presence of Cas enzymes and CRISPR
arrays within the genomes of Streptomyces strains that could, in part, explain the results
of our host range experiments. For example, CRISPRs were predicted in all four
bacterial isolates, but the abundance of CRISPRs in each strain varied greatly (Table 9).
QF2, which was uninfected by all four phages, contained the largest number of predicted
CRISPRs — 39 in total, scattered around the chromosome, each containing between one
and 25 spacers (Figure 4B, purple; Table 10). Predicted spacers within these arrays
matched with 94-100% identity to sequences within TrvxScott (7 spacers),
BartholomewSD (4 spacers), Shawty (2 spacers), and IceWarrior (5 spacers) (Table 10).
Spacers targeted a variety of genes including those encoding minor tail proteins, tape
measure proteins, deoxycytidylate deaminase, helix-turn-helix DNA binding proteins,
endolysin, and capsid maturation protease (Figure 7). The large number of putative

spacers in the QF2 genome targeting TrvxScott, BartholomewSD, Shawty, and
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IceWarrior suggests that strain QF2 has previously encountered and acquired resistance
to each of these phages. Moreover, strain QF2 was isolated from the same soil sample as
BartholomewSD, providing support for these findings. Strain QF2 also encoded seven
proteins of a Type IE CRISPR-Cas system*—°. The QF2 proteins were distantly related
to the enzymes of the canonical Cas3 system in E. coli (Figure 8), but the operon in strain
QF2 lacked two genes (Casl and Cas2) involved in spacer acquisition. This
phenomenon, the absence of Casl and Cas2, was previously reported as common among
Streptomycetaceae Type IE systems*’. The presence, in the QF2 genome, of a Cas3
system and spacers mapping to essential proteins in each of the genomes of our phages
could explain why this strain is resistant to infection by all four phages.

Additionally, the presence of specific spacers within the genomes of strains DF
and SFW may explain their full or partial resistance to infection by some of our phage
isolates. Strain DF, with one spacer mapping to a sequence within the genome of
TrvxScott, was infected by TrvxScott at a low efficiency of plating that was
approximately 4 orders of magnitude less than the efficiency of plating on S. platensis
(Figure 6C). This strain also contained two spacers against BartholomewSD, a phage to
which it was resistant (Figure 6C; Table 11, 12). Strain SFW contained two spacers that
shared sequence similarity with genomic regions within Shawty and IceWarrior (Table
11, 13). Notably, strain SFW was resistant to infection by Shawty, while IceWarrior
infected the strain at an efficiency of plating as low as 107 (Figure 6C). Both strain DF
and SFW encoded proteins containing regions with similarity to the RuvC and HNH

endonuclease domains of known Cas enzymes. However, given the limited similarity of
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these putative proteins to know Cas proteins, further study is necessary to determine if
they constitute functional Cas systems that provide resistance against phage infection.

A curious feature emerged from our analysis of the CRISPRs within these strains.
Among the 213 predicted spacers encoded by all four bacterial strains, 18 contained
sequence similarity (95-100% identity) with at least one of the four phages (Table 9).
The lengths of the matching sequences (100% identity) within bacterial spacers ranged
from 14 to 18 nucleotides and accounted for approximately half the length of a typical
spacer. Additionally, a single spacer occasionally appeared capable of targeting two
distantly related phages. These spacers contained sequences mapping to two distinct
genes encoded by different viral genomes. For example, spacer 106 in CRIPSR 23 of
strain QF2 is 32 nucleotides in length, and it contains 14 bases that share 100% identity
with a region in the TrvxScott tape measure gene. These 14 bases overlap (by 8
nucleotides) with another sequence that is 14 base pairs in length and shares 100%
identity with a noncoding region within the Shawty genome (Table 11). If these spacers
functionally serve to resist infection, our analysis suggests that a single spacer may
evolve to efficiently target more than one phage, thus providing broad immunity.
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4.6 Figures
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Figure 4.1. Phylogenetic tree of Streptomyces bacteria isolated from soil samples.
This tree was constructed using PCR-amplified 16S rRNA sequences and was generated
from a multiple sequence alignment using a Neighbor-Joining algorithm. The scale bar
(0.03) indicates substitutions per nucleotide.
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Figure 4.2. Inhibition of bacterial growth by Streptomyces isolates. The cross-streak
method was used to measure the zone of inhibition among ten Streptomyces strains
against two Gram-negative E. coli strains (MC4100 WT, JP313 AtolC), and Gram-
positive B. subtilis PY79 on (a) LB and (b) actinomycete isolation agar (AIA).
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Figure 4.3. Differential BCP phenotypes of E. coli JP313 AtolC exposed to natural
products produced by four Streptomyces soil isolates grown on different solid media.
Also displayed, are E. coli JP313 AtolC untreated controls grown on the tested media (LB
agar, AIA, and ISP2 agar). White arrows indicate cells with three chromosomes. BCP
images were collected after staining the cells with FM4-64 (red), DAPI (blue), and
SYTOX-green (green). The scale bar is 1 micron.
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Figure 4.4. Genome characteristics of Streptomyces sp. DF, SFW, QF2, and JS
isolated from soil samples. (a) Circular genomes of the four bacterial isolates
represented by the assembled contigs obtained from genome sequencing. (b) Genomes
oriented according to their threonine operons (dark blue). Predicted biosynthetic gene
clusters (light blue), loci of Cas-associated protein-coding genes (green), and CRISPR
arrays (purple) are shown. (¢) A Venn diagram displaying the numbers of BGCs that are

shared by and unique to the genomes of our isolates. Five clusters of particular
importance are explicitly named.
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Figure 4.5. Comparison of BGCs encoded in the genomes of bacterial soil isolates
and the predicted most similar, previously characterized BGC with an antibacterial
product. (a) Strain QF2, BGC 21, compared to the BGC previously described to produce
the antibiotic viomycin (NCBI Acc No. AY263398.1), encoded in the WGS of S.
vinaceus ATCC 11861. (b) Strain JS, BGC 7, compared to the BGC previously described
to produce the antibacterial sesquiterpene Albaflavenone (NCBI Acc No. AL645882.2),
encoded in the WGS of S. coelicolor A3(2). (¢) Strain SFW, BGC 1, compared to the
BGC previously described to produce the antibacterial beta-lactam Carbapenem MM
4550 (NCBI Acc No. KF042303.1), encoded in the WGS of S. argenteolus ATCC 11009.
(d) Strain DF, BGC 27, compared to the BGC previously described to produce the
ammonium ionophore antibiotic Nonactin (NCBI Acc No. AF074603.2), encoded in the
WGS of S. griseus subsp. griseus ETH A7796. Cluster comparisons were constructed in
Easyfig. Regions of nucleotide homology are indicated on a gray scale and genes are
colored according to the putative function of the corresponding protein product.

130



Q)

0
® o

> -1
g S. platensis JCM 4662
K] 2 @ s. coslicolor A3(2)
[ ® s
g DF
s 3 ® or2
3 @ o
£ . & " o o
E ® A
s ® B
E 5
° - .— - © sfw
=
o
-

7 [ ]
; s
TrvxScott  BartholomewSD ~ Shawty IlceWarrior

Bacteriophages

Il BN 0O OfEm L B0 I0MIN 0N AmIE =
[_An

B. ¢

0 20 30 |

1 TrvxScott (BD2)

|}l
1] O ==
D0 mCOjio picC—] = EHCO O eDmE)mmEic—] (-

(0N W 1 0@ [ - | 0 0 010 im0 el A | \ Y/
@ 10 [ 20 o 30 | T ! 40 | ! 50

; BartholomewSD (BD2) B 1 000EE0 BIEIIEIN

N N I N e | O mE [ ERiiEI0E = 0

'DI_-_-EI L 18 mEI ‘- [ | !_Il_mq.ﬂ_u___‘-_wﬂrlﬂ_ll.l_ﬂ.l_*_L,_‘g_l
Shawty (BB1)

O DN 0N 0 n O 6N ergepimecC @i mm @ Um0 (ImEEEm mO ]
o 0 [0 30 [ 40 50

IceWarrior (BI1)

Figure 4.6. Characterization of four Streptomyces phage isolated from soil samples.
(a) Electron micrographs of the four phages (IceWarrior, TrvxScott, BartholomewSD,
and Shawty). Lysate samples were negatively stained and imaged with transmission
electron microscopy (TEM). The scale bar is 100 nm. (b) A whole-genome sequence
comparison of the four phages generated by Phamerator (top to bottom: TrvxScott,
BartholomewSD, Shawty, IceWarrior). (¢) Host ranges of our four phage isolates. The
phages are listed on the horizontal axis, while the vertical axis indicates plating efficiency
(log-transformed). Each circle represents one of ten Streptomyces bacteria that was tested
for susceptibility to infection. Circles above the detection limit (dashed line) represent

successfully infected strains of Streptomyces.
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Figure 4.8. Class I, Type I-E CRISPR-Cas system encoded in the WGS of strain
QF2. (top) The Type I-E CRISPR-Cas operon encoded by strain QG is located from
4,973,482 to 4,987,810 and includes seven genes. The Type I-E cascade is followed by
CRISPR 31, consisting of two repeats and a single spacer. (bottom) The canonical Type
I-E CRISPR-Cas system encoded in the genome of E. coli K-12 MG1655 is located from
2,887,219 to 2,877,618 and includes eight genes. The Type I-E cascade is followed by a
CRISPR 31, consisting of five repeats and four spacers.
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4.7 Tables

Table 4.1. Top NCBI BlastN hits of the 16S rRNA gene sequences used to create the
phylogenetic tree containing eight Streptomyces isolates.

Sample ID NCBI BlastN Top 16S ribosomal RNA Hit Description Max  Total Query E Perce.nt Accession No.
Score Score Cover value Identity

S. platensis JCM 4662 Streptomyces platensis strain JCM 4662 2748 2748 100% 0 100% NR_024761.1
S. coelicolor A3(2) Streptomyces coelescens strain AS 4.1594 2793 2793 98% 0 99.93% NR_027222.1
JS Streptomyces rochei strain NRRL B-1559 2741 2741 91% 0 99.93% NR_116078.1

DF Streptomyces fulvissimus strain DSM 40593 2691 2691 100% 0 99.93% NR_103947.1

QF2 Streptomyces californicus strain NBRC 12750 2699 2699 100% O 100% NR_112257.1

EDE Streptomyces pratensis strain ch24 1238 1238 99% 0 98.99% NR_125616.1

SK Streptomyces californicus strain NBRC 12750 1242 1242 100% 0 100% NR_112257.1

AH Streptomyces pratensis strain ch24 1194 1194 100% 0 100% NR_125616.1

ELW Streptomyces atratus strain NRRL B-16927 1138 1138 100% O 99.84% NR_043490.1

SFW Streptomyces caviscabies strain ATCC 51928 2767 2767 _100% 0 99.87% NR_114493.1
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Table 4.2. BGCs encoded within the draft genome sequence of strain QF2. The most
similar BGCs in the MiBIG database are listed, as well as the percentage of genes in each
MiBIG known cluster that have similarity to genes in the corresponding QF2 cluster. In
cases where the most similar known BGC produces an antibiotic, the MOA was listed
(Showdomycin®®, Ficellomycin®!, Skyllamycin®2, Viomycin®, Alkylresorcinol®?).

Strain - QF2

Cluster Type M:f;;:::z’;?:sﬁ:g;:i‘;;nd Antibacterial Activity MIBig BGC-ID Minimum Maximum Le::tg'!h
1 butyrolactone Coelimycin P1 T1PKS (8%) BGC0000038 28795 39496 10702
2 terpene Geosmin Terpene (100%) BGCO0001181 60346 82527 22182
3 NRPS Griseobactin NRPS (35%) BGC0000368 101394 123548 22155
4 NRPS Coelichelin NRPS (72%) BGCO0000325 123549 145157 21609
5 T3PKS Herboxidiene T1PKS, T3PKS (6%) BGCO0001065 184513 202853 18341
6 terpene Isorenieratene Terpene (57%) BGC0000664 681001 697369 16369
7 ectoine Ectoine Other (75%) BGC0000853 1125565 1134445 8881
8 T2PKS Griseorhodin T2PKS (69%) BGCO0000230 1908342 1950906 42565
9 siderophore Desferrioxamine B Siderophore (80%) BGC0000941 2278919 2290697 11779
10 LAP thiopeptide - - - 2690041 2722548 32508
11 ectoine,butyrolactone Showdomycin Other (47%) Nucleic Acid and Protein Synthesis BGC0001778 3344033 3359401 15369
12 melanin Melanin Other (100%) BGCO0000911 4777563 4787988 10426
13 lanthipeptide AmfS Lanthipeptide (100%) BGC0000496 5105643 5127766 22124
14 terpene - - - 5476141 5497007 20867
15 siderophore Ficellomycin NRPS (3%) DNA Replication BGC0001593 5881146 5896034 14889
16 NRPS Vioprolide A NRPS (25%) BGC0001822 6093895 6137611 43717
17 bacteriocin - - - 6194201 6205608 11408
18 NRPS-like - - - 6430967 6442494 11528
19  NRPS-like ladderane,arylpolyene Skyllamycin NRPS (14%) Unknown MOA BGC0000429 6608620 6645073 36454
20 terpene Hopene Terpene (46%) BGC0000663 6755130 6764031 8902
21 NRPS,T1PKS Viomycin NRPS (66%) Protein Synthesis BGC0000458 6806327 6870853 64527
22 T3PKS Alkylresorcinol T3PKS (66%) Unknown MOA BGC0000282 7058484 7080991 22508
23 lassopeptide - - - 7260793 7282889 22097
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Table 4.3. BGCs encoded within the draft genome sequence of strain JS. The most
similar BGCs in the MiBIG database are listed, as well as the percentage of genes in each
MiBIG known cluster that have similarity to genes in the corresponding JS cluster. In
cases where the most similar known BGC produces an antibiotic, the MOA was listed
(Methylenomycin>*, Albaflavenone?’, Lipopeptide 8D1-1 & 8D1-2%, Lysolipin®®,
Kinamycin®7).

Strain - JS
Cluster Type M::;::::::zﬁ:g:::; rr;nd Antibacterial Activity MIBig BGC-ID Minimum Maximum Le:tg.th
1 T3PKS Herboxidiene T1PKS, T3PKS (7%) BGC0001065 214109 229085 14977
2 ectoine Ectoine Other (100%) BGC0000853 672467 682865 10399
3 melanin Melanin Other (60%) BGC0000911 1414668 1425276 10609
4 siderophore Desferrioxamine B Siderophore (66%) BGC0000941 1507497 1519344 11848
5 furan Methylenomycin Other (9%) Potentially Inhibits Cell Wall Biosynthesis BGC0000914 2667706 2688702 20997
6 NRPS Ansamitocin P-3 T1PKS (7%) BGC0001511 3021294 3076234 54941
7 terpene Albaflavenone Terpene (100%) Unknown MOA BGC0000660 3743916 3764845 20930
8 T2PKS Spore pigment T2PKS (66%) BGC0000271 3800219 3857023 56805
9 siderophore - - - 4274698 4286154 11457
10 bacteriocin - - B 4471015 4482384 11370
" terpene - - - 4488880 4508472 19593
12 NRPS Lipopeptide 8D1-1 & 8D1-2 NRPS (25%) PMF Collapse BGC0001370 4616241 4669719 53479
13 NRPS Lipopeptide 8D1-1 & 8D1-2 NRPS (15%) PMF Collapse BGC0001370 4929292 4967094 37803
14 terpene Hopene Terpene (76%) BGC0000663 5042481 5069167 26687
15 terpene Lysolipin T2PKS (4%) Cell Wall Biosynthesis BGC0000242 5088579 5103665 15087
16 T1PKS Candicidin T1PKS (28%) BGC0000034 5331251 5350185 18935
17 T2PKS,butyrolactone Kinamycin T2PKS (25%) DNA Synthesis BGC0000236 5370217 5395391 25175
18 T1PKS FR-008/Levorin A3 T1PKS (28%) BGC0000061 5395392 5413565 18174
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Table 4.4. BGCs encoded within the draft genome sequence of strain SFW. The most
similar BGCs in the MiBIG database are listed, as well as the percentage of genes in each
MiBIG known cluster that have similarity to genes in the corresponding SFW cluster. In
cases where the most similar known BGC produces an antibiotic, the MOA was listed
(Carbapenem?’, Clavulanic acid®®, Kanamycin®®, Lipopeptide 8DI1-1 & 8D1-2%,
Ficellomycin’!, Lactonamycin®, Istamycin®!, Cinerubin®, Tetronasin®?).

Strain - SFW
Most Similar MiBIG Cluster and " . L . - . Length
Cluster Type Predicted Percent Similarity Antibacterial Activity MIBig BGC-ID Minimum Maximum nt.
1 NRPS, blactam Carbapenem MM 4550 Other (62%) Cell Wall Biosynthesis BGC0000842 280243 420495 140253
2 NRPS Coelichelin NRPS (90%) BGC0000325 537068 587954 50887
3 terpene Isorenieratene Terpene (28%) BGC0000664 601924 615201 13278
4 blactam Clavulanic acid Other (20%) Beta-lactamase Inhibition BGCO000845 839861 863248 23388
5 terpene Hopene Terpene (69%) BGC0000663 920123 946635 26513
6 T1PKS Sceliphrolactam T1PKS (72%) BGCO0001770 1325302 1388343 63042
7 bacteriocin = = - 1598693 1609196 10504
8 lanthipeptide Kanamycin Saccharide (1%) Protein Synthesis BGCO0000703 1734703 1760347 25645
9 NRPS Lipopeptide 8D1-1 & 8D1-2 NRPS (6%) PMF Collapse BGC0001370 1773501 1830128 56628
10 siderophore Ficellomycin NRPS (3%) DNA replication BGC0001593 2107372 2120491 13120
1 terpene N N N 2186197 2205874 19678
12 butyrolactone Lactonamycin T2PKS (3%) Protein Synthesis BGC0000238 4018281 4029096 10816
13 NRPS Istamycin Saccharide (11%) Protein Synthesis BGC0000700 4251191 4307412 56222
14 siderophore Desferrioxamine B Siderophore (83%) BGC0000941 4924798 4936579 11782
15 lanthipeptide = - 5321361 5346350 24990
16 terpene = - 5588840 5608518 19679
17 ectoine Ectoine Other (100%) BGC0000853 6072388 6080990 8603
18 T2PKS, PKS-like Cinerubin B T2PKS (25%) DNA Intercalation BGC0000212 6443938 6515214 71277
19 terpene Steffimycin T2PKS-Saccharide (16%) BGC0000273 6560271 6580717 20447
20 terpene, ectoine Ectoine Other (100%) BGC0000853 6860752 6881669 20918
21 bacteriocin - - - 6909859 6920014 10156
22 T3PKS Tetronasin TIPKS (11%) PMF Collapse BGC0000163 7071589 7112647 41059
23 melanin Melanin Other (100%) BGCO0000911 7208921 7219385 10465
24 T2PKS, terpene Spore pigment T2PKS (83%) BGC0000271 7244899 7317424 72526
25 NRPS Rimosamide NRPS (21%) BGC0001760 7458615 7511513 52899
26 butyrolactone - - 7592249 7602533 10285
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Table 4.5. BGCs encoded within the closed genome sequence of strain DF. The most
similar BGCs in the MiBIG database are listed, as well as the percentage of genes in each
MiBIG known cluster that have similarity to genes in the corresponding DF cluster. In
cases where the most similar known BGC produces an antibiotic, the MOA was listed
(Arsenopolyketides®, Naringenin®, Laspartomycin®, Asukamycin®’, Tetrapetalone®®,
Nonactin®', SGR PTMs NRPS®).

Strain - DF
Most Similar MiBIG Cluster and . . . . . . Length
Cluster Type Predicted Percent Similarit Antibacterial Activity MIBig BGC-ID Minimum Maximum (nt)

1 ectoine - - - 55194 65595 10402
2 butyrolactone Gamma-butyrolactone (100%) BGC0000038 156789 167693 10905
3 terpene Geosmin Terpene (100%) BGC0001181 196683 218891 22209
4 transAT-PKS, T1PKS, NRPS Griseobactin NRPS (82%) BGC0000368 227963 343592 115630
5 NRPS Coelichelin NRPS (81%) BGC0000325 363422 414309 50888
6 NRPS Arsenopolyketides Other (41%) Unknown MOA BGC0001283 421648 466618 44971
7 T3PKS Naringenin Terpene (100%) Potentially Inhibits Fatty Acid Biosynthesis BGC0001310 481558 522683 41126
8 T2PKS Granaticin T2PKS (29%) BGC0000227 874325 916838 42514
9 terpene Steffimycin T2PKS-Saccharide (19%) BGC0000273 1079402 1100700 21299
10 ectoine Ectoine Other (100%) BGC0000853 1578303 1588701 10399
11 NRPS Laspartomycin NRPS (9%) Cell Wall Biosynthesis BGC0000379 2182777 2259643 76867
12 siderophore Desferrioxamine B Siderophore (100%) BGC0000941 2696558 2708336 11779
13 LAP, thiopeptide - - - 3100604 3132306 31703
14 NRPS Microsclerodermins NRPS, T1PKS (14%) BGC0001019 3327941 3392550 64610
15 betalactone Divergolide T1PKS (6%) BGC0001119 3740002 3763908 23907
16 T2PKS Rabelomycin T2PKS-Saccharide (25%) BGC0000262 4318297 4360617 42321
17 lassopeptide Keywimycin RiPP (100%) BGC0001634 4419581 4442206 22626
18 T1PKS Streptazone E T1PKS (91%) BGC0001296 4973731 5038740 65010
19 lanthipeptide AmfS Lanthipeptide (100%) BGC0000496 5317536 5340199 22664
20 terpene - - - 5677735 5698600 20866
21 siderophore - - - 6150075 6164335 14261
22 butyrolactone 4-formylaminooxyvinylglycine Other (21%) BGC0001488 6317636 6328541 10906
23 bacteriocin - - - 6488518 6499849 11332
24 terpene 2-methylisoborneol Terpene (100%) BGC0000658 6514280 6535368 21089
25 NRPS Asukamycin T2PKS (12%) Unknown MOA BGC0000187 6618679 6679113 60435
26 arylpolyene Tetrapetalone A-D PKS (26%) Unknown MOA BGC0001798 6726255 6767369 41115
27 NRPS Nonactin T2PKS (85%) Dissipates Transmembrane Electric Potential BGC0000252 6774441 6840334 65894
28 terpene Hopene Terpene (69%) BGC0000663 7093211 7119781 26571
29 NRPS SGR PTMs NRPS, T1PKS (100%) Unknown MOA BGC0001043 7204325 7247340 43016
30 bacteriocin - - - 7260810 7271608 10799
31 melanin Melanin Other (100%) BGCO0000911 7452699 7463166 10468
32 T3PKS Herboxidiene T1PKS, T3PKS (7%) BGC0001065 7495580 7536629 41050
33 terpene Isorenieratene Terpene (100%) BGC0000664 7626626 7652190 25565
34 thiopeptide, LAP, NRPS Lactazole Thiopeptide (33%) BGC0000606 7666072 7717669 51598
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Table 4.6. Inhibition of growth of clinically relevant pathogens by Streptomyces
strains DF, SFW, QF2, and JS. Plus signs indicate growth inhibition, while minus
signs indicate pathogen growth.

Gram-Negative Bacteria Gram-Positive Bacteria
E. coli P. aeruginosa B. subtilis MRSA
JP313 Ato/lC MC4100 PAO1 P4 PAO1 Aefflux PY79  USA 300 TCH1516
DF + - - - + + +
SFW + + - - - + -
QF2 + + - - + + +
JS + + - - + + +
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Table 4.7. Summary of the NCBI WGS annotations of four phage isolates.

Bacteriophage Taxa Genome (bp) GC% Genes Cluster Subcluster Genbank Acc. No.
TrvxScott unclass. Arequatrovirus 52600 67.8 81 BD BD2 MH669016
IceWarrior unclass. Rimavirus 55532 595 86 Bl BI1 MK433259

BartholomewSD  unclass. Arequatrovirus 52131 676 88 BD BD2 MK460245

Shawty unclass. Lomovskayavirus 40733 632 58 BB BB1 MK433266
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Table 4.8. Functions of the putative proteins encoded within the genomes of four

phage isolates.

Streptomyces Phage TrvxScott taxon:2301575

Streptomyces phage Shawty taxon:2510521

Streptomyces phage IceWarrior taxon:2510515

Streptomyces phage BartholomewSD taxon:2510587

cos Product cos Product cDs Product cos Product
No. No. No. No.
1 hypothetical protein 1 terminase small subunit 1 hypothetical protein 1 hypothetical protein
2 HNH endonuclease 2 terminase large subunit 2 HNH endonuclease 2 hypothetical protein
3 thioredoxin 3 portal protein 3 hypothetical protein 3 HNH endonuclease
4 terminase small subunit 4 capsid maturation protease 4 hypothetical protein 4 tRNA-Phe
5 terminase large subunit 5 major capsid protein 5 endolysin 5 hypothetical protein
6 portal protein 6 head-to-tail adaptor 6 head-to-tail connector complex protein 6 thioredoxin
7 capsid maturation protease 7 hypothetical protein 7 hypothetical protein 7 hypothetical protein
8 scaffolding protein 8 major tail protein 8 terminase large subunit 8 terminase
9 major capsid protein 9 hypothetical protein 9 hypothetical protein 9 portal protein
10 head-to-tail connector complex protein 10 tail assembly chaperone 10 hypothetical protein 10 MuF-like minor capsid protein
1 head-to-tail connector complex protein 1 tail assembly chaperone 1 hypothetical protein 1" scaffolding protein
12 hypothetical protein 12 tape measure protein 12 portal protein 12 major capsid protein
13 head-to-tail connector complex protein 13 minor tail protein 13 hypothetical protein 13 head-to-tail adaptor
14 major tail protein 14 minor tail protein 14 capsid maturation protease 14 head-to-tail stopper
15 tail assembly chaperone 15 minor tail protein 15 hypothetical protein 15 hypothetical protein
16 tail assembly chaperone 16 minor tail protein 16 hypothetical protein 16 tail terminator
17 tape measure protein 17 hypothetical protein 17 major tail protein 17 major tail protein
18 minor tail protein 18 tail fiber 18 hypothetical protein 18 tail assembly chaperone
19 minor tail protein 19 lysin A 19 major tail protein 19 tail assembly chaperone
20 hypothetical protein 20 hypothetical protein 20 hypothetical protein 20 tape measure protein
21 hypothetical protein 21 deoxynucleoside monophosphate kinase 21 chitosanase 21 minor tail protein
22 hypothetical protein 22 immunity repressor 22 hypothetical protein 22 minor tail protein
23 minor tail protein 23 Cas4 family exonuclease 23 tape measure protein 23 hypothetical protein
24 hypothetical protein 24 hypothetical protein 24 minor tail protein 24 minor tail protein
25 lysin A 25 hypothetical protein 25 minor tail protein 25 hypothetical protein
26 hypothetical protein 26 hypothetical protein 26 hypothetical protein 26 hypothetical protein
27 hypothetical protein 27 hypothetical protein 27 hypothetical protein 27 hypothetical protein
28 hypothetical protein 28 hypothetical protein 28 hypothetical protein 28 lysin A
29 hypothetical protein 29 hypothetical protein 29 holin 29 hypothetical protein
30 exonuclease 30 HNH endonuclease 30 hypothetical protein 30 hypothetical protein
31 hypothetical protein 31 DNA primase 31 hypothetical protein 31 immunity repressor
32 hypothetical protein 32 restriction endonuclease 32 hypothetical protein 32 hypothetical protein
33 hypothetical protein 33 DNA polymerase | 33 hypothetical protein 33 Cas4 family exonuclease
34 deoxycytidylate deaminase 34 RNA polymerase sigma factor 34 hypothetical protein 34 hypothetical protein
35 DNA helicase 35 hypothetical protein 35 hypothetical protein 35 hypothetical protein
36 holliday junction resolvase 36 hypothetical protein 36 hypothetical protein 36 hypothetical protein
37 hypothetical protein 37 hypothetical protein 37 hypothetical protein 37 deoxycytidylate deaminase
38 DNA primase 38 hypothetical protein 38 hypothetical protein 38 DnaB-like helicase
39 DNA primase 39 hypothetical protein 39 hypothetical protein 39 holliday junction resolvase
40 hypothetical protein 40 ThyX-like thymidylate synthase 40 hypothetical protein 40 hypothetical protein
4 hypothetical protein 4 hypothetical protein 4 hypothetical protein 41 DNA primase
42 exonuclease 42 hypothetical protein 42 hypothetical protein 42 DNA primase
43 hypothetical protein 43 thioredoxin 43 hypothetical protein 43 hypothetical protein
44 HTH DNA binding protein 44 hypothetical protein 44 hypothetical protein 44 hypothetical protein
45 hypothetical protein 45 deoxycytidylate deaminase 45 hypothetical protein 45 hypothetical protein
46 ribonucleotide reductase 46 hypothetical protein 46 hypothetical protein 46 Mre11 family dsDNA break repair endo/exonuclease
47 DNA methylase 47 hypothetical protein 47 hypothetical protein 47 hypothetical protein
48 hypothetical protein 48 hypothetical protein 48 hypothetical protein 48 helix-turn-helix DNA binding protein
49 hypothetical protein 49 hypothetical protein 49 hypothetical protein 49 hypothetical protein
50 hypothetical protein 50 hypothetical protein 50 hypothetical protein 50 ribonucleotide reductase
51 HTH DNA binding protein 51 hypothetical protein 51 hypothetical protein 51 hypothetical protein
52 integrase 52 hypothetical protein 52 hypothetical protein 52 hypothetical protein
53 hypothetical protein 53 protein kinase 53 hypothetical protein 53 hypothetical protein
54 thymidylate synthase 54 integrase 54 hypothetical protein 54 hypothetical protein
55 hypothetical protein 55 tRNA-Asp 55 hypothetical protein 55 helix-turn-helix DNA binding protein
56 hypothetical protein 56 tRNA-Thr 56 hypothetical protein 56 integrase
57 hypothetical protein 57 hypothetical protein 57 hypothetical protein 57 hypothetical protein
58 hypothetical protein 58 HNH 58 hypothetical protein 58 ThyX-like thymidylate synthase
59 hypothetical protein 59 DNA primase/polymerase 59 hypothetical protein
60 hypothetical protein 60 hypothetical protein 60 hypothetical protein
61  deoxynucleoside monophosphate kinase 61 hypothetical protein 61 hypothetical protein
62 hypothetical protein 62 hypothetical protein 62 hypothetical protein
63 hypothetical protein 63 hypothetical protein 63 hypothetical protein
64 hypothetical protein 64 hypothetical protein 64 hypothetical protein
65 hypothetical protein 65 hypothetical protein 65 deoxymononucleoside kinase
66 hypothetical protein 66 hypothetical protein 66 hypothetical protein
67 hypothetical protein 67 hypothetical protein 67 hypothetical protein
68 hypothetical protein 68 hypothetical protein 68 hypothetical protein
69 hypothetical protein 69 hypothetical protein 69 hypothetical protein
70 hypothetical protein 70 hypothetical protein 70 hypothetical protein
71 hypothetical protein 71 hypothetical protein 71 hypothetical protein
72 hypothetical protein 72 hypothetical protein 72 hypothetical protein
73 hypothetical protein 73 hypothetical protein 73 hypothetical protein
74 hypothetical protein 74 hypothetical protein 74 hypothetical protein
75 hypothetical protein 75 hypothetical protein 75 hypothetical protein
76 hypothetical protein 76 hypothetical protein 76 hypothetical protein
77 hypothetical protein 77 hypothetical protein 77 hypothetical protein
78 acetyltransferase 78 hypothetical protein 78 hypothetical protein
79 hypothetical protein 79 hypothetical protein 79 hypothetical protein
80 hypothetical protein 80 hypothetical protein 80 hypothetical protein
81 hypothetical protein 81 DNA helicase 81 hypothetical protein
82 HNH endonuclease 82 hypothetical protein
83 hydrolase 83 hypothetical protein
84 DNA helicase 84 hypothetical protein
85 helix-turn-helix DNA binding domain protein 85 hypothetical protein
86 hypothetical protein 86 hypothetical protein
87 hypothetical protein
88 hypothetical protein
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Table 4.9. General characteristics of predicted CRISPR-Cas systems within the
genomes of strains DF, SFW, QF2, and JS. Included in this Table 4.is the number of
spacers within the genome of each bacterial strain with sequence similarity to regions
within any of the four phage isolates (IceWarrior, TrvxScott, BartholomewSD, or
Shawty).

Spacers with as Cas-
Strains CRISPR Spacers Repeats Blastn Hits to Host oci Associated
Range Phage Genes
DF 12 14 26 2 3 9
SFW 11 23 34 2 3 17
QF2 39 168 207 14 5 22
JS 4 8 12 0 4 20
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Table 4.10. Characteristics of the 38 CRISPRs predicted in the draft genome
sequence of strain QF2. Spacers with sequence similarity to any of the four phages in
this study are listed next to their corresponding CRISPR and are identified according to
their position relative to all other spacers within the QF2 genome.

Strain QF2
CRISPRs Min Max L?:f)th Re::.ats Sp'a\l:érs Spacer Blastn Hit to Host Range Phage
1 384313 384428 116 2 1 S1 [BartholomewSD]
2 437656 437755 100 2 1
3 835820 835922 103 2 1
4 1307659 1307752 94 2 1
5 1344898 1345205 308 6 5
6 1543053 1543144 92 2 1
7 1616159 1616542 384 5 4 S13 [BartholomewSD, TrvxScott]
8 1618208 1618291 84 2 1
9 1833873 1833977 105 2 1
10 1861097 1861197 101 2 1
11 2316101 2316187 87 2 1
12 2704894 2704990 97 2 1
13 3015981 3016376 396 7 6 S21 [IceWarrior]
14 3106815 3107262 448 8 7 S27 [BartholomewSD, TrvxScott]
15 3112452 3113433 982 17 16 S34 [IceWarrior], S41 [TrvxScott]
16 3138610 3140161 1,552 26 25
17 3145439 3145830 392 7 6
18 3444685 3444779 95 2 1
19 3507440 3507598 159 3 2
20 3791739 3792012 274 5 4
21 3838730 3838804 75 2 1
22 4257871 4258080 210 4 3 S89 [IceWarrior]
23 4327550 4328916 1,367 23 22 S105 [IceWarrior], S106 [Shawty, TrvxScott]
24 4333365 4334666 1,302 22 21 S118 [TrvxScott], $S131 [Shawty, TrvxScott]
25 4335904 4336481 578 10 9 S$138 [BartholomewSD], S140 [TrvxScott]
26 4522773 4522879 107 2 1
27 4528080 4528148 69 2 1
28 4657265 4657374 110 2 1
29 4754273 4754356 84 2 1
30 4787509 4787642 134 3 2
31 4987714 4987810 97 2 1
32 5305650 5305745 96 2 1
33 5400452 5400541 90 2 1 S151 [IceWarrior]
34 5417083 5417162 80 2 1
35 5441923 5442032 110 2 1
36 6552625 6552699 75 2 1
37 6798173 6798309 137 3 2
38 7177566 7177797 232 6 5
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Table 4.11. Characteristics of the spacers within the genomes of strain DF, SFW,
and QF2 that have sequence similarity to at least one of the four phage isolates. The
bold portion of each spacer shares high sequence similarity with a region in the genome
of the listed host range phage. In cases where a single spacer mapped to two phages,
bold and underlined are used to sequences distinguish the two.

Strain DF

CRISPR Spacer "i:‘g)m Sequence

9 S 32 TGCCCACCGGCCGAGCCGCCTTCCGCAGGCAG

10 S12 49 GGTGTCCCCGCCGGTCGCGTGCATGTCCTTCGGCTTGAGCGGGCTGCCG
Strain SFW

Blastn Hit to Host  Score (bits) / Length

CRISPR Spacer Range Phage E val. (nt) Sequence

1 St 26 GAGTCACCAGCCGGGCGAAGGCACGC

5 S6 42 CGGGCGTCGACGGTGACGAGCGTCGCGTCGTACTTICTCCTTG
Strain QF2

CRISPR Spacer

f

St

Length
o) Sequence
48 GCGGACGGCGGCGCGGCCGGTACCCCCGGTGTCCACGACGGCGGCGCG

7

S13

68 CGACCTGCGGTACCACTCGATCCGGGCGCGGTCCCATCTACAAGGGCACGGTCGTCCAGCGGACCGAG

13

S21

14

s27

15
22

23

24

S34
S41

S89

$105

©

$106

S118

S$131

25

S$138
S140

S151

36.2 (18) /0.063 18/18 (100%)

33 CGCCGGAACCCTCAAGGAGGAGAACGGCGCGGG

37 AGGGCCTGGCCGTGCGGGGTGCGGGTGGAGTCGTGGT

32 ACAGCGACGTCGCCTACAACTACGCCGCCTGG

32 GGTGCTGAACCCGTCGGCGGCCGTGAACTTGT

33 CCGCGGGCGTCCTTCGCCGAGGAGACCCTGCCC

33 CATCAGCGTCTGAAGCAGCACGCCCATCGCCTT

32 TGGATCGAGCCGGACGGGCACATCAGCGGCCC
GCCGCGTCCGGCTACGGCTACGGCTCCGCCCC

32 AACGCCGTCCATGAGGCGCTGCGTTTGGCGTC

32 AACGCGGCAGCGATGGCCCGTACGAGCGGCGG

32 ATCCTCGCCGTCCAGACCGCCTCGACGCAGAT

42 GTGGTGGCCTCGCCGACCAGTTGCTCGGACGCCTGGGCGGCC
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Table 4.12. Characteristics of the 12 CRISPRs predicted in the complete genome
sequence of strain DF. Spacers with sequence similarity to any of the four phages in
this study are listed next to their corresponding CRISPR and are identified according to
their position relative to all other spacers within the DF genome.

Strain DF
. Length No. No. .
CRISPRs Min Max (nt) Repeats Spacers Spacer Blastn Hit to Host Range Phage

1 1491701 1491797 97 2 1

2 1517080 1517203 124 2 1

3 1669449 1669522 74 2 1

4 1995371 1995463 93 2 1

5 2013671 2013864 194 3 2

6 2241854 2241958 105 2 1

7 2443114 2443225 112 2 1

8 3767692 3767796 105 2 1

9 4170935 4171076 142 3 2 S11 [BartholomewSD]

10 4684531 4684625 95 2 1 S12 [BartholomewSD, TrvxScott]
11 4802187 4802274 88 2 1

12 5682554 5682639 86 2 1
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Table 4.13. Characteristics of the 11 CRISPRs predicted in the draft genome
sequence of strain SFW. Spacers with sequence similarity to any of the four phages in
this study are listed next to their corresponding CRISPR and are identified according to
their position relative to all other spacers within the SFW genome.

Strain SFW
. Length No. No. .
CRISPRs Min Max (nt) Repeats Spacers Spacer Blastn Hit to Host Range Phage

1 250601 250674 74 2 1 S1 [Shawty]
2 452415 452685 271 3 2

3 2779718 2779796 79 2 1

4 2824197 2824275 79 2 1

5 4553801 4554168 368 5 4 S6 [IlceWarrior]
6 4731148 4731651 504 10 9

7 5166339 5166424 86 2 1

8 5317268 5317371 104 2 1

9 5722922 5723016 95 2 1

10 6532966 6533033 68 2 1

11 7183989 7184080 92 2 1
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Chapter 5: Concluding remarks
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This study began by collecting samples from four subterranean limestone caves in
New Mexico (Lechuguilla Cave, Spider Cave, Carlsbad Cavern, and Backcountry Cave).
I isolated and characterized bacteria from these samples and in order to determine the
culturable bacterial diversity from these four caves. Comparative 16S rRNA analysis
revealed the dominant group was Actinobacteria, accounting for 45% of all cave isolates.
Members of the Actinobacteria including Streptomyces sp. were selectively cultured for
this study because they are a rich source of secondary metabolic natural products. I used
Bacterial Cytological Profiling to identify strains capable of producing metabolites with
bioactivity against Gram-negative E. coli. Cytological profiling revealed strains within
this collection killed E. coli by a variety of different mechanisms, the most prominent
targeting the cell envelope. The genomes of 9 isolates (4 Actinobacteria and 5 Bacillus)
were sequenced and mined for biosynthetic gene clusters associate with secondary
metabolism. Some of the gene clusters were predicted to produce antibiotics that would
produce phenotypes identified by BCP, suggesting that these clusters might be
responsible for the observed inhibitory activity. To further identify novel molecules
capable of killing Gram negative bacteria, in my second chapter I describe the
identification of small synthetic molecules that inhibit growth of E. coli tolC. 1
characterized one molecule in detail and demonstrated that it represents a chemical series
that inhibit the E. coli thymidylate kinase gene in vivo and in vitro that is required for
DNA replication. However I also showed that some members of this family inhibit both
DNA replication and cell wall synthesis in vivo. This particular family of molecules
belongs to a group known as “PAINS” for pan-assay-inhibitory screen, which are

notoriously difficult to study because they are chemically reactive, have nonspecific
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binding and frequently hit multiple targets within the cell. I was able to show that BCP is
a powerful tool for characterizing molecules such as these that have multiple mechanisms
of action and are traditionally very difficult to study. Finally, in my third chapter I
describe the characterization of Streptomyces bacteria and characterization of phage that
infect them. These phage might one be used to perform genetic experiments with
Streptomyces strains in order to improve their ability to produce antibiotics. Taken
together, these chapters provide additional insight into the cave microbiome and methods

for identifying and characterizing new antibiotics.
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