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Abstract

Mycobacteriophage (phage) are a diverse group of viruses that infect
Mycobacterium. Their study allows further understanding of viral evolution and
genetics. Phage tightly control gene expression and transcribe their genes using host
RNA polymerases. This project identifies potential transcriptional control elements in
the genome of mycobacteriophage Ukulele. Promoters are sequences of the genome
that allow binding of RNA polymerase and initiation of transcription. 21 putative
promoters were identified in the Ukulele genome. To confirm transcriptional activity
from putative promoters, a GFP reporter system was developed in mycobacterial
cells. Intrinsic terminators are mRNA sequences that form secondary structure during
transcription and stall the RNA polymerase. In Ukulele, 19 terminators were
identified computationally. Future research includes confirmation of these
terminators. Identification of elements that control transcription allows better

understanding of phage gene expression.
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1. Introduction

Bacteriophage, or viruses that infect bacteria, are the most abundant biological
entity on earth. This group of viruses is remarkably diverse, and many aspects of
phage biology have been successful models for describing other biological systems.
Mycobacteriophage, which infect mycobacteria, have been studied extensively to
learn about the lifestyle of their mycobacterial hosts and about viral evolution [1] .
Mycobacteria are of specific interest because this genus contains the infectious agents
that cause tuberculosis and leprosy [2]. Mycobacteriophage are valuable tools for
studying molecular biology and provide insight into the diversity of systems that
control phage infection and gene expression. Despite these advances, many aspects of
mycobacteriophage gene expression, including transcriptional regulation, remain
poorly understood.

The diversity of these phage represents a high potential for discovery of novel
transcriptional control mechanisms [1,3] Many models that describe transcriptional
regulation have been developed in organisms such as Escherichia coli and
mycobacteria [2,4,5]. Other studies of transcription have taught us about the possible
complexities in these systems, and about the DNA sequence elements that appear to
control transcription. Promoters and terminators are well-studied transcriptional
control elements in other organisms. However, these haven’t been fully characterized
in mycobacteriophage and there is limited knowledge related to identification and

characterization of these sequences.



Gene expression begins by initiating transcription or messenger RNA
(mRNA) synthesis at DNA sequences, called promoters. Promoter sequences are
located 10 and 35 bases before the start of transcription (TSP) [4]. The sigma protein
bound to RNA polymerase recognizes these sequences and allows transcription
initiation at the TSP. Promoters have been identified and confirmed in E. coli and
many strains of mycobacteria. Promoter search in mycobacteriophage remains biased
towards canonical E. coli promoters recognized by sigma protein 70, and very little
has been done to identify and characterize mycobacteriophage-specific promoters.

Transcription is terminated in the presence of terminator sequences
downstream of stop codons of protein coding regions. These sequences consist of GC-
rich hairpins that form secondary structure and U-rich sections of DNA that follow
these hairpins [6]. Promoters with poly-U tracts are known as L-type terminators. In
addition to L-type terminators, there is evidence of the ability of terminators to
function without a poly-U tract in some phage [7]. Promoters without poly-U tracts
are known as I-type terminators. There is also evidence of tandem, U-type terminators
following E. coli rRNA genes [5]. There have been limited studies focusing on
mycobacteriophage terminators, and in these studies only L-type terminators were
considered.

This study aims to optimize computational analyses for terminator and
promoter identification in the mycobacteriophage Ukulele and closely related cluster
E phage. Putative promoters were identified in the Ukulele genome based on the
consensus sequences of promoter elements from multiple mycobacterial species.
Terminaors were predicted using an algorithm that searches for GC-rich hairpin
structures downstream of predicted genes. These computational methods were applied

to preexisting knowledge of mycobacteriophage biology and resulted in a clearer

2



picture of phage transcriptional control. In addition, it has developed an experimental
system for confirming promoter efficiency in mycobacterial cells using a fluorescent

reporter gene.

2. Literature Review

2.1 Mycobacteriophage Research: Past and Present.

Mycobacteriophage (phage) are viruses that infect bacteria of genus
Mycobacteria and have been studied extensively since their initial isolation in 1947
[1]. Mycobacterial hosts are of interest due to the pathogenic nature of certain
mycobacteria, a genus that includes the causative agents of tuberculosis and leprosy.
Phage have been studied to explore the lifestyles of their mycobacterial hosts, but
have more recently become a powerful model for learning about viral evolution and
diversity [1].

Following the development of modern genomics, the characterization of phage
has rapidly expanded and demonstrated remarkable diversity [1]. Different clusters of
phage demonstrate both varied infection cycles and sets of functional gene products
[8]. Researchers use phage to learn about viral diversity and evolution through
genomic analysis combined with molecular genetic approaches in the laboratory [1].

There has been a substantial increase in phage research in recent years due to
discoveries related to phage evolution and functional genomics [1]. This research
includes elucidating phage lifestyles through the study of repressor systems [9] [10],
exploring phage-host interactions [11], and exploring genomic differences between
related groups of phage [12]. There is great potential for future discoveries due to the

breadth of phage diversity.



2.2 Clustering and Genome Mosaicism

Bacteriophage are considered the most abundant biological entity on earth,
with a population exceeding 10°°[13]. Their evolution has spanned 3 to 4 billion
years, and the diversity of phage is robust [14]. The main source of this variation is
horizontal transfer of genetic material by recombination events between phage
through homologous recombination at short conserved boundary sequences and
sequence-independent recombination between phage genomes and foreign DNA [15].
These recombination events result in genetic mosaicism, where similar sequences
between phage are interspersed with other completely unrelated sequences [16].

The result of mosaicism is that each phage genome is typically composed of a
unique set of interchangeable modules, which are groups of genes with related
function [15,16]. Modules that were exchanged recently in evolutionary history show
strong nucleotide similarity. Distant exchanges typically have low nucleotide
similarity but some level of significant amino acid similarity [1]. Mycobacteriophage
strongly follow this pattern, and the similarities between genomes range from being
nearly identical to having barely discernable relationships [17]. This genomic
diversity makes it useful to assign mycobacteriophage to groups showing significant
similarity, which are known as clusters.

Phage genomes are divided into clusters based on nucleotide sequence
similarity [17]. Phage are assigned to the same cluster if they show significant
nucleotide similarity for more than 50% of the genome [17]. The methods for
determining this similarity include comparison using pairwise dotplots in Gipard,
pairwise average nucleotide identities (ANI), analysis of gene phams, and whole

genome map comparisons [17]. Through these analyses and subsequent formation of
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clusters, we can begin to discern both close and distant evolutionary relationships
between mycobacteriophage. There are currently 1141 mycobacteriophage classified
into 26 clusters, and this list is rapidly expanding due to intensive sequencing efforts
[18].

Despite the advantages of clustering, it is clear that the process has its
limitations. The degree of diversity within clusters widely varies and delineation can
at times be somewhat arbitrary [11]. However, the formation of clusters based on
nucleotide sequence similarity allows researchers to represent heterogeneity of phage
and search for the effects of this diversity on their phenotypes [8]. Levels of
characterization varies greatly between clusters of phage, and many clusters have yet

to be studied intensively [8].

2.3 Establishment and Maintenance of Lysogeny

When phage infect their bacterial host, they typically monitor the health of the
cell to determine the infection pathway that best suits these conditions. If the bacteria
are growing rapidly the phage enter lytic cycle. This pathway involves using host
metabolic machinery to rapidly produce progeny and eventually lyse the host cell
[19]. Temperate phage are able to utilize an alternate infection pathway known as
lysogeny. Lysogeny involves integration into the host genome and maintenance of
this integration for subsequent replication cycles in the bacteria.

Lysogenic pathways vary greatly among mycobacteriophage. Most of these
systems involve production of integrase proteins that allow integration into the host
genome and repressor proteins that prevent lytic gene expression and allow
expression of genes necessary to enter into and maintain lysogeny [8]. In Ukulele, it is

hypothesized that gp52 is the immunity repressor due to its location relative to
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integrase, its presence in a region of divergent transcription, and the fact that it is the
only gene in this region to contain a predicted DNA-binding domain [20]. Lysogeny
remains poorly characterized in the majority of bacteriophage, but several well-
studied systems are useful models for learning about lysogeny in other bacteriophage.

Lysogeny in the E. coli phage Lambda is the most well understood system.
Lysogeny in lambda involves a complex decision that begins with transcription of CII
and Cro from promoter Pr and CIII from promoter P1 [21]. CII is the key protein
involved in the lytic-lysogeny decision and is used to monitor the health of the cell
[22]. The predominance of Cro and the lytic pathway occurs when CII is degraded by
host proteases within the cell, normally during periods of stress in the cell [23]. If
cellular conditions are conducive to growth, CII is protected by CIII and activates
both CI from the promoter Pgg and integrase from the promoter P; [24] . If CII
prevails, CI repressor is produced which binds to operators Or (instead of Cro) and
leads to repression of early lytic genes [25] [26]. The phage then uses its integrase
gene for site-specific recombination and inserts the phage genome into the host
chromosome. Active production of CI continues and the phage will maintain lysogeny
through repression of lytic genes [27].

Another system for establishing lysogeny has been identified in
mycobacteriophage: integration-dependent immunity in Clusters P, N, I, and G [9].
The three key proteins to this genetic switch are integrase (Int), repressor protein
(Rep), and Cro protein [1,9]. In this instance, the genetic switch deciding between
lytic growth and lysogeny depends on the Int expression levels and its ability to carry
out site-specific recombination into the host genome [2,9]. If sufficient integrase is
produced, the phage integrates and causes production of active Rep protein [1,3.9].

Rep down regulates Cro by acting on Promoter Pr and allows the phage to maintain
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lysogeny effectively [2,4,5,9]. When protease levels in the host cell are high, Int is
rapidly degraded and unable to integrate [4,9]. The inability to integrate means that
the active form of the repressor (Rep) isn’t produced and Cro production ensues [6,9].
Cro production leads to the lytic pathway by antagonizing Rep action [7,9]. This way
of establishing lysogeny is similar to lambda, but integration is the key decision-
making step and no additional proteins such as CII and CIII are required [5,28].

Lysogeny of Cluster A2 phage LS5 is another well-characterized example of
lysogeny in mycobacteriophage [1,8]. It is simpler than integration-dependent
immunity and relies mainly on the active production of the gp71 repressor within the
host cell [1,29]. Three promoters, P1, P2, and P3, control transcription of this gene
[8,29]. Once produced, gp71 acts on promoter Py, which prevents transcription of
lytic genes in L5. It also binds to 28 other protein-binding sites within the genome to
downregulate transcription of other genes in the L5 genome [1,10]. LS then integrates
into the mycobacterial genome via integrase-mediated recombination at specific
regions in the bacterial and phage genomes, and maintains lysogeny through active
production of gp71 [1,10,30]. This establishment of lysogeny differs from integration-
dependent immunity because it only requires transcription of gp71 to establish
lysogeny [9].

These diverse systems for establishing and maintaining lysogeny demonstrate
the variance of genetic switches that are important in the phage decision between

active replication and lysogeny [10,28].

2.4 Phage Transcription and Gene Expression
Genome length and gene organization in mycobacteriophage vary greatly

[1,11]. In some cases single genes are expressed from a single mRNA but more often
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genes with similar functions are grouped in operons. An operon is a group of genes,
often with related functions, that are expressed from a single mRNA. This mRNA is
produced by a host-encoded RNA polymerase through recognition of promoter
sequences upstream of operons. In mycobacteriophage Giles, the structure of these
operons is closely related to the function of the genes within them as either structural
genes, genes involved in DNA replication, or other genes required for lytic growth
[12,31]. The relationship between operon structure and the function of genes within
operons appears essential in many cases.

The transcription of these genes is tightly controlled based on their role in the
phage life cycle. In lambda, genes are regulated by protein-protein interactions and
the production of phage proteins such as repressor C1 [13,19]. Repressor proteins are
a well-characterized example of transcriptional control in mycobacteriophage [10,14].
In lytic growth, phage appear to separate transcription into two distinct phases
temporally: early and late genes [3,15,32]. These phases demonstrate the importance
of transcriptional control during phage infection.

Studies completed using L5 as a model mycobacteriophage suggest that most
phage transcription is completed using host RNA polymerase, due to similarities
between L5 and canonical mycobacterial promoters[16,32]. This is contrasted by
studies of singleton mycobacteriophage Giles, which suggest the presence of
promoters not recognized by the most common mycobacterial host sigma factor:
sigma-70 [15,16,31]. Study of promoters illustrates a diversity of mechanisms for

initiating transcription of the phage genome.



2.5 Control of Transcription Through Promoters

Expression of genes begins by initiating transcription or mRNA synthesis at
DNA sequences, called promoters. Promoter sequences are located 10 and 35 bases
before the start of transcription (TSP) [1,4]. The sigma protein bound to RNA
polymerase recognizes these sequences and allows transcription initiation at the TSP.
The important components of the promoter are two hexmeric sequences, the —35
element and —10 element, and the space between these elements (interhexameric
space) [4,17]. The rate-limiting step of RNA synthesis in prokaryotes is normally
related to the strength of the promoter and the ability of RNA polymerase to
recognize and bind to it [17,33]. Study of promoters is therefore important for
analyzing patterns of gene expression.

In E. coli, Sigma-70 specifically recognizes promoters of housekeeping genes
of the cell. E. coli sigma-70 consensus promoter sequence is a —35 sequence of
TTGACA and a —10 sequence of TATAAT. The space between these elements is
between 16-19 base pairs [17,34]. The mycobacterial sigma-A promoter has an
analogous architecture and function to sigma-70 in E. coli, as both the —35 box and
interhexameric space are conserved [17,34]. However, mycobacteria appear to have a
slightly different —10 consensus sequence (TAYgAT) and appear more able to
withstand mutations of the —35 box without loss of function [4,18]. In addition to
these elements, an extension of the —10 box (known as a TGN motif) may also play a
role in efficiency of mycobacterial promoters [11,35].

An RNA polymerase has yet to be identified in a mycobacteriophage genome,
which indicates they rely on host transcriptional machinery [8,36]. Many

mycobacteriophage contain SigA like promoters, indicating they rely on



mycobacterial RNA polymerase and sigma factors [8,29,37,38]. These SigA like
promoters in mycobacteriophage have been characterized extensively to determine
their role in lysogeny, lysis, and context-dependent transcription.

One example of these promoters is in LS5, which contains four well
characterized SigA type promoters that drive expression of the repressor gene, gp71
[19,29]. P1, P2, and P3 are upstream of gp71 and are important in transcriptional
initiation of gp71. Py is an early lytic promoter that is depressed by the presence of
repressor. The structure of P1, P2, and P, are consistent with that of other SigA
promoters [8,29]. Interestingly, P3 shows a strikingly different structure that appears
to be recognized by a different mycobacterial sigma factor and not by SigA [20,29].

An analogous promoter sequence to Pl has been identified in
mycobacteriophage Bxb1 [21,29,38]. SigA type promoters have also been identified
in lysis genes of mycobacteriophage Ms6, perhaps playing a similar role to Pisin LS
[22,37]. This conservation of SigA promoter structure supports the use of host
transcriptional machinery.

Another SigA associated promoter, mycobacteriophage BPs promoter Pr, was
studied to learn about the importance of context to promoter efficiency [23,36].
Through mutational analysis, the researchers discovered that changes to each base in
the —10 sequence was deleterious to promoter function and that consensus sequence
TATAMT shows maximal activity [24,36]. In addition, it was determined that 17 bp
is the optimal interhexameric space for Pr. Interestingly, mutation of the —35
sequence did not significantly change efficiency of the promoter [25,36]. Thus,
mutations of the promoter elements are dependent on the context in which they are

carried out, demonstrating complexity in control of mycobacteriophage transcription
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[26,36]. These discoveries point to general characteristics of optimal
mycobacteriophage promoters.

No late promoters, or promoters that don’t depend on SigA, have been
identified and characterized in mycobacteriophage. Current methods for promoter
search also depend on E. coli Sig70 structure, which may be insufficient to describe
all possible mycobacteriophage promoters. This gap in knowledge and inconsistencies

in promoter search methods require further research.

2.6 Termination of Transcription via Intrinsic Termination

Transcription of operons by RNA polymerase is terminated in the presence of
terminators downstream of stop codons: GC-rich hairpins that form secondary
structure and U-rich sections of DNA that follow these hairpins[6,27]. Terminators
with these features are known as L-type terminators [9,39]. In addition to canonical
terminators containing hairpins and poly-U tracts, there is evidence of I-type
terminators that function without a poly-U tract in some actinophage [7]. In E. coli,
there is also evidence of U-type tandem termination which are multiple GC-rich
inverted repeat structures that occur in tandem[5]. An additional study refutes the
findings of these studies in mycobacteria, claiming that a poly-U tract is required for
termination [6]. These studies represent the multiple ideas about how termination
occurs in prokaryotic systems and the necessity for further study in mycobacterial
systems.

None of these studies deal specifically with mycobacteriophage terminators,
although study of mycobacterial transcription is frequently utilized as a model for
mycobacteriophage [3]. Therefore, there are multiple possible types of terminators

within mycobacteriophage. A web program, named WebGEster, uses an algorithm
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that searches different types of terminators within genomic sequence [39] WebGEster
identifies four types of terminators: L-shaped terminators containing hairpin
structures followed by poly-U tails, I-shaped terminators containing only potential
hairpin structures, U-shaped terminators containing tandem termination structures,
and X-shaped bidirectional terminators containing that may terminate transcription on
both strands [39]. This algorithm is based on the identification of potential hairpin
structures with highly negative AG, limited mismatches within the structure, and the
contextual significance of these sequences following open reading frames (ORFs)
[39]..

Another program, named ArNOLD, uses a similar algorithm but only
identifies terminators containing poly-U tails [40]. ARNold also identifies hairpin
sequences intragenically as well as intergenically [40]. This program was previously
used in our lab to identify 4 terminators containing poly-U tails within the Ukulele
genome [20]. Terminators are not sufficient to explain transcriptional termination in
the entire Ukulele genome, and that other mechanisms must function to catalyze

termination of transcription.

2.7 Cluster E: A Relative Unknown

Cluster E is a group of poorly characterized mycobacteriophage [20]. There
are currently 68 Cluster E phage, with an average genome length of 75,512 base pairs
and a GC content of 63.0% (PhagesDB.org). There are no subclusters in Cluster E and
the organization of genes in Cluster E is generally conserved [8].

All Cluster E phage are likely to be temperate mycobacteriophage, as they
form plaques with slight turbidity, but no stable lysogens of Cluster E phage have

been isolated [8]. Despite the lack of published evidence for stable lysogens, our data
12



(unpublished) suggest that Ukulele forms lysogens at an efficiency of approximately
7.5% [20].

There are conserved genomic features that have been discovered in Cluster E
phage that are not present in most other clusters. Cjw1 is the Cluster E representative
phage, and has a number of genes that are rare among mycobacteriophage and
therefore of interest [8]. For example, Cjw1 gene 39 encodes a regulatory protein
important in expression of many host genes and gene 102 encodes a single-stranded
binding protein only found elsewhere in Cluster L phage and singleton Wildcat [8].
The function of these proteins within Cjw1 and other Cluster E phage is yet to be
elucidated.

Previous studies in our lab have uncovered several characteristics of Cluster E
phage Ukulele. Four factor-independent terminators were identified by using ARNold
and by inspecting regions of convergent transcription in the genome [20]. There are
also two conserved repeats within the genome. Repeat CR1
(5'-CTTCACTGAACTg/aAA) is of particular interest because it is oriented in the
direction of transcription in four of its five locations [20]. CR1-2 and CR1-3 are
almost a set of inverted repeats and are oriented in the direction of gp52 and gp53
respectively [20]. gp52 and gp53 are divergently transcribed and located close to the
integrase, which signifies a potential role in establishment of lysogeny [20]. As
mentioned previously, it is hypothesized that Ukulel gp52 acts as the repressor protein

[20].

3. Materials and Methods

3.1 Bacterial and Viral Strains and Plasmids
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M. smegmatis mc*155 was grown at 37°C with shaking in liquid 7H9 media
supplemented with 50 ug ml! carbenicillin (CB) and 10 pg ml-' cyclohexamide (CX)
or on 7H10 agar plates. When required, hygromycin (Sigma, St Louis, MO) was
added to media at a final concentration of 50 mg L. E. coli XL.1 Blue was grown at
37°C in L-broth with shaking or on L-agar plates [41]. When required, hygromycin
was added to a concentration of 200 mg L.

Mycobacteriophage Ukulele was isolated in 2011 from a soil sample in Old
Orchard Beach, Maine by the Honors 150 Phage Genomics Course. Ukulele was
isolated by an enrichment culture prepared with the soil sample and the bacterial host
M. smegmatis mc*155 in 7TH9 complete media. The culture was incubated overnight
with shaking at 37°C. After centrifugation at 2,000 x g for 10 min, the supernatant of
the culture was filtered on a 0.2 uM filter, serially diluted in phage buffer (10 mM
Tris pH 7.5; 10 mM MgSO,; 68 mM NaCl; 1 mM CaCl,) and plated in 7H9 top agar
onto a lawn of M. smegmatis mc?155. After multiple rounds of purification, high-titer
stocks of Ukulele were prepared.

pUV15tetORm was a gift from Sabine Ehrt (Addgene plasmid # 17975).
pUV15tetORm has a pBR322 origin that has a high copy number in E. coli and low
copy number in mycobacteria. pUV 15tetORm encodes a hygromycin resistance gene,
and a green fluorescent protein (GFP) gene under the control of a strong
mycobacterial promoter, Piyyc.i0. The mycobacterial promoter is flanked by
restriction sites Pacl and Spel [42]. To construct recombinant plasmids, Ukulele
genomic sequences and plasmid pUV15tetORm were digested with Pacl and Spel
according to manufacturers protocol. The restriction digest products were
subsequently ligated, and all plasmids were sequenced to ensure proper insertion of

the insert.
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3.2 Promoter Identification

A mycobacterial-specific matrix was developed by Keith Hutchison that
determined likelihood of each nucleotide (A, T, C, G) at each promoter position based
on previous identification of promoter sequences in multiple species of
Mycobacterium [4]. With this matrix, the PhiSite Promoter Search tool was used to
identify candidate promoter sequences that contain consensus —10 sequences, and
subsequently both —10 and —35 sequences [43] Special consideration was given to
—10 boxes containing a TGN motif directly preceding them due to previous study of
this feature [4]. The promoter analysis was performed on intergenic sequences of the
Ukulele genome with a particular focus on regions of divergent transcription and
sequences downstream of terminators. Following identification of candidate promoter
sequences, the promoter with highest consensus —10 strength compared to the
mycobacteria-specific promoter matrix was chosen if a viable —35 sequence was

present.

3.3 Primer design

Primers were designed to amplify predicted promoter sequences of interest in
the Ukulele genome and in the L5 genome. Ukulele gp53 and L5 gp71 promoter
primers were designed on Primer3Plus with the parameters Tm Min=40°C, Tm
Max=50°C, Min Length=16, Max Length=24. In order to clone sequences into the
reporter splasmid pUV 15tetORm, restriction enzyme sites for Pacl and Spel (NEB)

were included in the five primer ends of the forward and reverse primer, respectively
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(Table 1) [44]. In order to construct control plasmids with promoter sequences
inserted in the reverse orientation, primers were also designed with Pacl and Spel
sites on the five prime ends of the reverse and forward primer, respectively. All
primers were checked for potential primer-dimer formation using ThermoFisher

Scientific Multiple Primer Analyzer (ThermoFisher Scientific, Waltham, MA).

3.4 Polymerase Chain Reaction (PCR)

PCR was performed in 25-ul reactions containing 1 ng of Ukulele genomic
DNA, 0.5uM of each primer, and Q5 Hot Start High-Fidelity DNA Polymerase (New
England Biolabs, Ipswich, MA) according to the manufacturer’s recommendations.
Reactions were incubated at 95 °C for 2 min, then cycled 35 times through 98°C for
10 s, 65°C for 30 s, and 72°C for 30 s.. L5 gp71 promoter was amplified using
PROMEGA Taq polymerase (Promega, Madison, WI) and reactions were incubated
at 98°C for 30 s then subjected to 35 cycles of 98°C for 10 s, 61°C for 20 s, and 72°C
for 30 s. PCR products were analyzed on 2% SeaKem LE agarose (Lonza, Rockland,
ME) gels or 2% SeaPlaque GTG gel agarose (Lonza) and purified using the Qiagen
PCR Purification kit (QIAGEN, Valencia, CA) according to the manufacturer’s

recommendation.

3.5 Restriction Endonuclease Digestion

10 units of Spel and Pacl restriction enzymes per 5 yg of plasmid DNA were
used for restriction digests according to NEB protocol (NEB). Restriction digests of
insert and plasmid DNA were performed in 100xL volume reactions according to

manufacturer’s recommendations (New England Biolabs).

16



3.6 DNA Sequencing
To confirm the orientation and sequence of promoter inserts in pUV15_GFP,
all recombinant plasmid DNA were sequenced at University of Maine DNA

Sequencing Facility (Orono, ME).

3.7 Agarose Gel Electrophoresis

DNA fragments were separated on Seakem LE agarose (Lonza) using 80-
150V of electrical current in TAE buffer (40 mM Tris, 20 mM acetic acid, 2 mM
EDTA ). These gels were stained using ethidium bromide (0.5 pg ml') and visualized
using UV transilumination.

Fragments that needed to be recovered for cloning were separated on 1.5%
SeaPlaque GTG low melt agarose gels (Lonza) prepared in TAE (40 mM Tris, 20 mM
acetic acid, 2 mM EDTA) and containing 0.5 yg ml"' of ethidium bromide. Fragments
were purified using a Qiagen Gel Extraction Kit according to manufacturer’s

recommendations (QIAGEN, Valencia, CA).

3.8 DNA Ligations and Transformations

Ligations were performed in 20-pl reactions containing 500 ng total of
digested PCR product and vector and T4 DNA ligase according to manufacturer’s
instructions (New England Biolabs). Competent E. coli XLI Blue cells were
transformed with 10 pl of the ligation reaction (250 ng of DNA) [45]. Hygromycin-

resistant transformants were selected for on L-agar plates containing 200 ug ml' of
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hygromycin (Sigma-Aldrich, St. Louis, MO). Colonies were inoculated in L-broth
containin 200 pg ml! hygromycin. Plasmid DNA was isolated from 3 ml of culture
using Qiagen MiniPrep Spin Kit (QIAGEN) according to the manufacturer’s
recommendations. Plasmid was then electroporated into competent M. smegmatis
mc?155 cells. Transformants on 7H10 plates containing 50 g ml! hygromycin [46]

were inoculated in 7H9 broth containing 50 g ml!' hygromycin.

3.9 Terminator Identification

Intrinsic terminators were identified globally in Ukulele genome using
WebGester [47]. WebGeSTer uses an algorithm to search regions downstream of stop
codons for palindromic DNA sequences. Following WebGeSTer identification of
terminators, data was processed using Excel and TextWrangler to confirm validity of
terminator predictions. Strong terminators in Cluster E were those likely capable of
independent transcriptional termination, based on low AG, location in intergenic
regions following coding region, and a maximum of 3 mismatched base pairs in the
hairpin structure. WebGeSTer-identified sequences were accepted when there was
sufficient contextual evidence of the genome structure to suggest termination. All
strong terminators were mapped on Ukulele genome map.

Tandem terminators with low combined AG were found by changing the
WebGeSTer parameters to allow for higher AG [47]. This setting allowed
WebGeSTer to identify tandem terminators that had a combined AG lower than -
16.03 kcal/mol and a distance of less than 50 bp between structures [39]. These
terminators were subsequently mapped on Ukulele genome with the strong

terminators.
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3.10 Terminator BLAST

Terminators identified by WebGeSTer were aligned on PhagesDB.org
BLASTn to search for conservation in cluster E phage. Location of sequences
showing high identity were mapped on other Cluster E genomes to determine if they

were likely terminator sequences.

3.11 Genome Alignment of Ukulele and Identification of Cluster E Highly-
Variable Regions

The Ukulele genome was aligned with other mycobacteriophage genomes
using local BLAST on PhagesDB .org [18]. Highly variable regions that appeared
conserved in many other cluster E genomes were identified and labeled HVR1-16.
Representative Cluster E phage that as a group contained these HVR were chosen to
complete terminator analysis: 244, Willez, DrDrey. Some HVR were represented by
more than one of the Cluster E representative phage, but all gaps were contained by at
least one of these phage. Phamerator maps were generated between Ukulele and each
phage and the HVR were identified in these alignments [48]). These maps and
identification of HVR were used to determine their potential relevance to terminator

search.

3.12 GFP Fluorescence Assay

To determine if promoter sequences in the pUV15 recombinant plasmids drive
expression of GFP in mycobacterial cells, cells were grown for four d at 37°C with
shaking. Cultures were sub-cultured to an optical density at 600 nm (OD600) of 0.02
and grown overnight at 37°C. Once cultures reached an OD600 of approximately 0.5,

cultures were dispensed in 200-xL volumes in replicates of 8 into a 96-well plate.
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Fluorescence of each sample was measured at 528 nm and OD measured at 600 nm
using a Biotek multiplate Reader. Fluorescence values were normalized to the OD600
values to determine approximate fluorescence per number of cells. Values are
reported as average relative fluorescence units (RFUs) plus or minus the standard

error of the mean with n=8.

4. Results

4.1 Thirty-One Potential-Promoter Regions Were Identified Upstream of
Ukulele Genes

Loci of potential Ukulele promoters were determined by identification of long
intergenic regions, areas of divergent transcription, and regions directly following
potential terminators (Figure 1). PhiSite promoter search identified 22 potential
promoters on the forward strand and 9 potential promoters were identified on the
reverse strand (Table 2). The maximum PhiSite score is 1, and the strength of Ukulele
promoters ranged from PhiSite —10 scores of 0.56 — 0.98 (Table 2). Seven promoters
contain TGN-motif immediately upstream of the —10 box. Only one of these TGN-
type promoter sites had a recognizable —35 box. For some genes, there were multiple

candidates for promoters (Table 2).

4.2 Intergenic Region Between gp52 and gp53 Contains Evidence of Strong

Promoter Activity and Potentially Important Conserved Repeated Sequences
The intergenic region between gp52 and gp53 is a region of divergently

transcribed genes, and was therefore a target for promoter identification using PhiSite

Promoter Search. There are two rightward promoters in the direction of gp53, both
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containing a —35 element and one containing a TGN-motif. These promoters both
occur upstream of a previously identified conserved repeated sequence within the
Ukulele genome (CR1-3) (Figure 2A) [20]. There are two leftward promoters in this
region in the direction of gp52, and one of these contains a TGN- motif (Figure 2A).
One of the gp52 potential promoters overlaps with a related repeat motif to that

upstream of gp53 (CR1-2).

4.3 Complete gp52-gp53 Intergenic Region Drives Expression of Reporter Gene
in M. smegmatis Cells.

In order to determine the activity of potential promoters within mycobacterial
cells, sequences upstream of gp52 (P1, P2, P3) and gp53 (P2rev, P3rev, gp53) were
cloned into the pUV15tetORm reporter plasmid containing GFP and tested for the
ability to drive expression of GFP in M. smegmatis cells (Figure 2B). Recombinant
plasmid gp53 produced a significant amount of fluorescence in M. smegmatis
compared to M. smegmatis controls without reporter plasmid (Figure 3A) (Figure 2B).
The gp53 promoter showed low efficiency compared to known mycobacteriophage
promoter from L5 gp71, (Figure 3A) (Figure 2B). The gp53 plasmid also
demonstrated higher efficiency than all other recombinant plasmids. P2rev contained
putative gp53 promoter 2, and P3rev contained putative gp53 promoter 1, but these
plasmids failed to drive expression of GFP (Figure 2B) (Figure 3A).

Recombinant plasmids P2 and P3 each contained a putative promoter region
upstream of gp52 (Figure 2B). Recombinant plasmid P1 contains a sequence
immediately upstream of gp5?2 initially thought to have a promoter sequence in our

first analysis of the sequence but that we decided in subsequent analysis wasn’t likely
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to have a promoter region. All three plasmids generated fluorescence levels

significantly lower than that of M. smegmatis cells without plasmid (Figure 3B).

4.4 Nineteen Terminators of Different Structure Types Were Identified in
Ukulele Genome

WebGeSTer identified L, I, U, and X-type terminator structures in the Ukulele
genome. These terminators were selected based on their containing low AG (less than
-16.03 kcal mol '), location in intergenic regions following coding region, and a
maximum of 3 mismatched base pairs in the hairpin structure. Eight strong
terminators were identified on the forward strand of the Ukulele genome and 11
strong terminators were identified on the reverse strand (Table 3). Of the 19
terminators in the Ukulele genome, 15 were I-shaped terminators and 4 were L-
shaped terminators containing poly-U tracts. U-shaped tandem terminators were
identified downstream of gp124 and gp51. One X-type convergent terminator was
identified between gp49 and gp51 (Figure 4).

The forward strand of the Ukulele genome contains terminators following gp5,
gpl2, gpl8, gp28, gp29, gp31, gp49, gp50 (Table 3). The reverse strand contains
terminators following gp6, gp38, gp48, gp51, gp122, and gp124 (Table 3). The
maximum AG of these terminators is —16.02 kcal mol!, they are all located in
intergenic regions, and they all contain 3 or fewer mismatches in the stem. A number
of these terminators are highly conserved within Cluster E genomes, while others do

not show identity to sequences in other phage.
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4.5 Ukulele Terminators Frequently Occur in Tandem, Exhibiting
Characteristics of U-Type Terminators

Intergenic regions in the Ukulele genome were also analyzed for multiple
structures that don’t meet the AG criteria of a strong terminator but may act in tandem
to terminate transcription. WebGeSTer predicted 6 putative tandem terminator
sequences on the forward strand. gp20 contains three potential hairpin structures
downstream of the stop codon that have AG values that add to —16.38 kcal mol!
(Figure 5A). gp29 contains two potential terminator structures with a combined AG of
—18.65kcal/mol and a 22-bp gap between them (Figure 5B). gp37 contains 4 total
structures with combined AG of —=35.57 kcal mol' and gaps of 4-,4-, and 19 bp
between them. (Figure 5C). gp82 contains two structures separated by 12 bp that have
combined AG of —25.09 kcal mol! (Figure 5D). gp100 contains two structures with
combined AG of —25.1 kcal mol! (Figure SE). gp120 occurs at region of convergent
transcription and has combined AG of —20.27 kcal mol"'. On the complementary
strand, one tandem terminator was identified following gp30, with three structures
totaling —32.65 kcal mol'.

Because terminator structures often appear in multiples, we analyzed regions
containing strong terminators to identify potential additional terminator structures that
may assist strong terminators. Supporting structures were identified for previously
accepted strong terminators following gp49 (-8.97 kcal mol!) on the forward strand
and gp6 (—14.34 kcal mol'!, —6.79 kcal mol!, —9.05 kcal mol'), gp38 (—12.45 kcal
mol'), gp48 (—11.53 kcal mol '), and gp121 (-9.97 kcal mol') on the complementary
strand (Figure 6). There are 7 total potential termination structures downstream of

gp51, totaling —106.54 kcal mol™! (Figure 6E).
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4.6 Sixteen Highly-Variable Regions Were Identified in Cluster E
Mycobacteriophage

Due to the presence of terminators in Ukulele’s genome that are not conserved
among other Cluster E mycobacteriophage, the Ukulele genome was aligned using
BLAST on PhagesDB.org to identify regions of variation within Cluster E phage
(Figure 7). All 75 Cluster E phage contained at least 97% nucleotide identity to
Ukulele, however there were 16 regions in the genome that appeared highly variable
among the Cluster E genomes (Figure 7). These 16 highly variable regions (HVR)
were identified among multiple Cluster E genomes (HVR1-16) and were chosen to
represent the potential sequence variation among these phage (Figure 7). Cluster E
phage 244, Willez, and DrDrey were chosen to analyze for terminators using
WebGeSTer because all 16 HVRs are represented among the four genomes.
Phamerator alignment of Ukulele with 244, Willez, and Dr. Drey was used to
determine if these variations occurred at intergenic regions where terminators occur
(Figure 8). HVR1, HVR2, HVR6-11, HVR13-G16 are present within genes and
therefore are unlikely to contain terminators (Figure 8). HVR3, HVR4, HVRS, and
HVR12 are found in Willez within intergenic regions relevant to terminator search
(Figure 8). These results demonstrate the similarity of Cluster E genomes and the use
of Willez, Dr. Drey, 244, and Ukulele to represent all significant sequences

differences amongst the Cluster E phage.

4.7 Seven Additional Terminators Were Identified Through WebGeSTer

Analysis of Other Cluster E Genomes
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In order to identify additional Cluster E terminators, 244, Willez, and DrDrey
were chosen as phage that represented sequence variation among the cluster. These
genomes were analyzed using WebGeSTer identification of intrinsic terminators, and
seven additional terminators that do not show identity to Ukulele terminators were
identified (Table 5).

Six unique terminators were identified within the Willez genome, named
WTI-5 on the forward strand and WRT1 on the reverse strand. Willez contained
highly variable regions HVR3, HVR4, HVRS, and HVR12 that occur intergenically
near Ukulele-type terminators (Figure 8). HVR3 is in the region of unique Willez-
type terminator (WT1), HVR4 is in the region of WT2, and HVR12 occurs near both
WT4 and WTS5 on the forward strand and a Willez terminator on the reverse strand
(WRTT) (Figure 8) (Figure 9). WT3 does not correspond to a Cluster E HVR, but was
identified in a region where Willez and Ukulele gene structure differ (Figure 9). In
addition to unique terminators, Willez contained UT1 and UT4-8 on forward strand
and URT1, URT3-8, URT10a-b on complementary strand (Table 5).

One unique terminator was identified in DrDrey, which did not correspond to
any regions of high variation in Cluster E genomes (Table 5) (Figure 8). DrDrey also
contains UT1-8 and all URT terminators with the exception of URT2.

244 didn’t contain unique terminators, despite containing Cluster E HVR.
These HVR all occurred within genes (Figure 8). 244 contained all 19 Ukulele-type
strong terminators with the exception of URT2, which is a region of different gene

structure (Figure 8).

4.8 Cluster E Class of Terminators Contains 26 Novel Terminators from

Ukulele, Willez, DrDrey
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Strong terminators in Cluster E were those chosen by WebGeSTer as potential
terminators based on low AG, location in intergenic regions following coding regions,
and a maximum of 3 mismatched base pairs in the hairpin structure. An initial search
of the Ukulele genome located eight strong terminators on the forward strand (UT1-
UTS8), nine strong terminators on the reverse strand (URT1-9), and 1 tandem
terminator (U-shaped) on the reverse strand (URT10a, URT10b). Terminators with
significant identity to these terminators were also identified by WebGeSTer in
representative Cluster E phage 244, Willez, and DrDrey (Table 4). BLAST results
indicate the presence of identical sequences to UT terminators in many other Cluster
E genomes. Another Cluster E phage chosen at random, Dumbo, showed only
Ukulele-type terminators (Table 5).

In addition to Ukulele-type terminators, six novel strong terminators were
identified in the Willez genome. Five of these terminators are on the forward strand
(WT1-5) and 1 is on the reverse strand (WRTT1). 1 novel strong terminator was
identified on the forward strand of the DrDrey genome (DT1) (Table 4). The majority
of these non-Ukulele type terminators occur in regions of conserved gaps in Willez
contained by many other Cluster E phage (Figure 7). This class of 25 strong
terminators constitutes all currently identified terminators in Cluster E

mycobacteriophage.

4.9 Cluster E Mycobacteriophage Have One of Two Different Terminator
Structures Downstream of the Major Capsid Protein

WebGeSTer analysis combined with BLAST of terminators indicates there is
consistently a terminator located downstream of the major capsid protein in Cluster E

phage. However, this terminator appears to occur in at least three different
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morphologies (Figure 10). Ukulele contains a putative terminator (UT?2) following the
major capsid protein (gp12) with a AG of —24.17 kcal/mole (Table 3). This terminator
contains 100% nucleotide identity with 33 Cluster E phage and an identical terminator
is predicted in representative Cluster E phage 244 and DrDrey (Table 4).

UT2 aligns with a conserved gap HVR3 in the Willez genome and a number
of other cluster E genomes (Figure 7, Figure 3). A terminator is predicted in Willez in
this region (WT1) with a AG of -34.17 kcal/mole (Table 4). This terminator shows
close identity with 40 other Cluster E phage according to BLAST alignment. Cluster
E phage Manda and Eureka have a terminator in this region however it differs in
sequence from that of Ukulele and Willez (Figure 10). This terminator has a similar
sequence to Willez, but doesn’t include an additional region found in the WT1
terminator.

The 33 Cluster E phage with identity to UT2 and the 42 related to WT1
demonstrate that all 75 of the Cluster E phage currently sequenced appear to have a
terminator following the major capsid protein, and that they exist in three distinct

types [18].

4.10 Twenty-One Potential Operons in Ukulele Were Identified by Combining
Promoter and Terminator Identification

The location of promoters and terminators in the Ukulele genome was used to
identify potential operons. On the forward strand of the Ukulele genome there were
16 operons and 5 operons were defined on complementary strand (Figure 9). Potential
operons range in length from single gene modules to operons containing 24 gene

products (gp58 — gp82) (Figure 11). For some operons, multiple putative promoters or
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terminators appear to control initiation and termination of transcription respectively
(Table 2)(Table 3). For others, a single promoter and terminator has been identified

(Table 2)(Table 3).

5. Discussion

Mycobacteriophage continue to be studied extensively due to their propensity
for teaching us about the lifestyle of their mycobacterial hosts and about viral
evolution [1]. Transcriptional control has been studied extensively within
mycobacteriophage, with studies focusing primarily on control elements such as
repressor proteins, context-dependent transcription, and early vs. late transcription
[10] [3.,36]. This study aimed to elucidate potential transcriptional control DNA
sequences in mycobacteriophage Ukulele and closely related Cluster E phage, to
determine if recognizable patterns exist. To do this, potential promoter sequences and
intrinsic terminator sequences were identified. Following prediction, experimental
work attempted to confirm promoter activity of Ukulele promoters in mycobacterial
cells. This study contributes to the computational analysis of mycobacteriophage
genomes. The methods in this study have already been used to further characterize
other Cluster E phage and may be applied to computational analysis of other

mycobacteriophage in future studies.

5.1 Ukulele Contains a Variety of Potential Strong Intrinsic Terminators and
Weak Tandem Intrinsic Terminators

The presence of I-type, U-type, L-type and X-type terminators in the Ukulele
genome demonstrates the importance of using multiple analyses to account for all

possible terminator structures. Ukulele contains 19 strong terminators, most of which
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are I-type terminators lacking poly-U tails (Table 3). I-type terminators are also the
dominant terminator in host M. smegmatis [47]. There is also evidence of both
convergent X-type terminators and U-type tandem terminators within Ukulele (Figure
6, 7). Some studies claim that only L-type intrinsic terminators with a poly-U tail can
direct termination in mycobacteria [6], while others report confirmed functional I-type
terminators that lack poly-U tracts in actinophage [7]. Nevertheless, the potential
Ukulele terminators structures have statistically significant free energy values
compared to the GC content of the Ukulele genome and are highly conserved among
other Cluster E mycobacteriophage. This evidence strongly suggests that I-type
terminators play a large role in Ukulele transcriptional termination, and should not be
ignored in analysis of intrinsic terminators.

Terminator structures in tandem, U-type terminators, occur frequently in the
Ukulele genome and may play a role in termination (Figure 1, 7). Tandem termination
through canonical U-type terminators has been confirmed downstream of an E. coli
rRNA gene, which supports the possibility of multiple terminators controlling
transcription [5]. Therefore, an attempt to identify tandem structures may further
contribute to characterization of Ukulele intrinsic termination.

This method for determining terminators needs to be confirmed
experimentally, but this computational analysis provides evidence of intrinsic
termination in Ukulele via U-type, L-type, but mostly I-type terminator structures.
The 25 terminators in Ukulele are found in nearly all regions of convergent
transcription and other likely transcriptional termination sites in the genome (Figure
1). The identification of these terminators creates increased clarity in the definition of
mycobacteriophage transcriptional termination, and contributes to the process of

characterizing newly identified phage. The diversity of terminator structure
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demonstrates the importance of identifying all possible terminator regions within

mycobacteriophage.

5.2 A Class of Potential Strong Terminators in Cluster E Mycobacteriophage
Appears Conserved Throughout the Cluster

Using identification of highly variable regions (HVR) in Cluster E genomes,
we were able to identify the majority of different terminator structures that exist in
Cluster E mycobacteriophage. These HVR were identified using local BLAST
analysis to determine potential sequence variation between Ukulele and other Cluster
E genomes (Figure 7) [18]. The result of this search yielded 16 highly variable
regions (HVR) among the Cluster E phage (Figure 7). Cluster E phage 244, Willez,
and DrDrey were chosen for additional terminator analysis because these phage as a
group represented each of these 16 HVRs (Figure 7). These variable regions represent
other genomic regions in Cluster E phage that are not present in Ukulele but may
contain intrinsic termination signals.

WebGeSTer analysis of these phage genomes indicated the presence of six
novel strong terminators in Willez and 1 in DrDrey. Of the six terminators in Willez,
five were located near Cluster E HVR (Figure 9). The correlation between novel
terminators and HVR provides justification for the use of BLAST to determine
sequence variation relevant to terminator search. This set of 26 strong terminators in
Cluster E mycobacteriophage represents a group of terminators that may describe the
majority of intrinsic termination signals in Cluster E genomes because all of the major
sequence variation between Cluster E phage has been analyzed in this analysis.

This global analysis of Cluster E termination signals is important when

characterizing mycobacteriophage due to the mosaic nature of phage. The implication
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of this analysis is that computational identification of termination signals can be
applied to phage besides Ukulele and that characterization of terminators can be

extended to entire clusters of phage.

5.3 A Terminator Following the Major Capsid Protein Shows Two Distinct
Classes of Terminators that Are Present in all Cluster E Genomes

The terminator following the major capsid protein is an example of genetic
mosacism resulting in homologous function [1,16]. WebGeSTer analysis identified
two distinct potential terminator structures following the stop codon of gp12 in
Ukulele (UT2) and Willez (WT1) (Figure 10). These potential terminators are located
near HVR3 identified during Phamerator alignment of these genomes (Figure 8A).
BLAST alignment of each of these sequences on PhagesDB.org showed that 40 other
Cluster E phage contain sequences identical to WT1 terminators and the remaining 33
phage contain sequences identical UT2 terminators. The complete conservation of this
terminator in Cluster E phage may indicate its significance to transcriptional control
within this cluster. The distinct terminator morphology following the major capsid
protein also highlights the mosaicism of phage genomes and demonstrates the

potential for terminator identification to teach us about viral diversity.

5.4 Ukulele and the Problem with Promoter Search in Mycobacteriophage

The use of a mycobacterial-specific matrix for promoter search represents a
novel approach that accounts for the potential complexity of promoter structure within
mycobacteriophage. This analysis applied to Ukulele identified 22 candidate promoter

sequences on the forward strand and 9 candidate promoter sequences on the reverse

31



strand (Figure 1). Eight of these promoters contained an extended —10 box (TGN-
motif), that increases promoter function in mycobacterial cells [4] (Table 2). The
promoter search matrix was based on identified promoter regions in multiple species
of mycobacteria [4]. The process for selecting promoters also took into account
functional requirements for promoters in mycobacteria, such as the centrality of the
—10 box to promoting transcription, a potentially unnecessary —35 box, and the
optimal bases for the transcriptional start point (TSP) [4].

This research is a novel and more specific approach to identifying promoters
in mycobacteriophage. A common tool used in mycobacteriophage promoter analysis
is the promoter search tool in DNA Master. This tool identifies sequences similar to
E. coli sigma-70 promoters, which shows significant homology to housekeeping
promoter SigA in mycobacteria [49]. While this method is effective at identifying
SigA-type promoters, it excludes promoters that do not have the SigA structure [4].
One recent study demonstrated a difference in promoter efficiency between a
canonical SigA promoter and a mycobacteriophage promoter with optimal strength in
mycobacterial cells [36]. This approach indicated that non-SigA promoters in
mycobacteriophage are not only likely, but can have increased promoter efficiency.
There are also many other sigma factors identified in mycobacteria that likely interact
with different DNA sequences, as well as evidence of sigma factors within
mycobacteriophage genomes [4,20]. These studies highlight the complexity of
promoter search, and the limitations of current approaches for addressing this
complexity.

This study increased specificity for discovering promoter elements within

mycobacteriophage that may differ from the canonical SigA promoter structure. The
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variety of methods and conflicting results of promoter search demonstrate the need
for a more streamlined approach to identifying and confirming promoters.
Computational analysis in our lab aims to develop the optimal method of determining
promoters, but the complexities of transcriptional initiation in mycobacteriophage
indicate the need for a process that incorporates more factors into promoter search.
This study begins to accomplish this aim by looking for candidate promoters
homologous to a variety of mycobacterial promoters and incorporating relevant

knowledge of optimal promoter function in mycobacteria.

5.5 Promoter Confirmation Using GFP Reporter System Yields Inconclusive
Results

The pUV15tetORm plasmid is a promising GFP reporter system for
confirming mycobacteriophage promoter function. The complete intergenic region
between gp52-gp53 on the forward strand was able to direct expression of a GFP
reporter gene, as was a previously identified strong L5 promoter. The LS sequence
contains three strong, previously identified promoters and showed a significantly
stronger fluorescent signal than gp53 (Figure 2B, 3B). The relative fluorescence from
the LS gp71 promoter and the gp53 promoter indicate the validity of this reporter
system as a test for promoter efficiency. Despite these positive results, none of the
other recombinant plasmids that contained candidate promoters appeared to express
GFP in M. smegmatis (Figure 3). This may be due to these sequences lacking viable
promoter elements, but it is possible that expression from these plasmids could be
detected with optimization of the assay.

Use of a negative control strain of M. smegmatis carrying a promoter-less

pUV15tetORm plasmid could improve the sensitivity of the GFP expression assay.
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The negative control used in this experiment, an M. smegmatis strain without any
plasmid, had higher fluorescence than P1, P2, P3, P2rev, and P3rev recombinant
plasmids. This may be due to the lack of hygromycin in the control culture, or have to
do with a decrease in fluorescence caused by the presence of pUV15tetORm plasmid.
The M. smegmatis strain with a promoter-less plasmid would provide an optimal
control for background fluorescence. Mutagenesis of specific bases within identified
promoter elements would also be an important improvement for future confirmation
of promoter regions. Quantification of promoter efficiency by plasmid constructs
containing single-point mutations would allow more accurate determination of the
key bases involved in promoter activity.

To conclude, there are many improvements necessary to increase the efficacy
of our promoter confirmation assay, but our current results provide a proof-of-concept

that demonstrates the potential of this assay.

5.6 Conclusions

This research has supported the hypothesis that we can further genomic
characterization of Cluster E mycobacteriophage through identification of potential
terminator and promoter sequences. Our novel approach for identifying promoters
using a mycobacteria-specific matrix has applied relevant knowledge of mycobacteria
biology to the search for mycobacteriophage promoters. In addition, the application of
a preexisting web resource WebGeSTER to find intrinsic terminators has
characterized a class of strong terminators in Cluster E phage based on analysis of
sequence variation. Experimental confirmation of promoter sequences has also

increased knowledge of Ukulele transcription of potentially important genes gp52 and
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gp53. The discoveries of this research demonstrate the necessity of further steps to

characterize Cluster E mycobacteriophage transcription.

5.7 Future Research

It is clear that further optimization is required for both identification and
confirmation of transcriptional control elements in Cluster E mycobacteriophage. A
number of novel approaches used in this research demonstrate potential for
characterization of mycobacteriophage transcription, but further experiments are
required.

One further step in promoter identification is to streamline confirmation of
mycobacteriophage promoters and determine the best way to identify them. Alternate
methods use DNA Master Promoter Search tool, while ours utilizes a mycobacterial-
specific matrix and PhiSite promoter search to identify promoters. The reconciliation
or combination of these approaches is a necessary future step, and relies on further
experimental confirmation of promoter sequences. Once promoters are confirmed
experimentally, these sequences can both validate our identification approach and
improve it by increasing the sequences that contribute to our matrix.

A class of strong Cluster E terminators has been identified through
WebGEster analysis of potential hairpin structures in intergenic regions. In addition,
weak terminators with tandem structures and contextual significance have been
identified in Ukulele. Both strong and weak terminators must be confirmed
experimentally using in vitro termination assays that place potential hairpin sequences
at the conclusion of genes. These experiments would resolve the conflict about viable
terminator sequences and demonstrate the possible intrinsic termination signals in

mycobacteriophage.
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|= Ukulele-Type Strong Terminators
= Ukulele-Type Weak Terminators
| = Site of potential Ukulele Promoters

Figure 1. Phamerator Map of the Ukulele Genome Showing All Predicted Promoter and Terminator Loci. The ruler represents
linear genome, in units of 1kb. Colored boxes above and below ruler represent genes transcribed leftwards and rightwards, respectively.

Strong terminators are indicated by a red box, weak tandem terminators are indicated by an orange box, and the blue arrows indicate a

potential promoter. TGN- indicates the presence of an extended —10 box attached to the promoter.
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P3

Gp52 Promoter Plasmids

TTGCGGAAGATAACTCGCCTTATGGTGTCGCTCAGGATTCCGAACATGTTGCCC
TCCTTCGGCTTCGGTTTCTGTTCGCTTTAGTGAACTAAAGCACAGC

GTGAACTAAAGCACAGCGAAACGCAGCTCGCAAGCATGTGATTAAGTCGAAACCA
GCGGTACCGGGTACGTIGCTAACCTTTGCTGCC ACGTCAAACGTCCTACCAG
GGTATTT

GTACGTTGCTAACCTTTGCTGCC ACGTCAAACGTCCTACCAGGGTATTTGCGTTGTCC
CATAGATTGTCT AAATACCCATCTTGATGAAGTTCAGTTCAGTGAGGTA

P2
rev

P3
rev

gp53

L5B4

Figure 2. Putative Promoter Locations in Region of Divergent Transcription
Between gp52 and gp53 Mapped in Geneious. (a) Green boxes indicate the
beginning of ORF for gp52 and gp53, dark blue arrows indicate potential promoter
elements for gp52, red arrows indicate potential promoter elements for gp53, yellow
boxes indicate conserved repeat sequences CR1-2 and CR1-3 [20], and light blue
arrows indicate transcriptional start points (T'SP) for each putative promoter. (b)
Sequences cloned into reporter plasmid pUV15tetORm [44]. Red sequence represents
putative gp53 promoters, dark blue sequence represents putative gp52 promoters,

green sequence represents known LS gp71 promoters, and light blue sequence

Gp53 Promoter Plasmids

AAATACCCTGGTAGGACGTTTGACGTACAGGCAGCAAAGGTTAGCAACGTACCCGGTACC
GCTGGTTTCGACTTAATCACATGCTTGCGAGCTGCGTTTCGCTGTGCTTTAGTTCAC

TACCTCACTGAACTGAACTTCATCAAGATGGGTATTTGCTAGACAATCTATGGGACAACGC
AAATACCCTGGTAGGA TTGACGTACAGGCAGCAAAGGTTAGCAACGTAC

CGACACACCCTACCTCACTGAACTGAACTTCATCAAGATGGGTATTTGCTAGACAATCTAT
GGGACAACGCAAATACCCTGGTAGGA TTGACGTACAGGCAGCAAAGGTTAGCAACGTA
CCCGGTACCGCTGGTTTCGACTTAATCACATGCTTGCGAGCTGCGTTTCGCTGTGCTTTAG
TTCACTAAAG ACAGAAACCGAAGCCGAAGGAGGGCAACATG

L5 Control Plasmid

TTCGCAAGCCGGTGTAACGATCTTGAGGCTGTCTAAGAAAGGAGAGTCG TGACGATGAAACCCGA
GGTCAACGTGTAACAGAAGGCGACCTAAGTGATACCTGTCACAAGGTTTGCTACCGAGTGGGGCA
GGCCGCTACATTTACGACCGCGTAACGCCAGTCGATCCCACGCCCAGTGGGAGACGGCCACGGCG
TCGGGGAACACAACTGAATATGGTTCCGCAGACGCAACTAAATTAGGGGTATCCTTGACAGGCA
ACATGTCTCCGTAATCGGCGGAGACGCACGCACCTTTCTCATGGAGG |

represents TSP for each promoter.
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(a) Relative Fluorescence Units of Ukulele Reporter Plasmids without
LS Positive Control
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Figure 3. Average Relative Fluorescence of M. Smegmatis Cells Carrying a
Recombinant Reporter Plasmid with Varying Putative Promoters Upstream of
the GFP Gene (n=8). The GFP fluorescence of M. smegmatis cells was normalized
by dividing relative fluorescence by the optical density at 600 nm. The error bars
represent the standard error of the mean (n=8). (a) Ukulele recombinant plasmids and

their average relative fluorescence compared with M. smegmatis cells without
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plasmid. (b) Ukulele recombinant plasmid average fluorescence compared with

confirmed L5 promoter for gp71.
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gp51. (a) Predicted RNA secondary structure of putative terminator leading to
termination of both gene products as predicted by WebGEsTer [39]. (b) Phamerator
map showing region containing potential putative terminator with terminator
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indicated by red box. Features of Phamerator map as described in Figure 1.
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Figure 5. Predicted RNA Secondary Structure of Putative Tandem Terminators.

Individual AG greater than AG threshold -16.02 kcal mol™! established by

WebGeSTer. Tandem secondary structures were identified in Ukulele genome

downstream of (a) gp20 (tail assembly protein), (b) gp29, (¢) gp37 (NrdH-redoxin),

(d) gp82, (e) gp100 (HNH endonuclease), (f) gp 120, and (g) gp30. Secondary

structure was predicted using WebGEsTer [39].
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Figure 6. Supporting Terminator Structures Adjacent to Strong Ukulele
Terminators that may Assist in Termination of Transcription. Each terminator
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Figure 7. BLAST Alignment on PhagesDB.org of Ukulele Genome. Green boxes
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phage genomes containing these highly variable regions and chosen for terminator

analysis.
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Figure 8. Phamerator Alignment of Ukulele Variable Regions with Cluster E
Phage Genomes Willez, DrDrey, and 244. These genomes collectively contain all of
the highly variable regions (HVR) within this cluster. Organization of map is the

same as indicated in Figure 1. Boxes indicate presence of Cluster E HVR 1-16. Red
boxes indicate the presence of an HVR that may be relevant to terminator
identification, while blue boxes indicate intragenic HVRs. (a) HVR1-4, (b) HVR 5-6,

(c) HVR 7-11, (d) HVR 12-16
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Figure 9. Phamerator Alignment of Ukulele Genome with Willez Genome. Organization of map is the same as indicated in Figure 1.
Purple regions indicate regions of high genomic identity between the genomes. Red boxes indicate terminators in Ukulele that show
identity to terminators identified in Willez genome. Green bars indicate unique Willez-type terminators, which show no identity to

Ukulele terminators.
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| = Ukulele-Type Strong Terminators
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| = Site of potential Ukulele Promoters

Figure 11. Phamerator Map of Ukulele Genome with Predicted Operons. Map is organized as described in Figure 1. Operons are
defined as regions of potential tandem regulation by promoters and terminators. Red boxes indicate operons on forward strand and

yellow boxes indicate operons on the reverse strand. Green arrows indicate a line break in which an operon continu
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Tahile 2. Pukséiseuseamataiiseau@pces in Ukulele genome, as identified by PhiSite promoter search. (a) Promoter

BAAV@Ngamen forwged) glinedsanst (b) Promoter sequences on reverse strand.
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"fgf ‘o3 £ rOTCCACGGAGEEEAACTCCEATCACTCAATATCATGCACTGC 0.93 Y N N
bp52_P3 R ROTCCACGERAGGAGAMG RTRCATEACTEAREAEGATGCACTGC 0.70 N Y N
1% po F RO TCGCTEARGARAECTATCARPAIEERELGERBAC 0.82 Y N N
b3p2 R_RDTGACGRECGTRAGGRRRARGRCTCACECTAGERECCCT 0.56 Y Y N
@59P1 F ROGTCAARGBACTRCECECCCERECATARCTTCCCAGGAGGT 0.72 Y Y N
1P1 R ROCATCGBAATIRRCGAGTCETEACEECTRGETCABGC 0.66 Y N Y
Q529P2Rev_F| RIGAARTCCGAGGEAECTERATTARACCEERGC 0.67 Y N N
gn521P2Rev_RTRIGACTCACTACTRALSTRRAAXACCATACTAEABCTAACGC 0.84 Y Y N
gpS2_P3Rev_H MRiGACEEAECEEERLETACRACRAEGAACTGAA 0.80 N N Y
py22P3Rev_Fldtht g ECEETAAEEAACTOCCEEEAEARCETEACTGT 0.71 Y Y N
gp49 TTTAGTTGTCCTGGTGTCGATAATACACTAGGACAACGC 0.86 Y Y N
CCGTAAAAGCTGGTCTAATGTTCCAT 0.84 N N Y
gp50 TCCGGTTCGCCGGGGGTGGCTCTTCATTGCAC 0.64 N Y N
gp53 TAGACAATCTATGGGACAACGCAAATACCCTGGTAGGACGT 0.79 Y Y N
TTGCGAGCTGCGTTTCGCTGTGCTTTAGTTCACTAAAGCGA 0.74 N Y Y
gp58 TCTTACATCTTCTTCCGGGGACGT 0.75 Y N N
GTCATTGTCCATCACGGTCCCGCTCACATTGGGTTGAGCGT 0.71 N Y N
gp84 CTGAGAGCCCTAGAAGCGCGGCACAAACTTCCAACCAT 0.68 Y Y N
gp100 AATTCGCGTGTGATAACATCAAAGGTGC 0.86 Y N Y
gp103 TCGATATCCCCAGTGGTCCCGGGTATAGGGGATTGG 0.72 Y Y N
gp139 CACAGTGTCACCTGCTCATCCACGGTGTAGTGCTTCAC 0.70 Y Y N
TTCACCGGGCTATTCGGCTTGCGGAAATTCTTGATGC 0.69 N Y N
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Table 3. Strong Ukulele terminators determined by WebGEsTer Analysis

. J e Di:tance Terrsninat AG
orwar ene . rom or Start .
Terminators | Product Function Stop Position Right Leg of Stem (keal/
Codon (bp) mole)
terminase ACTGACCTCCCCGGGTGAATGTACCGGGGAGGCCCAGT
UT1 5|small subunit 35 1648 -24.17
major capsid TGAGGGGGCCGGGTCACCTCGGCCCCCTCA
uT?2 12|protein 66 8665 -27.21
UT3 18|NKF 4 11581 |CCGTGCCCGGGTCAAACACCTTCCCGGGCACGG -20.52
uT4 28|NKF 16 28254|AAGGCCCCTCGAAATCCGAGGGGCCTT -21.71
UT5 29|NKF 178 28914|GCAGTCTAGCAGGGCTTGACTTCTGGTCTAGTTCAACTAGACTGT -21.3
uTé6 31[NKF 28 29353|AAGCCCCTGAGTTTCGGCTCGGGGGCTT -21.07
uT7 49]integrase 89 38229|AGCCACCTCCGGTTCGCCGGGGGTGGCT -23.94
UT8 50[NKF 110 38628|CCCGGGGGTCGCCAGGTCGGTGACCGCCCGGG -25.79
Ukulele Reverse Terminators
URT1 6 [NKF -6 1691|GGACTGACTGGGCCTCCCCGGTACATTCACCCGGGGAGGTCAGTTTCGTCT | -25.94
URT2 38|NKF 144 33231|GTGGGAGTCTCAGGCGGGGCCTTCGGCTTTGTCGGGCACATCTAC -18.19
URT3 48|NKF 136 36570|GCCGGATGGCCCTCGGCCTACGTTGGCGAGTCGTTCGGC -18.8
URT4 51[NKF 240 38256|AGCCACCCCCGGCGAACCGGAGGTGGCT -20.57
URTS 51[NKF 154 38342|CGGTCTTGCCCCACGAGGCGTGGGAGGCGATGGTCG -16.2
URT6 51[NKF 121 38375|CGCGCGCGGGCGCGGTGCGCGCGGTGCG -16.72
URT7 51[NKF -10 38506|CGGTGAGTTGACCCGGCGCCGACGCGCGCGGATTGACTTGTCG -17.09
URT8 122|NKF 130 68228|CGTGCGCGCGTAGTGACGTGCGCGCG -21.28
URT9 122|NKF 7 68351 |GCCTCAGTCGGTATCGGCTGAGGC -17.38
U-shaped Terminators
URT10a 124 |NKF 68 69057|CAGAGTCCTCAGCCATGCGCTGAGCGCTCTG -15.86
URT10b 124 |NKF 17 69108|GCCCGCACGGGATATGCCGTGCGGGC -21.89
X-shaped Terminators
8 49]integrase 89 38229|AGCCACCTCCGGTTCGCCGGGGGTGGCT -23.94
4 51|NKF 240 38256 AGCCACCCCCGGCGAACCGGAGGTGGCT -20.57
(b)
Gene Sequence Phisite -10 Best -10 Viable -35 TGN Motif
Downstream Score (Y/N) (Y/N) (Y/N)
ap7 TTCGATGTCATCGAGGGTGTAGCCGCATACTTCCATGA 0.78 Y Y N
agp30 CCCGTCAGGTCGGTGCGTTAGCTACAGTCTAGTTGA 0.84 Y N N
GTCAGGTCGGTGCGTTAGCTACAGTCTAGTTGAACTAG 0.68 N Y N
and7 CCCCRATCCRCCOTCCRRACOCTACATTCARACRACTCAT 077 Y N N




Tbble 4. Class E Representative Phage and their putative strong terminators. Terminators of (a) 244 (b) DrDrey and (c) Willez

()
24"%= I Gene Distance Terl_n_mator ' AG Ukulele T-
from Stop | Position on Terminator Sequence (kcal/
rminators | Product Type
Codon Genome mole)

1 6 35 1645|ACTGACCTCCCCGGGTGAATGTACCGGGGAGGCCCAGT -24.17 UT1
P! 13 86 8889IPGKGGGGE§KE@GG@GN@PGGG€CCGGG@AGGCTCAGT =27.86 UT2)
2 18 66 1958 B| CCAGCCHEEGRARMINOCHECCCTUTIACGG =20.82 UT3
3 38 14 1839 ﬁ KﬁA CACGG -20353 UTa
118 Aly A 6 -2321/% Ut4
3} %% 178 29678 ﬁﬁé@@@ﬁ@ﬁé@ﬁﬁ:@ﬁ@ EﬁﬁéFﬁTAGTTCAACTAGACTGT 22103 uts
P 33 29 38681 |AGBEAEETEAGETTEEEEHdaa{eTac T =232.84 ute
g Q4 198 38488 aeECacEirdar I AGE et rfrtala oelaleFcaaa =24.96 Utg
[Reverse [$] 05 110 539006 2|CLLCGGGLGETCGLCCAGGTCGGTGACCGLLLGGG -25./9 Uuls
17 ld 69883 NegHabpAfceiecr e RATACAT e RAtAEEE ST CAGTTTCGTCT | 28.44 URTH
Reverse 2 52 136 37022 GCCGEATGGCCCICGGCCTACGTIGGCGAGTICGITCGGE -18 8 URT3
3 cB ~48 33948 RE Fe A EE FEEE e e A R R AT r GO GAGG TCAGT 224.89 UBTh
2 52 128 T D N D T e S e 183 SI:S T

5 El 237 38827108 5 B e LSBT oL GILEG _£5- 2
Fad oF 98 *ggg EEEHENE RN A WWXXX"WWm\asafr\sssa,os-ak\mww CrroTes 3352 R3]
31 PV 24 P2 P B O O e S G P e e R FOCo =102 22
= ke ‘; A SR Z AN S I ot N S AT N P L A ol LA A R R R e~~~ S AT~ ST~ s _ﬁ'-‘)'k 154
£1 i %) S ORI S AT AT LS G LA SCEECEEEATTCACTTETES Tz 4
i) 131 13H RSO S OE oot A A T o e G 2128 &
13T 1S4 6942 ARG AT ARG TOAOECETETS 734 oRTH2
P I3F 2 28 97 ST e e O A e A T T —— 1735 AT Y.
-5 133 &8 e .. CTIT SR+ Hoa
10 133 17 71740|GCCCGCGCGGAATATGCCGCGCGGGC -24.72 URT10b
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(c)

Willez Initial| Gene Distance Terr:n_lnator . AG Ukulele T-
- e from Stop | Position on Terminator Sequence (kcal/
Terminators| Product Type
- Codon Genome mole)
1 5 35 1272|ACTGACCTCCCCGGGTGAATGTACCGGGGAGGCCCAGT -24.17 UT1
2 12 7 8935|GAGGTTCGGGTGGCGCTCGGGTAACTCCGGGCGCCACCCCTTCCTC -37.46 WT1
3 18 25 11882|CCCGCTGCCCGCCACCGCCCTTCGTGGTACGGCGGGTACGGG -27.16 WT2
4 27 16 28000|AAGGCCCCTCGAAATCCGAGGGGCCTT -21.71 UT4
5 28 178 28660|GCAGTCTAGCAGGGCTTGACTTCTGGTCTAGTTCAACTAGACTGT -21.3 UT5
6 30 28 29099|AGGCCCCTGAGTTTCGGCTCGGGGGCTT -20.72 UT6
7 46 89 36819|AGCCACCTCCGGTTCGCCGGGGGTGGCT -23.94 uT7
8 47 110 37218|CCCGGGGGTCGCCAGGTCGGTGACCGCCCGGG -25.79 UT8
9 59 49 41530|GGGACGAGCGCGCCCAGCGTGGCTGGCTGGGGTCTTTCCT -16.9 WT3
10 123 110 67268|GCGCGCGCGCCACCCCTGCGCGCACGTGC -17.97 WT4
11 123 241 67399|GCCCTCAGCCCATGAACGGACTGAGGGC -17.52 WT5
Reverse
1 6 -6 1315|GGACTGACTGGGCCTCCCCGGTACATTCACCCGGGGAGGTCAGTTTCGTCT | -25.94 URT1
2 45 136 35160|GCCGGATGGCCCTCGGCCTACGTTGGCGAGTCGTTCGGC -18.8 URT3
3 48 240 36846|AGCCACCCCCGGCGAACCGGAGGTGGCT -20.57 URT4
4 48 154 36932|CGGTCTTGCCCCACGAGGCGTGGGAGGCGATGGTCG -16.2 URT5
5 48 121 36965|CGCGCGCGGGCGCGGTGCGCGCGGTGCG -16.72 URT6
6 48 -10 37096|CGGTGAGTTGACCCGGCGCCGACGCGCGCGGATCGACTTGTCG -22.42 URT7
7 124 140 67293|CGTGCGCGCAGGGGTGGCGCGCGCG -18.56 URTS8
8 124 3 67430|GCATGCCCTCAGTCCGTTCATGGGCTGAGGGCATGC -30.11 WRT1
9 126 68 68133|CAGAGTCCTCAGCCATGAGGCTGAGCGCTCTG -19.52 URT10a
10 126 17 68184|GCCCGCGCGGAATATGCCGCGCGGGC -24.72 URT10b
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Table 5. Predicted Dumbo terminators with their corresponding Ukulele-type terminator sequences

Terminator

UI;;':::Ie Pfoednuect AG PS:?tEZn Full Terminator Sequence
(bp)

UT1 5] -24.17 1648|ACTGACCTCCCCGGGTGAATGTACCGGGGAGGCCCAGT
uT2 12| -27.21 8374[TGAGGGGGCCGGGTCACCTCGGCCCCCTCA
UT3 18| -20.52 11290|CCGTGCCCGGGTCAAACACCTTCCCGGGCACGG
UT4 28| -21.71 27963 |AAGGCCCCTCGAAATCCGAGGGGCCTT
uUT5 29 -21.3 28623 |GCAGTCTAGCAGGGCTTGACTTCTGGTCTAGTTCAACTAGACTGT
UTé6 31| -21.07 29062 |AAGCCCCTGAGTTTCGGCTCGGGGGCTT
uT7 52| -23.94 38259|AGCCACCTCCGGTTCGCCGGGGGTGGCT
uTs 53] -25.79 38658|CCCGGGGGTCGCCAGGTCGGTGACCGCCCGGG
URT1 6] -25.94 1691 |GGACTGACTGGGCCTCCCCGGTACATTCACCCGGGGAGGTCAGTITCGTCT
URT2 38| -18.19 32940|GTGGGAGTCTCAGGCGGGGCCTTCGGCTTTGTCGGGCACATCTAC
URT3 51 -18.8 36600|GCCGGATGGCCCTCGGCCTACGTTGGCGAGTCGTTCGGC
URT4 54| -20.57 38286/ AGCCACCCCCGGCGAACCGGAGGTGGCT
URT7 54| -22.42 38536|CGGTGAGTTGACCCGGCGCCGACGCGCGCGGATCGACTTGTCG
URTS8 129] -21.28 68855|CGTGCGCGCGTAGTGACGTGCGCGCG
URT10b 131] -21.89 69735[GCCCGCACGGGATATGCCGTGCGGGC
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