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Abstract

Identification of Systems Regulating Specialized Metabolism
in the Bacterium Streptomyces coelicolor during Interspecies Interactions

by
Bailey Bonet
Doctor of Philosophy in Microbiology
University of California, Berkeley
Assistant Professor Matthew Traxler, Chair

Streptomyces coelicolor is a soil-dwelling prokaryote representative of an order of Gram-positive
filamentous bacteria designated Actinomycetales, the richest known bacterial source of
bioactive natural products. These specialized / secondary metabolites (including macrolides,
aminoglycosides, tetracyclines, cephalosporins and polyketides) often have potent anti-
microbial activity and, hence, have been a staple of modern medicine. Genome sequencing
has revealed that a given actinomycete genome encodes the potential biosynthetic capacity to
produce from 10 to 30, or even more, distinct natural products. S. coelicolor is a model organism
for studying actinomycete development, genetics, and specialized metabolism. However, in its
natural environment, S. coelicolor must engage with a heterogenous and complex collection of
other microorganisms, as well as with abiotic factors in soil. Therefore, in the research
described in this dissertation, I explored the role of interspecies interactions in regulating the
production of specialized metabolites by . coelzcolor. To obtain insight about how production
of these compounds is induced, I exploited the fact that S. coelicolor produces two, readily
visualized, red-colored antibiotics (actinorhodin and undecyl-prodigiosin), but only when
placed in close contact to certain other bacterial genera. I used extensive analysis of gene
expression (RNA-seq) during interspecies interactions and, thereby, identified involvement of
conservon8 in controlling induction of the red-colored antibiotics. A conservon is an operon
so named because it encodes a characteristic set of four proteins and the . coelicolor genome
encodes 13 such cassettes that are highly homologous to each other. I constructed single-gene
deletions in conservon 8 and determined, using transcriptome analysis, that CvnA8 and CvnF8
seem to function together. On the basis of my data, combined with bioinformatic analysis, I
propose that CvnA8 is a membrane-bound signaling protein and CvnF8, a GAF domain-
containing protein (an element that typically binds ligands and allosterically regulates proteins),
serves as a sensor for CvnA8. From the gene expression patterns of deletion mutants, I deduce
that CvnC8 and CvnD8 likely function together and hypothesize that CvnC8 is a transcription
factor that is negatively regulated by CvnDS8, which resembles a small RAS-like GTPase.
Similarly, I observed that a AanBS mutation has an intermediate effect on red pigment
production and genome wide expression patterns, suggesting that it may connect CvnA8/F8
and CvnC8/D8, perhaps through regulation of the CvaD8 GTPase. Finally, my expression
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data additionally demonstrate that these conservon 8 factors also control expression of the
gene clusters for at least two other specialized metabolites aside from the two red pigments,
including a cryptic cluster that is predicted to encode a lanthipeptide.
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1 Chapter 1. An introduction to Streptomyces lifestyle,
genome, and specialized metabolism

1.1 Life in the Soil as an Actinomycete

The soil is an extraordinarily complex and heterogenous environment from the kilometer scale
all the way down to the nanometer scale. As a result of the great variation in biophysical and
biochemical characteristics, microorganisms have evolved a myriad of growth and survival
strategies in order to live in the soil (Young and Crawford, 2004). Pore structure, tortuosity,
sorptive properties, moisture content, organic and inorganic carbon content, nitrogen content,
trace metal availability, etc. all influence the habitability of soils and provide unique challenges
for life at a small scale.

Some of the most abundant and prolific soil microorganisms are filamentous fungi, which can
form massive networks of hyphae covering more than 2000 acres and surviving for more that
2,500 years (Smith et al., 1992; Anderson et al., 2018). Alongside bacteria, filamentous fungi
are the main agents responsible for decomposing organic matter and unlocking the stored
nutrients from dead organisms. The decomposition of nutrients in the soil plays an extremely
crucial role in nutrient cycling and ecosystem function. So, what makes these fungi so stable
and well adapted to the soils? Their unique lifestyle which involves filamentous growth,
protection from harsh conditions by forming spores, and their ability to produce bioactive
secondary metabolites are all factors that allow them to be successful in the soil environment.

Actinomycetes are saprophytes that are found ubiquitously in soils and decaying matter. More
recently, they have been recognized as bona fide symbionts which can be found associated
with plants, animals, and insects (Seipke et al., 2012). When the first actinomycetes were
isolated, they were assumed to be filamentous fungi because of their filamentous growth, and
their aerial spore formation that gave them a fuzzy colony morphology, similar to fungi.
Though actinomycetes were subsequently proven to be bacteria through cellular
morphological observations and the sequencing of their 16S gene, they still share many similar
characteristics. St#reptomyces are a genus of actinomycetes that grow in branching, filamentous
networks of hyphae, some of which will branch and grow vertically from a surface to form
aerial hyphae followed by differentiation into spore chains (Figure 1-1). The raising of aerial
hyphae and formation of spores is a highly regulated process that typically occurs once
nutrients become limited. The spores can then be dispersed to start the life cycle all over again
in a more hospitable environment.
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Figure 1-1 | The Streptomyces life cycle.

Streptomyces begin their life as spores that germinate when they find favorable
conditions. They then grow by apical extension and form branching networks
of vegetative hyphae. After depleting nutrients or sensing specific cues, they
raise aerial hyphae that break the surface tension and grow vertically from the
colony. The aerial hyphae will eventually differentiate into spore chains to begin
the life cycle once more.

The similarities between the lifestyles of filamentous fungi and filamentous actinomycetes
implies that filamentous growth and spore formation are useful traits for stability in soils.
Indeed, this makes sense when considering the previously mentioned heterogeneity of soil
environments. With networks of hyphae, filamentous organisms can move toward nutrients
using hyphal extension while not sacrificing the space they are already occupying. The pockets
of concentrated nutrients can also be shared across an entire network allowing for a
community-wide acquisition of resources. Additionally, with a higher surface to volume ratio
in filaments compared to rod-shape single cells, there is more space for the cells to contact
and interact with their environment. If the environment becomes unfavorable due to lack of
nutrients or desiccation, the microorganism can direct its resources toward spore
differentiation in order to ensure its progeny’s survival (Flirdh and Buttner, 2009). Streptomyces
are also able to utilize a wide variety of sugars, alcohols, and organic acids (Practical
Streptomyces Genetics | NHBS Academic & Professional Books; Dulaney, 1949; Basak and
Majumdar, 1973) making them well adapted to the diverse nutrient sources in sediments. We
would consider most Streptomyces to be generalists as they are capable of living in a diverse
range of environments.



1.2 The Streptomyces coelicolor Genome

When the Streptomyces coelicolor genome was first sequenced using Sanger sequencing in 2002, it
was the largest completely sequenced bacterial genome ever published (Bentley et al., 2002).
The genome helped to expand our understanding of microbial life in the soil and unlocked
new techniques for exploration of actinomycete development, gene regulation, and natural
product production. This achievement was momentous in the actinomycete and natural
products communities because it illuminated the complexity of the Streptomyces lifestyle
through the variety of genes observed, the extensive dedication of genomic space to natural
product production, the unprecedented amount of regulatory genes, and the structure of the
genome itself (Bentley et al., 2002).

The 8,667,507 bp linear . coelicolor genome is organized into a core region and variable arms
flanking the core (Bentley et al.,, 2002). The central core region is well conserved across
Streptomyces and contains almost all the genes likely to be unconditionally essential such as genes
for transcription, translation, DNA replication, and cell division. In contrast, the variable arm
regions house genes involved in non-essential functions such as hydrolytic enzymes, secondary
metabolite biosynthesis, and gas vesicle proteins. The genome contains 7,825 predicted genes,
allowing for a huge amount of coding potential and leading to expansions of known protein
families along with identification of new families (Bentley et al., 2002). S. coelicolor had
expansions in gene families related to transport, secreted proteins, and regulation. 7.8% of
genes (614 total) and 10.5% of genes (819 total) are predicted to have a transport function or
be secreted, respectively. Enrichment for transporters and secreted proteins underscore the
investment made in order to interact with a complex environment, such as the soil.

The S. coelicolor genome also shows a clear emphasis on regulation with 12.3% of genes (965
total) predicted to have a regulatory function. It has been shown that larger genomes are
typically enriched in regulatory genes and depleted in translation, DNA replication, and cell
division proteins (Konstantinidis and Tiedje, 2004). This trend suggests an ecological strategy
associated with genome expansion and implies that species with larger genomes might
dominate environments where resources are scarce and slow growth does not have a huge
negative selection pressure. Indeed, we think soil habitats are exactly this kind of environment.
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Figure 1-2 | The Streptomyces coelicolor genome.

Figure adapted from (Bentley et al., 2002).

The linear genome of S. coelicolor is shown, with dark blue indicating the core
region and light blue indicating the variable arm regions. The length of the
genome in mega bases is marked along the outside in a counterclockwise
direction with the origin labeled along the outside as well. The innermost black
circle represents GC content. The second ring indicates mobile elements, with
brown and orange representing transposases and putative laterally acquired
genes, respectively. The third ring from the inside indicates non-essential genes
with specialized metabolite genes in red, exoenzymes in pale blue, conservons
in dark blue with a dark blue circle adjacent to them, and gas vesicle proteins in



green. The fourth ring, closest to the genome, highlights essential genes for cell
division, DNA replication, transcriptions, translation, and amino-acid
biosynthesis.

S. coelicolor shows a strong preference for regulatory genes involved in stress response and
extracellular sensing. The genome contains 65 sigma factors, 45 of which are ECF (extra-
cytoplasmic function) sigma factors which are known to be involved in responding to external
stimuli (Hong et al.; Bentley et al., 2002). . coelicolor also has a predicted 100 sensor kinases
and 87 response regulators making up a huge collection of two-component system genes
(Rodriguez et al., 2013). Two-component systems consist of a kinase that senses an external
signal and phosphorylates the response regulator which then can change gene expression to
respond to an extracellular stimulus.

Along with sigma factors and two-component systems, a four gene operon, predicted to be
involved in regulation, was found repeated throughout the genome 13 times (blue dots in
Figure 1-2). This conserved operon was termed a conservon and thought to function as a
different kind of regulatory system because of the predicted function of the four core genes.
Subsequent studies on conservon 9 in S. coelicolor, and its homolog rarA-E in . griseus showed
that this particular conservon negatively regulates aerial mycelium formation and production
of pigmented specialized metabolites in both species (Komatsu et al., 2003, 2006; Takano et
al., 2011). Studies on conservon 9 showed that the proteins, CvnA-D9 interact with each other,
CvnA9 is an ATPase, and CvnD9 is a GTPase (Komatsu et al., 2003). The authors conclude
that the conservon resembles a eukaryotic G protein-coupled regulatory system that is typically
involved in outside-in signaling.

One of the most illuminating discoveries that came from the sequenced Streptomyces coelicolor
genome was the plethora of specialized metabolite biosynthetic genes. Prior to genome
sequencing, just four natural products or specialized metabolites were known to be produced
by S. coelicolor; actinorhodin, undecyl-prodiginine, calcium-dependent antibiotic (CDA), and
the grey polyketide spore pigment (Wright and Hopwood, 1976; Hopwood and Merrick, 1977,
Chong et al., 1998). After genome sequencing, another 18 natural product biosynthetic gene
clusters were identified and today we are able to confidently predict a total of 27 biosynthetic
gene clusters. This analysis revolutionized the natural product discovery field and thus began
a new era of discovery aimed at waking up these silent, or unexpressed gene clusters.

1.3 Specialized Metabolism in Streptomyces

Actinomycetes are by far the richest source of bioactive, bacterial natural products, also called
specialized or secondary metabolites. These natural products have been a staple of modern
medicine including a subset which are used as frontline therapies for bacterial infections
around the world. During the ‘golden era’ of natural product discovery in the 1940’s and 1950’s
almost all important classes of antibiotics were discovered (macrolides, aminoglycosides,



tetracyclines, cephalosporins). Subsequently, the 1960’s and 1970’s saw an explosion in natural
product discovery with more than 70% of all antibiotics discovered being derived from
Streptomyces, a genus of actinobacteria. Once the ‘gold rush’ of the mid 20 century came to an
end, scientists had to contend with issues of rediscovery from newly isolated, but closely
related Streptomyces strains. It was not until the genome sequencing revolution in the late 20t
and early 215t centuries that actinomycetes were thrust back into the natural products spotlight.
This was due to the realization that each actinomycete genome had the potential to produce
10, 20, 30, or more natural products according. Currently, the field of natural product
discovery has invested in discovering bioactive metabolites from silent or cryptic biosynthetic
genes (not expressed or not connected to a known compound) to replace our current,
increasingly less effective antibiotics.

Specialized metabolites are synthesized in enzyme complexes separate from the ribosome and
can require many different core and tailoring enzymes to assemble the chemical structures.
The biosynthesis genes of specialized metabolites are found as clusters of operons throughout
the genome, making them relatively easy to identify and predict their structures. Despite this,
the overwhelming majority of natural product biosynthetic gene clusters (BGCs) that have
been discovered from genome sequencing are not expressed under laboratory conditions.
While we know a bit about the regulation of these gene clusters by quorum sensing or nutrient
availability, there are many more regulation mechanisms to explore (Takano et al., 2001;
Sanchez et al.,, 2010; Du et al., 2011; Tsigkinopoulou et al., 2020).

Biosynthetic gene clusters in Streptomyces coelicolor are known to be regulated by a multitude of
different nutrients, cellular stresses, and small molecules. Typically each gene cluster has a
cluster-situated regulator (CSR) that is specifically regulated by these previously mentioned
factors and controls the promoters of the operons of biosynthesis genes in response (Liu et
al., 2013). Phosphate, N-Acetylglucosamine, glucose, xylose, nitrogen, zinc, amino acid
availability, and more have been shown to regulate the expression of specialized metabolites
in S. coelicolor (Liu et al., 2013). In addition, S. cwelicolor produces an autoregulator, gamma-
butyrolactone, that, after reaching a certain threshold concentration in the cell, binds to the
cluster-situated repressor of coelimycin causing it to dissociate from the promoters (Takano
et al., 2001, 2005). The S. coelicolor actinorhodin cluster-situated regulator, ac[I-ORF4, is a
direct target of at least eight known regulatory proteins, highlighting the complexity of
specialized metabolite regulation. Overall, there are a plethora of cues that feed into how each
specialized metabolite biosynthetic gene cluster is regulated, and we have likely just begun to
understand them.

Thinking about the ecology of natural product production, it is believed that these compounds
confer a selective advantage to the producer, otherwise they would have been lost over
evolutionary time. One prominent idea is that natural products are used to compete with other
organisms for resources (Ryan and Dow, 2008; Cornforth and Foster, 2015) whereas other
recent work has led to the hypothesis that secondary metabolites could be highly specialized
signaling molecules that mediate interspecies interactions (Davies et al., 2006; Linares et al.,
2000; Abrudan et al., 2015). The discrepancies of these findings emphasize that there remains



a fundamental gap in our understanding of the ecological role of natural products. Indeed, it
could be that natural products function in both ways depending on the given situation.
Recently, with the natural ecology of these soil dwelling bacteria in mind, researchers have
begun looking towards co-culturing St#repromyces to elicit the production of cryptic natural
products. Though there are many examples of the production of bioactive compounds in
response to an interaction with another organism, little is known about how the compounds
are induced (Straight et al., 2006; Onaka et al., 2011; Abrudan et al., 2015; Pishchany et al.,
2018; Lee et al., 2020). The cues and molecular mechanisms used to sense and respond to
interactions remain unidentified in actinomycetes making this a promising field for exploration.

In this work, I take an untargeted approach to explore how Streptomyces coelicolor senses and
responds to interspecies actions. In chapter 2, I used transcriptomics to identify a conservon
system that is necessary for induction of specialized metabolism during interspecies
interactions and explore how the components of this system are influencing gene expression.
Next, in chapter 3, I dive deep into the conservon components’ protein sequences and
predicted structures to hypothesize how these components are functioning. I also explore the
biochemical activity of the CvnD8 protein. Though the conservon system identified is highly
engaging, the complexity of the interaction environment led us to hypothesize that there are
more factors involved in sensing and responding to interspecies interactions. Chapter 4 details
a genetic screen performed to find additional genes involved in regulating specialized
metabolism during interspecies interactions. Lastly, chapter 5 is a review paper that examined
natural products and their functions zz situ. It makes an argument for studying specialized
metabolite production in natural environments in order to understand the ecological roles of
these compounds. Altogether, this work makes significant progress towards identifying and
characterizing systems that function in S. celicolor to sense and respond to interspecies
interactions.



2 Chapter 2. A conservon system regulates specialized
metabolism in S. coelicolor during interspecies interactions

Bailey Bonet, Yein Ra, Luis Cantu Morin, Jonathan Livny, and Matthew F. Traxler.
Manuscript in preparation.

2.1 Abstract

Streptomyces are well-studied for their propensity to produce bioactive molecules. Recently,
interspecies interaction assays have illuminated cryptic or silent biosynthetic gene clusters,
which proved to be a promising avenue for novel drug discovery. Here we used
transcriptomics to identify and study a conservon system that is upregulated and necessary for
normal actinorhodin and undecyl-prodigiosin production during interactions with other
actinomycetes. We determined that the wnA8 and anF8 (SCOG6939) genes function to
positively regulate the biosynthesis genes of actinorhodin, and negatively regulate the
coelimycin genes, likely through the same pathway during interactions. We observed that the
conC8 and conDS§ genes negatively regulate coelimycin and prodiginine biosynthesis genes and
have similar overall effects on gene expression, implying they function together or in the same
part of a regulatory pathway. Additionally, the CvnD8 protein is the first small bacterial
GTPase shown to regulate gene expression. We found that all five conservon 8 genes strongly
negatively regulate a cryptic lanthipeptide biosynthetic gene cluster, indicating that this could
be the direct target of the conservon system. Together, we show that a conservon system is a
broad regulator of specialized metabolism in S. coelicolor. Furthermore, the conservons form
regulatory systems connected to many, sometimes cryptic, natural product biosynthesis genes,
which opens avenues for discovery of new natural products from St#repromyces.

2.2 Introduction

Actinomycete bacteria produce an amazing array of natural products or specialized metabolites
from which many clinically important antibiotics have been derived. The genus Streptomyces
alone accounts for two-thirds of all naturally derived antibiotics. However, as they have been
well studied for their applications in medicine, little is known about how these metabolites
function in natural settings (Bérdy, 2005). It is thought that specialized metabolites confer an
evolutionary advantage and might be used as signaling molecules or warfare agents during
interspecies interactions. A growing body of work recognizes that natural product biosynthesis
is often connect to social interactions, either intra- or inter-species (Abrudan et al., 2015).

There are many examples of interspecies interactions stimulating natural product biosynthesis
of both known and novel metabolites in actinomycetes. In one such example, researchers
showed that a coculture of Myxococcus xanthus and Streptomyces coelicolor stimulated the
production of the antibiotic actinorhodin in the latter strain as a result of iron competition
between the two organisms (Lee et al., 2020). Another study demonstrated that an interaction



between Amycolatopsis sp. AA4 and S. coelicolor stimulated the production of the production of
the novel antibiotic, amycomycin, by Amycolatopsis sp. AA4 (Pishchany et al., 2018). All
evidence indicates that determining the molecular mechanisms undetlying the induction of
secondary metabolism genes during interactions is a promising avenue to establish new
approaches to finding novel bioactive secondary metabolites and understanding their function
in microbial communities.

The conservons are an enigmatic family of operons found mostly in actinobacteria. The typical
streptomycete has eight or more, while mycobacteria have at least one (Komatsu et al., 2003).
Conservons were first identified when the first actinomycete genome was fully sequenced, that
of Streptomyces coelicolor (Bentley et al., 2002). The researchers noticed multiple copies of an
operon throughout the genome and termed the conserved operon a ‘conservon’. The
conservon consists of four genes encoding for a predicted membrane protein with a histidine
kinase-like ATPase domain (e2.A), a protein with a roadblock/LC7 domain (c2zB), a protein
with a conserved domain of unknown function (DUF 742) (c«nC), and a RAS-like GTPase
(eonD). Previous work has suggested that these operons are signaling systems similar to
eukaryotic G protein-coupled receptors (Komatsu et al., 2000).

In this paper we examine interspecies interactions that stimulate production of two red
pigmented antibiotics, actinorhodin and undecyl-prodigiosin, in the model streptomycete,
Streptomyces coelicolor. Previous studies have identified that S. cwelicolor interactions could
stimulate the precocious synthesis of both of these molecules (Traxler et al., 2013). Here we
set out to investigate the S. coelicolor molecular response to interactions by identifying genes
involved in sensing or responding to the interactions and investigating how they are
contributing to gene expression and pigmentation. We used transcriptomic analysis,
bioinformatics, and pigmentation distribution analysis to determine that typical induction of
genes involved in red pigmented antibiotic biosynthesis required the conservon 8 system. We
show that the conservon 8 locus influences the expression of at least four biosynthetic gene
clusters, thus it is a more global regulator of specialized metabolism during interactions. We
found that wnA8 and cwnF$ likely function together and that cnC8 and cwnDS§ likely function
together as well. All together the results point to a model in which this conservon system is a
broad regulator of specialized metabolism during interactions.

2.3 Methods

2.3.1 Bacterial Strains and Growth Conditions

All strains are listed in Table 2-2. Strains of E. co/i were grown at 37°C in LB media with the
appropriate antibiotics, if necessary. Strains of Streptomyces coelicolor were grown on ISP2 agar
(10g malt extract, 4g glucose, 4g yeast extract, 15g agar, 1. ddH20O (distilled deionized water)).
Streptomyces spores were generated and harvested using typical methods (Practical
Streptomyces Genetics | NHBS Academic & Professional Books).



2.3.2 Plating interactions

S. coelicolor spore stocks were diluted to 2x108 CFU/mL and 0.5ul was spotted onto a 60x15mm
petri dish with 4ml ISP2 agar, resulting in agar approximately 2 mm thick. For interactions,
0.5 ul of an Amycolatopsis sp. AA4 stock (8x108 CFU/mL) was spotted 0.75 cm away from the
S. coelicolor spot. Interactions were grown for 4 days at 30°C, then imaged or harvested for
RNA isolation.

2.3.3 Generation of Deletion Mutants

Deletion mutants were generated in S. coelzcolor M145 using the ReDirect PCR targeting system
and the cosmid St1G8 (Gust et al., 2003). Deletions were verified using PCR spanning the
deletion and sequencing of the PCR product. They were also confirmed with a PCR within
the deleted gene, resulting in no PCR product. All primers used are listed in Table 2-1.

2.3.4 RNA Isolation

Biomass was collected after 4 days of growth at 30°C using a cell scraper. For the colonies
growing alone the entire colony was collected and one sample consists of three whole colonies
combined. For the colonies in interactions, only half of the colony closest to the initiator strain
was collected and one sample consists of five half colonies. Precaution was taken to not scrape
up any of the interacting strain.

Immediately after collection, the biomass was frozen in liquid nitrogen and ground up using a
mortar and pestle. 200ul of trizol was added to the ground cells. The Zymogen Direct-zol
RNA miniprep kit (R2051) was used to purify the RNA, with the optional DNase treatment
step included. The purity of the RNA was verified using a NanoDrop One UV-Vis
Spectrophotometer to measure the 260/280 and 260/230 absorbance ratios. The RNA was
quantified on a Qubit fluorometer using an Invitrogen Qubit RNA-HS Assay Kit ((Q32852).

2.3.5 RNA Sequencing and Analysis

RNA preparation was done by the UC Berkeley Functional Genomics Laboratory. Briefly,
rRNA was removed using the Illumina Ribo-Zero rRNA removal kit (bacteria) and the
remaining RNA was prepared with a Wafergen PrepX RNA library prep kit for Illumina.
Indexing PCR was performed using in-house dual indexed primers and 14 cycles. Samples
were sequenced on an Illumina HiSeq 4000 using 100bp paired end reads or an Illumina
NovaSeq 600 using 150bp paired end reads.

Reads were cleaned and trimmed using trimmomatic version 0.33.0, mapped to the genome
using bowtie2 version 2.2.4.1, counted using HTSeq version 0.11.3, and differential expression
was tested using DESeq2 version 1.26.0 on R version 3.6.3. Each strain and environmental
condition had three biological replicates.
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2.3.6 Pigmentation detection and quantification

2.3.6.1 Pixel Color Distance Calculation (PCDC):
The PCDC method is used to determine how similar a pixel color is to a given target color.

First, we converted all the pixels in an image from RGB to CIELAB. We used the CIELAB
color space because it represents our visual perception of colors more accurately than RGB.
The CIELAB model expresses color as three values: L* for the lightness from black to white,
a* from green to red, and b* from blue to yellow. Here we use the subscript A to represent L*,
o to represent a* and 3 to represent b*.

Given two colors in the CIELAB color space, color X (Xi ,X,, Xg) and a second color Y
(Y1 ,Y., Yg), we calculate the distance (d) between them using equation 1 and determine how
similar two colors are with 0 being the exact same color, and 1 being most different.

Equation 1: d=/(X—Y)? + (Xo— Y)? + (Xp— Yp)?

Since we would like the distances to be evenly distributed in the [0, 1] range, we normalized
the distances for each pixel to the maximum distance dmax from the target color c. Given a
target color ¢, when ¢ is on the surface of a 3D sphere with diameter 1, that color has a
maximum distance (dmax) of 1. If ¢ is not on the surface of the sphere, but instead within the
sphere, the maximum distance (dmas) from any given color to ¢ will be less than 1. Given this,
we can normalize the value d from equation 1 using the following steps:
- Calculate dmax of target color «
dmax s the distance from ¢ to the center of the sphere (L: 50, a: 0, b: 0), plus the
radius of the sphere (0.5)
- Calculate distance J between the color in a given pixel and the target color ¢.
- Normalize 4 to get ds in the range [0, 1] using equation 2:

Equation 2: ds=d / dmax

2.3.6.2 Colony masking:

In images of interactions, Amycolatopsis sp. AA4 colonies were carefully cropped out using
Photoshop, ensuring only . coelicolor colonies were used in the pigmentation detection
workflow.

Using the PCDC method described above, we first averaged ten pixels from the background
(agar) to determine that our target background color was #33393E. We then defined any pixel
with a normalized distance of 0.15 or less from #33393E to be part of the background. With
this, we convert the image to a binary mask, where every pixel is either black (part of the
background) or white (part of the foreground).

To correct for any noisy white pixels that arise from small bubbles or imperfections in the
agar, we counted the number of adjacent white pixels in the mask and if the count was less
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than 2% of the total pixels in the image, we considered them noise and turned them black.
Similarly, there were also missing black pixels that were within the colony (not part of the
background) that had a dsless than or equal to 0.15, which were removed from the mask. We
used a similar counting method to identify these missing black pixels and if they were less than
20% of the total pixels in the image, we considered them part of the colony (not part of the
background) and turned them white.

This method resulted in a black and white mask indicating where the S. coelicolor colony is
(white pixels) and the background is (black pixels) in the image.

2.3.6.3 Pigmentation calculation:

We used the PCDC method to calculate the distance of each pixel within the mask to the
target pigmentation color #803D33 that corresponds to red pigmentation. The target
pigmentation color was calculated by averaging 20 pixels from highly pigmented colonies. We
defined the pigmentation (p) using the distance to the pigmentation target color (ds) with
equation 3:

Equation 3: p=1-ds

2.3.6.4 Baseline Normalization
We selected a region of interest (ROI) within the mask that is a rectangle centered vertically,
with a height of 20% of the maximum colony height.

We wanted to differentiate red pigmentation from other components of the pixel color, such
as brightness and glare, that otherwise would contribute to our pigmentation calculation. To
do this, we first calculated the pigmentation in the ROI across twelve wild-type S. coelzcolor
single colonies which are not pigmented. We grouped the columns of pixels in the ROI into
breakpoints of 200 per image across the horizontal axis. We then averaged these each of the
200 positional p values across all twelve images, resulting in an average pigmentation
distribution of wild-type . coelicolor single colonies. Wild-type single colonies were chosen
because they have no visible pigmentation. This data set of spatial averages was named Pb,
and Pbmin (0.342) was the minimum value in Pb distribution.

We then went back to our image of interest and adjusted the pigmentation value p in each
pixel to give us evenly distributed values in the [0, 1] range, setting Pbmin to 0 . Given a
pigmentation value p we define the effective pixel pigmentation P, as:

Pbmin= 0.342
lf P < Pbmin:
P.=0
lf P >= Pbmin:

P = (P - Pbmin) / (1 - Pbmin)
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Edges were often shadowed because of the 3-dimensional aspect of the colony, and this
created noise towards the edges of all the colonies. In order to account for these edge effects,
we used the Pb dataset to apply a spatially specific pigmentation correction. Given the
calculated Pe of each pixel, we determined which breakpoint the given pixel falls in (i) and then
subtracted the difference between the baseline pigmentation of that breakpoint Pb; and Pbmin
to give the final pigmentation value, Py, using equation 4:

Equation 4: Pr = Pe- (Pbi - Pbmin) i=11,200]

The Pr values for the pixels in a given breakpoint were then averaged and the standard
deviation was determined.
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Gene

Primer Sequence

Primers for generating the PCR targeting cassette

cvn8 targeting cassette

cvnAS8 targeting cassette

cvnB8 targeting cassette

cvnC8 targeting cassette

cvnD8 targeting cassette

cvnF8 targeting cassette

cvn8

cvnA8

cvnB8

cvnC8

cvnD8

cvnF8

CTCGCTTAGCCACCCACCCCCCTGACGAGGATT
FW CCCATGATTCCGGGGATCCGTCGACC

GCGGCGTGCGGTAGGGGTCGCTGGGGTGCTG
RV  TGACATCATGTAGGCTGGAGCTGCTTC

CTCGCTTAGCCACCCACCCCCCTGACGAGGATT
FW CCCATGATTCCGGGGATCCGTCGACC

GCCAGTGGATGTGCCGGGCCACCGGGAACGG
RV  ACGGGTCATGTAGGCTGGAGCTGCTTC

CATCCACTGGCCCTTCCCCCTTCTGGAGCGATC
FW  CCTATGATTCCGGGGATCCGTCGACC

ACGCCGACTCCTCGGCCGCGCGGCCGTACGTG
RV  CTCACCGTGTAGGCTGGAGCTGCTTC

CCCCGTCCGCGTTGGCACGGGCGGCGAGGTC
FW CGGTGAGCATTCCGGGGATCCGTCGACC

GCACCGGCCCGCGGGTGCGGCGAAACCGTGG
RV  ACGGGTCATGTAGGCTGGAGCTGCTTC

CACCCGCGGGCCGGTGCGCCGACCGTGCTGA
FW AGATCATGATTCCGGGGATCCGTCGACC

GCGGCGTGCGGTAGGGGTCGCTGGGGTGCTG
RV  TGACATCATGTAGGCTGGAGCTGCTTC

TGGTCACACCCCTTCTACCACCCTCCAGGACGC
FW CTGATGATTCCGGGGATCCGTCGACC

ATCGCCTACGGCTCCCGGGTGGCGGGTGTGGA
RV  ACGGCTTATGTAGGCTGGAGCTGCTTC

Primers to verify gene deletion
Fw CCGACGACCTGGCTAGTGCTTC
RV  GGTGATCACCCACTCGTTGCC
FW CACATGGGCCTGATCCAGAG
RV GTGGGTACTCATAGGGATCGC
Rv2 GGATCAGCGACATGATGGCC
Fw CACATCCACTGGCCCTTCCC
RV  GAGACGAGAACTTTGACGGCG
RvV2 ACGGGGATCACCATGTACGG
Fw CCTGTTCTTCGTCCAGAGCG
RV ATGTCCTCGAAAAAGCTGACGG
RvV2 GAGACGAGAACTTTGACGGCG
FW AAGAGGAAGTGGCCTGATGC
RV AGGTCGTCGAAGTCCTCGTT
RvV2 ATGTCCTCGAAAAAGCTGACGG
Fw CTTGGAGAGCAGCTTCACGCC
RV  GTCTCCCTCTCCCTGGATGAAG
Rv2 AGGTCGTCGAAGTCCTCGTT

Table 2-1 | List of primers used in this study.
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Strain Relevant Genotype Use Reference

E. coli ET12567/pUZ8002 dam-, tra genes Streptomyces conjugation MacNeil et al., 1992
S. coelicolor gDNA: 7674874-
E. coli/St1G8 7712565 bp gDNA cosmid with cvn8 Redenbach, et al., 1996
BW25113/plJ790 A RED genes Recombining the targeting cassette Datsenko and Wanner, 2000
DH5a/plJ773 aac(3)IV, oriT (RK2), FRT sites Apramycin cassette amplification  Gust, et al., 2006
S. coelicolor M145 Wild-type, SCP1-, SCP2- Kieser et al., 2000
M145 AcvnA8 cvnA8::acc(3)IV This study
M145 AcvnB8 cvnB8::acc(3)IV This study
M145 AcvnC8 cvnC8::acc(3) IV This study
M145 AcvnD8 cvnD8::acc(3) IV This study
M145 AcvnF8 cvnF8:acc(3)IV This study
M145 Acvn8 cvn8:acc(3)IV This study

Table 2-2 | List of bacterial strains used in this study.

2.4 Results

2. 4. 1 Conservon loci are upregulated and during interspecies interactions

Bacterial colony interactions have been previously shown to stimulate diversification of the .
coelicolor secreted metabolome (Traxler et al., 2013). We investigated how the transcriptome
of S. coelicolor is changing during interactions compared to when it is grown as a single colony
to identify S. coelicolor genes that may be involved in colony interactions, including the
production of a diversified set of metabolites. We chose to look at genes differentially
expressed in multiple interactions as this would lead us to genes more generally involved in
sensing and responding to interactions. To set up the interactions, S. coelicolor was plated 0.5
cm away from the interacting strain on an ISP2 agar plate and grown for 4 days. We chose to
use Streptomyces sp. SPBT4, Amycolatopsis sp. AA4, Streptomyces viridochromogenes, and Streptonyces
albus J1074 because the secreted metabolome has been explored in these interactions.

Additionally, these strains stimulated a range of production of red pigmented metabolites in
S. coelicolor (Figure 2-1).

Actinorhodin is a redox active, benzoisochromanequinone dimer polyketide antibiotic that is
red below pH 8.5 or blue above that pH. In our studies, the pH is below 8.5, ensuring
actinorhodin is in its protonated, red form. Actinorhodin has potent bacteriostatic activity
against gram negative bacteria, including B. subtilis, M. luteus, L. monocytogenes, and S. aurens (Mak
and Nodwell, 2077). Undecyl-prodigiosin is a linear tripyrrole molecule that is a member of
the prodiginine family of molecules (Cerdefio et al., 2001). This family consist of red
pigmented bioactive molecules that have a range of activities including antibiotic, antifungal,
anticancer, and antimalarial (Stankovic et al., 2014). We used the induction of these two
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pigmentated molecules as a proxy for the induction of specialized metabolism in general when
studying how interactions were sensed and responded to by S. coelicolor.

After growing S. coelicolor in an interaction for 4 days, we isolated RNA from the half of the S.
coelicolor colony closest to the interacting strain and from colonies of S. celicolor growing
alone. We compared the transcriptomes of S. coelicolor grown in each of the interactions to the
control of S. celicolor growing alone. When we investigated the genes that are differentially
expressed in all four interactions, we saw that there were 39 genes shared between all four
interactions and 93 genes shared between three or more interactions (Figure 2-2). We
considered genes to be differentially expressed if they had a log, fold change greater or less
than two standard deviations away from the average log> fold change of the entire set of genes
and had a p-value of <0.05. Within the 39 genes that were differentially expressed in all four
interactions, there were many natural product biosynthesis genes, genes predicted to be
secreted or membrane bound, and a couple possible DNA binding genes (Figure 2-2). Many
of the genes that we found to be mostly highly differentially expressed in the interactions were
part of conserved operons, or conservons, with the most highly expressed conservon gene
being more than 7.7 logx fold (or 200-fold) upregulated during the interaction (Figure 2-1).
These results indicate that conservons might be involved in S. coelicolor’s process of responding
to interactions and therefore warranted further study.

Streptomyces Streptomyces
coelicolor

Amycolatopsis Streptomyces Streptomyces
sp. SPB74 sp. AA4 viridochromogenes  albus J1074

5C00584
SC00585
SC00586
$C00587
SC00588
sCo1157
I SCO1158
I SCO1159
I SCO1160
I SCO1161
e SC 06794
[ SC06795
I S C 06796
e SC06797

I SCO6798
SC06940

cvn8

v
g

Log, fold change

Figure 2-1 | Conservon loci are upregulated in §. coelicolor during
interspecies interactions.

Phenotypes of Streptomyces coelicolor during growth as a single colony (top left)
and during growth in interspecies interactions (right colony). Below each
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interaction image is a heatmap of the logz expression ratio of four conservon
loci in . coelicolor during that interspecies interaction compared to S. coelicolor
grown as a single colony.

k:ﬁ:ltli?r: iy g:nmeI;er e enes of Interest Significantly

Uprequlated in all Four Interactions

Secreted 8
Membrane associated 8 ChpE - i
DNA binding 2 Seven CDA biosynthesis genes
NP biosynthesis 10 Two Coelimycin biosynthesis genes
Unknown 15 Two Conservons
A B C

Figure 2-2 | Genes differentially expression in . coelicolor during
interspecies interactions.

Four-way Venn diagram showing S. coelicolor genes significantly upregulated in
the interactions (A), the predicted localization or function of the genes
significantly upregulated in all four interactions (B), and some genes of note that
were upregulated in all four interactions (C).

2. 4. 2 Conservon 8 is necessary for the timely induction of pigmented metabolites
during interactions

In order to investigate the conservons further, we made deletions of the entire conservon
clusters starting with conservon 7, which we saw no obvious change in the phenotype during
interactions (Figure 2-4). When we made a deletion of conservon 8 we saw an obvious delay
and reduction in pigmentation during three of the four interspecies interactions (Figure 2-3C).
This means conservon 8 must be involved in timely induction of pigmentation during
interspecies interactions. Conservon 8 is a typical conservon with the canonical four genes
cnA,B,C,D that are found within all the conservons (Figure 2-3B). We further characterized
conservon 8 by analyzing the genomic structure and predicted protein domains for each gene.
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A B Gene

Domains/Predictions

Glycosyl hydrolase (pfam00723)

Transmembrane domain x2, Histidine kinase-
like ATPase domain (pfam02518)

Roadblock/LC7/MgIB family domain(pfam03259)

HTH super family -DUF742 (pfam05331)
RAS-like GTPase domain (pfam03029)
GAF domain (pfam01590)

SC06944
cvnA8 cvnB8 cvnD8 A8
cvnC8 cvnF8 s
!

R scoisus S _Soossis aoiz anutieiod csoo RPN
cvnC8
cvnD8
cvnF8

Amycolatopsis Streptomyces Streptomyces

albus J1074 viridochromogenes

Streptomyces sp.
SPB74

S. coelicolor
WT

S. coelicolor
ASC06939
-6944

Figure 2-3 | Conservon 8 is involved in the induction of pigmented

metabolites during interactions.

The conservon 8 genomic locus (A) and the predicted domains within each gene
(B). Interspecies interactions of wild-type (W'T) and Acwn8 (ASCO6939-6944) S.
coelicolor colonies when grown in interspecies interactions with four interacting
strains (C). Micrographs were taken after 3 days of growth with Awmzycolatopsis sp.
AA4 , after 4 days of growth with 5. a/bus J1074, and after 5 days of growth with

S. viridochromogenes and Streptomyces sp. SPB74.
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Amycolatopsis Streptomyces Streptomyces Streptomyces sp.
sp. AA4 albus J1074 viridochromogenes SPB74

S. coelicolor
WT

S. coelicolor
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-6797

Figure 2-4 | Acvn7 interaction phenotypes.

Interspecies interactions of wild-type (WT) and Awn/ (ASCO6794-6797) S.
coelicolor colonies when grown in interspecies interactions with four interacting
strains. Micrographs were taken after 5 days of growth for every interaction
shown.

We named the gene downstream of the core conservon 8 genes ezl because gene expression
evidence indicated that it functions with this conservon 8 system. The anl gene encodes a
protein with a single predicted GAF domain. GAF domains are typically involved in sensing
small molecules, with the most well studied GAF domains found in cyclic nucleotide
phosphodiesterase (Zoraghi et al., 2004). 28bps upstream of the anA gene is a predicted
glycosyl hydrolase, which we are unsure if it is involved in this system.

The CvnAS protein is the second shortest CvnA protein out of the 13 total CvnA predicted
proteins in the S. coelicolor genome. One reason for this is that it contains no predicted sensing
domain. It has two transmembrane helixes (between residues 33-80) with eight predicted
amino acids between them, indicating that CvnA8 does not have an extracellular sensor
domain. Some of the other CvnA proteins in S. coelicolor have predicted sensing domains; for
example, the CvnAl and CvnA3 proteins both have an NIT superfamily, nitrate/nitrite
sensing domain. Due to the lack of sensing a domain in the CvnAS8 protein and the presence
of the GAF domain in the CvnF8 protein, we wondered if the CvaF8 protein might function
with the CvnA8 protein to sense a small molecule and regulate this system. The CvnAS8 protein
has a predicted histidine kinase-like ATPase domain (pfam02518) which includes the key
residues present in the catalytic and ATP-binding (CA) domain, indicating that it is likely a
functional ATPase. Previous studies have shown that the CvnA9 protein has ATPase activity
(Komatsu et al., 20006).
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The CvnB8 protein has a predicted roadblock/LC7 domain which is known to modulate
different functions of N'TPases (Koonin and Aravind, 2000). Interestingly, the predicted
structure of the CvnB8 protein is very similar to the MglB protein crystal structure according
to the protein structure prediction software, Phyre2. The MglB protein is a well characterized
GTPase activating protein (GAP) and has recently been found to have guanine nucleotide
exchange factor (GEF) activity as well (Baranwal et al., 2019). It exercises these activities to
regulate the small-GTPase MglA in Myxococcus xanthus and help modulate cell polarity switches
during motility. Bioinformatically, predicting the function of CvnB8 is challenging, but it likely
plays a role in regulating a small-GTPase, possibly the CvnD8 protein.

The CvnD proteins are the most well conserved of all the conservon proteins in . coelicolor
with 54.1% pairwise identity between all 13 CvnD proteins in the genome. The CvnD8 protein
is predicted to be a RAS-like GTPase. RAS proteins are small GTPases, typically found in
eukaryotic systems, that participate in signal relay and regulation of critical cellular processes
(Colicelli, 2004). The most well-studied bacterial RAS-like GTPase is the MglA protein in M.
xanthus with which the CvnDS8 protein shares 22% pairwise identity. The predicted catalytic
and GTP binding domain of the CvnD8 protein has the p-loop, switch I, switch II, and other
important residues for proper function, indicating that the CvnD8 protein is a functional
GTPase.

It is somewhat challenging to predict the precise function of the CvnC8 protein. It contains a
domain of unknown function (DUF742) that is part of the helix-turn-helix (HTH) superfamily.
The specific HTH motif is typical for molecules that bind nucleic acids. Based on this, we
hypothesize that CvnC8 binds DNA and possibly acts as a transcriptional regulator.

The observed phenotype of the conservon 8 deletion strain indicates that conservon 8 is
necessary for the timely induction of actinorhodin and undecyl-prodigiosin production in .
coelicolor during interactions. Further analysis of predicted gene functions along with previous
studies suggest that the conservons act as a sensing system. Therefore we hypothesize that
genes in conservon 8 function to sense the interacting bacterium and regulate specialized
metabolite production.

2. 4. 3 The genes in conservon 8 contribute differentially to the distribution of pigment
production across interacting S. coelicolor colonies

After determining that conservon 8 is necessary for pigmented specialized metabolite
production in S. coelicolor during interspecies interactions, we wanted to examine the role that
each individual gene plays in this process. We constructed single gene deletions using a method
involving the PCR targeting of a cosmid containing S. coelicolor genomic DNA, making sure to
not disrupt the adjacent genes (Gust et al., 2003). We hypothesized that we would see a range
of phenotypes in the single deletion strains indicating that the single genes contribute in
different ways. We placed the S. coelicolor single gene deletion strains in interactions with
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Amycolatopsis sp. AA4, spotting the spore stocks 0.75 cm apart and growing them for 4 days at
30°C before observing the phenotype (Figure 2-5D).

We developed in-house software to detect pigmentation in images of bacterial colonies to
quantify the pigmentation intensity and distribution across S. coelicolor colonies in a robust and
unbiased manner. Briefly, we calculated the distance of every pixel color in a given image to a
target pigmentation color that was calculated from pixels selected in highly pigmented colony
images. The distance value of each pixel was then converted to pigmentation intensities
(Figure 2-5A). We normalized these values, set a baseline threshold for pigmentation, selected
a region of interest across the diameter of the colony, and graphed the average pigmentation
intensity across the colony diameter (Figure 2-5B). We performed this calculation for the S.
coelicolor wild-type strain as a single colony and in an interaction, along with all the single gene
deletion mutants (AewnA-F8) in interactions. We had 20 replicate interactions for each strain
we studied. We averaged the pigmentation intensity across all 20 of the replicate colonies, and
chose the single replicate that best matched the average distribution as a representative image
(Figure 2-5C). We determined that a pigmentation value of 0.5 or greater is consistent with
intense pigmentation observed in the interacting wild-type strain. This 0.5 pigmentation
threshold value is indicated as a dashed line on all graphs in Figure 2-5D.

We observed that the wild-type S. coelicolor strain, as a single colony, had almost no
pigmentation. In contrast, the interacting wild-type strain displayed intense pigmentation in
the first quarter of the colony, followed by a lighter pigmentation across the entire colony,
decreasing in pigmentation at the right side of the colony. This is expected as pigmentation is
induced in response to the interacting strain and the first quarter of the colony is closest to the
interacting strain. We also observed a similar pattern in the AwnC8 and AcwnD§ strains during
interactions, with the most intense pigmentation in the first quarter of the colony followed by
lighter pigmentation across the rest of the colony. Wild type differed from the AawnC8 and
AewnD8 mutants in the first quarter peak, which was slightly wider in the deletion mutants than
the peak in the wild-type strain. We wondered whether mutants AwnC8 and AewnD$ did in
fact have more pigmentation there.

Interestingly, the AwnA8 and AwnF8 strains both had almost no pigmentation in the
interactions and they showed very similar distributions with respect to each other across the
diameter of the colonies (Figure 2-5D). AanF$ did have slight pigmentation near the
interaction edge of the colony and that can be seen in the pigmentation graph approaching the
0.5 pigmentation intensity threshold. Awn#B8 showed a unique pigmentation pattern, where
the most intense pigmentation is found around the center and third quarter of the colony in
stark contrast to the wild-type S. coelicolor. This mislocalization of pigmentation seemed to be
unique to AwnB§, as we typically see the strongest pigmentation closest to the interaction

edge.
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Figure 2-5 | The conservon 8 genes contribute distinctly to the

distribution of pigmentation across interacting S. coelicolor colonies.

The input (left) and output (right) image from the colony masking and
pigmentation detection method (A). Within the rectangular region of interest
(ROI), the pixels that fall into each breakpoint are averaged, normalized, and
graphed along with the standard deviations (in blue) (B). This calculation was
done for 20 replicates of each S. coelicolor strain. One representative replicate was
selected based on its similarity to the average pigmentation distribution across
all 20 replicates (C). The representative replicates for each S. coelicolor strain are
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shown in the micrographs along with the pigmentation profile across the width
of that colony (D).

AcvnA8 AcvnB8 AcvnC8 AcvnD8 AcvnF8

Figure 2-6 | Single colony phenotypes of S. coelicolor strains.
Wild-type S. coelicolor and five mutant strains were spotted on ISP2 agar and
grown for 4 days to observe the phenotypes of the strains as single colonies.

In summary, the AewnC8 and AewnDS mutants have a pigmentation pattern similar to wild-type
strain, the dwnA§ and AcwnF8 mutants have reduced pigmentation patterns, and the AcwnB8
mutant showed a unique pattern of mislocalized pigmentation. Altogether, we can see
differences in pigmentation distributions of the single gene deletion mutants, and we can
conclude that the individual genes of conservon 8 are contributing differently to pigmentation
production.

2.4.4 Expression patterns indicate some subsets of the conservon genes work
together

We next wanted to understand how each of the conservon 8 genes contributes to gene
expression in S. coelicolor, so we did RNAseq on the single gene deletion strains. We placed the
S. coelicolor strains into interactions with Amycolatopsis sp. AA4, spotting the spore stocks 0.75
cm apart on ISP2 agar and growing them for 4 days before harvesting the entire single colonies
or half of the interacting colonies for RNA isolation. We compared the transcriptome of each
single gene deletion strain to the wild-type strain in both the single colony environment and
the interaction environment. To broadly illustrate variation between these transcriptomes, we
did a Principal Coordinate Analysis (PCA) on the log> fold change expression values for each
single gene mutant as compared to wild type, for both single colonies (Figure 2-7A) and for
interacting colonies (Figure 2-7B). The first two principal components, or dimensions (‘Dim’)
explained a substantial proportion of the variation for both the single (83.7%) and interacting
colonies (82.4%), meaning these PCAs are very good representations of the entire data set.

We determined the threshold for significant differential expression to be at least 2 log> fold
(or 4-fold) change (either up or down) and a p-value < 0.05 (n=3) for each mutant compared
to wild type. There were 122 significantly differentially expressed genes when the mutants
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were in a single colony, and 329 genes that were significantly differentially expressed during

interactions with Amycolatopsis sp. AA4 (Figure 2-7C,D).
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Figure 2-7 | General expression patterns in conservon 8 mutants.

Using the log fold change of all the genes in the transcriptome, the principal
components of each strain was calculated and plotted for the strains in single
colonies (A) and in interactions (B). Significantly differentially expressed genes
(p < 0.05, absolute log> fold change = 2) are shown in the heatmaps (C,D). The
gene had to be significantly differentially expressed in at least one of the mutant
strains to be shown. The dissimilarity of the samples was calculated and used to
hierarchically cluster the strains shown in the dendrogram. 122 genes and 329
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genes were significantly differentially expressed in the single colonies and the
interacting colonies, respectively.

Opverall, our transcriptomic data mirrored the pigmentation phenotype for each mutant. The
AewnC8 and AevnD8 mutants showed similar pigmentations patterns , and their transcriptomes
clustered together (Figure 2-7). The AdwnA§ and AcwnF§ mutants also group together in our
transcriptomic data (Figure 2-7), and these two mutants have similar pigmentation phenotypes.
The AewnB8 mutant stands out as unique in both our transcriptomic analysis and the
pigmentation distribution analysis. Interestingly, when considering the subset of differentially
expressed genes, the AawnB§ strain is more similar to the AwnC8 and AewnD8 mutants when
they are grown as single colonies and it is more similar to the AwnA8 and Acwnk§ mutants
when it is grown in an interaction.

In the PCA plot showing mutant transcriptomes during and interspecies interaction (Figure
2-7B), we note that the axis explained by Dim1 corresponds very nicely to the general amount
of pigmentation observed. The AwnA8 and AcwnFS mutants showed little pigmentation
(Dim1= ~-30), the AwnB8 mutant showed a moderate level of pigmentation (Dim1 = ~0),
and the AawnC8 and AcwnD8 mutants showed the most pigmentation (Dim1 = ~30). From all
of these data together, we can conclude that there are subsets of the conservon 8 genes that
seem to function together or in a similar manner because their deletion causes similar changes

in gene expression.

2.4.5 Conservon 8 controls the expression of multiple specialized metabolite
biosynthetic gene clusters

2.4.5.1 Pigmented Metabolites

Since deletion of the entire conservon 8 locus caused S. cwelicolor to produce a noticeably
reduced amount of the two red pigmented specialized metabolites (actinorhodin and undecyl-
prodigiosin), we used our single-gene mutant transcriptomic data to investigate how the
conservon 8 genes regulate these biosynthesis pathways. We averaged the log, fold expression
values of all the genes within each red-pigment biosynthesis cluster for each mutant compared
to wild type (Figure 2-8A,B). We also examined the log> fold change in expression of each
gene within the gene cluster (Figure 2-8C,D).
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Figure 2-8 | Influence of conservon 8 genes on the expression of
pigmented specialized metabolite biosynthetic genes.

The average logz fold change of the actinorhodin (A) and prodiginine (B)
biosynthetic genes from transcriptomic data collected during single colony
growth and interaction growth. Error bars represent the standard deviation.
Two-sample t-tests were done and significant differences between the single
strain and interacting strain expression are shown (* p = 0.05, ** p < 0.01, ***
p = 0.001, #** p < 0.0001). Heatmaps of the individual genes in the
biosynthetic gene clusters are shown with cool colors indicating up regulation
and warm colors indicating down regulation (C,D).

Looking at the overall expression of the actinorhodin biosynthetic gene cluster, termed act
(Figure 2-8A,C), we observed reduced expression in the AwnA8 and AwnF8 mutants
compared to wild type that correlated with the decrease in red pigmentation in these strains
during interactions. Interestingly, we saw a lower expression in these mutants compared to
wild-type as single colonies as well. However, in the interactions, the change in expression was
significantly greater than the change in single colonies (t-test, p < 0.0001, n=3). The AwnF§
and AenAS mutants had an average logx fold change of -1.36 and -1.18 (-4.8 and -3.81 fold
change), respectively, across the 22 biosynthetic genes when in interactions, compared to wild
type. When S. coelicolor is missing either the wnA8 or conl§ genes, actinorhodin expression is
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greatly reduced. This indicates that the wnA8 and anb8 genes play a role in positively
regulating the expression of the actinorhodin biosynthetic gene cluster, and this role is even
more important during interspecies interaction. With mutants AewnC8 and AwnDS we
observed very slight down regulation of the actinorhodin biosynthetic genes, which was not
consider significant (log, fold <1 or > -1).

The AewnB8 mutant has a unique gene expression patter for the actinorhodin biosynthetic
gene cluster. These genes are upregulated compared to wild type in a single colony
environment by an average of 1.77 log, fold (~3.5-fold), and in contrast, these genes are not
significantly differentially expressed when grown in an interspecies interaction (Figure 2-8A).
It is notable that there are changes in expression in the absence of an interaction, indicating
that the CvnB8, protein and possibly conservon 8 in general, has a role during single colony
growth. With respect to the actinorhodin biosynthetic gene cluster, ac#, these data show that
the CvnB8 protein is a negative regulator during growth as a single colony and the CvnAS8 and
CvnF8 proteins are positive regulators during growth as single or interacting colonies (Figure

2-10).

For the prodiginine biosynthetic gene cluster, the 7ed genes, we observed slight, not significant
down regulation in the AwnAS, AcwnF8, and AcwnB8 mutants as both single and interacting
colonies (Figure 2-8B,D). Interestingly, SCO5893-5898 which are named redF-K are more
down regulated than the rest of the biosynthetic gene cluster in the AanBS mutant during
interactions (Figure 2-8D). The genes redH-K are tailoring enzymes involved in making
modifications to the compound’s core structure. Previous studies have hypothesized that redF-
K are transcribed on an mRNA along with redl-P (SCO5888-58920), but our data indicates
they may be transcribed separately or under the control of another form of regulation that
results in a lower level of expression of redH-K compared to redl-P. Although, with only four
nucleotides between the open reading frames of redK and redL, it is not likely to have a
promoter between the two genes.

We observed increased expression of the prodiginine biosynthetic gene cluster in the AwnC§
and AewnD§ mutants as single and interacting colonies. For the AanC8 mutant, the
upregulation in the interaction was significant compared to the upregulation of the single
colony. The AewnD§ strain displayed upregulation in both single and interacting colonies, a
unique place where we observed a small difference between the AwnC8 and AcwnDS§
mutants. This increased expression supports our observation and hypothesis from the
pigmentation data that the AewnC§ strain and the AewnD§ strain could be more pigmented than
the wild-type strain in interactions and provides an explanation for this increase. The mostly
highly upregulated genes were SCO5886-5888 named redP,Q,R, whose suggested role is to
create a pool of fatty acid acyl carrier proteins (ACPs) from which dodecyl ACP can be
specifically selected for the biosynthesis of 2-undecylpyrrole. It is this substrate that is
combined with 4-methoxy-2,2’-bipyrrole-5-carboxaldehyde to produce undecyl-prodigiosin.
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Taken together, these data indicate that the wnC§ gene is a negative regulator of the
prodiginine biosynthesis genes, 7¢d, during interactions and the anD§ gene is a negative
regulator of the biosynthesis genes during both growth alone and in interactions (Figure
2-10). This points toward a dynamic conservon system that has differing effects on the gene
expression of these two red-pigmented specialized metabolite biosynthetic gene clusters.

2.4.5.2 Other Specialized Metabolites

In addition to prodiginine and actinorhodin, we observed changes in the expression of other
specialized metabolite biosynthetic gene clusters. In particular, we saw significant upregulation
of the coelimycin biosynthetic gene cluster, ¢4, in all five of the single gene deletion mutants
during interactions. In contrast to the actinorhodin and prodiginine biosynthetic genes where
the conservon 8 genes had differing effects, here we see each deletion has the same effect on
¢k expression (Figure 2-9A). In this case, the whole conservon 8 system works together to
negatively regulate the coelimycin biosynthetic gene cluster. Coelimycin is a highly reactive bis-
epoxide specialized metabolite that has antibacterial properties and is synthesized by the ¢k
genes. It is not currently known what the effect of coelimycin is on Amycolatopsis sp. AA4, but
we hypothesize that its highly reactive nature would have some disruptive effects.

Even though the change in gene expression the coelimycin cluster in each of the mutants is in
the same direction, the magnitude of the change differs. The AwnC8 and AwnDS§ strains
exhibit a larger increase in average expression of approximately 3.46 and 2.98 log> fold (11-
fold and 7.9-fold), respectively, compared to the change in the AawnFs, AcwnA8 and AcwnBS
strains of approximately 2.21, 1.52, and 1.84 log> fold (4.6, 2.9, and 3.6-fold) respectively when
in interactions. Curiously, the only mutant that displays any change to the expression of the
coelimycin biosynthetic gene cluster as a single colony is AcwnzE8. This suggests that conl'§ plays
a role in negatively regulating the ¢£& gene cluster in both the single and interacting
environments.

Opverall, the conservon 8 genes function to negatively regulate the coelimycin biosynthetic
gene cluster during interspecies interactions specifically (Figure 2-10). We hypothesize that in
order to do this, the conservon 8 system functions in a linear way to pass a signal through the
proteins in this order: CvnA8/CvnF8, and CvaB8 to CvaD8/CvnC8. The CvaD8/CvnC8
proteins may also be receiving input from other sources and this could explain why we
observed a greater increase in expression of the ¢ genes in the AwnC8 and AcwnD§ mutants
compared to the AewnA8, AcwnkFs, and AconBS.

The most highly differentially expressed genes in our transcriptomic data are from a cryptic
lanthipeptide biosynthetic gene cluster, we termed /s Lanthipeptides are ribosomally
synthesized, post-translationally modified specialized metabolites. They are known to have a
broad range of bioactivities including antibacterial, antifungal, antiviral, and more (McAuliffe
et al., 2001). S. coelicolor has one previously characterized lanthipeptide, SapB, that has
biosurfactant activity and is essential for morphological differentiation on rich media (Capstick
et al., 2007). No molecule has ever been described from this gene cluster, and conservon 8 is
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directly adjacent to this lanthipeptide biosynthetic gene cluster, indicating that they may have
an important, more direct connection.
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Figure 2-9 | Influence of conservon 8 genes on the expression of
additional specialized metabolite biosynthetic genes.

The average log> fold change of the coelimycin (A) and an unknown
lanthipeptide (B) biosynthetic genes from transcriptomic data collected during
single colony growth and interaction growth. Error bars represent the standard
deviation. Two-sample t-tests were done and significant differences between
the single strain and interacting strain expression are shown (* p = 0.05, ** p <
0.01, ¥** p < 0.001, **** p < 0.0001). Heatmaps of the individual genes in the
biosynthetic gene clusters are shown with cool colors indicating up regulation
and warm colors indicating down regulation (C,D).

Two /lan genes encoding the prepeptides, SCO6931 and SCOG6932, were both strongly
upregulated (> 9.27 log» fold or 600-fold) in the Aw#B8 mutant compared to wild type during
single colony growth. The /an gene cluster was upregulated on average 5.22 logx fold (37-fold)
or greater in the AwnA8 and Acwnk§ mutants regardless of whether they were grown alone or
in interactions. This implies that wnA8 and wnF8 significantly negatively regulate the cryptic

29



lanthipeptide biosynthetic gene cluster regardless of the presence of an interacting strain
(Figure 2-10). Likewise, the cwnB8, conC8, and conD8 genes also negatively regulate the /an genes
in both the presence and absence of an interacting strain, but they exert more of an effect in
the absence of the interaction (Figure 2-9B). This indicates that the conservon 8 system
represses the expression of the /n genes without any interaction stimulus.

These data, coupled with the proximity of conservon 8 to this cryptic lanthipeptide
biosynthetic gene cluster, led us to conclude that the cryptic lanthipeptide gene cluster is the
direct target of conservon 8 regulation. In Figure 2-9D, we included the conservon 8 genes
(highlighted in yellow) with the /# gene cluster. Overall, out data indicate that conservon 8
plays a role in regulating the cryptic lanthipeptide biosynthetic genes and suggests that the
lanthipeptide is the direct target of conservon 8.

2.5 Discussion and Conclusions

We found that conservon 8 is important for S#eptomyces coelicolor during interspecies
interactions with other actinomycetes. When we deleted conservon 8 from the genome we
saw a delay in the typical production of two red pigmented antibiotics indicating that
conservon 8 functions to sense the interaction, regulate specialized metabolism during
interactions, or possibly both (Figure 2-3C). Single gene deletion mutants allowed us to
determine that there are pairs of conservon 8 genes that function together to regulate
specialized metabolism. We found that conservon 8 is a global regulator of specialized
metabolism during interspecies interactions, regulating the biosynthetic genes for actinorhodin,
prodiginine, coelimycin, and a cryptic lanthipeptide (Figure 2-10). This points to a model
where a histidine kinase-like protein functions with a GAF protein to sense an interaction cue,
and relay that signal through a RAS-like GTPase, which alters gene expression in the bacterium
Streptomyces coelicolor, which is unique and spectacular.

Previous studies on conservons have established that these gene clusters can effect both
development and secondary metabolism in Szreptomyces (Komatsu et al., 2003). The most in
depth biochemical study, done by Komatsu et al., showed that the CvnA9 protein has ATPase
activity and ATP-binding ability along with the ability to interact with the CvanB9 and CvaC9
proteins (Komatsu et al., 2006). Conservon 9 has the four typical conservon genes (cwnA49-D9)
along with a cytochrome p450 directly downstream, coz29. The researchers hypothesized that
the proteins of conservon 9 form a membrane-associated heterocomplex that parallels
eukaryotic G-protein coupled regulatory systems involved in outside-in signaling. From our
data, we agree that conservons are likely signaling systems, and we propose that there are
different groups of conservons that function in distinct ways. With respect to conservon 8, we
hypothesize that the CvnA8/F8 proteins function together as the sensor for this particular
system.

Our data provides strong evidence for the cooperation of the CvnA8 and CvnF8 proteins.

The first piece of evidence for this is a compelling reduction in red pigmentation of the
deletion mutants when in interactions with Amycolatopsis sp. AA4 (Figure 2-5D). When looking
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at the transcriptome of both mutants, we were surprised to see that their expression profiles
phenocopy each other. This is powerful evidence that the CvnA8 and CvnF8 proteins work
together because they have extremely similar effects on gene expression both during growth
as a single colony and during interactions. The same similarities hold up when we focus on the
four specialized metabolite biosynthetic gene clusters, act, red, ¢k, and Jan. Out of the four
clusters under the two conditions, the AwnA8 and AcwnF§ strains only show a significant
difference (p <0.0001) in the average expression of ¢p£ in single colonies (Figure 2-9A).

SINGLE
CvnA8 CvnF8 CvnB8 CvnC8 CvnD8

N
act lan cpk red

INTERACTION
CvhA8 CvnF8 CvnB8 CvnC8 CvnD8

N
act lan cpk red

Figure 2-10 | Summary of regulation of specialized metabolite
biosynthesis genes.

The effect of each conservon 8 gene on four specialized metabolite biosynthetic
gene clusters determined from transcriptomic analysis: actinorhodin (ac?),
prodiginine (red), coelimycin (¢pk), and the cryptic lanthipeptide (/a#). Blue
arrows indicate positive regulation, red arrows indicate negative regulation,
thicker arrows indicate > 2 log» fold change and thinner arrows indicate between
1-2 log fold change.

Another hint that the CvnA8 and CvnF8 proteins might work together comes from the
structure of the CvnA protein along with the genes downstream of the cozD genes. We propose
that these two traits can be used to define three different groups of conservons. The CvnAl-
6 proteins have clear, extracellular, nitrate/nitrite sensing (NIT) domains (pfam08376) and
these form conservon group 1 that seems to have a built in, extracellular sensing domain. The
CvnA7-13 proteins have very short regions (<20 residues) between the two transmembrane
domains, indicating they do not have an extracellular region that could act as a sensor domain
nor do they have a predicted sensor domain anywhere else in the protein. This led us to
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hypothesize that the CvnA7-13 proteins may interact with other proteins which fulfill the
sensing role, which appears to be lacking in these versions of CvnA. Of those lacking a sensing
domain, conservons 9 through 12 (what we termed conservon group 2) have a wnE
(cytochrome p450) gene following the enD gene which, for the conditions explored in
Komatsu et al., 2006, had no effect on phenotype when deleted, but which we speculate may
be a sensor for those conservon systems. The last set of conservons, group 3, contains
conservons 7 and 8, which have a GAF domain containing gene downstream of the cxD gene,
which we have termed the anl gene. One common function of GAF domains is the binding
of small molecules and regulation of enzyme activity. This fact, combined with our
transcriptomic data showing the deletion of the anA8 and ank§ genes are phenocopies, led
us to hypothesize the CvnF8 protein is acting alongside the CvnA8 protein as the sensor in
this conservon system. We wonder if the CvnA protein is a different kind of sensor that has
evolved from bacterial histidine kinases to function very similarly with an extracellular sensor
domain (group 1) or to function using external sensing domains that interact with it (groups 2
and 3).

The data, taken together, illustrate that the CvnA8 and CvnF8 proteins function together or
in very similar manners to affect red pigment production during interactions as well as gene
expression in both alone and interactions conditions in 5. coelicolor. It provides evidence that
the CvnF8 protein (SCO6939), which contains a GAF domain, functions together with the
conservon 8 system. It raises the question of whether other proteins in close proximity may
also interact with the conservons. More work in needed to definitively prove that the CvnA8
and CvnF8 proteins function together, but our data strongly implies that this is the case.

The previous biochemical exploration of conservon 9 done by Komatsu et al,, 2006
demonstrated that the CvnD9 protein has GTPase activity, can bind guanine nucleotides, and
can interact with the CvnB9 and CvnC9 proteins in a GTP dependent manner. In particular,
the CvaD protein caught our attention because small GTPases are used extensively in
eukaryotic signaling systems and, although they are present in bacteria, we know very little
about how they function in bacteria (Wuichet and Segaard-Andersen, 2014).

The data strongly indicates that the CvnC8 and CvnDS8 proteins function in a similar manner
and possibly together to affect gene expression and pigmentation in . coelicolor during
interspecies interactions. Both the AwnC§ and AanD8 mutants show no reduction in
pigmentation intensity in interactions with Awmycolatopsis sp. AA4 (Figure 2-5D). In fact, the
peak in pigmentation intensity is wider, and the prodiginine biosynthesis gene cluster is
strongly upregulated in these two mutants compared to the wild-type strain, indicating there
might be an increase in red pigment production. We speculate that the wider pigmentation
intensity peaks of these two mutants is due to the relieved repression of the red genes in AcnC8
and AanDS§ resulting in increased production of undecyl-prodigiosin. When looking at
genome wide expression levels or specifically focusing on the specialized metabolite
biosynthetic gene clusters, we see that the deletion of the «w»C8 and wnD8 genes phenocopy
each other, providing strong evidence for their connection. It is interesting to note that the
expression of the act genes is not significantly changed, but the expression of the red genes
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during interactions are upregulated more than 1 log fold or two-fold in both the AawnC§ and
AcwnD8 mutants.

When we analyzed the predicted structure of the CvnC8 and CvnD8 proteins and compared
this with our transcriptomic data, which led us to hypothesize how these proteins function.
The CvnC8 protein is a small, 136 residue protein with a conserved domain of unknown
function (DUF742) that is in the HTH superfamily. Predicting the secondary structure shows
that it does have a helix-turn-helix motif, which indicates the CvnC8 protein could bind nucleic
acids. The CvnDS8 protein indeed looks like a functional GTPase, with the correct predicted
topology and almost all of the conserved residues important for guanine nucleotide binding.
When we look at the secondary structure, we see that it has good homology to MglA, a small
RAS-like GTPase in Myxococcus xanthus that is involved in gliding motility (Zhang et al., 2010;
Nan et al., 2015; Galicia et al., 2019). The MglA protein and eukaryotic small GTPases have
been shown to function as molecular switches where they are actively signaling to downstream
proteins when bound to GTP (Colicelli, 2004; Zhang et al., 2010). They have a low intrinsic
rate of GTP hydrolysis that eventually returns them to the inactive, GDP-bound form. The
transition between active and inactive forms are regulated by other proteins in order to tightly
control the timing of GTPase signaling. We speculate that the CvnD8 protein functions in the
same way, but more work should be done to prove this hypothesis. Due to the similarity in
the anC8 and cwnD§ deletion phenotypes, we hypothesize that the CvnDS8 protein directly
regulates the CvnC8 protein, possibly when it is in its active, GTP-bound form. Given the
transcriptomic and bioinformatic data, we hypothesize that the CvnC8 protein is a
transcriptional regulator that, when activated by its regulator, the CvnD8 protein, represses
the 7ed and ¢pk genes.

The most enigmatic member of conservon 8 is the CvnB8 protein. The phenotype of the cwnzBS
deletion shows an intermediate phenotype between the AwnA8/F§ and AawnC8/ D8 mutants,
because it still produces the red pigmented antibiotics, but at an intermediate level.
Additionally, the AewnzB8 mutant has mislocalized pigmentation, not near the interaction edge,
but instead in the center and third quarter of the interacting colony (Figure 2-5D). This
mislocalization might be a phenotype that results from misregulation of a factor that controls
natural product production. When we analyze the collection of significantly differentially
expressed genes, we also see that the AwrzB8 mutant has more similarity to the AanC8/ D8
mutants when grown as a single colony, but is more similar to the AanC8/ D8 mutants when
grown in interactions (Figure 2-7C,D). We think the CvnB8 protein might function to connect
the CvnA8/F8 and CvnC8/D8 proteins, which can explain why we see an intermediate

phenotype.

The predicted protein structure of CvnB8 looks very similar to the MgIB protein crystal
structure. MglB is a M. xanthus protein that regulates the small GTPase, MglA. The MglB
protein has been shown to be a GTPase activating protein (GAP) (Zhang et al., 2010). These
proteins bind to the small GTPases they regulate and stabilize the active site to increase the
rate of GTP hydrolysis. Intriguingly, the MglB protein was recently shown to also act as a
guanine nucleotide exchange factor (GEF) (Baranwal et al., 2019). GEFs promote the
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exchange of GDP for GTP on the small GTPases they regulate to switch them from their
inactive form to their active form. Combining this protein structure information with our data,
the CvnB8 protein does not seem to be functioning strictly as a GAP for CvaD8. If this were
the case, we would expect to see opposite single gene deletion phenotypes. If the CvnB8
protein has GEF activity specific for CvnDS8, then we would expect the deletions to have the
same phenotypes. We do not see the same phenotype for the ac and red genes, but we do
observer similar changes in expression levels with the ¢& and /Jan genes. We hypothesize that
the CvnB8 protein functions as a GEF to switch CvaD8 into its active state, but we do not
think it is the only GEF that can activate the CvnD8 protein or that CvnD8 is the only GTPase
that the CvaB8 protein may affect. CvaB8 may also function as a GAP under different
conditions, not studied here.

Not all the transcriptomic regulation we observed can be explained by just the conservon 8
system. During interactions, the deletions of the anA/F§ genes are the only mutants that
show a significant change in expression of the acf genes. This implies that the CvnA8 and
CvnF8 proteins have an independent effect on the ac# genes, that seemingly does not involve
the other members of the conservon 8 system. We hypothesize that this effect is the result of
regulation flowing through other proteins, possibly other conservon proteins through
crosstalk of the systems. Additionally, only the deletions of the w#C8 and cwnDS§ genes had an
effect on the expression of the prodiginine biosynthetic genes, which indicates that the effect
of the CvnC8 and CvnDS8 proteins on the red genes is independent of the CvnA8,B8, and F8
proteins. Again, this is an area where we assume there must be other proteins, outside of the
conservon 8 system, involved in passing a signal through CvaC8/DS8.

With 13 copies of the conservons present throughout the S. coelicolor genome, it seems likely
that there may be crosstalk between these systems. Aligning all 13 proteins from each member
of the conservon showed that the CvaD protein is the most well conserved, and the CvnB8
protein is the second, while the CvnAS8 protein was the least well conserved. CvnA protein
length spanned from 400 to 1,329 amino acids. Further, there may be redundancy between
some of conservon proteins and this may explain why we see different phenotypes with the
different single gene deletions. The possibility of crosstalk and redundancy make this an
extremely challenging system to work on and it will take a formidable effort to determine the
details of how the conservons are functioning.

The conservon system is worth deeper study. S#epromyces are known to be very complex
bacteria, with large genomes, an elaborate development life cycle, a huge proportion of
regulatory genes, and many specialized metabolite synthesis genes. The conservon system is
found 13 times throughout the genome, indicating that it serves an important function in order
to be kept and propagated over evolutionary time. We think there might not be a universal
way that all the conservons work, but conservon 8 seems to be a sensing and signaling system
that is involved in regulating gene expression of specialized metabolite biosynthetic gene
clusters during interspecies interactions.
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3 Chapter 3. Characterizing the conservon 8 system with
a focus on CvnD8, a RAS-like GTPase involved in regulation
of specialized metabolism

3.1 Introduction

We identified conservon 8 as being important for Streptomyces coelicolor during interspecies
interactions and subsequent natural product production. Without the conservon 8 system, we
observed abnormal interaction phenotypes and altered levels of natural product production.
In the previous chapter we explored how conservon 8 is functioning through single gene
deletions and transcriptomics. This allowed us to connect the conservon 8 system to
downstream effects on gene expression and the visual natural product production. From this,
we identified subsets of genes that function together and explored how they influence gene
expression individually. This data is crucial to understanding the output of the conservon 8
system, but it is far from enough to give us an understanding of how it functions.

In this chapter, I explore connections within the conservon 8 system itself. We gathered
information about each component of the system from bioinformatics data in order to
generate hypotheses about how each component functions individually and eventually, how
the system functions as a whole. This bioinformatics data has laid the groundwork for current
and future work in the lab that is aimed at deciphering the molecular mechanisms by which
this system functions. We dive deep into the sequences and structures of the conservon 8
proteins coupled with previous work on related systems to build a very speculative model of
how the conservon 8 system is functioning.

From our analyses, we hypothesize that the CvnA8 protein is a membrane bound receptor
that functions with the CvnF8 protein to sense a small, intercellular molecule. Once the signal
is sensed, we think it travels through the CvnB8 protein, which goes on to regulate CvnD8
activity. When CvnD8 is active, we hypothesize that it passes this signal on to the CvnC8
protein to repress multiple biosynthetic gene clusters. Further, we hypothesize that there is
crosstalk between other systems that can either influence or be influenced by conservon 8. We
have begun biochemical experiments to characterize the RAS-like GTPase activity of CvnD8.
This involves creating mutant proteins, purifying these mutants along with wild type, assaying
for GTPase activity, and observing the 7 vivo effects of these mutations. Though these
experiments are still in progress, the effort to characterize the CvnD8 protein is a substantial
part of this body of work.
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3.2 Methods

3.2.1 Strains and Plasmid Construction
E. coli BL21 (DE3) Codon Plus RIL cells were grown at 37°C shaking unless otherwise
specified.

CvnD8 was cloned into the pETDuet plasmid using PCR amplification of both the genes and
the plasmid followed by Gibson assembly. The 3x Strep Tag II along with the PreScission
Protease cut site was ordered as a single gBlock from IDT. It was PCR amplified with the
primers listed in Table 3-1 to add on the Gibson overhangs. The 9x His Tag and linker were
also ordered as a single gBlock with the Gibson overhangs included. wzD§ and pETDuet were
amplified with the primers listed in in Table 3-1. Since pETDuet is a roughly 5.4 kb plasmid
we split it into two parts for smaller and easier amplification via PCR. A four-part Gibson was
performed with the two pieces of pETDuet, cozD8, and the 3x Strep Tag II gBlock. Once that
plasmid was successfully generated, the 9x His Tag was added using Gibson assembly as well.
For the second expression construct, the SUMO Tag was amplified from the
TwinStrepSUMOZ3 plasmid provided by the Glaunsinger lab and Gibson assembled into the
existing pETDuet construct.

The mutations in wnD8 were introduced by PCR using primers containing the base pair
substitutions towards the center of an extra-long primer (30 bps). Forward and reverse
overlapping primers containing the mutations were used to split the pETDuet-Strep-CvnD8-
His plasmid at the site of the mutation and at another site on the plasmid backbone creating
two roughly equal sized DNA fragments. The two fragments were then Gibson assembled
and proper assembly and incorporation of the mutation was verified with Sanger sequencing
of the PCR product.

3.2.2 Protein Sequence and Structure Analysis

Protein sequence alignments were done using Clustal Omega (version 1.2.4) (Sievers et al.,
2011). An asterisk below the residue indicates it is fully conserved, a colon indicates
conservation between groups of strongly similar properties, and a period indicates
conservation between groups of weakly similar properties.

Protein structure prediction was done by Phyre2 in normal modelling mode (Kelley et al.,
2015). Protein alignments and visualization was done in PyMOL (version 2.2.0).

Phylogenetic trees were made using a global alighment with free end gaps and the blosum62

cost matrix. The Jukes-Cantor genetic distance model and neighbor-joining tree building
methods were used. There was no outgroup.
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3.2.3 Protein expression and Isolation

For purification of CvaD8, CvaD8T11/12N, CvaD8Q76L, and CvaD8EG7L, BL.21 (DE3)
Codon Plus RIL cells containing pETDuet with the appropriate expression construct were
grown at 37°C in LB Broth containing 50 pg/ul ampicillin to an OD600 of 0.6. The cells were
induced with 0.5 mM isopropyl-beta-D-thiogalactoside (IPT'G) for 1 hour at 37°C. Cells were
put on ice and resuspended in lysis buffer (100 mM Tris/HCl pH 7.5, 150 mM NaCl, 1 mM
MgClI2, 100 pM GTP, 1% CHAPS, and protease inhibitor cocktail (Roche REF#
05892953001)). Cells were lysed using a probe tip sonicator at level 2 for 10 minutes with
cycles of 10 seconds of sonication, 20 seconds of rest. The proteins were purified using dual
affinity chromatography, beginning with Strep-Tactin® Superflow® resin (IBA Lifesciences).
Columns were equilibrated with three column volumes (CVs) of lysis buffer, the soluble
component of the lysed cells were flowed over the column three times, then the column was
washed with two CVs of lysis buffer and two CVs of wash buffer (100 mM Tris/HCl pH 7.5,
150 mM NaCl, 1 mM MgCI2, 100 pM GTP). The proteins were eluted using one CVs of wash
buffer containing 2.5 mM desthiobiotin. Subsequently, imidazole was added to the elution to
a concentration of 5 mM. The elution was applied three times to the second column containing
Ni-NTA Agarose (Qiagen) that had been equilibrated with wash buffer containing 5 mM
imidazole. The column was washed with four CVs of wash buffer containing 15 mM imidazole
and the proteins were eluted with one CV wash buffer containing 250 mM imidazole. The
proteins were concentrated to about 50 pM using Amicon Ultra Centrifugal Filters (Millipore).

3.2.4 Fast Protein Liquid Chromatography
Protein was loaded on an equilibrated GE HiL.oad 16/600 Superdex75 pg column and washed

with SEC buffer (100 mM Ttis/HCI pH 7.5, 150 mM NaCl, 1 mM MgCl2) at a flow rate of 2
mL per minute. Samples were collected in 1 mL fractions.

3.2.5 GTPase assays by LC/MS

The purified CvaD8, CvaD8T11/12N, and CvaD8Q76L, and CvaD8EG7L were dialyzed
into 1 L of assay buffer (50 mM Tris/HCI pH 7.5, 100 mM KCl, 10% glycerol, 1mM MgCl2,
1 mM DTT) overnight at 4°C. 100 uM GTP and 10 uM of protein was added to assay buffer
and incubated at 30°C. 40 pl aliquots were removed and boiled at 95°C for 3 min to stop the
reaction. 10ul of reaction was injected on a BioBasic AX HPLC 2.1 x 50 mm column (Thermo
cat # 73105-052130). Buffer A was 5mM KH2PO4 at pH 3.2 and buffer B was 0.75M
KH2PO4 at pH 3.2. The gradient method was as follows: 0-0.5 min 0% B, 0.5-9 min 30% B,
9-11.5 min 60% B, 14-14.5 min 100%, 14.5-18.5 min 100% B (to wash the column), 18.5-19
min 0% B, 19-23 min 0% B (to equilibrate the column).
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Part Primer

Sequence

Primers for building expression plasmid

pET DUET part 1 FW
RV
pET Duet part 2 FW
RV
cvnD8 FW
RV
SUMO tag FW
RV
3x Strep Tag Il and
percission cut site FW
RV

G-block with 3x Strep
Tag Il and percission

cut site G-block
G-block with C-

terminal linker and 9x

His tag G-block

AACCTAGGCTGCTGCCACCG
GCTGCGGCGAGCGGTATC
GATACCGCTCGCCGCAGC
ACCAGACTCGAGGGTACCGA
ATCGCCGGCGGTTTCGG
TAGAAGGGGTGTGACCAGCG

CGCACCCGCAGTTCGAGAAGTCCGGATCGCTGCAG
GAGGA

CCCTGGAACAGGACCTCCAGGGCCGCCGCTGLCCGC
TGCCCCTCCCGTCTGCTGCTGG

TCGGTACCCTCGAGTCTGGTATGTGGAGCCACCCGC
AGTT

CCGCGCCGAAACCGCCGGCGATGCCCGGACCCTGG
AACAGGA

ATGTGGAGCCACCCGCAGTTCGAAAAGGGTGGTGG
CTCGGGCGGTGGCAGCGGCGGAGGTAGCTGGTCC
CACCCCCAGTTCGAAAAGGGCGGTGGAAGCGGAG
GCGGCTCCGGAGGTGGAAGCTGGTCGCACCCGCA
GTTCGAGAAGCTGGAGGTCCTGTTCCAGGGTCCGG
GC

GCTGGTCACACCCCTTCTACCACCCTCCAGGACGCC
GGCCAGTTCTACCTGAACGAGGGCGGGTCCGGTGG
CTCCGGCGGTTCCGGAGGCCACCATCATCACCACCA
TCATCACCACTGAAACCTAGGCTGCTGCCACCGCTG
AGCAATAACTAGC

Primers for introducing mutations in CvnD8

T11/12N FW
RV
Q76L FwW
RV
E67L FW
RV

ATCGCCGGCGGTTTCGGCGCGGGCAAGAACAACGC
AGTGGGC

CGCCGAAACCGCCGGCGAT
CGGCACGCCGGGCCTGGACCGGTTCGTCGA
TCGACGAACCGGTCCAGGCCCGGCGTGCCG
GCGCCGATGCCTTTGCTGCTGTTCCTGTTC
GAACAGGAACAGCAGCAAAGGCATCGGCGC

Primers for validation of plasmid construction

Expression construct FW
RV

GCCCAGTAGTAGGTTGAGG
GAGAAAGGAAGGGAAGAA

Table 3-1 | List of primers and gBlocks used in this study.
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3.3 Results

3.3.1 Grouping the Streptomyces coelicolor conservons

Conservons are found across the actinobacterium phylum with 13 in the genome of Streptomyces
coelicolor alone. We wondered if we could identify commonalities and differences in the S.
coelicolor conservons to better understand how they may be functioning. Relatively little work
has been done to understand the role of conservons in actinomycetes, so we decided to take
a bioinformatic approach to generate testable hypotheses for future work.

Considering the previously generated hypothesis that the conservons are signaling systems
that may operate similar to G-protein coupled regulatory systems (Komatsu et al., 2000), the
sensing component was the first element we investigated for clues as to how this system may
be functioning. The CvnA protein is a predicted membrane bound protein with two
transmembrane helical domains, and a histidine kinase-like ATPase domain, making up what
we consider to be the sensor of the conservon system. Upon comparison of all 13 §. coelicolor
conservons, the CvnA protein is the most divergent of the core conservon proteins with just
16.6% pairwise identity, ranging in size from 400 to more than 1300 amino acids. Considering
the anB,C,D genes of all 13 . coelicolor conservons, we do not see obvious differences between
them, and thus we focus on wnA to find differences that might allow us to differentiate the
13 conservons.

Though the nA genes have a histidine kinase-like ATPase domain, they do not have the same
structural features as typical histidine kinases. Histidine kinases (HKs) are typically
transmembrane proteins that function in two-component signal transduction systems in
microorganisms. The typical histidine kinase has two transmembrane helices flanking a sensing
domain that is extracellular, a HAMP domain involved in signal propagation, a DHp
(dimerization and histidine phosphorylation) domain, and an ATPase domain (Figure 3-2A)
(Stock et al., 2000; Skerker et al., 2005). The sensing domains of histidine kinases are diverse
and share very little primary sequence similarity due to the diversity of ligands they bind. There
are some examples of non-canonical histidine kinases, like the chemotaxis kinase CheA or the
nitrogen regulatory kinase NtrB, that are soluble, cytoplasmic histidine kinases (MacFarlane
and Merrick, 1985; Stock et al., 1988). Cytosolic HKs, typically have PAS or GAF sensing
domains that can monitor changes in light, redox potential, and small ligands (Taylor and
Zhulin, 1999). CheA is a unique histidine kinase that does not contain any sensing domain and
instead interacts with transmembrane chemoreceptors, known as methyl-accepting
chemotaxis proteins (MCPs). These chemoreceptors have periplasmic ligand binding sites and
conserved cytoplasmic signaling domains in order to act as the sensor for the chemotaxis
system (Webre et al., 2003). Though it is certainly uncommon for histidine kinases to lack
sensor domains, it is not unheard of in the bacterial world.

Conservons one through six all have a CvnA with a predicted nitrate/nitrite sensing domain
(NIT domain) that is located between the two transmembrane helices, indicating it is
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extracellular. Whether these domains are actually used to sense nitrate or nitrite is unclear, but
we think that dedicating so much genomic space to sensing one nutrient is not likely. A more
in-depth analysis paired with biochemical studies is needed to investigate what these NIT
domains are sensing. We consider this group of conservons, with an extracellular sensing
domain in their CvnA, group 1. We also analyzed the proximity of genes flanking the core
conservons, to group the St#reptomyces coelicolor conservon systems. Some of the conservons in
group one have genes upstream or downstream that might also function with them, but with
the lack of robust Streptomyces protomer prediction software, and enough space between the
core conservon gene for it to be transcribed separately, it is hard to say if those genes function
with the conservon system.

The second group of S. celicolor conservons are those that do not have a sensing domain
between the two transmembrane helices and are followed by an accessory conservon gene that
has a cytochrome p450 domain, ezE. This group includes conservons 9, 10, 11, and 12, with
conservons 10 and 12 having two anE genes following the core conservon genes. Conservon
10, 11, and 12 have twelve or fewer nucleotides between their respective cozD and conlZ genes,
suggesting that those two genes are transcribed together. Conservon 9 has 76 nucleotides
between anD9 and wnE9, providing enough room for a promoter in front of anE9.
Interestingly, a anE9 deletion was observed to have no phenotypic differences from a wild-
type S. coelicolor strain in the conditions tested (Komatsu et al., 2006). Deletions of the other
cnE genes have not been studied. Cytochrome p450s are known to mediate a remarkable
range of chemical transformations in bacteria through their heme cofactors.

Group 1

Group 2

Group 3

Figure 3-1 | Streptomyces coelicolor conservon structure.

The structure of conservon loci can be divided into three main groups. Group
1 has the four core conservon genes, including a larger an gene with an
extracellular NIT sensing domain. Group 2 has a cytochrome p450 containing
gene, conkl, or sometimes two cnE genes following the four core genes. Group
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A

3 has a GAF containing gene, cnF, following the four core genes. Conservon 8

falls into group 3.

Typical histidine kinase

CvnA- Group 1

CvnA- Group 2 & 3 domain

TM: Transmembrane domain

HAMP: Histidine kinases, Adenylyl
cyclases, Methyl-accepting chemotaxis
proteins, and Phosphatases domain
DHp: Dimerization and Histidine
phosphorylation domain

ATPase: ATP-binding and catalytic

?: regions with no domain homology
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Figure 3-2 | CvnA structure.

A diagram of domains found in a typical histidine kinase along with domains
found in CvnA (A). Protein sequence alignment of CvnA7, CvnAS8, and CvnA9
trom S. coelicolor along with histidine kinases from various microorganisms using
Clustal Omega (B). The histidine kinases used in the alignment are DesK and
MtrB from S. coelicolor, PhoQ and EnvZ from E. coli, DesK from B. subtilis, and
Div] from C. crescentus. The subset of sequence shown contains the DHp and
ATPase domains.

The third and final group of conservons consist of conservon 7 and 8, which both have a 2.4
gene without a predicted sensor, have no extracellular domain, and have w#zF, an accessory
conservon gene with a GAF domain, immediately following the w#D gene. The stop codon
of the wnD§ gene is followed directly by that start codon of the cnF§ gene, and the anl7 gene
ovetlaps with the last 3 nucleotides of wzD7, providing strong evidence that the cnl7/8 genes
are transcribed with the anD7/8 genes and likely functions with its respective conservon
system. Previous studies outlined in chapter two showed that in a w#I'§ deletion, the changes
in the transcriptome phenocopy the changes associated with a w248 deletion providing
additional strong evidence that these two gene products work together or in a very similar
manner.

GAF domains are evolutionarily related to PAS domains and consist of a six-stranded anti-
parallel B-sheet core. GAF domains have multiple known functions including binding cyclic
nucleotides, binding small molecules, sensing redox states, and oligomerization (Zoraghi et al.,
2004). One of the most well characterized GAF domains is found in phosphodiesterases (PDE)
where it binds cGMP/cAMP and allosterically activates the catalytic domain of the enzyme.
There are no invariant amino acids in GAF domains, making it challenging to predict what the
role of a specific GAF domain is without experimental testing. To see if we could predict what
the CvnF7/8 GAF domains are sensing, we built an evolutionary tree with the protein
sequences of CvaF7, CvnF8, and previously studied GAF domains with known functions
(Figure 3-3). We saw that the CvaF GAF domains clustered together and were most closely
related to a branch of the tree containing GAF domain 2 from PDE2a from H. sapiens and
GAF domain 1 from PDE5a from M. musculus which have both been shown to bind cGMP.
The related branch also contains the GAF domain from NifA from S. weliloti, which binds
glutamine. From this analysis we can simply speculate that the GAF domains in CvnF are
involved in binding a small molecule, possibly a cyclic nucleotide.

Understanding the CvnA protein structure along with the presences of accessory conservon
genes, ankl and wnl, we start to see patterns emerging in the 13 S. cwelicolor conservons.
Because of these differences we organized them into three groups, and we hypothesize that
these groups function more similarly to one another (Figure 3-1).

43



A GAF domain 2 PDE2a H. sapiens - Binds cGMP B
GAF domain of NifA S. meliloti > Binds glutamine
GAF domain 1 PDE5a M. musculus - Binds cGMP

.
,\
i" »
J/

GAF domain of SCO6798 S. coelicolor / '3 /

GAF domain of SCO6939 S. coelicolor (1 )/‘ < / ’ '

GAF domain 1 of DevS M. tuberculosis - Binds oxygen N ' '
V

GAF domain of FhIA E. coli - Binds formate \\ ’/
GAF domain 2 of PDE5a M. musculus - Involved in dimerization
GAF domain of 3P01a Nostoc Sp. Pcc 7120 > Heme containing

GAF domain 1 PDE2a H. sapiens - Involved in dimerization
GAF domain 2 of DevS M. tuberculosis > ?

1.0

Figure 3-3 | GAF domain phylogeny and structure.

A phylogenetic tree of GAF domains with known function along with the GAF
domain from CvnF7 (SCO6798) and CvnF8 (SCO6939). Known functions are
labeled in red (A). The predicted secondary structure of CvnF8. Coloring is
based on ProQ2 model quality assessment algorithm (B). The protein was
compared with the GAF domain from a phosphoenolpyruvate-protein2
phosphotransferase (ptsp) from Coxiella burnetiid.

3.3.2 CvnC8 is a predicted transcriptional regulator

The cnC genes contain a domain of unknown function (DUF742) that is conserved across
the actinomycetes. This DUF742 falls into the helix-turn-helix (HTH) superfamily giving us a
solid prediction for what this might do. HTH motifs are common to DNA and RNA binding
proteins such as regulators or transcription factors. Looking at the predicted secondary
structure of CvnC8, it most closely aligns with the HTH motif of the Xyllla fastidiosa
transcriptional repressor BigR. BigR represses an operon for genes promoting growth in
biofilms (Barbosa and Benedetti, 2007; de Lira et al., 2018). The sequence and structural
insights lead us to hypothesize that the CvnC8 protein is a transcriptional regulator that is
acting at the DNA level. Data from chapter 2 show that expression of natural product
biosynthetic genes in a AwnC8 mutant are upregulated in three specialized metabolite
biosynthetic gene clusters, indicating that the CvnC8 protein negatively regulates these clusters.
We hypothesize that CvnC8 is a transcriptional repressor of these gene clusters (Figure 3-10).

3.3.3 CvnDS8 bioinformatic characterization

Another intriguing member of the conservon core genes is cnD because it is predicted to be
a small RAS-like GTPase. In eukaryotes, RAS GTPases are molecular switches that control
essential processes such as proliferation, differentiation, cytoskeletal organization, vesicle
trafficking, and gene expression (Colicelli, 2004). In fact, many cancers are caused by a
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mutation in a RAS protein that decouples it from the cognate regulatory proteins leading to
excessive or null signaling activity (Rajalingam et al., 2007). RAS GTPases are signal
transduction components that are tightly regulated to be signaling at the appropriate time.
They transition into their active signaling state by a guanine nucleotide exchange factor (GEF)
protein that loads a GTP molecule onto the protein, shifting the conformation and activating
the small GTPase. In their active, GTP bound form they interact with downstream regulatory
proteins to relay the signal throughout the cell. RAS GTPases have a slow intrinsic rate of
GTP hydrolysis so they can eventually release a free phosphate from the nucleotide and return
to their inactive signaling state, bound to GDP (Colicelli, 2004). This process of turning off
the signal can be induced by GTPase activating proteins (GAPs) that bind the small GTPase
and stabilize the active site to promote GTP hydrolysis (Figure 3-4). These systems are widely
used and are well-understood in eukaryotic organisms.

GEF: Guanine
nucleotide Exchange
Factor

7~ N

Not e Actively
Signaling b Signaling

\ N\
GDP GTP

GAP: GTPase
Activating
Protein

Figure 3-4 | Typical RAS GTPase systems.

Diagram of how RAS GTPases function with their cognate regulatory proteins.
A guanine nucleotide exchange factors (GEF) promotes the loading of GTP
onto the RAS protein to transition it to its active signaling state. The RAS
GTPase has low intrinsic activity and can be regulated by a GTPase activating
protein (GAP) to increases the rate of GTP hydrolysis and return the RAS to
its off, or no-signaling state.

Comparably little is known about small GTPases in bacteria, even though they seem to be

fairly widespread (Wuichet and Segaard-Andersen, 2014). The most well studied bacterial
small GTPase is MglA, a protein involved in switching cell polarity during gliding motility in
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Myxcococcus xanthus. The MglA protein has been shown to oscillate from pole to pole and this
oscillation establishes the leading and lagging poles. Researchers have shown that MgIA-GTP
accumulates in the leading pole and is prevented from accumulating at the lagging pole by the
cognate GTPase activating protein, MglB (Nan et al., 2015; Galicia et al., 2019). Sequence
alignments of the CvnDS8 protein with the RAS protein from H. sapzens and S. cerevisiae, the
MglA protein from M. xanthus and T. thermophilus, and the MfpB protein from M. smegmatis
show that CvnD8 has most of the key residues for the binding and hydrolysis of GTP (Figure
3-5A). This analysis, along with previous work showing the CvnD9 protein is able to hydrolyze
GTP (Komatsu et al., 2006), gave us confidence to hypothesize that CvnDS8 is a functional
GTPase and it might function as a molecular switch in the same fashion as RAS GTPases.

Previous studies have examined the residues important for the function of the MglA protein;
specifically, mutations were created to lock the MglA protein into its inactive or active form
to study the effects of excessive or null signaling, respectively (Galicia et al., 2019). Mutations
of the two threonine residues in positions 26 and 27 to asparagine residues correspond to the
H-RAS mutation of the serine in position 17 to an asparagine. In H-RAS and MglA these
mutations are predicted to create steric hinderance in the nucleotide binding pocket,
specifically deeper in the pocket where GTP would occupy space when it is bound. These
mutations have been shown to lower the binding affinity of the small GTPase for GTP and
thus shift the GTPase to have a higher affinity for GDP, locking it into its inactive state (Zhang
et al., 2010; Galicia et al., 2019). We aligned the CvaD8 predicted protein structure with the
MglA protein crystal structure and saw very good structural overlap (Figure 3-5B). We used
the structural and sequence alignments to identify two conserved threonine residues in CvnD8

at positions 11 and 12. I generated a mutant version, CvaD8T/12N"in §. coelicolor to study the
effects of these residues on GTP/GDP binding affinity and GTP hydrolysis rate (Figure 3-5C).

An additional mutation was introduced in the MglA protein at the active site residue 82,
changing it from a glutamine to a lysine. This mutation greatly reduces the GTPase activity
(Zhang et al., 2010; Galicia et al., 2019). With this reduction in the MglA protein’s ability to
hydrolyze GTP, the small GTPase will be bound to GTP and in its active signaling state for
much longer. In the structural and sequence alighments we see that this glutamine corresponds
to residue 76 of the CvnD8 protein. We created a mutant version, CvnD8R7L in which we
would expect to see a similar reduction in GTPase activity if that residue is also involved in
GTP hydrolysis. Lastly, we made a mutation in the glutamate residue in position 67 in the
CvnD8 protein. We are not sure what this residue does as it is far from the active site, but we
hypothesize that it might bind a magnesium cofactor. Nonetheless, we generated three mutant
versions of the CvnD8 protein in order to begin to characterize residues important for CvnD8
function.
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Figure 3-5 | CvnD8 sequence and structure.

Alignment of CvaD8 from §. celicolor with HRAS and NRAS from H. sapiens,
the first 207 residues of RAS1 and RAS2 from S. cerevisiae, MgIA from M. xanthus
and T. thermophilus, and MfpB from M. smegmatis using Clustal Omega. The G
boxes are outlined with key residues highlighted (A). Phyre2 alignment of the
predicted CvnD8 structure in blue with the MglA crystal structure in green
bound to red GDP and coordinating Mg?* ions represented as green spheres
(B). The same alignment of CvnD8 and MglA is shown with MglA threonine
26 and 27 residues highlighted in magenta and the corresponding threonine
residues in CvnD8 (T11, T12) highlighted in orange (C). The same alignment is
shown with glutamine at position 82 in MglA highlighted in magenta and the
glutamine at position 76 in CvnD8 highlighted in yellow (D). The predicted
structure of CvnD8 with the glutamic acid residue in position 67 highlighted in
pink (E).
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3.3.4 CvnB8 is predicted to be a regulator of CvnD8

The CvnB8 protein has a roadblock/LC7 domain, which is not a well-studied protein domain.
It is found in proteins associated with modulation of dynein function and researchers have
speculated that this domain belongs to an ancient superfamily involved in N'TPase regulation
(Koonin and Aravind, 2000). We noticed that the Myxococcus xanthus protein, MglB has a
roadblock/LC7 domain and though it only has 15.3% pairwise identity with CvnB8, they shate
many sites that are either strongly or weakly conserved between the two protein sequences
(Figure 3-6A). The alignment of the CvnB8 predicted protein structure with the MglB protein
crystal structure looked very similar (Figure 3-6B) and gave us confidence that we might be
able to predict the function of the CvaB8 protein by understanding how the MgIB protein
functions.

The MglIB protein has been shown to act as a GTPase activating protein (GAP) for the RAS-
like GTPase, MglA (Baranwal et al., 2019). Unlike typical eukaryotic GAPs which contain an
arginine finger that acts as an active site residue to hydrolyze GTP, MglB does not contain any
active site residues. Instead it binds MglA, and a $-screw movement positions the active site
residues in MglA favorably for GTP hydrolysis (Baranwal et al., 2019). The complex of MglA
and MglB was recently crystalized and it showed that the C-terminal helix of one protomer of
the dimeric MgIB binds to a pocket far from the MglA active site and allosterically regulates
the nucleotide exchange (Baranwal et al., 2019). This was surprising because it means MglB
has both GAP and GEF activity, to accelerate the GTP hydrolysis rate during multiple
turnovers. CvnB8 does have some extra C-terminal residues following the final fold of the
roadblock/LC7 domain, but it does not have the same residues that comprise the MglB Ct-
helix, which were shown to be necessary for the GEF activity of MglB (Figure 3-6A). Due to
this dual functionality of MglB, it is difficult to conclude how CvnB8 might be functioning
without further experiments. From the expression data of single gene deletions of c#B8 and
cnD§8 presented in chapter 2, we observe that sometimes they have opposite effects on
specialized metabolite gene clusters as is the case for the acf genes during single growth and
the red genes during interactions. We also see that they can have the same effect on biosynthetic
gene clusters when we look at the ¢k genes during interactions and the /Jz genes in both
environments. From the bioinformatic data, we hypothesize that CvnB8 is regulating CvnD8,
but the mechanism and effect of that regulation is not clear at this time.
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Figure 3-6 | CvnB8 and MglB alignments.

The alignment of MglB from M. xanthus and CvnB8 from S. coelicolor protein
sequences. The C-terminal extension from MglB is highlighted in red with the
Ct-helix highlighted in a darker red (A). The predicted structure of CvnB8
aligned with the MglIB crystal structure (B).

3.3.5 Optimizing CvnD8 expression and purification

In order to assess whether CvnD8 is a functional GTPase and if it functions similatly to
eukaryotic RAS GTPases, I set out to purify and test the activity of CvaD8 along with the
three CvnD8 mutants that were made. We chose to use an affinity tag purification system
utilizing the Strep-tag II, an eight-residue peptide sequence (Trp-Ser-His-Pro-Gln-Phe-Glu-
Lys) that exhibits high affinity for streptavidin (Mao et al, 2017). We also used the
polyhistidine-tag that has affinity to metal ions, such as nickel. We chose to use a tandem
affinity purification method (T'AP) in order to improve the purity and to ensure we purified
full length protein. We used a Strep-tag II nucleotide sequence that was codon optimized for
expression in Streptomyces and shown to be functional for use in S#reptomyces, which will facilitate
downstream, 7z vivo biochemical experiments (Mao et al., 2017). We ordered the 3xStrep tag 11
followed by a 6x alanine linker and a PreScission Protease cut site (to remove the tag if required
for downstream studies) as a gBlock from IDT and made a transcriptional fusion to the N-
terminus of the CvnD8 protein using Gibson assembly. The 9xhis-tag along with Gibson
overhangs was also ordered as a gBlock with appropriate Gibson overhangs from IDT. conD8
was PCR amplified from the genome. The pETDuet backbone was PCR amplified in two
parts along with 20nt regions of homology for Gibson assembly. The 3xStrep-CvnD8-9xhis
construct was cloned into the Multiple Cloning Site 2 (MCS2) of pETDuet. Proper assembly
was confirmed via Sanger sequencing of the plasmid (Figure 3-7C). After assessing the
solubility of the 3xStrep-CvnD8-9xhis construct, we decided to add a SUMO tag to improve
the proportion of CvnD8 in the soluble fraction after lysis. The SUMO tag was PCR amplified
from a TwinStrepSUMO?3 plasmid provided by the Glaunsinger lab and cloned into pETDuet
-Strep-CvnD8-His between the Strep tag and the PreScission Protease cut site via Gibson
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assembly (Figure 3-7B). Both constructs were used to purify CvaD8, CvaD8T11/12N]
CvnD8Q76L and CvnD8ECL,
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Figure 3-7 | CvnD8 expression constructs, plasmid, and purification
results.

A diagram of expression constructs Strep tag II-CvnD8-His (A) and Strep tag
II-SUMO-CvnDS8-His (B). The pETDuet expression plasmid (C). Whole
protein gel (blue) overlayed with the corresponding western blot (black) of
tested expression conditions. For each condition, the samples were split into
the insoluble fraction/pellet (P) or the soluble fraction (S)(D). The whole
protein gel (E) of purified CvnD8 proteins and the corresponding western blot
(F). The blue arrows indicate the bands containing the Strep tag II-CvnD8-His
protein.

The CvnDS8 expression construct in the pETDuet vector was transformed into BL21-
CodonPlus(DE3)-RIL E. c/i. Expression is driven by the E. c/i T7 promoter and under
control of the lac operator. Lacl, the lac repressor, is encoded on the pETDuet vector
backbone and driven by a constitutive promoter, keeping the expression of the CvnDS8
construct off until the addition of the inducer, IPTG. To find the optimal expression
conditions, we tested various lengths and strengths of induction. From this we found that the
optimal induction strength is 500um of IPTG for 1 hour at 37°C, which resulted in the most
CvnD8 protein in the soluble protein fraction as determined by western blotting with a Strep
Tag II, HRP conjugated, monoclonal antibody (Figure 3-7D).

Following expression of the protein in the BL21 cells, the cells were cooled, pelleted and the
pellets were stored in the -20°C freezer. Cell pellets were thawed, resuspended in lysis buffer
and lysed via probe tip sonication. The lysed material was pelleted to separate the soluble and
insoluble fractions. The soluble fraction was loaded onto a column packed with Strep-Tactin
Superflow resin and flowed over the column three times to bind as much tagged protein as
possible. The column was then washed with two column volumes of lysis buffer and two
column volumes of wash buffer before being eluted with one column volumes of 2.5mM
desthiobiotin. The protein was then loaded onto a column packed with Ni-NTA resin and
washed with four column volumes of His wash buffer before being eluted with one column
volume of buffer containing 250 mM of imidazole.

Once purification of the Strep-CvnD8-His constructs were complete, the protein was
concentrated and dialyzed into assay buffer over night at 4°C. The resulting purified proteins
were run on a gel and a western blot with a Strep Tag II, HRP conjugated, monoclonal
antibody was performed to check the level of purity (Figure 3-7E,F).

3.3.6 CvnD8 can hydrolyze GTP

We wanted to test for GTPase activity of wild-type CvnD8 and compare the activity to that
of the CvnD8 mutants to see if we could see a reduction in their ability to hydrolyze GTP,
indicating the residues mutated are involved in this process. To do this, I developed an HPLC
based GTPase assay that I performed with CvnD8 and the mutants.
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The detection of GTP and GDP was done using an HPLC and the BioBasic anion exchange
column, which has positively charged polyethyleneimine ligands bound to the silica resin.
Anions interact with the resin depending on how negatively charged they are and GDP, being
less negatively charged, elutes from the column earlier than GTP when we use a gradient of
buffer with increasing ions to disrupt the ionic bonds. Using a set of standards to create a
standard curve, we can quantify the amount of GDP and GTP present in samples that are
eluted from the column. This was done with the proteins CvnD8, CvaD8T11/12N CynD8Q70L
and CvnD8F7L that were purified previously (Figure 3-7E,F). We mixed 100uM GTP with
10uM of protein to observe the reaction over time. The GDP concentration was used to plot
the activity of each enzyme over an 8-hour time window (Figure 3-8). We saw no GTP
hydrolysis from the controls with no protein or the Strep-His tag construct lacking CvnD8.
We did see a reduction in activity for CvnD8T11/12N and CvnD8FEOTE at the first 0.5-hour time
point, that grew as later timepoints were measured. We observed a reduction in CvaD8Q76L
beginning at the 1-hour timepoint and all timepoints beyond that.

From this experiment, we observed that CvnD8 could hydrolyze GTP and we also saw a
reduction in the hydrolysis rate for the mutants. With these results, we can conclude that the
CvnD8 protein is a functioning GTPase and the mutated residues seem to be partially involved
in GTP hydrolysis. The reduction in activity in the mutants was not as dramatic as we were
expecting, thus these conclusions come with some caveats which are addressed in the
subsequent section.

GTPase Assay

_75- : 2
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Figure 3-8 | Hydrolysis of GTP by CvnD8 and CvnD8 mutants.
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GTPase assay with wild-type CvaD8, CvnDS8TII/12N" CynD8FE6L  and
CvnD80L measuring the reaction product, GDP, concentration over time. The
Strep tag II-His control is shown (black) along with the no protein control (grey).
The assays contained 10mM of protein and 100mM GTP. Full details of the
assay conditions can be found in the methods.

3.3.7 CvnD8 is a sticky protein

While optimizing the purification process, a myriad of avenues were explored to remove
impurities and other unspecific proteins. It was observed that, although the proteins were
passed through two affinity columns, other, larger bands could be seen in the protein gel and
western blot which indicated the CvaD8 protein is not completely pure (Figure 3-7E,F). We
employed many methods and techniques to try to remove these impurities, without success
leading us to conclude that CvnD8 is a sticky protein. It seems that the CvaD8 protein
specifically binds to proteins from the BL21 E. ¢/i allowing for them to be co-purified with
CvnD8. We investigated the nature of these proteins to determine if any might have GTPase
activity and be influencing the GTPase assay results. This is possible, and more work is being
done to disentangle the CvnD8 activity from any activity from unintentionally co-purified
proteins.

We set out to determine the best way to increase the CvnD8 protein solubility and reduce the
contaminants that co-purify with it. We first revisited our expression conditions and lowered
the rate of expression by inducing the expression with lower concentrations of IPTG along
with induction at 16°C overnight. We saw that overnight expression resulted in much less
CvnD8 production, likely due to proteinase activity over the longer period of time. We saw
that a slower induction led to an overall decreased amount of the CvaD8 protein with
equivalent amounts of contaminants. We then tried increasing the concentration of detergent
during our lysis and Strep-Tactin column wash steps in order to break up any protein-protein
interactions that are happening at this stage. We saw that with the increase in detergent, more
CvnD8 protein was in the soluble fractions, but the contaminants still eluted along with
CvnD8. Additionally, we tried adding urea to our lysis conditions because it can disrupt
protein-protein interactions and again we saw more soluble CvnDS8, along with the
contaminants. Next, we thought that the ratio of resin to soluble protein might not be optimal
and it is possible that too much resin, with open spots for ligands to bind, might allow for
more unspecific binding. To investigate this, we lowered the resin to supernatant ratio, which
in turn lowered the amount of contaminants in elution, but also the total amount of the CvnD8
protein that was purified. We could observe some CvnDS8 present in the flowthrough after
loading the column with the supernatant, indicating we had more CvnD8 than spots on the
resin for the protein to bind.

Considering that the contaminating proteins are much larger than CvnD8, we tried to separate
them using size exclusion chromatography. Following the tandem affinity purification method
with the Strep-Tactin and Ni-NTA columns, we loaded the proteins onto a GE Hiload
16/600 Superdex75 pg column attached to a fast protein liquid chromatography (FPLC)
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system. The resulting trace of the UV absorbance had three areas of interest which were
collected, concentrated and run on a gel (Figure 3-9A,B). The first large peak is the void
volume, which typically consists of very large proteins or protein aggregates that do not enter
into the resin because they are larger than the resin openings. It is surprising that this is where
we see some of the CvnD8 elute off the column, along with a large amount of a breakdown
products. In the second region, we saw a very slight bump in the chromatogram and, given
that this is where we would expect Strep-CvnD8-His to elute, we ran this region on a gel as
well, but saw nothing here. Lastly, we saw a very large peak around the 120 min mark
corresponding to the excess GTP that is added to the wash buffer to help stabilized CvaD8.
GTP absorbs strongly in the 280nm region of UV, which is also the wavelength that is
absorbed well by proteins and used to monitor proteins coming off the column. Nonetheless,
we also concentrated this third peak and ran it on a gel to show there is no protein present
here. Overall, this data suggests that CvnD8 is aggregating, coming off the column in the void
volume, and possibly degrading by the third day post purification (Figure 3-9B).
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Figure 3-9 | CvnD8 is sticking to other E. colz proteins.

The UV chromatogram of protein separation of the Strep tag II-SUMO-
CvnD8-His purification sample using a GE HilLoad 16/600 Superdex75 pg size
exclusion column. Peaks of interest are boxed and labeled (A). The peaks from
the size exclusion column were run on a gel (lanes 5-7) along with the elution
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from the first affinity column (Strep-Tactin resin, lane 2) and the second affinity
column (Ni-NTA, lane 4). The red boxes on lane 4 show the pieces of the gel
that was cut out and sent for proteomics analysis (B). A Venn diagram showing
the number of proteins found within and between samples (C).

Finally, in lieu of completely purifying the CvnD8 protein, we attempted to convince ourselves
that the co-purifying proteins are not affecting the GTPase assay. To do this, we used
proteomics to identify the contaminants that are co-purifying with Strep-SUMO-CvnD8-His.
We took our purified protein sample post Strep-Tactin and Ni-NTA columns and ran the
concentrated elution on a gel. From the protein gel, we cut out five regions from the sample
lane to send for proteomics (Figure 3-9B red boxes). We saw a total of 147 E. co/i K12 proteins
in our sample along with the Strep-SUMO-CvnD8-His. Of those, only 60 were found in one
or more samples and just 7 of these were found in all five samples. The list of the proteins
found and which sample they were present in can be found in Table 2-1. Proteins of interest
to us include nine proteins that have the ability to bind ATP or could have ATPase activity.
These are of some concern because occasionally ATPases can also have a low level of GTPase
activity, but we cannot say if they contribute to GTPase activity for sure. We also saw two
elongation factor Tu (EF-Tu) proteins that were found in all five samples.

EF-Tu is a factor that delivers aminoacyl-tRNA to the A site of the ribosome in the elongation
phase of protein synthesis. They function similarly to RAS GTPases and are regulated by
GEFs and GAPs. As a result of the very slow release of GDP by EF-Tu, the formation of the
active, GTP-bound form requires an association with its GEF, EF-Ts. EF-Tu is able to
hydrolyze GTP in the absence of the ribosome but, the reaction is very slow (Hilgenfeld 2000,
Maracci 2014, Rodnina 2000). We assume the EF-Tu proteins in our purified protein sample
are able to hydrolyze a small amount of GTP, but at a very slow rate and with slow turnover
as well. Further experimentation needs to be done in order to determine the CvnD8 GTP
hydrolysis rate, excluding any contribution of EF-Tu.
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Locus

Descriptive Name

sample1

sample2

sample3

sample4

sample5

S$S-CvnD8-h

S$S-CvnD8-h

1

1

1

1

1

qi|16129658|ref|[NP_416217.1]

phosphoenolpyruvate synthase
[Escherichia coli K12]

1

1

1

1

1

qi|16130606|ref|[NP_417179.1]

recombinase A [Escherichia coli K12]

qi|16131218|ref|[NP_417798 1]

elongation factor Tu [Escherichia coli
K12]

qi|16131476|ref|[NP_418062.1]

L-lactate dehydrogenase [Escherichia
coli K12]

qi|16131764|ref|[NP_418361.1]

glycerol kinase [Escherichia coli K12]

gi|16131810|ref|[NP_418407.1]

elongation factor Tu [Escherichia coli
K12]

gi|16128087|ref|[NP_414636.1]

cell division protein [Escherichia coli K12]

gi|16128088|ref|[NP_414637.1]

cell division protein FtsZ [Escherichia coli
K12]

gi|16130124|ref|[NP_416691.1|

nucleoid-associated protein NdpA
[Escherichia coli K12]

gi|16130225|ref|[NP_416793.1|

aspartate aminotransferase [Escherichia
coli K12]

gi|16130843|ref|[NP_417417.1]

S-adenosylmethionine synthetase
[Escherichia coli K12]

gi|16131639|ref|NP_418230.1|

transcription termination factor Rho
[Escherichia coli K12]

0i|90111564|ref|[NP_417717.2|

regulator of ftsl, penicillin binding protein
3, septation function [Escherichia coli
K12]

gi|16128009|ref|[NP_414556.1]

chaperone with DnaK; heat shock
protein [Escherichia coli K12]

gi|16128423|ref|[NP_414972.1]

ATP-dependent protease ATP-binding
subunit [Escherichia coli K12]

gi|16128698|ref|[NP_415251.1|

succinate dehydrogenase catalytic
subunit [Escherichia coli K12]

gi|16129058|ref|[NP_415613.1]|

3-oxoacyl-(acyl carrier protein) synthase
[Escherichia coli K12]

gi|16129072|ref|[NP_415627.1]

respiratory NADH dehydrogenase
[Escherichia coli K12]

gi|16129170|ref|[NP_415725.1]

ribose-phosphate pyrophosphokinase
[Escherichia coli K12]

0i|16129426|ref|NP_415984.1

cryptic nitrate reductase 2 beta subunit
[Escherichia coli K12]

0i|16130041|ref|NP_416606.1]

phosphomethylpyrimidine kinase
[Escherichia coli K12]

qi|16130166|ref|[NP_416734.1]

DNA gyrase subunit A [Escherichia coli
K12]

qi|16130176|ref|[NP_416744 1]

sn-glycerol-3-phosphate dehydrogenase
(anaerobic), large subunit [Escherichia
coli K12]

gi|16130221|ref|[NP_416789.1]

NADH dehydrogenase | chain C, D
[Escherichia coli K12]

gi|16130442|ref[NP_417012.1]

putative pyruvate formate lyase
activating enzyme 2 [Escherichia coli
K12]
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Locus Descriptive Name sample1|sample2|sample3|sample4|sample5
i|16130445|ref|[NP_417015.1] hypothetical protein b2520 [Escherichia 0 1 1 1 0
9 - M coli K12]
PTS family enzyme |, transcriptional
gi|16130733|ref[INP_417306.1| |regulator (with NPR and NTR proteins) 1 1 1 0 0
[Escherichia coli K12]
. hydrogenase-2, large subunit
gi|16130894|ref|[NP_417468.1| [Escherichia coli K12] 1 1 1 0 0
. phosphoglucosamine mutase
gi|16131066|ref[INP_417643.1| [Escherichia coli K12] 1 1 0 1 0
UDP-N-acetylglucosamine 1-
gi|16131079|ref[INP_417656.1| |carboxyvinyltransferase [Escherichia coli 1 1 0 1 0
K12]
gil16131600]|ref|NP_418188.1| ﬁ;l’;’]synthase subunit B [Escherichia coli 1 0 1 1 0
. ATP-dependent protease ATP-binding
gi|16131769|ref[INP_418366.1| subunit [Escherichia coli K12] 0 1 1 1 0
. B12-dependent methionine synthase
gi|16131845|ref[INP_418443.1| [Escherichia coli K12] 1 1 1 0 0
gil49176395(ref|YP_026241.1| 'Izl;lé’\] gyrase subunit B [Escherichia coli 1 1 1 0 0
i190111408|ref|NP_416756.4] putative aminotransferase [Escherichia 1 1 0 1 0
9 - 1 coli K12]
. lipid-A-disaccharide synthase
gi|16128175|ref[NP_414724.1| [Escherichia coli K12] 0 1 0 1 0
2-oxoglutarate decarboxylase,
gil16128701|ref|NP_415254.1] |[S0mPOnent of the 2-oxoglutarate 1 1 0 0 0
dehydrogenase complex, thiamin-binding
[Escherichia coli K12]
. succinyl-CoA synthetase subunit beta
gi|16128703|ref[INP_415256.1| [Escherichia coli K12] 0 1 0 1 0
gi|16128891|ref[INP_415444.1| |condesin subunit B [Escherichia coli K12] 1 1 0 0 0
cell division inhibitor, a membrane
gi|16129138|ref[NP_415693.1| | ATPase, activates minC [Escherichia coli 0 1 0 0 1
K12]
. tryptophan synthase subunit beta
gi|16129222|ref|[NP_415777.1| [Escherichia coli K12] 1 1 0 0 0
. selenophosphate synthetase
gi|16129718|ref|[NP_416278.1| [Escherichia coli K12] 1 1 0 0 0
. PTS family enzyme IIA, galactitol-specific
gi|16130032|ref[INP_416597.1| [Escherichia coli K12] 1 1 0 0 0
. putative tagatose 6-phosphate kinase 1
161 fINP_41 A
gi|16130033|ref[INP_416598.1| [Escherichia coli K12] 1 1 0 0 0
gil16130191|ref|NP_416759.1| hypothetlcal protein b2256 [Escherichia 1 1 0 0 0
coli K12]
4-hydroxy-3-methylbut-2-en-1-yl
gi|16130440|ref[NP_417010.1| |diphosphate synthase [Escherichia coli 1 0 0 1 0
K12]
gil16130441|refINP_417011.1| hypothetical protein b2516 [Escherichia 0 1 1 0 0

coli K12]
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Table 3-2 | Top 52 most abundant proteins detected

The five protein gel slices from Figure 3-9B were analyzed with proteomics to
determine what the contaminating proteins are. The locus, description, and
samples each protein was detected in are shown. Greyed out rows are human
derived proteins, assumed to be contamination during sample preparation.

From this long foray into improving the purity of CvaDS8, we learned that CvnD8 is likely a
sticky protein that is interacting with other proteins or protein complexes when it is expressed
in E. coli. Currently we have created a mutant CvnD8 with residues 3-12 substituted with
alanines to completely disrupt the active site of the GTPase. We are currently purifying this
protein, testing the GTPase activity and we will use the assay results as a baseline measurement
of GTPase activity of the co-purifying proteins. We hope to see a large reduction in activity
when we assay the active site mutant, but any difference between the active site mutant and
the wild-type CvnD8 can be attributed to the functioning active site of CvnD8.

3.4 Discussion and Conclusions

Considering the number of conservon systems in the S#eptomyces coelicolor genome and the
variability in some of the core and accessory conservon genes, characterizing the conservons
will require considerable time and effort. Using information gathered from bioinformatic
techniques, we can group the 13 conservons in three groups based on the organization of
CvnA and the presence or absence of accessory genes, anE and anl. In group 1, the
conservons have very large wnA genes with a predicted extracellular sensing domain. The
sensing domains are predicted to sense nitrate/nitrite, but dedicating six conservons to one
nutrient seems excessive. We hypothesize that these sensing domains may have evolved from
NIT domains as those are the most closely related characterized domains, however we think
that these CvnA domains are involved in sensing different small molecules, signals, or
nutrients.

In conservon group 2, there is no sensing domain in CvnA and they have a cytochrome p450
containing gene, wnE, directly succeeding cvnD. Given the absence of a sensing domain in all
the conservons with a anE (cytochrome p450), we wondered if somehow it is acting as a
sensor for the conservons in group 2. Cytochrome p450s are a superfamily of enzymes that
function as monooxygenases which used heme as a co-factor. They typically carry out
reactions to transfer electrons between substrates (Kelly and Kelly, 2013). To our knowledge,
there is no known case of cytochrome p450s acting as sensor domains in nature, but they have
been employed in synthetic biosensors. Cytochrome p450s have been embedded in substrates,
attached to electrodes, and used as electrochemical sensors to detect substrate presence and
quantity in samples (Asturias-Arribas et al., 2014; Mdller et al., 2016). Despite the fact that this
has never been shown in nature, we hypothesize that the cytochrome may act as a sensor that
can add an oxygen to a specific substrate and in doing so, become oxidized. This change in
oxidation state may be sensed by another member of the conservon, possibly CvnA which can
then relay the signal of the presence of the specific substrate that was reduced. Though we
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have no experimental or concrete bioinformatic evidence for anE to function this way, we
speculate that is it possible and it might be a very interesting concept to explore further in the
tuture.

Conservon group 3 consists of just two conservons in S. coelicolor and are similar to group 2 in
that they have a shorter CvnA protein, with no sensing domain, and they have a gene directly
downstream of «nD. However, this group contains el as an additional gene. The CvnF
protein has a GAF domain, which are typically involved in binding and sensing small
molecules, leading us to hypothesize that CvnF acts as a sensing domain for the conservons
in group 3. Based on transcriptomic data from single gene deletions, we see that the w7248 and
cnF8 deletions are phenocopies and likely function together or in a similar manner within the
conservon 8 system. We think that CvnF resides in the cytoplasm, indicating it may be sensing
intercellular small molecules, possible cyclic nucleotides. From this data, we confidently

hypothesize that the CvaF protein acts as a sensor for CvnA in lieu of a sensing domain within
CvnA itself.

We also hypothesize that the CvaC8 protein binds DNA and acts as a repressor for multiple
biosynthetic gene clusters. Given the similarity in the expression patterns of the AawnC§ and
AewnD8 mutants in chapter 2, we think that CvnC8 is positively regulated by the active form
of CvnD8§, bound to GTP (Figure 3-10). From our expression data, CvnB8 does not seem to
be acting as a negative regulator of CvnD8 because if that were the case, we would expect to
see opposite phenotypes of the deletions of ww#B§ and cwnD$8, which is not what we observe
overall. Instead, in the case of the cryptic lanthipeptide and coelimycin, we see that CvnB8 and
CvnD8 regulate the biosynthetic genes in the same manner. This leads us to think the CvnB8
protein is acting as a GEF in these situations to positively regulate CvnD8 and promote the
nucleotide exchange to active CvaD8 (Figure 3-10). Due to the intermediate phenotype of the
AeanB8 mutant between the AanA/FS and AawnC/ D8 mutants, we hypothesize that it acts a
connection between these two different portions of the conservon system. Though this model
is very speculative and many of our hypotheses remain to be tested, it is the best description
of the system we have for now, given our data.
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Figure 3-10 | A speculative model of conservon 8 regulation during
interactions with Amycolatopsis sp. AA4.

The conservon 8 components are shown along with colored arrows for how
the system seems to function for each of the four specialized metabolite
biosynthetic gene clusters listed at the bottom. In green, CvnA8 and CvnF8
positively regulate the acf genes through an unknown factor(s), and even more
so when in an interaction. In black, all the conservon 8 genes function to
negatively regulate the /an genes regardless of an interaction environment. In
blue, during an interaction with Amycolatopsis sp. AA4, all the conservon 8 genes
function to negatively regulate the ¢£ genes. We think the /7 and ¢p£ regulation
happens by flowing first through CvnA/F8, which positively regulate CvnBS8.
We speculate that CvnB8 positively regulates CvnD8, possibly though GEF
activity, which then stimulates CvnC8 to repress the /an and ¢k genes. Lastly,
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we think the presence of an interspecies interaction stimulates another
factor/sensor to activate CvnDS8, which in turn positively regulates CvaC8 to
repress the red genes.

Lastly, we ventured into protein purification and biochemistry to begin to characterize the
CvnD8 protein, a predicted RAS-like GTPase. We learned that CvnD8 appears to be a sticky
protein, bringing with it many other co-purifying proteins even after using a tandem affinity
purification approach. We observed from our size exclusion chromatography data that CvnD8
is likely present as an aggregate or protein complex once purified. Characterizing this protein
will take more work and making any concrete conclusions at this point is difficult. We did see
GTPase activity of CvaD8 when it was mostly pure, and the activity was reduced with mutant
versions lacking the optimal residues for GTP hydrolysis. This gives us confidence to say that
CvnD8 is a functioning GTPase, but what residues are important for that and whether it
functions similar to RAS GTPases remains to be explored.
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4 Chapter 4. A forward genetics approach to identify
additional genes 1nvolved in . coelicolor interspecies
interactions

4.1 Introduction

When thinking about how microbial genetics was done in the early days, researchers found
incredibly simple and elegant ways to identify genes important for various microbial functions.
None is more reliable and fruitful than the forward genetic screen to identify genes involved
in a non-selectable phenotype or function. Nowadays, we have so many more genetic tools
and technology to do very in-depth studies on cellular structure and function, but the classic
techniques still hold a candle to the new ones, especially in more difficult to work with, or
even genetically intractable organisms. The easiest, non-lethal, phenotypes to study are those
that are visible because they make the screening process easier. Luckily, Streptomyces coelicolor
has a clear visible phenotype when it is producing natural products as a response to interspecies
interactions. We are interested in studying other genes involved in sensing and responding to
interspecies interactions and can do so through forward genetics. The conservon 8 system
identified in chapter 2 is involved in responding to interspecies interactions, but we expect
that interactions are extremely complex. Thus multiple genes are likely involved in this process
and we set out to identify additional genes using a genetic screen.

As we set out to search for additional genes involved in interspecies interactions in Streptomyces
coelicolor, along with the reverse genetics approach outlined in chapter two, we set up a forward
genetic screen. For mutagenesis, we attempted to use transposons due to their ease and the
recent publication of one that was reported to work well in S#repromzyces. We were unsuccesstul
with transposons in an acceptable timeframe, so we used a chemical mutagen to introduce
point mutations in the S. coelicolor genome. We designed a genetic screen to identify mutants
of interest that had altered interaction pigmentation intensities and distributions. We identified
27 unique mutations in 20 different genes contributing to normal pigmentation distribution
during interspecies interactions. With this, we generated hypotheses about other
regulators/proteins that may function in sensing and responding to interspecies interactions.
This data set, combined with prior work, highlights some candidate genes that will be further
studied.

4.2 Methods

4.2.1 Chemical mutagenesis and screen

Approximately 5.15x10"7 S. coelicolor spores in 10 ul of ddH2O (distilled deionized water) were
added to 750 ul of 0.01 M KPOy4 at pH 7.0 followed by centrifugation at 8000g for 3 min. The
supernatant was removed and another 750 ul of 0.01 M KPOy at pH 7.0 was added. Next, the
spores were resuspended by vortexing for 30 seconds. 25 ul of ethyl methanesulfonate (EMS,
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Sigma M0880) was added to the spores, while 25 ul of sterile ddH20O was added to the control.
The spores containing the EMS or ddH2O were shaken at 200 rpm, 30°C for the given amount
of exposure time. The spores were centrifuged at 8000g for 3min and resuspended by
vortexing in 1 ml, freshly made and filter-sterilized 5% w/v sodium thiosulfate solution to
inactivate the EMS. Again, the spores were centrifuged at 8000g for 3min and resuspended by
vortexing in 1 mL sterile ddH2O. The water wash was repeated once more before a dilution
series was made with each sample and plated on ISP2-agar or mixed with Amycolatopsis sp.
AA4. The mixed cells were then plated on 50% strength ISP2-agar for the screen (Practical
Streptomyces Genetics | NHBS Academic & Professional Books). Our Amycolatopsis sp. AA4
stock was approximately 1.6 x 1010 cells/ml., and we diluted it to 10-* then diluted it again 1:50
before plating 100 ul of the dilution of Amycolatopsis sp. AA4 onto 150 mm diameter Petri
dishes to give us approximately 300 CFU (colony forming units) per plate. For the 5 min EMS
exposed S. coelicolor spores, 5 ul of spores were added to 1.396 mL of sterile ddH>O and 20 ul
was plates on each plate. For the 30 min EMS exposed S. coelicolor spores, 20 ul of spores were
added to 780 ul of sterile ddH2O and 20 ul was plates on each plate. We used only 50%
strength ISP2-agar in order to lower the concentration of nutrients in the agar plates, resulting
in quicker induction of pigmented metabolites.

Plates were incubated for 3-5 days at 30°C and checked on the third, fourth, and fifth days to
observe interaction phenotypes. Strains of interest were picked and restreaked on ISP2-agar
plates 2-3 times to purify the strain and observe the phenotype when grown in the absence of
any other bacterium. Strains that looked pure and grew normally were streaked on MS-agar
(Practical Streptomyces Genetics | NHBS Academic & Professional Books) in order to
observe the developmental phenotype and collect spores of the mutant strain. Secondary
screens were performed by quadrant streaking the strains on MS-agar, R2YE-agar, and ISP2-
agar to observe growth in dense biomass and also as single colonies on a variety of media.
Additionally, the mutant S. coelicolor strain were put into interactions again. The spore stocks
wete diluted to 2x108 CFU/mL and 0.5ul was spotted onto a 60x15 mm Petri dish with 4 ml
ISP2-agar, approximately 2 mm thick and put into interactions. 0.5 ul of an Amycolatopsis sp.
AA4 stock (8x108 CFU/mL) was spotted 0.75 cm away from the S. coelicolor spot. Interactions
were grown for 4 days at 30°C, then imaged.

4.2.2 Whole-genome sequencing and analysis

High quality genomic DNA was isolated by standard procedure (Practical Streptomyces
Genetics | NHBS Academic & Professional Books). Purity was confirmed using DNA gel
electrophoresis, and a NanoDrop One UV-Vis Spectrophotometer to measutre the 260/280
and 260/230 absorbance ratios. The concentration was accurately quantified on a Qubit
fluorometer using an Invitrogen Qubit DNA-HS Assay Kit (Q32851). Samples were prepared
by the UC Berkeley Functional Genomics Laboratory using the Illumina Nextera XT DNA
sample preparation kit and sequenced on an Illumina HiSeq 4000 using 150 bp paired-end
reads. Mutation identification and analysis was done using breseq (version 0.35.4) (Deatherage
and Barrick, 2014).
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4.2.3 Transposon plasmid construction and conjugation

The transposon plasmids were built with a system similar to the ‘magic pools’ method
described in Liu et al., 2018. pJW16, a plasmid with a ColE1 origin of replication, the caf gene
conferring resistance to chloramphenicol, and lacking the green fluorescent protein (GFP),
adapted from pJW52 (Liu et al., 2018) was used as a holding vector for each part of the
transposon plasmid. This allows for combinatorial construction of multiple different plasmids,
switching out one or multiple parts using Golden-gate assembly with Type Ils restriction
endonucleases. We used the BbsI (Bpil) enzyme for Golden-gate assembly, therefore we made
sure to remove any BbslI sites from the parts of transposon plasmid. We added the BbslI sites
on the ends of each part we cloned into pJW16, insuring the 4 bp sticky ends would match
with the part it was meant to assembly specifically with. Each part of the transposon plasmid
(Figure 4-3) was cloned into pJW16 using Gibson assembly.

For part 1, the codon optimized Tn5 or himarl transposases and the first inverted repeat were
ordered as a gBlocks with overlapping Gibson ends allowing for direct cloning into pBB2,
along with the pUC18 origin of replication from pSET152 (Bierman et al., 1992). Part 2 and
3 were considered just one part for our purposes, because we had a promoter we knew would
effectively express the antibiotic resistance gene successfully in Streptomyces coelicolor. Part 2/3
was amplified from pSET152 and Gibson overhangs were added via PCR. For part 4, the
streptomycin resistance gene (aadA) was PCR amplified from pI]J778 (Gust et al., 2003) and
the origin of transfer (o771) was PCR amplified from pSET152 (Bierman et al., 1992). Both
were Gibson assembled into pJW16. Part 5, the promoters driving the transposase gene, were
ordered as primers or gBlocks with Gibson overhangs and assembled into holding vectors.

Once all the parts were made, we assembled them in different combinations into the
transposon plasmids using Golden-gate assembly. We mixed one version of each of the four
parts together to give a total of 0.1 pmols of each of the digested fragments. Then we mixed
the four parts with 2 ul 10X T4 ligase buffer NEB B0202S), 1 ul T4 DNA ligase (NEB M0202),
and 1 ul BbsI (NEB R3539) to give a final reaction volume of 20ul. The reaction was cycled
between 1 min at 37°C and 1 min at 16°C to alternate between the Bbsl optimal temperature
and the T4 ligase optimal temperature for 30 cycles. 1 ul of reaction was transformed into
top10 E. coli and plated on apramycin (50 ug/ml) and spectinomycin (50 ug/ml) LB agar plates.

Conjugation was performed with E. co/i ET12567 containing the mating plasmid pUZ8002 as
described previously (Practical Streptomyces Genetics | NHBS Academic & Professional
Books). . coelicolor transposon mutants were plated on MS media containing apramycin (50
ug/ml) for selections of transposon mutants.
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4.3 Results

4.3.1 Identification of genes involved in interspecies interactions

In order to perform a forward genetics screen to determine genes involved in S. coelicolor’s
response to interspecies interactions, a collection of . coelicolor mutants was generated. We
used the chemical mutagen ethyl methanesulfonate (EMS), which introduces single nucleotide
polymorphisms through guanine alkylation via interactions between the ethyl group and the
guanine nucleotide (Sega, 1984). Our goal was to create S. coelicolor strains with as few
mutations as possible so we would have an easier time identifying the causal mutations in our
mutants of interest. Given this, a killing curve was generated to determine the optimal
exposure times that would result in 50% and 90% killing. The optimal percentage of killing
can be determined by knowing the number of essential genes in the genome. As this number
is unknown for S. coelicolor, it was calculated that if 25% of all genes were essential in the
genome, then at the 25% level of killing we would expect one mutation per spore and the
43.75% level of killing we would expect three mutations per spore. I exposed 5x107 5. coelicolor
spores to the ethyl methanesulfonate (EMS) and harvested the spores at different time points
to generate killing curves (Figure 4-1B). From the killing curve we decided to generate
mutations at the 63% and 92% killing levels that resulted from 5 min and 30 min of exposure
respectively (Figure 4-1B).
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Figure 4-1 | Genetic screen to identify genes involved in specialized
metabolite induction during interspecies interactions.

S. coelicolor germlings that have been exposed to ethyl methanesulfonate (EMS)
are mixed with Amycolatopsis sp. AA4 in a ratio of 1:6 and plated on 50% ISP2
agar. The plates were visually screened for S. coelicolor colonies that had an altered
interaction phenotype, with specific attention given to pigmentation intensity
and distribution (A). The ethyl methanesulfonate (EMS) survival curve of S.
coelicolor spores that were exposed for varying times (B).

To perform the screen for mutants of interest, the mutagenized S. coelicolor spores were mixed
with Amycolatopsis sp. AA4 in liquid at a roughly 1:6 ratio. Once mixed, the strains were diluted
and plated on large, 150 cm Petri dishes containing 50% ISP2-agar. The higher ratio of
Amycolatopsis sp. AA4 to S. coelicolor and the density of colonies on the plates ensures that each
S. coelicolor mutant will be able to interact with at least one colony of the Awmzycolatopsis initiator
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strain (Figure 4-1A). In the screen, I looked for mutants that were lacking pigmentation, which
means they fail to produce both pigmented natural products, actinorhodin and undecyl-
prodigiosin. I also picked out mutants with more pigmentation or different pigmentation
patterns than what we see during a wild-type 5. coelicolor interaction with Awmzycolatopsis sp. AA4.
These pigmented metabolites serve as a proxy for the induction of secondary metabolism.
Furthermore, monitoring the loss or change of two pigmented natural products is
advantageous as I can pick out genes involved in the global regulation of secondary
metabolism rather than mutations in specific secondary metabolite biosynthetic pathways.

Multiple rounds of chemical mutagenesis and screening were done until a sufficient number
and variety of mutants were collected. Overall, 250 mutants were selected for secondary
screening, and 76 mutants of interest were identified subsequent to that. Secondary screening
involved growth on sporulation media (R2ZYE and MS) to check for growth rate and
production of aerial hyphae and spores. The mutants were also placed in interactions with
normalized spore stocks to ensure they did in fact have an altered interaction phenotype in a
controlled, isolated environment. The mutants were then grouped based on their phenotypes
in the secondary screens and representatives from each group were selected for sequencing.
In total, 22 mutants were selected for whole genome sequencing to determine the location of
point mutations in the genome. The interaction phenotypes of the mutants varied greatly,
from overly pigmented, to yellow, to greatly reduced in pigmentation (Figure 4-2A). We
purposefully selected a high number of S. coe/icolor mutants which had a considerable reduction
in pigmentation during interactions (18 of 22) as we predicted these would have mutations in
genes important for the sensing or the induction of pigmentation during interspecies
interactions. When deciding on the mutants to select for genome sequencing, we also
prioritized mutants that could raise aerial hyphae, sporulate, and produce pigmented
antibiotics on the various media. This ensured that the mutants did not have more general
problems with growth and development causing altered pigment production in interactions.
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Figure 4-2 | Sequenced S. coelicolor mutants.

The subset of S. coelicolor EMS mutants whose genomes were sequenced with
their labeled strain numbers (A). A bar plot shows the number of strains that
had differing amounts of mutations (B).
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4.3.2 Exploring and prioritizing genes involved in interspecies interactions

From the 22 . coelicolor EMS mutants that were sequenced, we observed a total of 27 unique
mutations in 20 genes or intergenic regions across the genome that are likely to disrupt a gene
or promoter (Table 4-1). We sequenced 17 strains from the 5-minute EMS exposure time
point and 5 strains from the 30-minute timepoint which had an average of 2.1 and 3.2
mutations per genome, respectively. There were seven strains with just a single mutation from
the 5-minute exposure time point (Figure 4-2B). Two genes, dnaA (SCO3879) and SCO4215,
were found to have multiple disruptions providing strong evidence that they are important for
proper pigmentation induction during interspecies interactions. We also found that some of
the mutants harbored only a single mutation in dna4 and SCO4215, providing even stronger
evidence for their importance.

4.3.2.1 DnaA (SCO3879)

Strains of S. coelicolor with single mutations in the drnaA gene showed reduced pigmentation
during interspecies interactions (strains H5, H7, H22 and more in Figure 4-2A). DnaA controls
the initiation of bacterial chromosomal replication by forming an open initiation complex
through interactions of DnaA bound to ATP with the DnaA boxes at the oriC. The DnaA
proteins of Streptomyces, like those of other bacteria, contain four domains consisting of a
divergent N-terminal sequence, a linker, an ATP-binding domain, and a DNA-binding region
at the C terminus (Lee et al., 2002). The dnaA gene is essential in Streptomyees, just like in other
bacteria, so it was surprising for us to find so many mutations in draA during our screen. First,
we can conclude that the mutations that we observed in dr#aA do not abolish its function. They
do however affect the ability of S. coelicolor to produce actinorhodin and undecyl-prodiginine
during interspecies interactions. Of the seven mutations in dnaA, five of them fall within the
ATPase domain and two of them fall in the C-terminal DNA-binding region indicating that
binding DNA, binding ATP, or hydrolyzing ATP is altered in these mutants.

4.3.2.2 SCOA4215

S. coelicolor strains with a single mutation in SCO4215 showed reduced pigmentation during
interspecies interactions (strains H3, and H42 in Figure 4-2A). SCO4215 is predicted to be a
GntR transcriptional regulator. The GntR family of transcriptional regulators are named after
the gluconate operon repressor in Bacillus subtilis and are known to regulate a variety of
biological processes (Aravind and Anantharaman, 2003; Suvorova et al., 2015). They have a
highly conserved, N-terminal, winged helix-turn-helix DNA binding domain and a diverse
ligand binding C-terminal domain which is involved in effector binding or oligomerization. It
is this second domain that gives rise to the sub families within the GntR superfamily. SCO4215
has a UTRA domain (pfam07702) which is predicted to bind small molecules. The sequence
variance within the binding pocket of the UTRA ligand-binding domains is consistent with
the capacity of these transcription regulators to respond to diverse small molecules, such as
fatty acids (FarR), alkylphosphonate (PhnF), histidine (HutC), and sugars (TreR) (Aravind and
Anantharaman, 2003). For now, we cannot predict what small molecule SCO4215 might be
sensing, though we do know that it is important for normal pigment production during
interspecies interactions.
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Table 4-1 | Mutations identified in strains with §. coelicolor EMS mutants
with altered interaction phenotypes.

Genes identified as having mutations in the sequenced . coelicolor mutant strains.
In the “Type of mutations’ column, the missense mutations are shown in blue
with the nucleotide polymorphism highlighted in red. An intergenic mutation’s
location relative to each gene is indicated to be upstream (-) or downstream (+)
the specified number of nucleotides. Coding mutations are insertions or
deletions of base pairs at the location specified. The ‘log» interaction/single’
column indicates the log fold change of each gene during wild-type S. coelicolor
in interactions compared to when grown as a single colony. Red indicates lower
expression in the interaction and blue indicates higher expression in the
interaction. The intensity of red or blue reflects the amount of increased or
decreased expression. The bolded cells in the Tlog: interaction/single’ column
indicate which genes were significantly different from wild type (t-test, p < 0.05,
n=3).

4.3.2.3 SCO5892

We also found mutations in genes from natural product biosynthetic gene clusters. We
observed one mutation in the core polyketide synthase gene in the prodiginine biosynthetic
gene cluster, SCO5892. A strain with multiple mutations, including one in SCO5892 (F18 in
Figure 4-2A) showed a reduction in pigmentation during interspecies interactions. Our screen
relied on the production of two pigmented antibiotics, actinorhodin and undecyl-prodigiosin,
to try to minimize hits in the biosynthetic genes producing those antibiotics and this was the
only mutation found in either of the gene clusters, indicating that our screening method was
successful.

4.3.2.4 SCO5800

We also observed a mutation in a cryptic siderophore synthase component, SCO5800, which
is not associated with a known compound. The strain with multiple mutations, including one
in SCO5800 (F27 in Figure 4-2A) showed an increase in pigmentation during interspecies
interactions. Siderophores are iron scavenging molecules that are secreted by bacteria. They
can bind to Fe3*, solubilizing it and allowing for uptake into the cell. The strain harboring this
mutation had another missense mutation so we cannot say for sure if this mutation is affecting
pigmentation in . coelicolor during interactions. It has been shown that siderophores play

important role is Streptomyces during interactions so this is a gene that should be investigated
turther (Yamanaka et al., 2005; Traxler et al., 2013; Lee et al., 2020).

4.3.2.5 SCO7690

Additionally, there was a mutation in an ABC transporter in the coelibactin gene cluster,
predicted to be involved in the cellular export of coelibactin, SCO7690. A strain with multiple
mutations, including one in SCO7690 (H30 in Figure 4-2A) showed a reduction in
pigmentation during interspecies interactions. Coelibactin is a non-ribosomal peptide whose
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structure was predicted computationally from the non-ribosomal peptide synthetase gene
(Bentley et al., 2002). Coelibactin itself has never been identified, but it is predicted to have
zincophore activity. The expression of coelibactin genes has been shown to abolish specialized
metabolite production, indicating it can regulate specialized metabolism (Hesketh et al., 2009;
Kallifidas et al., 2010; Gomez-Escribano et al., 2012). Both SCO5800 and SCO7690, found in
specialized metabolite biosynthetic gene clusters, are also upregulated during interspecies
interactions compared to when they are grown alone. This indicates that they are involved in
the response to the interspecies interactions (Table 4-1). Specifically, the coelibactin gene
cluster (SCO7676-7692) has an average logx fold change of 1.71 during interactions compared
to single colony growth. Unlike what was seen in previous experiments, where expression of
coelibactin abolished production of the pigmented antibiotics, here we see higher production
of these antibiotics and increased expression of coelibactin, indicating the negative regulation
is overcome during interspecies interactions (Kallifidas et al., 2010).

4.3.2.6 SCOA4677

The same strain with a mutation in SCO7690 (H30 in Figure 4-2A) also had a mutation in
SCO4677 and had an interaction phenotype with a reduction in pigmentation. SCO4677 is
predicted to be a small, 144 amino acid, protein with a histidine kinase-like ATPase domain
(pfam 13581) that spans nearly the entire protein. It is predicted to be similar to the histidine
kinase found in RsbW, a sigma-B anti sigma factor in B. subtilis. The gene appears to be
transcribed on its own so we cannot derive information from the surrounding genes. We also
saw that the expression of SCO4677 was much lower in . coelicolor colonies in interactions
compared to when grown alone. Therefore, we hypothesize that it might play a role in
regulating a sigma factor in . coelicolor.

4.3.2.77 SCO2192

Another gene of interest identified during this screen that was also down regulated during
interspecies interactions was SCO2192. A strain with multiple mutations, including one in
SCO2192 (F27 in Figure 4-2A) showed an increase in pigmentation during interspecies
interactions. The predicted protein has no detectable conserved domains preventing us from
predicting how this might be functioning. Nonetheless, hypothetical genes with no predicted
domains are an alluring avenue for discovery of novel proteins.

4.3.2.8 SCO1147

Lastly, SCO1147 is an ABC-type multidrug transport system, which was found mutated in one
of the . coelicolor strains (H2 in Figure 4-2A) identified during the screen and upregulated
during interspecies interactions. The strain showed a reduction in pigmentation during
interspecies interactions. The identification of this gene in the screen indicates that S. coelicolor
might be pumping out its own drugs or pumping out drugs from the interacting strains during
interactions. This process might be crucial for S. coelicolor to compete and effectively use the
natural products it is producing.
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4.3.2.9 Strain E19

The E19 S. coelicolor mutant strain displayed a unique phenotype among the mutants we
observed in our screen (Figure 4-2A). This mutant was very yellow and did not make aerial
hyphae or spores on sporulation media (R2YE). What we found in this strain is that it was
missing the first 78kb of DNA from its linear genome and 650kb from the end of its genome
along with a point mutation in SCO5955. This was astonishing to see that S. coelicolor E19 was
missing around 8.5% of its entire genome. S. coelicolor is known to chop off large regions on
the ends of its genome, which has been shown to provide an advantage when present in a
heterogenous population (Zhang et al, 2020). This yellow pigmentation is likely a
spontaneously formed derivative of coelimycin that has been described to have a yellow color.
Interestingly, E19 still produced some red pigments in response to interspecies interactions,
indicating the system to sense and respond to these interactions in still intact and functioning
despite missing roughly 728kb of its genome.

4.3.3 Transposons remain a challenging tool in Streptomyces

Transposons were first discovered in maize by the talented scientist Barbara McClintock in
the 1940’s and have since become a staple in the microbial genetics tool box (McClintock,
1950). Transposons are DNA sequences that can undergo transposition events and move
location from a chromosome, phage genome, or plasmid in the absence of any complementary
DNA sequence. They occur naturally and are often found to transfer antibiotic resistance,
pathogenicity genes, or genes that can confer some advantage to the recipient (Mufioz-Lépez
and Garcia-Pérez, 2010). Transposons are flanked by inverted repeats (IRs) which define the
boundaries. Transposition is catalyzed by a transposase gene that recognizes the inverted
repeats and excises the transposon from the DNA and integrates it into a new location.
Researchers have figured out how to engineer transposons, introduce them into microbes, and
get them to transpose into the genome of that microbe to create insertions randomly
throughout the genome.

Transposons are an ideal method to create loss-of-function mutations in single genes because
it is possible to engineer them to have antibiotic resistance, which we can select for, and we
can remove the transposase gene from the transposon to ensure that it cannot hop anywhere
else in the genome. We provide the transposase on a non-replicative plasmid in order to do
this. Early expression of the transposase allows for the transposition event to occur, and during
subsequent outgrowth, the plasmid is lost. If this is done with a transposon that has no
sequence preference for insertion, we can introduce mutations randomly across the genome
of a microbial strain and generate a collection of single transposon mutants, called a
transposon library. Additionally, linking the transposon mutant strain with the transposon
insertion site can be done using a primer off the end of the transposon and arbitrary primers
to hopefully create a product with the transposon boarder and the genomic DNA region
flanking the transposon. Altogether, transposons can generate single-gene, loss-of-function
mutants, the mutants can be selected for, and the site of mutation can be easily identified
making them a very powerful tool for generating a mutant library for genetic screens and
selections.
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We attempted to generate a Streptomyces coelicolor transposon mutant library with which we could
use to screen for mutants that are impaired in interspecies interactions described previously.
Eatrlier attempts to use transposon mutagenesis in S#reptomyces have proven difficult because
many native transposons destabilize the S. coelicolor genome or have trouble inserting properly
and incorporate the entire plasmid backbone, including the transposase, into the genomic
DNA (Widenbrant and Kao, 2007; Zhang et al., 2012). These problems were found when
using native actinomycete transposons, therefore many researchers have shifted to using
transposons from distantly related organisms that may be more stable, efficient, and
predictable.

Due to the high GC content of Streptomyces genomes (. coelicolor has 72% GC content) the
transposases and transposons from other organisms must be codon optimized in order to be
expressed efficiently. Other research groups have only recently systematically characterized
strong Streptomyces promoters, synthetic promoters, and ribosomal binding sites to drive the
optimal expression of the transposase gene (Bai et al., 2015). Recent work using a mariner-
based or Tn5-based transposon systems seemed to have more success in efficiency of
transposition, stability of the insertion, and proper incorporation (Petzke and Luzhetskyy,
2009; Bilyk et al., 2013). I first attempted to use the published himarl transposon system
optimized for Streptomyces called pHAM (Bilyk et al., 2013). After repeated attempts following
the published protocol, I was unsuccessful in generating transposon mutants and the authors
proved to be unavailable when we reached out for help. Therefore, I decided to build my own
transposon system and optimize it for use in S. coelicolor.

A B

Transposase Part 1
(himar or Tn5)

Streptomyces
Promoter
(kasOp*,
ermEp2, phiC31p)

Part 5

Origin of
Replication
(R6K, ColE1)
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resistance gene

acc(3)IV
Apramycin
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* Barcode & universal
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Part 4

Figure 4-3 | Transposon mutagenesis plasmid construction.
Plasmid design for transposon mutagenesis in S. coeicolor (A). The elements and
each version of the element that was used are shown around the plasmid.
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Elements are not drawn to scale. The parts of the plasmid used for Golden Gate
assembly of the constructs (B).

Altogether I built more than 20 transposon plasmid constructs using two different transposon
systems (Tn5 and himarl), three different S#reptomyces promoters driving the transposase
expression (kasOp*, ermEp2, and phiC31p), two E. coli origins of replication for delivery by
different E. coli strains (R6K and ColE1), and two versions of Streptomyces origins (pSG5 rep
or none) (Figure 4-3A). The plasmid was designed to take advantage of Golden Gate cloning
with Type IIs restriction endonucleases. These endonucleases recognize asymmetric sequences
and cleave those sequences a couple nucleotides from the recognition site. The plasmid was
designed in four parts with DNA ends that were flanked by a Type IIs restriction site, so that
digestion of the fragments removes the enzyme recognition sites and generates
complementary overhangs (Figure 4-3B) (Engler et al., 2008). The ends of each part were then
ligated to create a junction that lacks the original site or scars. Unfortunately none of these
plasmids proved to be successful and other mutagenesis techniques were thus explored.

4.4 Discussion and Conclusions

The forward genetics screen employed for discovery of Streptomyces coelicolor genes involved in
production of red pigmented antibiotics during interspecies interactions produced many
compelling leads. The gene with the most mutations from our genetic screen was dna
(SCO3879)(Table 4-1). Half of all the S. cwelicolor EMS mutants we sequenced were found to
have a mutation in dra, with six of them having just a singular mutation. Of those six, three
mutants are genetically identical, indicating that they probably arose as a singular mutant that
replicated and fragmented before being plated to give rise to multiple colonies on our
screening plates. This is an area of the EMS mutagenesis protocol that could be optimized to
provide less time for Streptomyces replication or more careful handling of the filaments before
plating. Nonetheless, there is very strong evidence that draA is important for the proper
induction of pigmented specialized metabolite production in . coelicolor during interactions
with Awmyeolatopsis sp. AA4.

DnaA activity is best studied and understood in the rod shaped, proteobacteria, E. co/i. To
initiate DNA replication, DnaA-ATP binds to DnaA-boxes at the origin and promotes the
unwinding of DNA. The level of DnaA-ATP increases just before initiation. After replication
has been initiated the level of DnaA-ATP drops due to hydrolysis, yielding inactive DnaA-
ADP. In E. cli, DnaA-ATP hydrolysis is crucial to regulation of initiation. Replication
initiation in Streptomyces has distinct differences from initiation in E. co/; the replication origin
is much larger (~1,000bp) (Zawilak-Pawlik et al., 2005) compared to E. coli (250bp), the
sequences for strong DnaA-boxes differ (Majka et al., 2001), and the replication is initiated
and proceeds bidirectionally to the ends of the linear chromosome (Musialowski et al., 1994).
In E. colz, initiation from a newly formed oriC region is prevented by the SeqA protein, which
bind to the hemimethylated DNA resulting from the newly synthesized strand. The E. co/i
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origin contains a high number of GATC sites recognized by the dam methyltransferase that
eventually methylates those sites on the newly synthesized strand, releasing SeqA and allowing
for DnaA to rebind and initiate replication again. Relatively little is known about the regulation
in Streptomyces, but Streptomyces strains which have been studied so far do not have a dam
methyltransferase or a system comparable to that.

Our finding using the forward genetic screen also indicated that the function of the ATPase
domain and the C-terminal DNA binding domain are important for pigment production
during interactions. I hypothesize that all these mutations decrease the amount or affinity of
DnaA-ATP for the DnaA-boxes, resulting in a decreased amount of chromosome replication.
Any mutation that reduces the ability of DnaA to bind ATP or bind DNA would reduce the
pool of DnaA-ATP or the affinity for DnaA-ATP to bind to DNA and initiate replication,
respectively. There is a possibility that these mutations actually increase binding to ATP,
decrease the hydrolysis rate, or increase the affinity of DnaA for binding the DnaA-boxes,
which would all lead to increased replication initiation. Deciphering how many genomes are
in each cellular compartment can distinguish between these two hypotheses.

Streptomyces are filamentous multiploidy organisms, which grow by apical extension and
branching networks of hyphae. During sporulation, S#reptomyces go through coordinated cell
divisions along with chromosome compaction and ParAB facilitated chromosomal
segregation. However, during vegetative growth cell compartments have multiple copies of
the chromosome and it was shown that ParA tethers just one of those chromosomes to the
apical polarisome to ensure proper elongation and chromosome distribution. The segregation
machinery targets the chromosomes to new branches or germ tubes, reminiscent of
filamentous fungi (Kois-Ostrowska et al., 2016). Vegetative septa are then laid down at
regularly spaced intervals, creating compartments that do not fully separate the cells. We
hypothesize that a reduction in chromosome replication initiation in S. coelicolor would lead to
fewer genomes in the cellular compartments or even compartments without a chromosome.
This may explain the large reduction in pigmentation produced during interactions. It could
be that there are simply less genomes to transcribe specialized metabolite biosynthesis genes
from. The next steps to explore this phenomenon further is to observe the structure of the
filament networks and the distribution and copy number of genomes in each cellular
compartment.

The forward genetic screen also identified that mutations in SCO4215, a GntR family
transcriptional regulator with a UTRA ligand binding domain, affected pigmented antibiotic
production during interspecies interactions. From a bioinformatic exploration, SCO4215 is
likely a transcriptional repressor that binds small molecules. This transcriptional regulator is a
good candidate for further study during interspecies interactions. Connecting what genes it is
regulating and what proteins it is interacting with will shed light on what role it plays during
interactions.

We also identified mutations in genes found in specialized metabolite biosynthetic gene
clusters. The most interesting of these mutations was that of SCO7690, a coelibactin
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transporter. Disruption of the coelibactin biosynthesis genes has been shown to suppress a
Zur repressor deletion mutant which is conditionally defective in sporulation (Kallifidas et al.,
2010). In Streptomyces, development and pigment production are genetically linked and we
wonder if the disruption of the coelibactin transport system could be responsible for the
reduction of pigmented antibiotic production in . celicolor during interactions with
Amycolatopsis sp. AA4 due to build-up of intercellular bioactive molecules. We also identified a
mutation in a cryptic siderophore synthesis gene, SCO5800. Iron acquisition systems have
been shown to influence morphology and specialized metabolism in St#reptomyces during
interactions (Seyedsayamdost et al., 2011; Lee et al., 2020). In fact, Amycolatopsis sp. AA4 has
been shown to trigger the production of desferrioxamines in S. coelicolor during interspecies
interactions (Traxler et al., 2013). We hypothesize that the ability to produce this cryptic
siderophore might be important for S. coelicolor to be able to successfully compete for the
limited iron that is available in the media, which is used as a co-factor for enzymes synthesizing
specialized metabolites.

The regulatory networks controlling the expression of specialized metabolites are likely
extremely complex with many systems playing a role in regulating the numerous biosynthetic
gene clusters. The genes identified from the forward genetic screen are good avenues to
investigate their role and this genetic screen provides a foundation for many exploratory
studies of the genes identified here.
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5.1 Abstract

Actinomycetes, filamentous actinobacteria found in numerous ecosystems around the globe,
produce a wide range of clinically useful natural products. In natural environments,
actinomycetes live in dynamic communities where environmental cues and ecological
interactions likely influence natural product biosynthesis. Our current understating of these
cues, and the ecological roles of natural products, is in its infancy. We postulate that
understanding the ecological context in which actinomycete metabolites are made is
fundamental to advancing the discovery of novel natural products. In this review we explore
the ecological relevance of actinomycetes and their secondary metabolites from varying
ecosystems, and suggest that investigating the ecology of actinomycete interactions warrants
particular attention with respect to metabolite discovery. Furthermore, we focus on the
chemical ecology and #» sitn analysis of actinomycete natural products and consider the
implications for natural product biosynthesis at ecosystem scales.

5.2 Introduction

Of the top ten leading causes of death in 1900, three were bacterial infections, and they
accounted for greater than one third of total deaths in the US (Jones et al.,, 2012). Today,
bacterial infections are absent from the top ten list due to the discovery and development of
antibiotics from fungi and bacteria. In 1943 the first actinomycete-produced therapeutic,
streptomycin, was discovered by Albert Schatz, Elizabeth Bugie, and Selman Waksman and
was rapidly put into use to treat tuberculosis (Schatz and Waksman, 1944). Actinomycetes are
remarkable Gram-positive, filamentous, bacteria responsible for producing an estimated 70%
of the antibiotics used in human therapy (Bérdy, 2005), making them the most robust natural
source of antibiotics. Antibiotics and other unique compounds produced by actinomycetes are
known as natural products (NP), or secondary or specialized metabolites (SM).

Historically, most discoveries of natural products from actinomycetes have involved their
growth in rich media, in monoculture, which is strikingly different from their natural
environment. During the “golden era” of antibiotics discovery in the 1950s and 1960s, this
method worked remarkably well, and lead to a rapid increase in the number of medically
relevant natural products found from bacteria, including anti-cancer therapeutics,
immunosuppressants, and anthelminthics (Bérdy, 2005). From the 1980s and onward, the
discovery of novel natural products from actinomycetes began dropping precipitously as
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compound re-discovery emerged as a major impediment (Van Middlesworth and Cannell,
1998). The 1990s and 2000s witnessed the large-scale shutdown of most commercial efforts
to isolate novel compounds from actinomycetes. This situation was, and continues to be,
exacerbated by the rise of antibiotic resistance in pathogenic microbes.

Now, in the post-genomic era, with thousands of actinomycete genome sequences available,
we have come the realization that actinomycetes possess the genetic capability to produce a
multitude of natural products never before observed in the laboratory. This realization,
coupled with advances in genetic tools, has rekindled interest in exploring actinomycete natural
products in new and creative ways. Some of these strategies include physiological or genetic
manipulation, sampling actinomycetes from new sources, using methods to isolate rare
actinomycetes, and co-culturing (Bode et al., 2002; Traxler et al., 2013; Yamanaka et al., 2014;
Harvey et al.,, 2015; Pimentel-Elardo et al., 2015). Beyond these, efforts that capitalize on
genome mining supported by massive sequencing efforts (Doroghazi et al., 2014; Ju et al,,
2015; Goering et al., 2016), high-throughput heterologous expression of NP gene clusters
from environmental DNA (Subramani and Aalbersberg, 2013; Milshteyn et al., 2014; Igbal et
al., 2016), NP pathway re-factoring and heterologous expression, zz situ cultivation of
‘unculturable’ bacterial strains (eg. the iChip, (Ling et al., 2015)), and the MS-guided genome-
mining (termed peptidogenomics) (Kersten et al., 2011), have been undertaken. Many of these
efforts have yielded exciting payoffs in terms of novel compounds discoveries in just the past
few years, hinting that a new era of discovery may be at hand.

While developing new ways to discover natural products has been, and will certainly continue
to be, an important goal, our understanding of the ecological role of these natural products is
relatively primitive. We suggest that understanding the ecological relevance of these molecules
for the microbes that make them is of great importance to inform future strategies for natural
products discovery. For example, if we can fully understand the environmental cues that
stimulate natural product production z situ, we can exploit these cues in the laboratory to
induce normally silent natural product gene clusters. Our nascent understanding has lead
researchers to propose that natural products may play a role in competition for resources,
communication and signaling with other organisms, or defense of a symbiotic partner (Davies
et al., 2000; Linares et al., 2006; Ryan and Dow, 2008; Cornforth and Foster, 2013; Abrudan
et al., 2015). While the initial experiments underpinning these hypotheses are important first
steps towards understanding natural product ecology, relatively few studies have actually
detected the effects of natural products zz situ.

This review focuses on studies where actinomycete natural product biosynthesis has been
shown 7 situ. We briefly review these systems and consider the possible implications of natural
product activity within their respective ecological contexts, both at a proximate and indirect
level. Actinomycete natural products from soil or marine sediments have been addressed in
recent reviews (Subramani and Aalbersberg, 2012; Traxler and Kolter, 2015), and therefore we
do not address them here. The role of actinomycetes in symbiotic relationships has also been
recently reviewed, and thus we emphasize studies post-2012 (Seipke et al., 2012). We conclude
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by considering new tools and experimental paradigms that hold promise for exploring the
chemical ecology of actinomycete natural products in the future.

5.3 Notable systems and examples

5.3.1 Use of actinomycete natural products by fungus-farming ants

One of the most extensively characterized natural systems that harbor actinomycetes is that
of the leaf-cutter ants. Actinobacteria associated with fungus-growing leaf-cutter ants produce
natural products that have been shown to have key roles in shaping this ecosystem (Figure 5-1)
(Currie et al., 1999). Primarily found in the Americas, leaf-cutter ants (including the genera
Atta and Acromyrmex) maintain a delicately balanced network that includes their fungal food
source, Leucoagaricus gongylophorus, and actinomycetes, which produce antimicrobials to protect
the fungal gardens against pathogen invasion (Schultz and Brady, 2008; Hélldobler and Wilson,
2010; Andersen et al., 2015). If the balance of the microbial community is perturbed, fungal
pathogens belonging to the Escovopsis genus can invade the fungal garden, resulting in reduced
garden biomass and the eventual destruction of entire ant colonies (Currie et al., 2003;
Reynolds and Currie, 2004). Ultimately, the natural products synthesized by the symbiotic
actinobacteria play a critical role in preserving the overall fitness of leaf-cutter ant colonies by
protecting L. gongylophorus from pathogen infection.

Actinomycetes predominantly belonging to the Streptomyces and Pseudonocardia genera are also
directly associated with the cuticle of leaf-cutter ants. These actinomycetes were studied in
assays against invading fungal species and were found to produce a suite of antifungals
including antimycins, candicidin, dentigerumycin, and nystatin variants which suppress
Escovopsis and other potential pathogens while leaving L. gongylophorns unharmed (Haeder et al.,
2009; Seipke et al., 2011; Dangelo et al., 2016). More recently, Sit and colleagues discovered,
and chemically characterized, new antifungals related to dentigerumycin, called gerumycins,
synthesized by Pseuxdonocardia spp. associated with both _Apterostigma  dentigernm, and the
Trachymyrmex cornetzi ant (Sit et al., 2015). To add another level of complexity to this ecological
system, the natural products synthesized by leaf-cutter ant actinomycetes may also serve to
fend off closely-related bacteria that may displace the resident strain (Poulsen et al., 2007).
This antagonism between different species of ant-associated Pseudonocardia was pronounced in
more distantly-related species, suggesting that competition between Psexdonocardia have shaped
this association from its evolutionary origin (Poulsen et al., 2007). Consistent with this idea,
Van Arnam et al. recently found that one Pseudonocardia strain produced a novel rebeccamycin
analog that inhibited the growth of competing Pseudonocardia (Figure 5-1). PacBio sequencing
of these strains revealed variations in the rebeccamycin BGCs which were located on plasmids,
suggesting plasmid-encoded niche defense (Van Arnam et al, 2015). Furthermore,
rebeccamycins are of interest to human health since they possess anti-tumor activities and are
currently being tested in clinical trials (Xu and Her, 2015).
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Interestingly, recent evidence suggests that the direct interaction of actinomycetes with their
leaf-cutter ant hosts is beneficial for worker ant protection from pathogenic fungi and bacteria
(Schoenian et al., 2011; Mattoso et al., 2012; de Souza et al., 2013). With high resolution mass
spectrometry (LC-ESI-HR-MS), and matrix-assisted laser desorption ionization (MALDI)
imaging on the bodies of the ants, Schoenian et al. identified valinomycins, actinomycins, and
antimycins from S#reptomyces isolates associated with the integument of Acromyrmesx: echinatior
workers. In their bioassays, Schoenian et al. demonstrated the inhibitory effects of these
natural products on insect pathogens such as Metarhizium anisopliae, and Cordyceps militaris, and
on E. weberi and F. decemcellulare, which are fungal pathogens of the fungus garden. Strikingly,
the MALDI-imaging data clearly showed the localization of valinomycin secreted by
Streptomyces on the ant cuticle at varying concentrations. Taken together, these data suggest that
the presence of integumental biofilms and their secreted natural products work in concert to
protect fungal gardens from invading bacteria and fungi, while simultaneously contributing to
worker ant immunity by inhibiting the growth of entomopathogens (Figure 5-1)(Schoenian et
al., 2011). To corroborate the importance of actinomycete natural products in their protective
roles against ant-specific pathogens, cuticle-associated biofilms were removed with antibiotic
treatment, thereby exposing the ants to attack by the entomopathogenic fungus Metarhizinm
anisopliae, which resulted in increased mortality of Acromyrmex ants (Mattoso et al., 2012).
Furthermore, the immunity of Acromyrmex: subterranens ants with and without their symbiotic
actinomycetes was evaluated. In their study, de Souza and colleagues observed that young
worker ants lose their bacterial coating and mature into older, external worker ants.
Furthermore, they found that in the absence of their associated bacteria, the young ants had
an altered innate immune response, indicating that the actinomycetes confer protection to
young internal workers until their immune systems have matured (de Souza et al., 2013). These
works collectively stand as a rare concrete example in which the actinomycetes have been
removed from the system and their influence ascertained, with the overall result being that
their hosts became vulnerable to disease. The authors of these works logically conclude that
the most likely reason for this is the activity of the natural products made by the actinomycetes
in sitw. Ultimately this hypothesis might be tested in the future by re-colonizing ants with
mutant actinomycete strains lacking the ability to make specific natural products. The study of
Seipke et al. takes a step toward conducting this type of experiment as they generated
Streptomyces mutant strains unable to synthesize candicidin and antimycin (verified by PCR and
LC-MS) and tested its bioactivity towards fungi zz vitro (Seipke et al., 2011). The results,
however, were inconclusive in terms of mutant effect, therefore it was not tested 7z sizu. This
highlights the challenge of executing complex, iz situ microbial ecology.

As they are the dominant herbivores in much of the Neotropics (Costa et al.,, 2008), the
foraging activity of leaf-cutter ants has a large impact in the overall function of their
ecosystems (Figure 5-1, Figure 5-2). These ants forage up to 17% of the foliar biomass and
contribute substantially to carbon turnover in their forest habitats (Costa et al., 2008). Their
tungal crop, L. gongylophorus, produces lignocellulases capable of breaking down plant polymers
(Aylward et al., 2013), which contribute significantly to organic material degradation and re-
introduction into the neotropical terrestrial environment. As described above, actinomycete
natural products likely play a role in protecting the ant’s fungal gardens from invasion, and
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also play a role in protecting the ants themselves from parasites and diseases. While equivocally
assessing the direct contribution of these natural products is extremely challenging at an
ecosystem scale, this body of evidence supports the notion that actinomycete natural products
are intimately involved in maintaining one of the largest herbivory cycles on earth.

We also note that actinomycetes are associated with non-attine ants such as the Japanese
carpenter ant (Camponotus japonicas). The actinomycetes Nocardia camponoti sp. and
Promicromonospora alba sp. were recently isolated from the heads of these ants, and their
genomes were sequenced (Guo et al,, 2016; Liu et al., 2016). While the natural product
repertoire of these strains has not yet been explored, further study of these newly reported
interactions might lead to the discovery of novel bioactive compounds that play a role in
shaping the Japanese carpenter ant’s ecosystem.
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Figure 5-1 | Roles of actinomycete natural products in the leaf-cutter ant
ecosystem.

Different actinomycete species isolated from attine ant integument (S#reptonzyces
spp., Psendonocardia spp., etc.) secrete natural products with various functions
and roles. (Top left) Streptomyces spp. confer ant immunity by producing
valinomycin, antimycins, and actinomycins, which inhibit pathogens and
parasites. (Top Right) Actinomycetes produce a range of antifungals including
dentigerumycins, candicidin, and nystatin variants, which inhibit fungal
pathogens (e.g. Escovopsis spp.) but are not detrimental to the attine ant fungal
symbiont, L. gongylophorus. (Bottom Lett) Pseudonocardia competing for residency
on the ant integument use plasmid-encoded niche defense mechanisms by

83



synthesizing 9-methoxyrebeccamycin. (Bottom Right) Natural products from
actinomycetes help preserve the attine ant community, which in turn, affects
the larger ecosystem. Leaf-cutter ants forage up to 17% of the foliar biomass
and the L. gongylophorns symbiont helps degrade organic material, which
collectively contributes to carbon turnover.

5.3.2 Offspring protection via actinomycete natural products by Beewolf wasps

The beewolf digger wasps (Philanthus spp., Hymenoptera, Crabronidae) live in a symbiosis with
the streptomycete Candidatus Streptomyces philanthz, which is housed within the antennal glands
of the female beewolves (Kaltenpoth et al,, 2005). Female wasps deposit this bacterial
symbiont onto the inner walls of the protective underground burrows where they lay their
eggs. These streptomycetes are incorporated into the silk as the larvae begin spinning their
cocoons (Kaltenpoth et al., 2006). The cocoons remain immobile in the humid burrows, and
are thus easy targets for fungal and bacterial pathogens that live in the soil or are introduced
by the honeybees brought into the burrow as a food source for the larvae (Kaltenpoth et al.,
2005). However, the streptomycete symbionts protect the cocoons by secreting nine
antimicrobial or antifungal compounds onto the outer surface of the cocoon (Kroiss et al.,
2010; Seipke et al., 2012; Koehler et al., 2013).

Kroiss et al. (2010) were able to detect three of these compounds, the antibiotics piericidin A1,
piericidin B1, and streptochlorin iz situ. They further elucidated that there was a uniform
distribution of all three compounds on the outer surface of the cocoon as compared to the
inner surface (Kroiss et al, 2010). This distribution of antimicrobials suggests that the
metabolites protect the cocoon from invading pathogens on the outside, but are at lower
concentrations inside to prevent disruption of larval development. Four of the nine
antimicrobials were shown to be inhibitory to the growth of 10 soil fungi and bacteria that
would likely pose a threat of infection to the cocoons such as Aspergillus and Metarhizium
(Strohm and Linsenmair, 2001; Kroiss et al., 2010). Iz situ analysis with MALDI-TOF/MS in
conjunction with fluorescence 7z sitn hybridization (FISH), showed that the insect associated
streptomycetes co-localize with piericidin Al and B1 (Kaltenpoth et al., 2016). This data
illustrates the role of S#reptomyces produced antimicrobials 7z situ that protect the beewolf
cocoon from potential microbial infections, ensuring offspring survival.

At an ecosystem level, it is challenging to imagine what the overall effect of these
actinomycete-produced compounds might be. However, this system is notable because it is
one of the few examples in which natural products from actinomycetes have been visualized
in sitn. 'To the extent that this system may be manipulated at the genetic and chemical level, it
may represent one of the best opportunities for assessing the direct impact, and therefore the
bona fide role, of a natural product made by an actinomycete in a natural setting.
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5.3.3 Actinomycete specialized metabolism in the rhizosphere

Actinomycetes that inhabit the rhizosphere have been shown to secrete a wide range of natural
products that can contribute to defense against pathogenic bacteria and fungi, and aid in plant
nutrient scavenging (El-Tarabily et al, 2009; Solans et al, 2011; Rungin et al., 2012;
Harikrishnan et al., 2014). Rhizosphere soils contain relatively high levels of actinobacteria
(Hirsch and Mauchline, 2012), and the relationship between soil actinomycetes and plant roots
can have dramatic effects on plant health.

Root-colonizing Streptomyces have been found to produce a number of antifungal and
antimicrobial compounds 7z situ such as staurosporine, 3-acetonylidene-7-prenylindolin-2-one,
diastaphenazine, and antimycin A18 (Yan et al., 2010; Li et al., 2014; Zhang et al., 2014). These
in situ analyses offer a critical lens for beginning to understand bioactive compound production
in the natural context of the rhizosphere. Studies examining the large-scale effect of
rhizosphere actinomycetes have been done with respect to plant health and disease resistance.
For example, when cucumber plants (Cucumis sativus) were inoculated with one or a
combination of three endophytic actinomycetes, Actinoplanes campanulatus, Micromonospora
chalcea, ot Streptomyces spiralis, the overall effects of Pythium aphanidermatum, a soil-borne, fungal
phytopathogen, were mitigated. Specifically, host plants showed significantly less root and
crown rot, and were healthier overall (El-Tarabily et al., 2009). A number of other studies have
shown similar results, in various plant systems, where root-inoculated actinomycetes were able
to protect the plant from harmful pathogen invasion (Xue et al., 2013; Nabti et al., 2014; Solans
et al,, 2016). In a notable example, Streptomyces lividans was shown to produce prodiginines on
the roots of Arabidopsis thaliana, which antagonized the particularly damaging fungal pathogen
Verticillinm dablia (Meschke et al., 2012). The ability of rhizosphere-inhabiting actinomycetes
to produce a large range of metabolites antagonistic to phytopathogens, and subsequently
provide protection, point to an important role for soil actinomycetes in ensuring plant health
and primary production (Figure 5-2).

Soil actinomycetes are also known to enhance plant health by stimulating plant growth and
development through the production of phytohormones (Solans et al., 2011; Harikrishnan et
al., 2014). Endophytic actinomycetes such as Nocardiopsis, Actinoplanes spp., and Micromonospora
have been found to produce a number of important phytohormones such as indole-3-acetic
acid (IAA) (Figure 5-2) and indole-3-pyruvic acid (IPYA), compounds required for
fundamental plant functions including coordinated cell growth, and gene regulation
(Subramaniam et al., 2016). This suite of compounds has been specifically shown to promote
growth and development in wheat, lettuce, rye and tomato (Merzaeva and Shirokikh, 2010;
Bonaldi et al., 2015; Abbamondi et al., 2016; Toumatia et al., 2016). Directly delineating
microbially produced phytohormones, as opposed to phytohormones made by the host, is
technically challenging. However, the 7 vitro production of these compounds by root
colonizing, or rhizosphere competent, actinomycetes suggests a potential means by which the
soil microbiome is able to impact plant health (Figure 5-2).
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Soil Streptomyces are also capable of enhancing the overall nutrient acquisition efficiency of
plants by promoting the growth of critical symbiotic nitrogen fixers such as Rhizobia, and by
aiding in root nutrient scavenging. Leguminous plants enter into a symbiosis with bacteria of
the Rhzzobiales clade in which the bacterium stimulates the plant to produce a root nodule that
house the bacteria. In turn the bacteria fix atmospheric nitrogen, making it available to the
plant. When chickpea plants were inoculated with S#eptomyces, the result was increased
nodulation as well as an increase in nodule size suggesting an overall stimulating effect on the
nitrogen-fixing capability of the plant (Gopalakrishnan et al., 2015). This is especially notable
given that fixed nitrogen is a limiting resource for plants in all systems. The production of
siderophores by actinomycetes within the rhizosphere, or directly on the root, can specifically
aid the plant in scavenging iron from surrounding soils (Rungin et al., 2012). Through the
production of their own siderophores, plants are able to scavenge the soil for soluble iron (Ma,
2005). However, plants are also able to uptake iron-bound, actinomycete-produced,
siderophores, increasing their overall iron uptake efficiency.

The example studies highlighted above point to a ubiquitous association between
actinomycetes and plant roots in the rhizosphere. By in large, this association is beneficial for
plants as they may receive multiple chemical inputs from actinobacteria, including
siderophores, phytohormones, antibiotics and antifungals that inhibit potential pathogens
(Solans et al., 2011; Rungin et al., 2012; Harikrishnan et al., 2014; Li et al., 2014; Zhang et al.,
2014). Most studies have examined actinomycete/plant relationships in the context of food
crops, some of which are grasses such as wheat, sorghum, rye, maize, and rice (Bressan, 2003;
Merzaeva and Shirokikh, 2010; Harikrishnan et al., 2014; Toumatia et al., 2016). Beyond this,
metagenomic and culture-based studies of rhizosphere soil from grasslands have revealed a
wide array of plant-associated actinomycetes (Lugo et al., 2007; Delmont et al., 2012). Based
on this collective evidence, we suggest that chemical interactions between actinomycetes and
plants (especially non-woody plants) are likely to influence plant health at an ecosystem scale,
especially in grasslands (Figure 5-2). Though the exact i situ role of each actinomycete
produced natural product is not fully understood, it is clear that the presence of actinomycetes
alter the plant’s susceptibility to pathogens, nutrient uptake, and growth. Of course, other
microbes also likely to play a major role in these complex interaction webs, but the large
number of natural products produced by actinomycetes may make their role unique.
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Figure 5-2 | Actinomycete-produced natural products aid in ecosystem
function across the globe.

Distributions of grasslands (yellow), coral reefs (red), and leaf-cutter ants (green)
are denoted on a map of the globe. Representative actinomycetes and the
natural products that they produce in rhizosphere, coral and sponge
communities  are  shown.  Distribution  maps  adapted  from:
www.thinglink.com/scene/655045986153922561 (grasslands);
www.antweb.org/antblog/2011/03/geographic-range-of-leaf-cutter-ants-don-
indianapolis-in-usa.html (leaf-cutter ants); H. Ahlenius, UNEP/GRID-Arendal
www.gtida.no/graphicslib/detail /distribution-of-coldwater-and-tropical-coral-
reefs_1153 (coral reefs).

5.3.4 Actinomycete natural products in marine organisms

The ocean covers 70% of the earth’s surface and is responsible for 50% of the earth’s daily
primary productivity, which amounts to an estimated 140 million tons of carbon production
per day (Field et al., 1998). Actinomycetes have been found in many marine habitats including
marine sediments, estuaries, fish, mollusks, mangroves, and seaweeds, and marine
actinomycetes have long been a productive source of prospecting for novel natural products.
Isolating actinomycetes from marine sediments has proven to be a successful strategy for
discovery of potent bioactive molecules (Fenical et al., 2009) and coupling this with sequencing
efforts has shown that there is great potential still to be discovered (Udwary et al., 2007,
Ziemert et al., 2014). For now we will focus on coral reefs and marine sponges as these are
the best studied marine actinomycete environments. Studies have measured the diversity and
abundance of actinobacterial symbionts, finding that they are ubiquitously and stably
associated within these systems (Abdelmohsen et al., 2014; Brafia et al., 2015; Mahmoud and
Kalendar, 2016). Subsequently, actinomycetes have been isolated from various sponges and
corals to investigate their antimicrobial activities and potential to produce novel bioactive
compounds (Schneemann et al., 2010; Cheng et al., 2015; Kuang et al., 2015; Pham et al., 2015;
Mahmoud and Kalendar, 2016). The isolates have proved to be a rich source of natural
products with antifungal, antimicrobial, anti-cancer, and anti-HIV compounds (Abdelmohsen
et al., 2014).

The majority of these studies involved isolating the actinomycetes and culturing them in the
laboratory setting. Comprehensive laboratory analyses done on sponge associated
actinomycetes has found that a number of different species are culturable from marine
sponges, and that they are capable of producing bioactive secondary metabolites (Schneemann
et al., 2010; Xi et al., 2012). With respect to the sponge Halichondria panacea, for example, five
actinomycete genera were isolated and the bacterial extracts were found to contain secondary
metabolites with bioactivites (Schneemann et al., 2010). However, ecological analysis of marine
environments remains challenging, and there are few studies that have reported 7 situ data.
Recently, however, Yarnold and colleagues used MALDI-MS imaging to map the spatial
distribution of brominated pyrrole-2-aminoimidazole alkaloids, which have cytotoxic and anti-
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fouling properties, on cross sections of the marine sponge S#y/issa flabellate (Yarnold et al., 2012).
These compounds were found in discrete locations within the sponges and were present in
high amounts near sites most susceptible to predation and biofouling. There is yet no clear
delineation between the suite of metabolites produced by the sponge, and those produced by
associated microorganisms, but gradients and pockets of metabolite production suggest that
these are likely to be microbially produced. In one specific example, three diketopiperazines,
one of which has antibiotic properties, that were isolated and characterized from the sponge
Tedania ignis, were later found to be produced by associated Micrococcus (Figure 5-2) (Stietle et
al., 1988).

Due to the overall paucity of information about specific microbially produced metabolites on
marine sponges, there is little information on the roles they may play for their sponge hosts.
Recently, however, the genomes of three marine sponge associated actinomycetes
(Micromonospora sp. RV43, Rubrobacter sp. RV113, and Nocardiopsis sp. RV163) were sequenced,
and subsequently mined for the presence of secondary metabolite producing gene clusters
(Horn et al,, 2015). All three species under investigation contained gene clusters required to
produce natural products of known antibiotic and antifungal activity. To study how bacterial
symbionts affect the ecology of the sponge, Mehbub and colleagues performed controlled
aquarium experiments designed to test the effects of increased levels of a sponge-associated
actinomycete, Strepromyces ACT-52A, on the sponge’s microbial community, metabolite profile,
and bioactivity (Mehbub et al., 2016). When St#reptomyces ACT-52A was exogenously added to
the water in the aquarium, they observed shifts in the microbial community, accompanied by
a change in metabolite profile composition and the bioactivity of sponge extracts. Though it
is still not clear if the changes in metabolite production were of microbial or sponge origin, it
is clear that interactions between the sponge and its associated bacteria can impact natural
product biosynthesis and microbial diversity. We can envision this as a system where the effect
of mutant actinomycetes, deficient in the production of a specific natural product, may be
tested. A possible next step would be to investigate how the health and function of the sponge,
and its associated microbiome, may impact the marine ecosystem as a whole.

Coral reefs themselves have also been of interest with respect to bioprospecting as they house
an immense diversity of secondary metabolites (Leal et al., 2013). A large number of these
metabolites, however, are produced by symbiotic bacteria living in the corals (Leal et al., 2013).
In one instance, thiocoraline, a thiodepsipeptide, was isolated from a coral associated marine
actinomycete, Micromonospora marina (Romero et al., 1997). Though thiocoraline was shown to
have anti-tumor and antibiotic activity z vitro, no in situ experiments have been done, thus the
ecological impacts of this metabolite on the corals remains unexplored (Figure 5-2). These and
other bacterial symbionts potentially have a number of functions with regard to reef health,
including protection from invading pathogens. However, the culturing of the majority of
marine bacteria remains a major impediment, and thus the analysis of the majority of reef
associated actinomycetes remains elusive. Beyond this, large amounts of reef biomass are
required for the isolation of coral-associated metabolites, and while the aquaculturing of reefs
represents a potentially viable option to produce reef associated metabolites (Leal et al., 2013),
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the complexity of marine environments is difficult to replicate, and thus the chemical ecology,
and symbiotic microbiome, may be drastically different in laboratory experiments (Hay, 1996).

Collectively reefs occupy <0.2% of the world’s oceans (Figure 5-2), yet are estimated to be
one of the most biodiverse ecosystems on the planet (Knowlton et al., 2010), that includes a
panoply of coral and sponge species. Taken together, the studies described above point to a
long-lasting symbiosis between corals, sponges and actinomycetes. As for the other systems
addressed in this review, assessing the contribution of actinomycete natural products to the
overall health and stability of reef ecosystems is challenging. However, any advantage
conferred by actinomycete symbiosis is likely to have ecosystem-wide implications. Further
studies aimed at understanding the role of these compounds in simplified, controlled aquarium
settings may provide a window into the chemical underpinnings of these ecosystems.

5.4 Concluding remarks

Accurately assessing the role of a given bacterial species in its natural environment is a daunting
task. However, as we transition to the ‘age of the microbiome’, questions about microbial
community function, and community impact on their respective ecosystems, will become
increasingly important. Actinomycetes are interesting to consider in this regard since the role
played by their extensive natural product repertoires has long been the source of speculation.
Beyond this, at a practical level, understanding the roles and ecological drivers that stimulate
production of these compounds may open new avenues to natural products discovery. Only
by conducting these kinds of studies, will we begin to understand how these molecules
function in natural settings, and what advantages might be gained for the organisms that make
these compounds. We suggest that knowledge about the ecological and chemical contexts in
which these molecules are used by the producing organisms may provide insights into how we
can minimize the development of pathogen resistance and extend the working life of
antibiotics in the clinic.

What does it take to effectively evaluate the impact of a natural product 7z situ? The framework
for considering this question could be adapted from the fundamental principles of Koch’s
postulates. Namely, the natural product should be detectable 77 situ, removing the producing
organism from the system should eliminate the natural product and result in a measurable
effect on the system, and replacing the producing organism should lead to detection of the
compound 2 sitn and reverse the effect of removing it. Undoubtedly, the most rigorous
approach would be to replace the producing organism with a mutant defective in its ability to
produce the natural product in question, followed by verifying the absence of the natural
product and assessment of the effect on the system overall. These stringent criteria are
obviously challenging to implement in practice, especially in natural settings.

Determining the ecological drivers of natural product biosynthesis 7z sizu may be ultimately

prove even more challenging than assessing the impact of these compounds. However, we
suggest that understanding the effect that a given natural product has on the surrounding
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microbial community may provide valuable context for considering what cues may be
connected to its production. Another starting point will be to understand cues that drive
actinomycete specialized metabolism in simple, binary interactions. Surprisingly, while it has
been shown many times that binary interspecies interactions can lead to activation of natural
product biosynthesis (Ueda et al., 2000; Yamanaka et al., 2005; Onaka et al., 2011; Vetsigian
et al, 2011; Traxler et al, 2013; Kinkel et al, 2014; Abrudan et al., 2015), a
molecular/physiological understanding of this phenomenon remains largely elusive. Only in
one case, described by Yamanaka et al., 2005, was a molecule identified as triggering antibiotic
production in another nearby strain. In that instance, the stimulatory molecule revealed to be
the common siderophore desferrioxamine E. Accordingly, understanding the chemical and
mechanistic nature of these interactions is an active area of research being undertaken in
multiple labs. Beyond binary interactions, simplified synthetic communities that can be
experimentally manipulated will also offer a tractable starting point for assessing connections
between cues, natural products, and ecosystem effects.

However difficult it may be to carry out studies on complex natural systems that include
microbial communities, the development of new tools provides a reason to be optimistic about
future efforts aimed at understanding the ecology of natural products. Specifically, advances
in mass spectrometry imaging and direct chemical sampling of microhabitats via technologies
like NanoDESI MS are making detection of these fascinating molecules 7z siz# a much more
tractable prospect. One predictable outcome of removing a molecule with antibiotic or
antifungal activity from a microbial community might be a shift in the overall community
composition. Fortunately, the best method for assessing these changes, eg. metagenomic
sequencing, has also become radically more accessible. Moreover, as the study of microbiomes
advances with the development of model microbial communities and more portable
technologies to enable measurement of key microbiome parameters in the field (Alivisatos et
al., 2015; Blaser et al., 2016) the questions posed here will become more tractable.
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6  Chapter 6. Discussion and Conclusions

This body of work is the first, to our knowledge, to use an untargeted approach to identify
systems involved in globally regulating the production of specialized metabolites during
interspecies interactions. Because the genus S#epfomyces is a rich source of antibacterial,
antifungals, and many other biologically useful compounds, understanding when and how
these specialized metabolites are produced is fundamental to discovery efforts (Bérdy, 2005).
Regulation of specialized metabolite expression has been studied for specific cues or for
individual biosynthetic gene clusters, but never at a more universal scale (Liu et al., 2013).
Identifying more general regulatory systems controlling natural product production can
highlight avenues for natural product drug discovery. Here we employed a forward genetic
screen, transcriptomics analysis, and mutational characterization to identify genes involved in
sensing and responding to interspecies interactions in the model actinomycete, Streptomyces
coelicolor.

From our transcriptional analysis of S. coelicolor in interactions with four other actinomycetes,
we identified four conservons as being highly upregulated in this environment. Subsequent
deletion of the conservon 8 locus and each individual member illuminated how these members
relate to one another and how each member affects the gene expression of multiple specialized
metabolite biosynthetic gene clusters. Very little information is known about the conservons
and how they function. Only one S. coelicolor conservon, conservon 9, has ever been studied.
The deletion of wwnA9 and cwonD9 resulted in . coelicolor strains that conditionally overproduced
actinorhodin and were able to form aerial mycelium and spores on 2% glucose medium, which
typically inhibits those processes (Komatsu et al., 2006). This body of work linked the
conservons to natural product production and development, though only one of the 13
systems present in the S. coelicolor genome and numerous conservon systems throughout the
actinobacteria phylum was studied (Wuichet and Segaard-Andersen, 2014). In this work, we
link another conservon system, conservon 8, to natural product production during interspecies
interactions and growth as a single colony, adding significantly to our growing knowledge of
these systems.

We determined that the CvnA8 and CvnF8 proteins likely function together and we propose
that CvnA8 is a membrane bound signaling component while CvaF8, a GAF containing
protein, acts as the small molecule sensor. We found that the CvnC8 and CvnD8 proteins
likely function together and we hypothesize that CvnC8 is a transcriptional regulator that,
together with CvnD8, a molecular switch similar to RAS GTPases, regulates the expression of
multiple specialized metabolite biosynthetic gene clusters. We observed that CvnB8 has an
intermediate effect on pigmentation and gene expression leading us to propose that it acts as
a connection between CvnA/F8 and CvnC/DS8 likely through the regulation of the GTPase,
CvnDS.

There is much more work to be completed in the future in order to fully understand the
conservons systems. First and foremost, a thorough exploration of the CvnA protein should
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be performed to determine if it has autophosphorylation activity, if it interacts with CvnF,
CvnE, or other proteins, and where in the cell it is located. The determination of what
conservon 8 is sensing from the interacting bacterium is of utmost interest to us, as well. We
think that determining the role of the CvnF8 protein and whether it binds a small molecule
will be a good start towards resolving what the signal(s) or cue(s) may be. Another important
question to answer is can the CvnC8 protein bind DNA? Answering this question can help us
understand how conservon 8 is exerting its influence and will surely generate many new
questions. Additionally, how is the CvaDS8 protein functioning? What do the CvaD8 on/off
mutants do 7z vivo? Can the CvnB8 protein alter CvnD8’s activity? These are all outstanding
questions that will need to be addressed in order to understand the molecular mechanisms of
the conservon system. Lastly, determining how the conservons integrate into previously
characterized regulatory networks and how they may interact with different conservon systems
will be crucial. Though the exploration of the conservons has copious unanswered questions,
this work has laid the foundation for future studies of this underexplored, intriguing system.

We also used a forward genetic screen to identified multiple genes that are related to
pigmentation production during interspecies interactions. Notably, draA (SCO3879) was
identified using this screen. We hypothesize that mutations in dnaA cause a reduction in
chromosome replication initiation, leading to fewer chromosomes in each cellular
compartment. Additionally, SCO4215, a predicted GntR transcriptional regulator with a
UTRA ligand-binding domain, was identified in our screen. GntR regulators with UTRA
domains typically are regulated by the binding of small molecules. Multiple other genes were
implicated in interaction induced specialized metabolite production from our genetic screen.
This is an area of active exploration and highlights the complex regulation that exists in
Streptomyces.

For the first time, we have shown that a conservon system regulates the expression of multiple
natural product biosynthetic gene clusters, including a cryptic cluster in St#reptomyces coelicolor.
This discovery highlights the potential for discovery of new compounds through manipulation
of conservon signaling. We also conclude that this system must be intertwined with other
regulatory networks which will take more work to unravel. It may be the case that regulators
identified in the forward genetic screen might link to the conservon system. Additionally,
CvnD8 is the first ever bacterial small GTPase shown to alter gene expression, indicating that
these types of proteins play an important role in bacterial cell processes not just in eukaryotic
signaling systems. Thus, they should be given more thought. Overall, we excitedly hypothesize
that the conservons are another type of signaling system in actinomycetes that interfaces with
the environment in various ways. We assert that the conservons should be considered
alongside two-component systems and ECF (extra-cytoplasmic function) sigma factors when
considering bacterial systems employed by actinomycetes to interact with their environments.
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