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A multifaceted approach to gain insight into the mechanisms underlying novel phage-host
interactions

Saeed Binsabaan, PhD

University of Pittsburgh, 2023

Mycobacteriophages are a group of bacteriophages that infect mycobacterial species.
Metagenomic studies suggest that mycobacteriophage genomes are remarkably diverse. As of
March 2023, 12,381 phages have been isolated from a single mycobacterial species,
Mycobacterium smegmatis mc? 155, and 2184 genomes have been completely sequenced. These
genomes harbor an extensive reservoir of genes coding for proteins of unknown function, many of
which have unique sequences that do not match any protein sequence in the available protein
database. This vast array of unexplored proteins represents a great source to gain insight into the
potential novel pathways by which phage proteins mediate the interaction with the host cell.

This thesis explores new mechanisms regulating phage-mycobacterial host interactions by
investigating selected novel mycobacteriophage proteins. We selected Phaedrus gp82 as a
candidate protein with no known function or structural homolog but is predicted to crystallize. We
showed that Phaedrus gp82 is a toxic protein that severely reduces colony size when overexpressed
in Mycobacterium smegmatis. This effect arises from the interaction of Phaedrus gp82 with an
essential M. smegmatis protein, MoxR, a multifunctional ATPase known to have chaperone
function. The structure of Phaedrus gp82 was solved using x-ray crystallography at 1.4 A
resolution revealing that the protein consists of two domains, the base and wing domain. The

electron density map revealed that Phaedrus gp82 contains a disordered loop, which was critical



for MoxR binding. A mutation in the disordered loop, wing domain deletion, or in the acidic
residue D38, E43, and D45 abolishes small colony phenotype.

We propose that Phaedrus gp82 functions by reducing the ATPase activity of MoxR,
thereby reducing the levels of properly folded MoxR clients. The complete collection of proteins
that require MoxR activity to achieve their folded state is unknown, but one example, the essential
protein RipA is known. Therefore, we speculate that the toxicity of Phaedrus gp82 is due to the
resulting decrease in properly folded MoxR clients. This work provides insight into potential new
pathways governing phage-host interactions; and underlines the importance of mycobacteriophage
genomics as a promising tool to identify new drug targets for the treatment of mycobacterial

pathogens.
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1.0 Introduction

1.1 Bacteriophages

Bacteriophages are viruses that are capable of infecting and multiplying within bacterial
cells. They are ubiquitous, living in a variety of environments wherever the bacterial host exists,
including soil and marine environments (Ashelford et al., 2003; Wichels et al., 1998), as well as
in extreme environmental conditions (Nuttall & Dyall-Smith, 1993; Prigent et al., 2005).
Bacteriophages are incredibly abundant; it has been estimated that there are ~10% total phage
particles on our planet, which outnumbers the estimated total of microbial cells by 10-fold (Bergh
et al., 1989; Wommack & Colwell, 2000). They exist in various morphologies, but the vast
majority (~ 96%) are tailed double-stranded DNA bacteriophages belonging to the Caudovirales
order, divided into three families: Myoviridae, Podoviridae, and Siphoviridae (Ackermann, 2007;
Fokine & Rossmann, 2014). Bacteriophages play a vital role in the global ecosystem (Suttle,
2007), evolution and bacterial diversity (Canchaya et al., 2004; Fortier & Sekulovic, 2013; Ohnishi
et al., 2001), and can mediate horizontal gene transfer between bacteria (Brussow et al., 2004;
Kidambi et al., 1994). These viruses have contributed to the development of many molecular
biology techniques and improved our understanding of many cellular processes (Keen, 2015;

Kropinski, 2018).



1.1.1 Phage life cycle

Phages are obligate parasites that can adopt two major lifestyles: lytic and lysogenic. The
Phage infection process involves five stages: adsorption, penetration, hijacking the host
metabolism, virions assembly, and cell lysis (Guttman et al., 2005). To initiate the infection of the
bacterial host, the phage will first recognize and bind to specific receptors on the host cell’s surface
(Dennehy & Abedon, 2020; Letarov & Kulikov, 2017; Moldovan et al., 2007). Successful binding
to these receptors leads to irreversible phage adhesion followed by penetrating the cell envelope
(Letarov & Kulikov, 2017). The penetration process is facilitated by depolymerases (hydrolases
and lyases) residing in the phage tail. These degrade the peptidoglycan layer and subsequently
form pores in the cell wall (Fernandes & Sao-Jose, 2018; Pires et al., 2016; Yan et al., 2014). This
process eventually allows the phage to release its genome into the host cytoplasm. Afterward,
replication of the phage genome will depend on the phage type, lytic or temperate. The host
metabolism will be redirected to the phage’s benefit in the case of lytic phage. This switch typically
occurs when the host RNA polymerase recognizes the phage genome (Guttman et al., 2005; Miller
etal., 2003). This allows the expression of early phage proteins, which redirect host cell machinery
into replicating phage genome and phage protein synthesis. The new phage particles are then
assembled into mature phage. The tailed phages encode for a cell lysis system mediated by proteins
called holins that destroy the cell membrane, allowing the endolysins to reach and hydrolyze the
peptidoglycan layer to lyse the cell (Ackermann, 1998). New phage progenies are then released
from the lysed cell (Weinbauer, 2004).

Temperate phage, conversely, can enter either the lytic cycle or integrate their genome into
the host chromosome to enter the lysogenic life cycle (Howard-Varona et al., 2017). The phage

genome in lysogeny, known as a prophage, is replicated together with the host genome. However,
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under stress conditions, the prophage can excise from the host chromosome and enter the lytic
cycle, producing new progenies and eventually the host cell death. The steps of Iytic and

lysogenic cycles are depicted in (Figure 1).

Phage attachment
Bacteriophage Bacterial Phage DNA Prophage
host integration
DNA
/\i \injection Many cell divisions
Lysogenic cycle with prophage

%\ Phage DNA
/

Bacterial N\
IE Cell lysis \ Lytic cycle J chromosome =

(new phage release)

Prophage excision

(4] Pagmauation Phage DNA replication
(new phage assembly) and protein biosynthesis

Figure 1. Phage life cycle

Phage life cycle starts with a successful attachment into the host cell receptors. After injecting the DNA into the host

cell, the lytic phage takes over the host cell machineries to replicate the phage DNA and synthesize phage proteins.

The new phage particles are assembled, and the host cell is lysed to release the new phage progenies. Temperate phage

can enter either lytic or lysogenic cycle. In the lysogenic cycle, the phage DNA is integrated into the host chromosome

which termed prophage. The prophage replicated along with the host chromosome. Under stressful conditions,

prophage is excised from the host chromosome and enter the lytic cycle.



1.1.2 Phage-bacteria co-evolution

The temperate phage can either enter the lytic cycle or integrate its DNA into the host
genome and becomes a prophage in the lysogenic cycle. The prophage remains integrated with the
host genome and replicates with it as the bacterial cell divides. The lytic gene expression of the
prophage is silent, repressed by CI repressor (Cl repressor proteins in phage A), until an
environmental signal induces the lytic cycle (Canchaya et al., 2003). However, some prophage
genes can be expressed, which may provide beneficial phenotypes to the bacterial host (Brussow
et al., 2004). Prophages largely contribute to the evolution and virulence of many bacterial
pathogens, such as E. coli (Ohnishi et al., 2001), Salmonella enterica (Cooke et al., 2007), and
Staphylococcus aureus (Bae et al., 2006). For example, many prophages code for virulence factors,
including cholera toxins (Waldor & Mekalanos, 1996), Diphtheria toxins (Gill et al., 1972), and
botulism (Eklund et al., 1971). Other prophages harbor genes encoding for fitness factors that
enhance the adaptation of the bacteria to the host, including effector proteins involved in bacterial
invasion, enzymes such as superoxide dismutase and phospholipase, serum resistance proteins,
and adhesion factors (Brussow et al., 2004). It was estimated that half of the bacterial genomes
contain a minimum of one prophage and sometimes up to 20 prophages (Touchon et al., 2016),
which may suggest that lysogeny significantly impacts bacterial evolution.

Horizontal gene transfer (HGT) is a process by which genetic information is transferred
from one cell to another (Ochman et al., 2000). Phages continuously mediate HGT with an
estimated global rate of 2 x 10'® gene transfer events per second, further underlining phages’
influence on bacterial evolution (Bushman, 2002). Temperate phages mediate HGT between
bacteria through two primary mechanisms, lysogenic conversion and transduction (Touchon et al.,

2017). The lysogenic conversion allows bacteria to acquire genes that enhance their survival fitness
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(Hartley et al., 2012). This process facilitates the dissemination of virulence factors that contribute
to bacterial pathogenicity (Brussow et al., 2004). Transduction, on the other hand, occurs when a
piece of bacterial DNA is packaged into the phage particle, which then can be delivered to another
bacteria (Zinder & Lederberg, 1952). Transduction is regarded as one of the major processes
contributing to the spread of antibiotic-resistance genes (von Wintersdorff et al., 2016).

As a natural predator of bacteria, phage infection imposes tremendous pressure on the
bacterial host, enhancing natural selection. The Red Queen Hypothesis suggests that organisms
should continuously evolve to ensure their fitness to improve their chances of survival when
encountering predators (Valen, 2014). This implies that bacteria constantly evolve anti-phage
defense systems while phages adapt to circumvent the bacterial defense to ensure successful
infection. This relationship is termed the "evolutionary arms race" and has generated a variety of
defense mechanisms through a very long period of coevolution. Therefore, bacteria-phage co-
evolution is motivated by co-adaptation that promotes mutual proliferation.

Bacteria have developed defense mechanisms that can interfere with all stages of phage
infection. These mechanisms include preventing phage adsorption on the surface of the host cell.
Bacteria use different strategies to avoid phage adsorption, such as mutation in the phage receptors
or blocking the phage receptors by producing an extracellular matrix (Labrie et al., 2010). For
example, Pseudomonas aeruginosa modifies its surface by glycosylation of type IV pilus which
blocks the adsorption of pilus-specific phages (Harvey et al., 2018). Blocking the injection of
phage DNA into the host cytoplasm is another bacterial mechanism to prevent phage infection
(Labrie et al., 2010). For example, E. coli prophage HK97 encodes a superinfection exclusion
protein (gpl5) that blocks the injection of DNA from phages HK97 and HK75 (Cumby et al.,

2012). Bacteria also use restriction-modification (RM) systems to cleave the phage genome (Tock



& Dryden, 2005). RM system involves bacterial restriction endonuclease activity to cleave the
phage DNA and methyltransferase activity to methylate its genome to avoid being recognized by
endonucleases. Moreover, bacteria protect themselves against invading phages through the
CRISPR-Cas (clustered regularly interspaced short palindromic repeats—CRISPR-associated
proteins) system, which uses the memory of past infections to efficiently cleave the phage DNA
(Barrangou et al., 2007). CRISPR-Cas system is classified into two classes and six types and
involves different Cas nucleases with various mechanisms of action (Koonin et al., 2017). When
these defense mechanisms fail to prevent the phage infection, the abortive infection (Abi) system
will be activated as the last resort of defense, which triggers the cell death pathway to restrict phage
replication and thereby protect the local bacterial population (Fineran et al., 2009). All the
mechanisms mentioned above belong to the innate immune systems except CRISPR-Cas,
considered the only adaptive immune system known in bacteria (Bikard & Marraffini, 2012).
However, phages have shown a unique adaptability to evade bacterial defense systems.
This includes strategies that allow phage to gain access to the host cell receptors to avoid
adsorption prevention (Samson et al., 2013). For example, the A phage initiates infection through
binding of its tail fiber (protein J) to the outer membrane receptor protein (LamB) of E. coli. The
E. coli prevents the infection by modifying LamB; however, a single mutation in the protein J
allows the A phage infection by binding to another receptor, OmpF. (Meyer et al., 2012). Phages
evolved strategies to evade bacterial RM systems (Tock & Dryden, 2005). This can be seen in the
anti-RM system used by phage T4. The phage T4 replaces the cytosine in the restriction
recognition sites with an unusual base hydroxymethyl cytosine (HMC) to be undetected by the
bacterial RM system (O'Farrell et al., 1980). Phages can bypass the CRISPR-Cas system using

anti-CRISPR (Acr) proteins. For example, five Acr (AcrlF1-5) proteins that inhibit the type I-F



CRISPR-Cas system were found in phages that infect Pseudomonas aeruginosa (Bondy-Denomy
et al., 2013). Phages can escape the bacterial abortive infection system by, for example, producing
antitoxin proteins (Samson et al., 2013), such as T4 phage antitoxin (Dmd) that directly interact
with Escherichia coli (LsoA) and (RnlA) toxins and inhibits their toxicity (Otsuka & Yonesaki, 2012).
Altogether, the evolution and diversity of defense and counter-defense mechanisms have been

driven by selection pressure; potentially, many more defense systems remain undiscovered.

1.1.3 Phage-host interactions

The infection initiation of tailed phages requires primary contact with the bacterial host,
which is made through the phage adsorption to the host cell surface. This interaction occurs
between the phage receptor binding proteins (RBPs) located on the tail fibers and specific receptors
on the bacterial surface. Various components of bacterial surface can serve as receptors for phage
adsorption such as proteins, polysaccharides, lipopolysaccharide (LPS), pili, and flagella (Juliano
Bertozzi Silva et al., 2016; Rakhuba et al., 2010). Once the phage tail fibers successfully attach to
bacterial receptors, phage depolymerases start to degrade the cell wall polysaccharide, followed
by the injection of phage DNA into the host cytoplasm (Fernandes & Sao-Jose, 2018; Pires et al.,
2016; Yan et al., 2014). The lytic phage DNA will then be recognized by the host RNA
polymerase, and the host metabolism will be redirected to the phage DNA replication and protein
synthesis.

The phage genome encodes for a variety of proteins that interfere with host cell machinery
processes including replication, transcription, translation, and cell division (Drulis-Kawa et al.,
2012). Phage-host protein-protein interactions occur in all stages of the phage life cycle; however,
the majority of these interactions take place during the early stages of phage infection (Miller et
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al., 2003). It was estimated that the phage early proteins represent approximately 64% of phage-
host protein-protein interactions (Roucourt & Lavigne, 2009). Most of the phage early proteins are
relatively small, less than 250 amino acids in length, and many of them have little or no sequence
homology to any known protein (Miller et al., 2003). Moreover, some of these proteins are highly
toxic to the host cell, which emphasizes the importance of unraveling their functional mechanisms
to develop novel antibacterial strategies (Liu et al., 2004).

Phage early proteins can directly interact with the host replication proteins such as DNA
replication initiation protein DnaG, helicase loader Dnal, and the sliding clamp DnaN (Liu et al.,
2004). In contrast to the temperate phages which depend on the host cell replication machinery
(Friedman et al., 1984), the genome of lytic phages generally encodes for their replication proteins
such as phage T4 (Mueser et al., 2010). However, in both scenarios, the host replication machinery
will be taken over by the phage to shut it off or switch it to its own genome replication. For
example, gp025, gp168, and gp240 of Staphylococcus aureus phage have been shown to interact
with the host DnaN (Liu et al., 2004). The phage gp016 and gp104 interact with Dnal, while gp078
interacts with DnaG (Liu et al., 2004). These interactions with the essential host proteins DnaN,
Dnal, and DnaG lead to the inhibition of DNA replication machinery. The temperate A phage
protein P interacts with an essential replication protein DnaB of E. coli (Mallory et al., 1990). This
interaction leads to blocking the host replication machinery via inhibiting the ATPase activity of
DnaB and suppressing its ability to bind DNA primase. The host transcription machinery is also a
target for phage early proteins. Through the phage-host co-evolution, phages have developed
different mechanisms to shut off, inhibit, or redirect the bacterial RNA polymerase complex
(RNAP). Some phage genomes encode for ¢ factor that competes with and eventually replaces the

host ¢ factor in the RNAP complex (Drulis-Kawa et al., 2012). Thus, the transcription of the phage



early genes will be initiated by the host RNAP complex that incorporates the phage ¢ factor
subunit. The whole transcription machinery can also be taken over by the phage, such as phage
T4, and redirects it to its own gene transcription. Moreover, some phages can shut off the host
transcription machinery and use their encoded RNAP to transcribe their genes. For example, the
phage T7 depends on the host RNAP to transcribe a few early genes that later in the infection cycle
shut off the host RNAP. The T7 protein kinase gp0.7 was found to phosphorylate the B' subunit of
the RNAP and many other host proteins (Robertson & Nicholson, 1990). This phosphorylation
together with the direct binding of T7 gp2 to the host RNAP leads to an efficient transcriptional
termination of the host RNAP and switches it to phage T7-dependent transcription for the rest of
the genes (Nechaev & Severinov, 1999; Robertson & Nicholson, 1990).

Translation of phage mRNA typically depends on highly abundant host ribosomes
(Nechaev & Severinov, 2008). However, evidence indicates that the phage proteins can interact
with and influence the host proteins that are required for translation. For example, the genome of
phage T4 encodes for the ADP-ribosyltransferases Alt and ModB, that ADP-ribosylate 27 and 8
host proteins, respectively (Depping et al., 2005). Some of these modified proteins are required for
the host cell translation. Another example of host protein modification is the protein kinas gp0.7
of phage T7. The gp0.7 was shown to phosphorylate 90 bacterial host proteins, and 7 of these
proteins are implicated in the translation process of the host cell (Robertson et al., 1994; Robertson
& Nicholson, 1990, 1992). However, the consequences of this modification on the host cell are not
well understood.

Phages also use the host cell division machinery as a target through protein-protein
interactions. FtsZ is an essential bacterial protein that requires a proper assembly, a ring-shaped

structure, to achieve its function in cell division (Bi & Lutkenhaus, 1991; de Boer, 2010). The



expression of Kil protein from prophage A has been shown to inhibit bacterial cell division by
preventing the ring formation of FtsZ (Haeusser et al., 2014). Many other metabolic pathways can
be influenced by phage-encoded proteins. The SPO1 phage of Bacillus subtilis encodes for the
Gp60 protein which was identified as a phage-encoded enolase inhibitor protein (PEIP) (Zhang et
al., 2022). Expression of PEIP in the host cell disrupts the proper oligomerization of the host
enolase leading to loss of enolase catalytic activity. Enolase catalyzes the reaction in the
penultimate step of glycolysis which converts 2-phosphoglycerate (2-PG) to phosphoenolpyruvate
(PEP). This inhibits the production of phosphoenolpyruvate (PEP) which is involved in
peptidoglycan biosynthesis (Barreteau et al., 2008). These metabolic defects resulted in a growth

reduction of PEIP-expressing cells and thinner cell walls.

1.1.4 Phage-host range

The genetic material of a bacteriophage is packaged into the capsid which is attached to its
tail (Ackermann & Prangishvili, 2012). The tailed bacteriophages belong to the Caudovirales order
have a genome of a double-stranded DNA and are predominant among other phages (Ackermann,
2007). The tail is a special part of the phage and plays a crucial role during the phage infection
process. It involves the recognition of the bacterial host, penetration of the cell envelope, and
providing access to the phage genome to transfer into the host cytoplasm (Nobrega et al., 2018).
The recognition of the host cell is mediated by a specific interaction between the tail fiber or tail
spike proteins and specific receptors on the surface of the bacterial cell (J. Bertozzi Silva et al.,
2016; Dunne et al., 2018; Letarov & Kulikov, 2017). The phage-host range (host specificity) is
mainly determined by the tail fibers; and the variety of tail fibers enables the phage to be efficiently
recognized and adsorbed by diverse bacterial hosts (Arnaud et al., 2017; Hu et al., 2015).
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Because the interaction between the tail fibers and the bacterial receptors is highly specific,
phage infection will be limited to a narrow host range. Studies of phage-bacteria co-evolution
demonstrated that the phage-host range could be changed by the occurrence of mutations in either
the receptor binding proteins (RBPs) located on the phage tail or in the phage receptors on the
bacterial surface (Duplessis et al., 2006; Perry et al., 2015). In fact, a point mutation can be
sufficient to alter the phage-host range. For example, a mutant of mycobacteriophage Rosebush
enabled an efficient infection of Mycobacterium smegmatis Jucho as compared to wild-type phage
(Jacobs-Sera et al., 2012). Expanding the host range here was facilitated by a point mutation that
led to a substitution of leucine for arginine residue at position 297 of gp32, which was identified
as a tail fiber protein (Jacobs-Sera et al., 2012).

In the field of phage therapy, high specificity in phage infection is desirable. Phages that
infect only a specific species of bacteria, in principle, are harmless to the benign commensal
bacteria as compared to antibiotics which can be active against a broad range of bacterial species.
However, the limited host range bears the disadvantage that the specific strain within the infecting
bacterial species must be determined before proceeding with bacteriophage monotherapy trials.
This can be overcome by developing a combination of well-characterized phages, each infecting
a specific strain. This strategy allows us to determine which phage will be efficient for the specified
infection (Kingwell, 2015; Merril et al., 2003). Furthermore, a cocktail of phages that infect a wide
range of bacterial strains within one species is another approach to overcome the limited host
range. Although this approach has proven successful, the major drawback is the complexity
surrounding the isolation and production process (Ling et al., 2022). Thus, there is a growing

interest in bioengineering phages with modified receptor-binding proteins to control the phage
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specificity and avoid the complications related to the phage cocktail approach (Ando et al., 2015;

Chen et al., 2017).

1.1.5 Phage Research — Applications

The long and distinguished history of bacteriophage research has contributed to advances
in molecular biology and biotechnology. Bacteriophages have been used for decades as the
primary tool to answer and clarify many questions in different fields of science and technology.
After their discovery in the early 1900s, many scientists speculated about the potential implications
of bacteriophage as antimicrobial therapeutic agents. Bacteriophages were successfully used for
the first therapeutical attempt soon after their discovery to treat a 12-year-old boy suffering from
dysentery (Sulakvelidze et al., 2001). The recent advancements in our understanding of
bacteriophage diversity and evolution have led to a great interest in exploiting these particles in
many aspects of medical and biological research.

The predatory ability of phages to infect and lyse a specific bacterial host represents an
advantage in combating certain bacterial infections in humans or in treating environments
contaminated with harmful bacteria. Although using phages as therapeutic agents were reported in
the early 20th century, this strategy was generally abandoned after the discovery of antibiotics in
the 1940s. However, the emergence of antibiotic resistance in bacteria in the last two decades
encouraged the scientific community to return to phage therapy as an alternative to antibiotics
(Hermoso et al., 2007). As a result, phage therapy is flourishing again and undergoing continuous
development in many laboratories and medical institutions. Although many phage treatment
successes have been reported (Dedrick et al., 2019; Djebara et al., 2019; Ferry, Boucher, et al.,
2018; Ferry, Leboucher, et al., 2018; Jennes et al., 2017; Strathdee et al., 2019), some limitations
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are present which could potentially impede the progress in the field of phage therapy (Lin et al.,
2022; Loc-Carrillo & Abedon, 2011; Nilsson, 2019; Thiel, 2004).

Besides phage therapy, bacteriophages have been used in many applications, including
biocontrol agents in food production and processing (Flaherty et al., 2001; Goode et al., 2003;
Leverentz et al., 2003; Modi et al., 2001), phage typing (Mohammed, 2017; Rabsch, 2007), phage
display (Kehoe & Kay, 2005; Smith & Petrenko, 1997), and vaccine delivery system (Clark &
March, 2004; Irving et al., 2001; Piekarowicz et al., 2022). Similar to phage therapy, concerns
exist about using phages in these applications, specifically safety and efficiency concerns.
However, tremendous progress in molecular biology and biotechnology might bring about

solutions that resolve such concerns in the near future.

1.2 Mycobacteriophage

Mycobacteriophages are a group of bacteriophages that are known to infect mycobacteria.
Over 12,381 mycobacteriophages have been isolated from a single mycobacterial species,
Mycobacterium smegmatis, while a small number of mycobacteriophages have also been isolated
from other mycobacterial hosts (Russell & Hatfull, 2017). Approximately 18% (2230) of the
isolated phages have been completely sequenced and grouped into clusters and singletons (Pope
et al., 2015a; Russell & Hatfull, 2017). The sequenced genomes suggest that mycobacteriophages
are genetically diverse and harbor a large repertoire of genes of unknown function. Thus,
mycobacteriophages represent a valuable resource for understanding phage evolution and to gain

deeper insight into the physiology of their mycobacterial host.
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1.2.1 Genetic diversity

The first report of a completely sequenced mycobacteriophage genome was released in
1993 when a comprehensive study of phage L5 was carried out (Hatfull & Sarkis, 1993). Similarly,
subsequent studies were conducted on phages D29, TM4, and Bxb1, and the complete genome
was sequenced for each (Ford, Sarkis, et al., 1998; Ford, Stenstrom, et al., 1998; Mediavilla et al.,
2000). These studies provided a glimpse into the genome structure and evolution of
mycobacteriophages, but little is known about their diversity. However, the last 15 years have
witnessed significant progress in phage genomics, which have dramatically augmented our
understanding of these phages and their diversity. Such progress is reflected in the number of
phages that have been isolated in addition to the number of genomes that have been fully
sequenced. These data, as well as other related information can be found in the phage database
website at phagesdb.org.

As of March 2023, 22,574 phages have been isolated from different bacterial genera within
the phylum Actinobacteria. Among this number, 12,381 phages have been isolated from a single
mycobacterial species, Mycobacterium smegmatis mc? 155, and 2184 genomes have been
completely sequenced (Pope et al., 2015a; Russell & Hatfull, 2017). This collection of sequenced
mycobacteriophage genomes exhibited remarkable genetic diversity and provided a clearer insight
into genome evolution. Comparison of the whole genome sequences suggests that many phage
genomes share patches of closely related or identical sequences. Phage genomes were thus sorted
into clusters according to their nucleotide sequence similarity (Hatfull et al., 2010; Pope et al.,
2015; Russell & Hatfull, 2017). The number of newly sequenced phage genomes is increasing
continuously. As compared to when 30 sequenced genomes are available (Hatfull et al., 2006), it

became evident that many clusters can be further divided into subclusters according to the average
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nucleotide identity (ANI) comparisons. Phage genomes with no sequence or very low similarity
to others are called singletons. This grouping resulted so far in a total of 31 clusters and 10
singletons (Pope et al., 2015; Russell & Hatfull, 2017).

The tremendous genetic diversity of mycobacteriophages is further manifested by comparing the
sequences of the genome-encoded proteins. This was achieved by sorting genes into phamilies
(Hatfull et al.) according to the similarity of the gene product sequences using Phamerator software
(Cresawn et al., 2011). The available sequenced mycobacteriophage genomes include 246,272
genes that have been sorted into 7798 protein Pham (Cresawn et al., 2011). Interestingly, among
these protein phams, there are 171267 (69.5%) proteins of unknown functions (Pope et al., 2015).
This suggests that mycobacteriophage genomes harbor a huge reservoir of gene products with no
known function and no or very low homology to proteins of known structure in the available
protein database. It is, perhaps, the largest collection of unknown function proteins reported so far,
not to mention the fact that the sequenced genomes here represent only a small proportion of the
entire phage population. Thus, this huge number of unexplored phage proteins represents a
valuable platform to identify potentially novel protein families, novel protein folds, and novel

mechanisms by which phages regulate the bacterial host.

1.2.2 Genome organization

The genome size of Mycobacteriophages is diverse, ranging from 38 — 165 kbp, with an
average of 68 kbp and an average of 100 open reading frames per genome (Cresawn et al., 2011;
Russell & Hatfull, 2017). Despite the extreme diversity of mycobacteriophages, their genomes
share common features in the way they are organized. All mycobacteriophages have siphoviral
morphology except phages in cluster C which have myoviral morphology. The virion structure
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and assembly, genes of all Siphoviral mycobacteriophages, are syntenic with a conserved order
and located in the left arm of the genome (Hatfull, 2014; Graham F. Hatfull, 2022). These structural
genes occupy a region that spans 20 — 25 kbp of the genome and is transcribed rightward (Hatfull,
2018). The virion structure and assembly genes are similar in length to the equivalent bacterial
genes. However, the average gene length of mycobacteriophages is about 600 bp which is much
smaller than the bacterial gene (Hatfull et al., 2010; Russell & Hatfull, 2017). This suggests that
mycobacteriophage genomes are replete with small genes coding for non-structural proteins.

The non-structural genes are located in the right arm of the genome. This part of the
genome has an abundance of relatively small genes, most of which have no known functions
(Hatfull, 2018). A few genes with predictable functions can be seen among these small genes, and
those usually involved in nucleotide metabolism or DNA replication (Hatfull, 2014). The number
of genes is dependent on the genome size, ranging from 25-30 genes in the smallest genomes, such
as clusters G, N, and T, to 150 genes in the large genomes like cluster J (Hatfull, 2018). As
previously demonstrated in phage Giles, many of these genes are probably not required for lytic
growth (Dedrick et al., 2013). However, some of these genes are toxic when expressed in the
bacterial host. This has been shown, for example, in gp2 and gp0.7 of phage T7, which are both
involved in the shut off of the host RNA polymerase activity (Hesselbach & Nakada, 1977) and
many other examples that will be discussed in the following section.

Lytic gene expression of mycobacteriophages have been characterized for many phages in
different Clusters (Dedrick, Jacobs-Sera, et al., 2017; Dedrick et al., 2013; Dedrick, Mavrich, et
al., 2017; Fan et al., 2016; Halleran et al., 2015; Ko & Hatfull, 2018). Typically, transcription
occurs in two stages of infection, early and late gene transcription. The early genes are transcribed

in the first 30 minutes of infection. The non-structural genes are generally transcribed in this stage.
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However, the virion structure and assembly genes are transcribed late, approximately 30 minutes
post-infection, and proceed for 3 hours (Hatfull, 2018).

One distinct feature of mycobacteriophage genomes is their mosaic nature (Pedulla et al.,
2003). Each genome is built from a collection of specific units, and each unit is composed of a
cluster of genes or can be as little as one gene (Hatfull, 2018). Given the extreme diversity of
mycobacteriophages, these units can be compiled in a wide variety of ways to form a unique
genome. Comparing unrelated genomes at their amino acids sequence level revealed that those
genomes share some genes in common. However, the related genes are positioned in different
locations within the genome and flanked by different genes. While the exact mechanism behind
genome mosaicism is not completely clear, this phenomenon potentially originated from

illegitimate recombination between genomes (Hendrix et al., 1999; Pedulla et al., 2003).
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Figure 2. Genome organization of mycobacteriophage Pipefish
The genome map of mycobacteriophage Pipefish of subcluster B3 as an example of how mycobacteriophage genome
organized. Each box represents a gene with its designated number. The structural genes are located in the left arm of
the genome while the non-structural genes are in the right arm. Annotated genes are shown in light blue boxes. The

right arm is enriched with small genes most of which have unknown function.

1.2.3 Mycobacteriophage genomes encode for cytotoxic proteins

Through billions of years of evolution, bacteriophage have developed a variety of
mechanisms to ensure a successful infection. Phage genomes appear to encode non-structural
specific proteins that can bind the host target and inhibit or shut off essential cellular processes.
Indeed, some phage-encoded proteins can be lethal when expressed in the host cell. Therefore,

characterizing phage genomes is a useful strategy to gain information about the encoded proteins
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and identify their bacterial host partners to develop novel drugs against pathogens. This strategy
has been utilized to develop antimicrobial drugs against Staphylococcus aureus by investigating
protein-protein interactions between S. aureus phage and the host cell (Liu et al., 2004). From 964
open reading frames of S. aureus phage genomes, 31 novel proteins have been identified as growth
inhibitors to the host cell.

Cytotoxic genes have also been reported in mycobacteriophages. Three gene products,
gp77, gp78, and gp79 of phage L5 were identified as cytotoxic when expressed in the host cell, M.
smegmatis (Rybniker et al., 2008). The gene product of gp77 was demonstrated to interact with
MSMEG _3532, pyridoxal-5'-phosphate-dependent L-serine dehydratase (SdhA), which catalyzes
the conversion of L-serine to pyruvate (Rybniker et al., 2011). However, the effect of this
interaction on the host cell is not clear. Overexpression of gp79 in M. smegmatis induced cell
filamentation and appeared to influence cell division (Rybniker et al., 2008). Another study
showed that 32 genes of mycobacteriophage Waterfoul (Cluster K) are cytotoxic when expressed
in the host cell M. smegmatis (Heller et al., 2022). This number of genes represents 34% of the
phage Waterfoul genome, and 17 genes out of 32 are of unknown function. The effect of expression
of these genes varied between the reduction of colony sizes and moderate or severe growth
inhibition.

A large screening study has been conducted on 193 proteins encoded by 13 different
mycobacteriophage genomes to examine their impact on expression in the host M. smegmatis (Ko
& Hatfull, 2020). The study showed that 45 proteins (23.3%) have cytotoxic effects when
expressed in the host cell. The majority of these toxic proteins (30 proteins) are of unknown
function. The severity of the toxic effect on the host cell growth ranged from mild to severe, with

22 proteins out of 45 scored as highly toxic. Most of the highly toxic proteins gave rise to cellular
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morphological alterations such as filamentation, bulging at cell poles, and curving. This large
screen suggests that about 20% of phage-encoded proteins are toxic when expressed in the host
cell.

The toxicity conferred by the overexpression of phage proteins does not adequately
represent the real conditions in the phage environmental niches when phage infection occurs.
Phages need the host cell machinery to complete a successful infection and, in any case, lytic
growth will result in cell lysis. Thus, it was suggested that this toxicity results from the interaction
with and inactivation of specific host proteins involved in cellular pathways that are essential for
other phages to infect the same bacteria (Graham F. Hatfull, 2022; Ko & Hatfull, 2018, 2020). A
typical example of such a mechanism is gp52 of mycobacteriophage Fruitloop (Cluster F) (Ko &
Hatfull, 2018). Gp52 interacts with and inactivates an essential mycobacterial host, M. smegmatis,
cell wall biosynthesis protein Wag31 (DivIVA), causing a severe reduction in the host cell
viability. Both gp52 and Wag31 localize to the cell pole (Ko & Hatfull, 2018; Meniche et al.,
2014). This interaction between gp52 and Wag31 prevents superinfection by other phages in
Subcluster B2, such as Rosebush and Hedgerow, which depend on Wag31 for their infection. This
study proposed that Wag31 plays a role in the DNA injection process of phages in Subcluster B.
Therefore, this may suggest that the toxicity resulting from inactivating Wag31 is not as
advantageous as excluding the other phages from superinfection, given that gp52 is not essential
for the lytic growth of Fruitloop (Ko & Hatfull, 2018). This may support the hypothesis that many
bacteriophage early proteins are required only in specific environmental conditions by providing

a selective advantage for the phage (Miller et al., 2003).
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1.3 Tuberculosis

1.3.1 An Overview of the current situation

In 1882, Robert Koch discovered the causative agent of human tuberculosis (TB),
Mycobacterium tuberculosis (MTB) (Koch, 1982). Although more than a century has passed since
this discovery was reported, TB still represents a major threat to human health globally. Human
TB is an ancient disease that has coexisted with humans for perhaps thousands of years. Evidence
showed that 9000-year-old MTB was detected in the skeletal remains of a woman and infant found
in a Neolithic settlement in the Eastern Mediterranean (Hershkovitz et al., 2008) Tuberculosis is
generally caused by a group of genetically related mycobacterium species termed Mycobacterium
tuberculosis complex (MTBC). The MTBC species include M. tuberculosis, M. africanum, M.
canettii, M. pinnipedii, M. microti, M. mungi, M. caprae, and M. bovis (Smith et al., 2009). Among
these species, M. tuberculosis and M. africanum are the main species known to infect humans with
TB, although the infection with M. africanum is rare, and most cases occurred in Western Africa
(Gehre et al., 2016; Tientcheu et al., 2016). The rest are mainly animal-adapted species; however,
humans can be infected by M. bovis through meat consumption or dairy products of the infected
animals (Cosivi et al., 1998).

Until the emergence of coronavirus (COVID-19), an infectious disease caused by the SARS-CoV-
2 virus, TB was the leading cause of global mortality due to a single infectious pathogen, ranking
above that caused by HIV/AIDS (Global Tuberculosis Report, 2022). According to the World
Health Organization (WHO) global tuberculosis report of 2022, the estimated global number of
people who developed TB in 2021 is 10.6 million, and 1.6 million died of the disease in the same
year. The WHO Global Tuberculosis Program has made progress toward ending TB as a global
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health epidemic through the End TB strategy. This strategy aims to end the global TB problem.
By the year 2035, the strategy aims to achieve a 95% reduction in the number of TB deaths and a
90% reduction in the number of new TB cases as compared to 2015. In recent years, however,
COVID-19 has negatively affected TB diagnosis and treatment, and the progress towards

achieving the goal of the End TB strategy is off track.

1.3.2 Tuberculosis challenges

Tubercle bacilli are transmitted between people through the air via droplets of respiratory
secretions of the infected person coughing, sneezing, or speaking. MTB can then reach the lung
and eventually reside in the alveolar macrophages (Houben et al., 2006; Warner & Mizrahi, 2007).
Macrophages are phagocytic immune cells that can take up pathogens and destroy them (Galli &
Saleh, 2020). However, MTB prefers to inhabit these cells. Thus, the success of MTB as a
pathogen is due to its remarkable ability to replicate in macrophages and escape their powerful
capability of destroying microbes. Typically, the phagocytic process is activated by recognizing
and interacting with microbes through specific receptors on the cell surface (DesJardin et al., 2002;
Rajaram et al., 2010). Phagocytic cells’ structure changes once they engulf the pathogen to form
an early phagosome. A maturation process then occurs in which the phagosome fuses with a
lysosome to generate a mature phagolysosome (Welin & Lerm, 2012). MTB, however, interferes
with the phagosome maturation process and can block phagosome-lysosome fusion (Meena &
Rajni, 2010). The prevention of phagosome maturation is a central strategy for MTB to survive
and replicate in the macrophages.

In macrophages, the pathogens are exposed to an aggressive environment such as acidic
pH, reactive oxygen intermediate ROI, and reactive nitrogen intermediate RNI, which is optimal
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for pathogen destruction (Ehrt & Schnappinger, 2009). However, MTB uses different mechanisms
to circumvent the macrophage defenses by deploying a variety of factors that counteract ROI, RNI,
and acidic macrophage environment. For example, MTB catalase-peroxidase encoded by KatG
gene that decomposes H20; into H.O and Oz (Ng et al., 2004), superoxide dismutases that convert
superoxide to hydrogen peroxide (Piddington et al., 2001), an antioxidant mycothiol (MSH) that
protects against oxidative stress (Buchmeier et al., 2006; Newton et al., 2008), methionine
sulphoxide reductase (Msr) as a repair system that converts methionine sulfoxide generated by
ROI and RNI back to methionine (Lee et al., 2009), and both a putative porin OmpATb (Raynaud
et al., 2002) and a membrane-associated protein Rv3671c (Vandal et al., 2008) that protect MTB
against macrophage acidic environment.

The MTB replication in macrophages leads to active disease in approximately 10% of cases
(Dye et al., 1999), while the immune response restricts the growth of the bacilli in the remaining
cases. However, the bacilli are destroyed in only about 10% of the infected people who manifest
restricted growth of MTB, while the bacilli enter a dormant state in the remaining cases (Al-
Humadi et al., 2017). The dormant MTB is reactivated with any deficiency in the immune system
of the infected individuals, such as individuals with HIV infection, diabetes, AIDS, malnutrition,
or other causes (Corbett et al., 2003; Dooley & Chaisson, 2009; Frieden et al., 2003; Wells et al.,
2007). Therefore, the deficiency of the immune system represents a major factor in controlling TB
infection. For example, due to the opportunistic nature of MTB, HIV patients co-infected with TB
are 18 times more likely to develop an active TB disease than non-HIV-infected individuals
(Holzheimer et al., 2021). This situation makes TB disease a major threat to human health,

requiring different diagnosis and treatment strategies (Montales et al., 2015).
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The TB problem is aggravated by the emergence of multi-drug resistant tuberculosis
(MDR-TB) and even worsened by extensively drug-resistant tuberculosis (XDR-TB). Both MDR-
Th and XDR-Tb complicate the challenges of coping with the TB pandemic and limit successful
treatment (Pontali et al., 2019). Moreover, the MTB has a unique cell wall structure consisting of
a thick layer of glycolipids, polysaccharides, and peptidoglycans which provides a barrier against
TB drugs (Britton & Triccas, 2008; Ghazaei, 2018; Jankute et al., 2015; Kaur et al., 2009). Thus,
besides the ability of MTB to remain dormant within macrophages, the TB treatment regimen of
MDR-Tb and XDR-Tb can take several years. This prolonged treatment may give rise to non-

compliance with therapy which represents an additional challenge for effective global TB control.

1.3.3 Mycobacteriophage-guided Identification of potential novel drug targets

Bacteriophages have played an important role in our understanding of cell biology on a
molecular level. Research into bacteriophages has led to significant discoveries including random
mutations of bacteria (Luria & Delbriick, 1943), a demonstration that DNA is the genetic material
(Hershey & Chase, 1952), the understanding of gene regulation mechanisms (Jacob & Monod,
1961), as well as their significant role in the advancement of the biotechnology field. Despite such
important contributions to our understanding of many biological processes, only a few studies have
been conducted to investigate how bacteriophages might reveal new pathways for the development
of new antibacterial drugs.

The emergence of MDR-Tb and XDR-Tb as well as the other challenges that hinder
effective global TB management have urgently called for alternative ways to develop strategies
and innovative solutions to cope with the TB pandemic. As a natural mycobacterial killer,
mycobacteriophage could potentially be used to guide the search for the development of new anti-
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mycobacterial agents. Given the enormous genetic diversity of mycobacteriophages and the large
reservoir of their gene products that have unknown functions, the chances to identify new drug
targets are very high. Many proteins encoded by mycobacteriophage genomes are toxic or have an
inhibitory impact when overexpressed in the mycobacterial host (Ko & Hatfull, 2018, 2020). The
interaction partners of these phage proteins have been also identified; however, very few have been
subjected to detailed investigation. It should be noted that these phage proteins represent only a
tiny fraction of the large pool of unknown function proteins. This emphasizes the importance of
mycobacteriophage as a promising tool for understanding of mycobacterial physiology and

identifying potential novel pathways that can be utilized as drug targets.

1.4 Superinfection exclusion

Phage infection represents a major threat to bacterial population. Phage-host evolution has
led bacteria to develop different mechanisms to fight against phage infection. These mechanisms
provide immunity against phages and work at different stages of the infection cycle.
Bacteriophages, on the other hand, have evolved multiple counter-defense systems to combat
bacterial defense and ensure successful infection.

Many bacteriophages have developed mechanisms that provide immunity to the infected
cell from subsequent infection via superinfection exclusion (Sie) system. Superinfection exclusion
can be defined as the process by which the infecting phage blocks secondary infection by the same
or closely related phage, therefore preventing the competition for the host cell resources (Abedon,
2015; Folimonova, 2012). This mechanism can protect phage genome by preventing the

replication of other phage genomes withing the same bacterial cell, thus decreasing the chance of
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recombination or reassortment events of phage genes (Folimonova, 2012). Superinfection
exclusion system is achieved through proteins encoded by bacteriophage genome; and usually
encoded by prophages. Most of the reported superinfection exclusion systems are proteins encoded
by prophages; however, lytic phages , such as T4, are also able to encode proteins involved in this
system (van Houte et al., 2016).

Phages use this mechanism either in the early stage of infection by blocking phage
adsorption, or in the subsequent stage by preventing the transfer of phage DNA into the host
cytoplasm (Labrie et al., 2010). For example, phage T5 encodes a lipoprotein (LIp) that prevents
subsequent phage adsorption event by blocking phage receptor, ferrichrome-iron receptor (FhuA)
on the outer membrane (Labrie et al., 2010). This mechanism is also advantageous for the newly
synthesized T5 virions by preventing their binding to the free receptors from lysed cells, and thus
protect virions from inactivation. Escherichia coli phage T4 encodes two proteins, Imm and Sp,
that are involved in superinfection exclusion system by blocking DNA injection into the host cell,
thus preventing superinfection by the same or closely related phages (Lu & Henning, 1994). This
system inhibits the degradation of the cell peptidoglycan layer which impedes DNA access to the
cell cytoplasm.

Superinfection exclusion system is also found in mycobacteriophages. It was discovered
through screening for mycobacteriophage proteins that are toxic when overexpressed in the host
cell, M. smegmatis (Hatfull, 2018). The study revealed that mycobacteriophage Fruitloop gp52 of
Cluster F is lethal when overexpressed in the host. Further investigation demonstrated that
Fruitloop gp52 interacts with and inactivates an essential host protein, Wag31 (DivIVA) (Ko &
Hatfull, 2018). Wag31 has been shown to localize to the cell pole (Meniche et al., 2014). Fruitllop

gp52 expression inhibits the host cell infection by two phages that belong to Subcluster B2,
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Hedgerow and Rosebush (Ko & Hatfull, 2018). The study suggests that Hedgerow and Rosebush
phages depend on the host Wag31 for their efficient infection, and that Fruitloop gp52 excludes
superinfection by the inactivation of Wag31.

The WhiB-like protein encoded by mycobacteriophage TM4 has been shown to be
involved in superinfection exclusion. Overexpression of WhiB in M. smegmatis is lethal, however,
basal expression from leaky vector showed TM4 resistance phenotype, suggesting its role in
superinfection exclusion (Rybniker et al., 2010). Another example is the putative membrane
protein gp32 encoded by mycobacteriophage Charlie of cluster N. It has been proposed that gp32
confers heterotypic superinfection exclusion of phage Che9c by preventing DNA entry into the

host cell (Dedrick, Jacobs-Sera, et al., 2017).

1.5 MoxR family ATPases

MoxR is a member of a large family of ATPases Associated with various cellular Activities
(AAA+ proteins), which belong to the P-loop NTPases superfamily. AAA+ proteins are involved
in a variety of biological processes, including protein folding, protein degradation, DNA repair,
and replication (lyer et al., 2004). AAA+ proteins contain AAA+ modules: this module is 200 to
250 residues and includes conserved sequence motifs, Walker A and Walker B, that bind and
hydrolyze ATP molecules to generate the energy required to achieve the molecular remodeling of
the substrate (Neuwald et al., 1999; Ogura & Wilkinson, 2001). AAA+ ATPases generally operate

as an oligomer, usually as a hexameric ring (Hanson & Whiteheart, 2005) (Figure 3).
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Figure 3. Hexameric structure of MoxR ATPase

(A) An example of MoxR ATPase (RavA) from E. coli shows the assembly of 6 subunits to form a hexameric
ring-shaped structure. (B) Walker A (blue color) and Walker B (green color) motifs that bind and hydrolyze

ATP molecule.

MoxR ATPases are prevalently found in bacteria and archaea; however, only a few
members of this family have been characterized, and limited information is available about their
biological function (lyer et al., 2004; Snider & Houry, 2006). Bioinformatic analysis of 596 MoxR
protein sequences showed that they can be classified into 7 subfamilies (Snider & Houry, 2006).
These subfamilies include MoxR Proper (MRP), RavA, TM0930, APE2220, CGN, PA2707, and
YehL. MoxR genes are commonly found near genes encoding for proteins that contain Von
Willebrand Factor Type A (VWA) domain (Snider & Houry, 2006) (Figure. 4). The VWA-domain
containing proteins are not well characterized in prokaryotes; however, these proteins are known

to mediate protein-protein interactions (Springer, 2006; Whittaker & Hynes, 2002). A key element

28



of the VWA domain is the presence of a conserved sequence motif (DxSxS....T....D) called the
metal ion-dependent adhesion site (MIDAS). This motif binds a metal ion, usually Mg?*, which is
critical for the function of the VWA domain (Whittaker & Hynes, 2002). Due to the proximity of
the genes encoding for MoxR and VWA domain-containing protein, it was suggested that they

potentially function together (Snider & Houry, 2006).

> COG1721 & > >
MoxR ATPase DUF58 & VWA VWA

MSMEG_3147 MSMEG_3148 MSMEG_3149

Figure 4. Gene location of MoxR ATPase in M. smegmatis
A representation of gene location of MoxR ATPase (MSMEG_3147) in M. smegmatis which belongs to MRP
subfamily. MoxR gene is adjacent to two genes coding for Von Willebrand Factor Type A (VWA) domain-containing

proteins, MSMEG_3148 and MSMEG_3149.

Based on the functionally characterized MoxR ATPases and their relationship with VWA
domain-containing protein, it appears that VWA domain-containing protein functions as an
adaptor that assists the localization of MoxR to its target protein. For example, MoxR in E. coli
(RavA) and its adaptor VWA-containing protein (ViaA) (Wong et al., 2017); MoxR in Paracoccus
denitrificans (NorQ) and its adaptor VWA-containing protein (NorD) (Kahle et al., 2018); and
MoxR in Acidithiobacillus ferrooxidans (CbbQ) and it adaptor VWA-containing protein (CbbO)
(Tsai et al., 2020).

Several previous studies suggest that MoxR ATPases have a chaperone-like function that
is important for the assembly of protein complexes and maturation of specific proteins. For

example, a member of the MRP subfamily in Paracoccus denitrificans is involved in the
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maturation process of methanol dehydrogenase (MDH) (Van Spanning et al., 1991), while MoxR
in Methylobacterium extorquens was also found to have a function associated with the maturation
of MDH by inserting Ca?* into the enzyme (Richardson & Anthony, 1992). Another example is
MoxR1 in Mycobacterium tuberculosis which is involved in the correct folding of resuscitation-
promoting factor (Rpf)-interaction protein A (RipA), which results in the secretion of RipA

through the twin-arginine translocation (TAT) secretion system (Bhuwan et al., 2016).

1.6 Thesis plan

The main theme of my thesis is to provide experimental evidence that shows that
mycobacteriophage genomes are potentially replete with genes encoding proteins that have novel
folds and mediate the interaction with the host cell in a novel mechanism. The findings in this
study do not necessarily generalize to the entire phage genomes; however, considering the
remarkable genetic diversity of mycobacteriophages and the fact that they harbor a reservoir of
genes of unknown functions, it would be rational to hypothesize that phage-host interactions are
regulated by a variety of mechanisms, many of which are waiting to be discovered. In this context,
mycobacteriophage genomes represent a treasure for researchers to discover new pathways
governing phage-host interaction and learn about their potential applications in different fields of
science and technology.

In this document, | included four chapters. In the first chapter, | provided a brief
background about bacteriophages, focusing on mycobacteriophages. The second chapter discusses
my major study, my pilot study with Phaedrus gp82. This used a bioinformatics pipeline designed

by Dr. Andrew VanDemark to filter 214,000 actinobacteriophage proteins. Among this number of
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proteins, we selected Phaedrus gp82, which has a novel sequence that does not match any sequence
in the available protein database but was predicted to crystallize. Furthermore, Phaedrus gp82 is
encoded by the genome of mycobacteriophage Phaedrus of Cluster B. | used an approach that
includes biochemical, structural, and cell biology methods to investigate how such a novel protein
might interact with the host cell.

The third chapter covers the findings on the crystal structure of Adephagia gp73 and its
related biochemical and bioinformatics analysis. Adephagia gp73 is encoded by the
mycobacteriophage Adephagia genome of Cluster K. Phage Adephagia has been shown to
efficiently infect Mycobacterium tuberculosis. A large set of proteins encoded by phage Adephagia
have been investigated for their cytotoxicity when expressed in the host cell, Mycobacterium
smegmatis MC? 155. No conclusive finding about the toxicity of Adephagia gp73 since the protein
was not expressed in the host cell. However, our bioinformatics analysis suggests that Adephagia
gp73is potentially an anti-sigma factor. In the last chapter, | provide a discussion about this study’s

findings and future directions.
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2.0 Phaedrus gp82: A novel mycobacteriophage protein interacts with the host

multifunctional MoxR ATPase

Work in this section will be submitted for publication after my defense.

2.1 introduction

As multidrug-resistant bacterial infections rise worldwide, it is critical to develop novel
antimicrobial strategies. Although conventional methods of antibiotic development have stalled in
recent years, breakthrough discoveries in bacteriophage research are driving new innovations.
Over billions of years of co-evolution with bacteria, these viruses have fine-tuned a staggeringly
large and mechanistically diverse set of strategies to infect and Kill their hosts. In addition to
straightforward infection and lysis of their hosts, phages also express cytotoxic proteins which kill
or slow the growth of bacteria when endogenously expressed. Identifying these proteins and their
host interaction targets and elucidating their mechanisms of toxicity can shape the development of
new antimicrobial approaches. This strategy has been employed to identify antimicrobial proteins
in bacteriophages, including the mycobacteriophages (Ko & Hatfull, 2020; Liu et al., 2004;
Shibayama & Dabbs, 2011).

Mycobacteriophages currently comprise the world’s largest collection of isolated phages
infecting a single bacterial host: Mycobacterium smegmatis. Over 2,000 distinct
mycobacteriophage genomes have been sequenced and annotated and are publicly available at

phagesdb.org (Russell & Hatfull, 2017). These phages have been bioinformatically classified into
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dozens of clusters with nucleotide similarity. Their gene products are sorted into tens of thousands
of phamilies (groups of phage proteins with amino acid similarity). Functions are known for less
than half of these protein phamilies, with the remainder forming a vast reservoir of potential new
antimicrobial proteins waiting to be discovered. In this context, we report Phaedrus gp82, a novel
mycobacteriophage-encoded protein with an inhibitory effect on Mycobacterium smegmatis mc?
155.

Phaedrus gp82 was discovered through a mycobacteriophage protein screening pipeline,
which started with bioinformatic selection to enrich for phages proteins likely to crystallize.
Crystallization and collection of diffraction data facilitated generation of a de novo atomic model
of the protein and analysis of the resulting structure. In parallel, microbiological investigation
revealed that endogenous expression of Phaedrus gp82 results in a tiny colony phenotype in M.
smegmatis mc? 155. Co-immunoprecipitation in M. smegmatis revealed that Phaedrus gp82 binds
to host protein MoxR (MSMEG_3147), a multifunctional ATPase family protein whose ortholog
in M. tuberculosis is essential for the proper folding of TB virulence factor and cell division protein
RipA (Bhuwan et al., 2016; Healy et al., 2020). We suggest that Phaedrus gp82 protein functions
to deplete levels of M. smegmatis MoxR protein, indirectly reducing levels of essential proteins
such as RipA that depend on MoxR’s chaperone activity to achieve their folded state, and thereby
decreasing cellular growth. This growth defect can be overcome either by plasmid-driven
overexpression of MoxR or by structural mutation of Phaedrus gp82 to prevent binding. Since
RipA is essential for efficient cell division in M. tuberculosis and its depletion increases the
bacterium’s sensitivity to multiple cell-wall targeting drugs (Healy et al., 2020), indirect depletion

of RipA by Phaedrus gp82-mediated MoxR inactivation could present a pathway for TB
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therapeutics. This study is therefore an example of the power of structural and microbiological

analyses of phage-encoded proteins for drug discovery and innovation.

2.2 Results

2.2.1 Selection of Phaedrus gp82

In an effort to increase the probability that we would successfully be able to characterize a
novel phage protein using both structural and functional assays, we developed a sequence selection
pipeline to enrich for sequences likely to crystallize that did not have any homologs of known
function or structure. First, we used successive screening of the entire proteome using 1) the pham
report on phageDB (Russell & Hatfull, 2017); 2) BLASTP on phagesDB; and 3) BLASTP on
NCBI (Camacho et al., 2009) to remove proteins with already annotated functions. These include
structural proteins such as capsid and portal, but also regulatory proteins such as integrase, cro,
etc. After culling already annotated sequences, the remaining candidates were screened with
HHPred (Hildebrand et al., 2009; Zimmermann et al., 2018) to find remote homologs; and we
excluded those proteins with E-value <10 and probability 70%. ~148,000 of our ~214,000
protein sequences remained after this step.

To further enrich for sequences more likely to crystalize and to facilitate a common purification
scheme, we discarded proteins with biochemical properties as predicted by ProtParam (Wilkins et
al., 1999) outside the following ranges: 80 < amino acids < 400, 2.0 < pl < 6.5, -0.55 < GRAVY
index < -0.1, instability index < 35, % coiled-coils < 5%, # cysteine residues < 6, and 15% < %

charged residues < 30%. We screened the remaining sequences for transmembrane helices using
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TMHMM (Krogh et al., 2001; Sonnhammer et al., 1998) and for signal peptides (Petersen et al.,
2011), excluding protein sequences with either of these features. These parameters were designed
to optimize the likelihood of the protein being highly expressed, soluble in neutral aqueous media,
stable, and amenable to crystallization. To ensure maximum flexibility in crystallographic
structure determination process, we selected proteins with > 1% methionine in their primary
sequence to facilitate phasing via selenomethionine should it become necessary. 2,095 proteins
met all these criteria. From there we further reduced the number of candidates by removing
orphams (proteins with no homologs in the phage protein collection which are enriched in protein
sequences containing sequencing errors), and removing left-arm genes (which, while unannotated,
are likely to be structural). To further enrich for crystallizable sequences, we next required surface
entropy tofall within -1.25 to -1.00, as calculated by XtalPred3 (Slabinski et al., 2007a; Slabinski
et al., 2007b) and choosing a single representative from each protein phamily. (99 candidates),
manually verifying lack of sequence-based homology with BLASTP (Camacho et al., 2009) and
HHPred (Zimmermann et al., 2018) searches (71 candidates), eliminating proteins from phages
infecting non-mycobacterial hosts (44 candidates), and finally choosing only proteins with a
PPCpred (Mizianty & Kurgan, 2011; Mizianty & Kurgan, 2012) crystallization propensity > 0.8
(12 targets). Among this list of 12 targets is Phaedrus gp82, a protein that has no homolog of
known function, but was strongly predicted to crystalize. The other 11 highest candidates are
shown in (Table 2). The bioinformatic pipeline for selecting Phaedrus gp82 is depicted in (Figure
5A).

Phage Phaedrus is a lytic mycobacteriophage belonging to B3 sub-cluster and is a member of
Siphoviridae family (Pope et al., 2015a; Pope et al., 2015b). It has a genome size of 68,090 bp and

contains 98 genes, 79 of which encode a protein without a currently known function (Russell &

35



Hatfull, 2017). As shown in (Figureb), these genes of unknown function are enriched within the
right hand region of the genome (Figure 5B), and are typically smaller than their counterparts of
known function. Phaedrus gp82 is located at the extreme right end of the genome among a cluster
of 25 small genes whose functions are nearly all unknown (Figure 5B). While not a part of our
selection criteria, we note here that there is only 1 gene with an annotated function within
proximity of Phaedrus gp82 and thus it would be very difficult to predict the function of Phaedrus
gp82 a priori. Therefore, we conclude that Phaedrus gp82 is an excellent candidate to test the

hypothesis that we can use functional and structural analysis to reveal new host-phage interactions.

Phage Phaedrus (68,090 bp; 98 genes)

A 349,009 B Structural Genes Arm Regulatory Genes Arm
\Unannotated proteins,
Apply restrictions on l - s
biochemicals characteristics 40 = ! | Jo O e
inmm -l 1 Genome Ruler (kbp)
._] Orphams excluded T
Structural proteins excluded [_, __ Unknown Function
| 1.25 < Surface entropy < -1.0 Ml Annotated Function
Unique phams L.

._] Proteins with no homology

Mycobacteriophage proteins

._J Crystallization propensity > 0.8

| Random selection I I . . I l l

CRISPR-associated
Cas9 endonuclease

Figure 5. Selection of the candidate protein and the gene location within the phage genome
Flowchart describing the bioinformatic pipeline for the selection of Phaedrus gp82. The bioinformatic procedures used
to select Phaedrus gp82 are indicated at each step. B) Phage Phaedrus genome and the location of Phaedrus gp82. The
gene encoding Phaedrus gp82 is located at the extreme right arm of the genome among a cluster of small genes of

unknown function.

2.2.2 Overexpression of Phaedrus gp82 reduces M. smegmatis colony size

To gain more insight into the biological function of P82, we first asked where the P82

protein localizes within its mycobacterial host. To do this, we inserted a fusion gene of mCherry
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tagged Phaedrus gp82 into pKF8 and transformed the resulting plasmid into M. smegmatis mc?
155. Cultures were grown to ODeno~0.6 and then induced and time points were taken over a 24-
hour induction period. mCherry-P82 was found to be homogeneously diffuse throughout the host
cytoplasm (Figure S1). In parallel, we performed the same experiments on the following control
proteins: mCherry-Cuco gp50 fusion (UniProt ID G1JUM5), known to us to localize to the host
cell pole (unpublished data), and mCherry alone, known to localize to the host cytoplasm (Ramesh
etal., 2021). Altogether, our data suggest that Phaedrus gp82 is a cytoplasmic-localized protein.
To evaluate the potential cytotoxic effects of P82, we overexpressed the untagged protein
in M. smegmatis mc? 155, along with controls for empty vector expression and expression of
mCherry and Fruitloop gp52, a mycobacteriophage protein known to be lethal to M. smegmatis
mc? 155 (Ko & Hatfull, 2018). As expected, there is no difference in either colony count or colony
size for the empty vector, while overexpression of mCherry resulted in a modest but statistically
significant decrease in colony size (Figure 6). In contrast, overexpression of Fruitloop gp52 results
in an extreme reduction in colony counts between ATc-induced and uninduced plates (Figure 6A).
Overexpression of P82 resulted in only a small reduction in colony count, indicating that
overexpression is not lethal. Quantification of colony size however demonstrates that while colony
numbers are similar, colony sizes are significantly reduced when overexpressing P82 (Figure 6B,
6C). The overexpression of P82 resulted in a 67% reduction in the colony size, from 2.24 mm? to

0.74 mm?, after 4 days of growth. (Figure 6C).
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Figure 6. Overexpression of Phaedrus gp82 reduces colony size in M. smegmatis
A) Spot dilutions from cultures of M. smegmatis transformed with the inducible plasmid pKF8 expressing Phaedrus
gp82 were plated on inducing and uninducing solid media. The empty vector was used as a negative control, mCherry
was expressed as an expression control, and Fruitloop gp52 was included as a control for a toxic protein. B)
representative plates illustrate the small colony phenotype observed with Phaedrus gp82 overexpression. M.
smegmatis containing the indicated gene within the pKF8 plasmid were plated on inducing and uninducing solid media
and incubated for 96 hours at 37 C. C) Quantification of colony size resulting from the overexpression of Phaedrus
gp82. Colonies expressing Phaedrus gp82 show a marked reduction in their size, while the empty vector does not.
Overexpression of mCherry, which is not toxic, shows only a small reduction in colony size. The data were
statistically analyzed using an unpaired t-test. The observed mean difference with a p-value <0.05 is considered

*kKK

statistically significant. (" denotes p-value <0.0001, ns: not significant, n: colony numbers)

2.2.3 The crystal structure of Phaedrus gp82 reveals two distinct domains

In an effort to gain insight into potential functions for P82, we crystallized and determined
the structure of P82 using X-ray crystallography. Small cubic crystals of ~40 microns on each
edge grew at room temperature over a week using the vapor diffusion method. The crystals belong

38



to space group 123 and contain one molecule of P82 within the asymmetric unit. We obtained
phasing information using anomalous dispersion from 4 native sulfur atoms (S-SAD) from data
collected at our home source. The structure was then improved by refinement against native data
at 1.2 A resolution collected at APS beamline 31-IDD. The model was refined to an R-work/ R-
free of 15.62% and 16.25% respectively; and shows excellent geometry. The final model contains
all residues of the P82 protein except for a portion of the loop between helix al and a2 (residues
17-23) (Figure 7A), which was disordered in our electron density maps. Data collection and
refinement statistics can be found in Table 1, and a complete description of the structure
determination process can be found in the materials and methods.

The structure of P82 is organized into two distinct domains which we have named the base
and wing domains (Figure 7B). The base domain folds into a compact structure anchored by helices
al and a3 which are located underneath a small beta-sheet formed by strands B1, f4, and 5. The
resulting configuration places the disordered loop extended away from the base and into solvent.
The wing domain, formed by strands B2 and 3, also extends away from the base domain but is
pointed in the opposite direction. We observe what we presume to be a magnesium ion at the
junction between base and wing domains. This ion is well-ordered and is coordinated by E60
where it appears to be important for crystal packing. While magnesium is known to play a role in
phage infection, a biological role for the magnesium that we observed here is unclear. The wing
and one face of the protein is largely acidic, while there is a prominent basic patch at the bottom
of the base domain. We used iterative searches of the sequence database using PSI-BLAST
(Altschul et al., 1997) to identify potential P82 homologs. Interestingly, all homologs are found
within phage or prophage genomes (Figure 7A). Mapping sequence conservation onto the surface

of P82 reveals a large patch of residues in the middle of the base domain which is highly conserved
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(Figure 7C). This conserved patch is largely hydrophobic while the opposite face of the molecule
has a smaller patch of residues including P77, W79, L85, and R86 which is also hydrophobic but
is less conserved. A search for structural homologs of P82 using the DALI server (L. Holm, 2022)
revealed similarity with a subdomain within the F420-reducing [NiFe] hydrogenase, gamma subunit
(PDB: 6QGR) (llina et al., 2019) with an all-atom r.m.s.d. of 1.6 A. In this hydrogenase, the
subdomain with structural similarity to P82 forms a cap or lid over the central binding cavity which
houses the FAD cofactor. Binding assays between P82 and FAD have not revealed an interaction,
suggesting that P82 either binds a different cofactor or instead that it may interact with another

protein instead of a ligand.
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Figure 7. Structure and sequence conservation of Phaedrus gp82.
Diagram of the P82 protein including secondary structural element derived from the structure; interfaces between P82
subunits within the trimer; sequence conservation from a selection of P82 homologs; the positions of mutants within
this study, B) Structure of the P82 monomer. The Base and Wing domains are indicated as well as the location of the
disordered loop (aa 17-23). C) Sequence conservation from panel A mapped onto the surface of the P82 monomer.

This view shows a highly conserved surface with several conserved residues on the opposite face.
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Table 1. Data collection and refinement statistics for P82

Sulfur anomalous Native
Data collection
Space group 123 123
Cell dimensions
a=b=cA) 8375 83.73
Resolution (A)  50-1.70 5921-1.40
(1.73 -1.70) (142 -1.40)
Unique 10909 (993) 17487 (974)
reflections
Ruvigs 0.054 (0) 0.064 (0.24)
Isl 130.96 (4.62) 325(9.9)
Completeness 99.99 (100) 90.1 (100)
(%)
Redundancy 41.1 (31.2) 18.5 (18.9)
Refinement
Resolution (A) 14.80 - 1.40
(1.44 - 1.40)
Ryork / Riree (%) 15.38/18.43
No. atoms 749
Protein 686
Water, Ions 62,1
Avg B-factors 24.56
(A
Protein 2393
Ion 28.62
Water 31.51
R.m.s. deviations
Bond lengths 0.004
A)
Bond angles 0.620
©
Ramachandran 100
(%)
Favored

Values in parentheses represent the outer resolution shell.
“ Rmerge = (|(B1 - <I>)|)/ (1), where <I> is the average intensity of multiple
measurements.
b Rork = Encl|FolhkD| - Fe (kDI Er |F ol BD).
¢ Riree represents the cross-validation R factor for 10 % of the reflections
against which the model was not refined.
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2.2.4 Phaedrus gp82 is a trimer in solution

Packing of P82 within the crystal lattice revealed an assembly of three P82 proteins situated
around a crystallographic three-fold symmetry axis (Figure 8B-C). Analysis of this trimeric
assembly using PISA (Krissinel & Henrick, 2007), demonstrated that each interface contained
820-831 A? of surface within it and a surface complementary score of 0.828 suggests that the
trimeric packing may represent a biologically relevant interfaces. The trimeric P82 assembly
adopts a conical shape driven primarily by packing of the base domains, specifically helix 3 which
packs against B1 from the adjacent subunit (Figure 8A). This interface utilizes the large conserved
patch noted on each subunit, further supporting the notion that the trimeric packing we observe is
biologically relevant. There is an extensive network of van der Waals interactions within this
interface. Interactions via 137, V39, and W41 of Bl were especially prominent (Figure 8A).
Mutation of these residues was uniformly destabilizing and the resulting proteins could not be
purified, further suggesting that in isolation, P82 strongly prefers the trimeric state. The top of the
P82 cone is formed by the wing domain from each of the respective monomers. These fit together
sterically but the packing interactions are far less extensive, containing only 166 A? of interface
area.

Next, we examined whether P82 could form trimers in solution biochemically. We
performed chemical crosslinking using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and monitored the resulting species on an SDS-PAGE gel. As shown in (Figure 8D), we found
that crosslinked trimers of P82 are formed readily, while tetramers or higher order species of P82
are largely not observed, suggesting P82 forms trimers in solution. We confirmed this via
analytical size exclusion chromatography (SEC) using a Superdex 200 10/300 GL to monitor the

retention volume of P82 and comparing against several control proteins including Bovine serum
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albumin (BSA, 66 kDa), Tobacco Etch Virus protease (TEV, 27 kDa), and lysozyme (14 kDa).
The SEC profile of P82 showed a single peak with a retention volume much lower than expected
for a monomeric globular protein of 95 amino acids. In addition, the observed retention volume
was consistent with an apparent molecular weight that is somewhat larger than that of TEV
protease (Figure 8E). These results all suggest that P82 is a homotrimer, consistent with the

crystallographic structure.
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Figure 8. Phaedrus gp82 is a trimer both in solution and within the crystal.
A) The P82 trimerization interface is formed by packing between B1 and the large conserved hydrophobic surface on
the adjacent molecule. Dashed yellow lines indicate van der Waals interactions. B-C) Packing of the P82 around a
crystallographic 3-fold axis positions base domains adjacent to each other while wing domains are somewhat splayed
out from the central axis. The disordered loop positions are highly exposed. D) Chemical crosslinking of P82 using
EDC shows the rapid formation of P82 trimers. E) Size exclusion chromatography of P82 (red). Also shown are a
variety of standards including BSA (66kDa), TEV protease (27kDa) and lysozyme (14kDa).
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2.2.5 ldentifying residues and regions within P82 that are important for the small colony

phenotype.

The orientation of the wing domain in our crystal provides a large concave and acidic
surface (Figure 9A). We hypothesized that disruption of this charged surface, or a putative protein-
protein interaction surface, could block or limit the small colony phenotype we observe with WT
P82 overexpression. To identify locations on the surface of P82 that might mediate protein-protein
interactions, we generated a composite structural model in which the positions of disordered loop
domains are those positions observed via crystallography. This composite model was analyzed
via surface triplet propensity (Mehio et al., 2010) and PPISP (Kang et al., 2022; Qin & Zhou, 2007)
to identify surfaces that may mediate protein interactions. Within the base domain, the disordered
loop and nearby residues on the concave surface were identified. These include R72, H74, and
D76. The STP analysis also identified residues within the wing, including D45, Y51, H57, and
E60 (Figure 9B).

Guided by this analysis, we next sought to identify amino acids on the surface of the P82
trimer that are functionally important, hypothesizing that their disruption may relieve the small
colony phenotype we observe with wild-type P82. We tested several regions within the protein in
an attempt to sample all of the surfaces that might be important. Mutants tested include D45A,
Y51A, and D53A, which constitute most of the putative protein-protein interaction sight identified
by STP analysis (Figure 9B). E43 was chosen because it is at the junction between the base and
wing domains and is also a main component of the acidic patch in this region. A D38A mutant
was selected to probe an acidic residue within the base domain, while R32A was selected as it
probes a different face of the molecule. T2A was selected to test whether the pore-like feature at

the bottom of the trimer was important. Lastly, we generated a triple mutant within the disordered
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loop (F18A/W20A/M21A) and a deletion of the entire wing (residues 45-58 replaced with a TG
linker to avoid impacting the protein fold). The coding sequence for P82 containing the relevant
mutation (or deletion) was introduced into pKF8 for inducible expression in M. smegmatis mc?
155 without any tags. Using this, we asked whether overexpression of mutant P82 still generated
the small colony phenotype or alternatively, whether the mutant suppressed the phenotype. We
found that T2A and R32A mutants each had little or no effect, leading us to conclude that this face
of P82 does not contribute to the phenotype. In contrast, the disordered loop triple mutant and the
wing deletion completely suppressed the phenotype, suggesting these large regions on the P82
surface are connected to the overexpression phenotype and perhaps P82’s biological function
(Figure 9C). A single point mutant at D45A located closer to the base domain had the same impact
as the wing deletion, while Y51A and D53A located near the wing's tip had a mild or no effect
(Figure 9D). This suggests that the lower portion of the wing contributes more to this assay.
Another mutant in this region, D38A, also had a large impact on the small colony phenotype.
Together, these suggest that the central portion of P82 extending from the bottom of the wing near

D45 down to the disordered loop is critical to the small colony phenotype.
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Figure 9. Identification of functionally important surfaces on Phaedrus gp82.
A) Electrostatic surface generated from the composite model of P82 shows that the wing and a portion of the base
domain are highly acidic. B) Putative interaction sites as predicted by surface triplet propensity (magenta) and the
PPISP website (salmon) suggest that both the base and wing domains may mediate protein interactions. Prominent
residues from the predictions are indicated as are the positions of residues tested in subsequent mutagenesis. C)
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Mutation of the disordered loop (F1I8A/W20A/M21A) blocked the small colony phenotype observed with P82
overexpression. D) Quantification of the small colony phenotype observed with WT P82 and a series of truncations
and mutations. The number of colonies measured on each plate is indicated and their size measured via Fiji and the
distribution visualized using a violin plot. The difference in colony size when grown on inducing and uninducing
medium was measured and compared to the difference observed with the wild-type. Statistical significance is indicated
with P<0.01=*, P<0.001=*** and P<0.0001=****_N.S. indicates that there is not a statistically significant difference

between the groups with that mutant.

2.2.6 Phaedrus gp82 interacts with M. smegmatis MoxR ATPase

Next, we performed a pulldown experiment to identify a host protein that binds P82 and
might be associated with the small colony phenotype. To accomplish this, we transformed M.
smegmatis mc? 155 with the pKF41 plasmid driving the expression of a C-terminally HA-tagged
Phaedrus gp82 and then performed a pulldown assay using anti-HA agarose beads.
Immunoprecipitated proteins were separated on SDS-PAGE, and two bands were observed in the
pulldown with HA-tagged P82 that were not observed in an untagged P82 control pulldown
(Figure 10A, Figure S3). These bands were excised from the gel, and digested with trypsin, and
their identities were determined by LC/MS. The highest intensity band was identified as the
AAA+ ATPase MoxR (MSMEG_3147, 82% coverage), while the lower intensity band was
MSMEG_0970 which is a member of the phosphoglycerate mutase family (40% coverage)
(Figure. S4). Subsequent analysis focused on the interaction with MoxR.

Next, we asked mutants known to affect the P82 overexpression phenotype alter
interactions with MoxR. We began by repeating the anti-HA pulldown after overexpression of
HA-tagged P82 containing the disordered triple mutant (F18A/W20A/M21A) or an untagged

control containing the same mutant, finding that the interaction with MoxR appears to be lost with
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the DL mutant (Figure 10B). Next, we used an integrating vector to introduce an expression
cassette coding for the inducible expression of FLAG-tagged MoxR into the genome of M.
Smegmatis. We then transformed these cells with plasmids expressing selected HA-tagged P82
variants or untagged controls. After inducing the expression of both FLAG-MoxR and HA-tagged
P82, we repeated the pulldown and analyzed the immunoprecipitated proteins via Western blot
using anti-FLAG or anti-HA primary antibodies. We found no anti-FLAG signal in the controls
containing untagged P82 WT or DL mutants as expected while observing robust signal for MoxR
pulldown with the HA-tagged version of WT P82. FLAG-MoxR signal was completely lost with
the HA-tagged DL triple mutant (Figure 10C), indicating these residues play an important role in
mediating MoxR interactions. Interestingly, we detected a robust signal when pulling down with
HA-tagged P82 containing the wing deletion, suggesting that this portion of P82 does not interact
with MoxR directly or plays a secondary role in binding (Figure 10C). Similarly, the E43A
mutation can still support the pulldown of FLAG MoxR, as can HA-tagged P82 T2A, which served
as a negative control. From these data, we conclude that the residues within the disordered loop

play a primary role in mediating the physical interaction between P82 and MoxR.
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Figure 10. Phaedrus gp82 interacts with MoxR ATPase.
A) Anti-HA beads after pulldown from indicated lysate of M.Smegmatis expressing HA-tagged P82 or an untagged
control. Purified recombinant P82 is included as a P82 standard. Lanes shown are from the gel. B) Anti-HA pulldown
asin A, but expressing P82 containing the DL triple mutant, demonstrating that the interaction is lost with this variant
of P82. C) Anti-HA pulldown of selected P82 mutants from M.Smegmatis transformed with FLAG-tagged MoxR as

well as the indicated HA-P82 variant or its untagged control.

2.2.7 Connection between MoxR function and Phaedrus gp82

Next, we asked whether overexpression of MoxR could rescue the P82 small colony
phenotype. Here we transformed with pKF7, which integrated an inducible expression cassette
containing the MoxR coding sequence into M. Smegmatis, or a pKF7 empty vector control.
Following integration, the appropriate strains were then transformed with pKF113, which drives
the inducible expression of P82 or its empty vector control. We then tested the small colony

phenotype as before, comparing colony size with and without induction. As shown in (Figure
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11A-B), the expression of just MoxR does not generate a significant change in colony size, while
expression of just P82 resulted in smaller colonies, as expected from our previous observations
(Figure 11D). However, when both P82 and MoxR expression is induced, we see a significant
reduction in the phenotype. Therefore, we conclude that MoxR induction can partially rescue the
small colony phenotype resulting from P82 overexpression.

To test whether P82 could directly impact MoxR function, we used the malachite green
assay to measure the effect of P82 on MoxR ATP hydrolysis. Malachite green molybdate forms a
complex with orthophosphate after ATP hydrolysis that absorbs light at 650 nm (D'Angelo et al.,
2001; O'Toole et al.,, 2007). We used this assay to measure the MoxR-mediated release of
phosphate, finding it had a hydrolysis rate of 2.72 = nmol/minute. The standard curve used to
calculate phosphate release is shown in (Figure S5). Next, we introduced P82 at a concentration
of 1.4 uM and observed a slight decrease in MoxR hydrolysis (Figure 11C). This effect was
augmented upon introducing P82 at 14 uM (Figure 11D). From these results, we concluded that
using purified components in vitro, P82, negatively impacts MoxR hydrolysis rates. Lastly, we
asked whether P82-mediated inhibition of MoxR ATPase activity was affected by the disordered
loop, as this region of P82 was required for MoxR interactions in our pulldown assay. Here, we
find that using P82 with the nontoxic disordered loop triple mutant has a modest impact on MoxR
ATP hydrolysis, requiring a 14.4 uM concentration to achieve the same level of inhibition as
1.4uM of wild-type P82 (Figure 11D). Similarly, ATP hydrolysis in the presence of 1.4uM P82
DL mutant was the same as MoxR alone (Figure 11B). These results are consistent with previous
toxicity and pulldown results showing that the disordered loop is important for P82-MoxR

interactions and further suggests that this interaction directly affects MoxR ATPase activity.
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Figure 11. Phaedrus gp82 interacts with MoxR ATPase.
A) Violin plot of colony size with overexpression of MoxR, P82, or both MoxR and P82. Overexpression of MoxR
partially rescues the small colony phenotype. B) Absolute differences in colony size after induction is shown from
each population. C-D) Measurement of ATP hydrolysis from the MoxR AAA+ ATPase in vitro using the malachite
green assay. We observe a decrease in hydrolysis rates in the presence of P82, which is lost when using the disordered

loop triple mutant.

2.3 Discussion

The extraordinary levels of genetic diversity within mycobacteriophages reflect an
evolutionary arms race between phages and their mycobacterial hosts. For their part, phages seek

to assert control over a variety of host pathways to divert resources toward maintenance and

51



expansion of the phage population. Enriching small potentially regulatory genes of unknown
function within the phage proteome has led many to speculate that this reservoir is replete with
novel proteins mediating unexplored phage-host interactions. The efforts described here sought
to test that hypothesis using P82.

We determined the structure of P82 using x-ray crystallography, finding that the protein
adopts a trimer with two distinct domains: a base domain with extensive hydrophobic interactions
that mediate trimerization, and a wing domain with a much smaller trimerization interface. Both
domains impact the cytotoxic effects of P82 overexpression, as did residues within the acidic
concave surface located in between these. Further, we were able to find two potential P82-
interacting proteins from M. smegmatis: MoxR (MSMEG_3147), and a member of the
phosphoglycerate mutase family of proteins, MSMEG_0970. MoxR is the founding member of a
family of AAA+ proteins (ATPases Associated with various cellular Activities), called the MoxR
Proper or MRP family (Snider & Houry, 2006). The MoxR family members are abundant in
bacteria and archaea and have a chaperone activity to help the folding of proteins and the assembly
of protein complexes (Bhuwan et al., 2016; Dieppedale et al., 2011; Pelzmann et al., 2009; Wong
etal., 2017). Many MoxR clients are proteins with dedicated metabolic roles (Van Spanning et al.,
1991), or are connected to a variety of functional roles including co-factor insertion (Leipe et al.,
2003; Wong et al., 2014) and maturation of the RipA virulence factor in M. tuberculosis (Bhuwan
et al., 2016). The diversity and functional importance of MoxR clients makes MoxR an especially
attractive target for phage-derived therapeutics. It is not known from our data whether Phaedrus
encodes gene 82 to target a specific MoxR client in M. smegmatis, but a disruption in MoxR-
mediated ATPase activity could be expected to impact numerous cellular processes. For example,

a disruption in metabolic pathways could reasonably manifest as a growth defect such as the small
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colony phenotype we observe with P82 overexpression. Alternatively, the disruption of MoxR’s
chaperone activity by P82 binding could reduce the populations of properly folded essential
proteins, for example those integral to cell wall growth and division.

An open-ended question resulting from our work is the nature of the interaction between
MoxR and P82. A common feature of MRP family members is the presence of a von Willebrand
factor A (Snider & Houry) domain in the gene immediately downstream of the MRP protein. In
M. smegmatis, there are two proteins, MSMEG_3148 and MSMEG _ 3149 that match these criteria.
A comparison of P82 with MSMEG_3148 and MSMEG_3149 does not reveal any sequence or
structural similarities. In a similar vein, predictions of MoxR with P82 interactions using
AlphaFold2 have not yielded plausible models that are supported by the experimental biochemical
and phenotypic data described here. Therefore, a molecular understanding of the P82-MoxR
interaction will require additional structural information or biochemical insight that would place
constraints on the positioning of the two proteins relative to each other.

Sequence alignment suggests the presence of sequence variation in the disordered loop
region (Figure 7A). This sequence variation may indicate that the level of disorder is different
among these proteins, which may provide a mechanism for Phaedrus gp82 to bind and modulate
MoxR ATPase activity. We propose that generating chimeric Phaedrus gp82 with swapped region
covers the disordered loop segment could be used to investigate the functional and dynamic
properties of the disordered loop. This might explain the evolutionary mechanism by which the
sequence variation in the disordered loop region allows Phaedrus gp82 and its homolog with the
same pham to gain new biological function.

Our data here supports the conclusion that the disordered loop is a critical sequence feature

within P82 that mediates the interaction with MoxR. However, we note several other locations
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outside the disordered loop motif, specifically the wing domain and individual residues such as
E43, D38, and D45, where mutation/deletion of the residue altered the phenotype. Neither deletion
of the Wing domain nor a E43A mutation altered the ability of P82 to pulldown MoxR from a
cellular lysate. This raises the possibility that there are multiple points of contact between MoxR
and P82 with the disordered loop being the primary contact. In this scenario, cells expressing the
mutated P82 may still retain enough MoxR activity to support normal colony growth.
Alternatively, these regions may represent a binding site to a factor other than MoxR that has not
yet been identified. The phosphoglycerate mutase MSMEG_ 0970 may be a candidate for this
interaction, as it was retained in our original pulldown. This possibility has not yet been tested, but
it would explain why we were not able to generate stable complexes between P82 and MoxR when
using purified components.

Phaedrus gp82-MoxR monomer-monomer interaction was predicted using AlphaFold
(Figure 12). However, the predicted model has no significant physicochemical properties with a
significant score (SCC) for the complex formation of 0.1 and solvation energy gain (AG) of -9.4
kcak/mol. Moreover, residues such as D38, E43, and D45 which block the small colony phenotype
upon mutation are not in contact with MoxR in this model. This data suggests that AlphaFold
model is not plausible.

Several reasons can contribute to the bacterial small colony phenotype. In E. coli, small
colony variants can be attributed to mutations that occurred in protein-coding genes involved in
electron transport chain (ETC) such as hemB (Roggenkamp et al., 1998), hemA (Hubbard et al.,
2021), yigP (Xia et al., 2017), and lipA (Santos & Hirshfield, 2016). M. smegmatis deficient in

mycolic acid biosynthesis (a- and epoxy-mycolic acid) has been shown to produce small colony

phenotype (Di Capua et al., 2022; Lefebvre et al., 2018). The defect in a- and epoxy-mycolic acid
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content is due to deficiency in HadD (MSMEG_0948) activity which is essential for biosynthesis
of a- and epoxy-mycolic acid (Di Capua et al., 2022). A small colony phenotype resulting from
the overexpression of phage protein could indicate that phage protein directly or indirectly interacts
with and modulates the activity of the abovementioned host proteins.

Sequencing and comparative analysis of large numbers of mycobacteriophage genomes
have identified many new gene functions and fundamentally improved our understanding of phage
biology, the biology of their mycobacterial hosts, and the pathways targeted by phage-host
interactions. The rise in antibiotic-resistant strains of M. tuberculosis and other pathogenic
mycobacteria, as well as efforts to capitalize on the therapeutic potential of phage (Dedrick et al.,
2022; G. F. Hatfull, 2022; Hatfull, 2023), highlights that there is a great need to identify many
potentially therapeutic phage-host interactions as possible. While this pilot project represents just
one protein and one pham, recent estimates have suggested that >20% of phage phams are
predicted to be toxic to the bacterial host (Ko & Hatfull, 2020). Each of these has the potential to
reveal a new phage-host interaction which could, in theory, be harnessed to negatively impact
mycobacterial health. Our results suggest a pathway for identifying and characterizing these

interactions and the molecular underpinnings of their toxicity.
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Figure 12. Predicted AlphaFold structure of Phaedrus gp82-MoxR monomer-monomer interaction

(MoxR)
Each monomer has 38 kDa Each monomer has 10.5 kDa

(Phaedrus gp82)

Figure 13. Structure of Phaedrus gp82 trimer and predicted MoxR hexamer and their relative sizes
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Table 2. The other 11 highest protein candidates resulted from the bioinformatic pipeline

Mycobacteriophage protein Cluster Subcluster

1 Gaia_106 X None
2 Spud_94 C c1
3 Severus_67 A A10
4 L5 45 A A2
5 Brujita_71 | 11

6 Laminal3_48 A Al
7 Cerasum_72 F F1
8 Blue7_60 A A6
9 Cuco_50 A A5
10 Pharsalus_129 E None
11 Theia_83 A AS

2.4 Material and Methods

2.4.1 Bioinformatics

Our bioinformatic analysis utilized the phage proteome as of July 2017, which contained
~214,000 mycobacteriophage protein sequences. We first removed from our candidate pool
proteins with an annotated function. We further proceeded to analyze the proteins of unknown
function for their sequences and physical parameters to collect the information required to predict
the propensity of protein production and their likelihood to crystallize, as described in the text.
Physical parameters for sequences have been analyzed using ProtParam (Gasteiger et al., 2003).
The shortlisted protein candidates were subjected to BLASTP (Altschul et al., 1990) and HHPred
(Zimmermann et al., 2018) homology searches to ensure a lack of sequence-based homology to

proteins of unknown function, and I-TASSER (Yang & Zhang, 2015; Zhang, 2008) and PSIPRED
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(McGuffin et al., 2000) were used to predict the secondary structure of proteins. Both PPCpred
(Mizianty & Kurgan, 2011) and XtalPred (Slabinski et al., 2007) have been used to predict protein

crystallization propensity and a variety of sequence-based parameters.

2.4.2 Protein Expression and Purification

The codon-optimized coding sequence for Phaedrus gp82 (UniProtKB: B5A6J1) was
cloned into the pKF3 plasmid (Googins et al., 2020) to create pKF87, driving expression of
Phaedrus gp82 with N-terminal Hisio-mRuby?2 tags and a TEV protease cleavage site. The protein
was expressed in LB media using Rosetta2 E. coli. Protein expression was induced at an optical
density (ODsoo) of 0.6 by adding 0.5 mM IPTG for 24 hours at room temperature. Cells were
harvested by centrifugation and lysed by homogenization in lysis buffer containing (20 mM Tris,
pH 8.0, 0.5 M NacCl, 10% glycerol, 20 mM Imidazole, and 1 mM B-mercaptoethanol). The cell
lysate was clarified by centrifugation at 30,000 x g for 30 min. Phaedrus gp82 fusion protein was
initially purified using nickel-affinity chromatography (Figure 12), followed by overnight TEV
digestion to remove the Hisio-mRuby?2 tag. The resulting mixture was further purified by a second
round of nickel affinity chromatography to remove the liberated Hisio-mRuby?2 tag (Figure 13).
Anion exchange chromatography (HiTrap Q HP, GE Healthcare) followed by size exclusion
chromatography (Sephacryl-200, GE Healthcare) in a buffer containing [20 mM Tris, pH 8, 150
mM NaCl, and 1 mM B-mercaptoethanol] completed the prep (Figure 14). Three non-native
residues (GGS) at the N-terminus remain after TEV cleavage. The resulting protein fractions were
evaluated by SDS-PAGE and the purity was > 99% (Figure 15). The protein fractions were
subsequently pooled and concentrated in the same size exclusion chromatography buffer to
approximately 8 mg/ml prior to crystallization.
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Figure 16. Purification of Phaedrus gp82 - Size exclusion chromatography column using Hiload S200 16/600

kDa

90

66

54

43 mRuby-

Phaedrus_82
fusion

27

14
Phaedrus gp82
~10.6 kDa

Figure 17. Phaesus gp82 - Pre and post induction and purified protein

Phaedrus gp82 was purified to using different purification methods to obtain highly pure protein for crystallization
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2.4.3 Crystallization and structure determination

Initial crystals of Phaedrus gp82 were grown at 20 °C using the sitting-drop vapor diffusion
method, mixing 1 pL of protein and 2 pL well solution containing 30% (v/v) PEG 550 MME, 0.05
M magnesium chloride hexahydrate, 0.1 M HEPES pH 7.5. Small cubic-shaped crystals (~50-100
microns on each edge) were grown over the course of several days (Figure 16). Crystals were
soaked in cryoprotectant containing the reservoir solution supplemented with 30% glycerol and

then flash-frozen in liquid nitrogen before data collection.

High-resolution diffraction data from native Phaedrus gp82 crystals were collected at
beamline 31-1DD at the APS at Argonne National Laboratory (Chicago, Illinois). The data were
then processed and scaled using the autoPROC toolbox (Vonrhein et al., 2011). Phasing
information was obtained using single-wavelength anomalous dispersion of native sulfur atom (S-
SAD) using data collected from a single crystal at our home source at Cu-Ka. Diffraction data
from the home source were integrated, merged, and scaled with HKL2000 (Z. Otwinowski & W.
Minor, 1997). Three of a possible four sulfur sites were identified using Phenix/HYSS (Adams et
al., 2010; Grosse-Kunstleve & Adams, 2003), and phases were calculated using AutoSol
(Terwilliger et al., 2009) as implemented within Phenix. Initial maps were improved by density
modification using RESOLVE, resulting in readily interpretable electron density. An initial model
was built into this map using COOT (Emsley et al., 2010), and the resulting model was refined
against the high-resolution native data described above. The resulting model was further refined
by positional and anisotropic B-factor refinement. Model quality throughout the refinement
process was monitored and validated by MolProbity (Williams et al., 2018). Data collection and

refinement statistics are shown in Table 1.
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Figure 18. Phaedrus gp82 crystal

Cubic crystal was grown at 20 °C using the sitting-drop vapor diffusion method by mixing 1 pL of protein and 2 pL

well solution containing 30% (v/v) PEG 550 MME, 0.05 M magnesium chloride hexahydrate, 0.1 M HEPES pH 7.5.

2.4.4 Cellular localization

Plasmids pKF2, pKF76, and pKF73, encoding Tet-inducible mCherry, mCherry-Cuco
gp50 fusion, and mCherry-Phaedrus gp82 fusion, respectively, were created with Gibson
Assembly using the same vector backbone. One hundred nanograms of each of these plasmids
were electroporated into M. smegmatis mc?155, followed by the addition of 7H9 and ADC and
incubation at 37 °C for 3 hours to allow recovery of the cells. Cells were then plated on 7H10 solid
medium containing hygromycin B (150 pg/ ml) and incubated at 37 C for 72 hours. Transformants
were grown in 7H9/ADC liquid culture containing Tween-80 (0.05%) with shaking at 37 C until
saturated. Saturated cultures were used to inoculate fresh media (7TH9/ADC/Tween), and these
samples were grown at 37 C with shaking to an ODsoo of 0.6. Cells from 100 pl of this culture
were isolated by centrifugation at 11,000 x g for 1 minute, the supernatant removed, and the cells
resuspended in 2 pl of SlowFade Diamond Antifade Mountant (ThermoFisher). The mixture was
then placed on microscope glass slides as uninduced samples. Anhydrotetracycline (ATc) (100 ng/

ml) was then added to the rest of the culture at (ODsoo = 0.6) to induce expression. The localization
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of mCherry alone, mCherry-Phaedrus gp82 fusion, and mCherry-Cuco gp50 fusion were examined
at different times between 3 and 24 hours of induction. Bright-field and fluorescent microscopy
were performed using a Zeiss Axiostar Plus with an A-Plan 100x objective. Exposure times were
set to automatic except for the uninduced samples, which were exposed for 20 seconds. Images
were captured with AxioCam MRc 5 high-resolution camera and processed by AxioVision

software.

2.4.5 Cytotoxicity plate assay and quantification

One hundred nanograms of plasmids pKF8 (empty vector) and its derivatives, pKF113
(encoding Tet-inducible untagged Phaedrus gp82), pKF114 (mCherry) and pKF115 (Fruitloop
gp52), were individually transformed into 100 pl electrocompetent M. smegmatis mc? 155.
Fruitloop gp52 was used as a toxic control, mCherry was used as an expression and non-toxic
control, and the empty vector was a background control. The transformed cells were allowed to
recover for 3 hours at 37 C before plating on 7H10 solid medium with hygromycin B (150 pg/ ml)
and incubation at 37 C for 72 hours. A liquid medium 7H9/ADC/Tween (0.05%) was then
prepared, inoculated with a single colony from each plate, and incubated at 37 C for 72 hours with
shaking. These saturated cultures were used to inoculate fresh media, and samples were grown
with shaking at 37 C until reaching (ODseoo ~ 0.3-0.7). These cultures, in exponential growth, were
then normalized to ODsoo 0.1, and ten-fold serial dilutions of each cell culture were prepared to
reach a final dilution of 107". From each dilution, 3 pl were spotted on ATc-induced and uninduced
plates and incubated at 37 'C for 96 hours. To measure colony size, 10 pl from the 10 dilution
was plated on ATc-induced and uninduced plates and incubated at 37 C for 96 hours. Colony sizes
were processed and analyzed using ImageJ-Fiji (Schindelin et al., 2012).
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2.4.6 Chemical crosslinking

Chemical crosslinking was performed as previously described (Shi et al., 2014) with a few
modifications. Briefly, the protein sample was incubated with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) crosslinking buffer (100 mM MES pH 6, 100 mM NacCl, and 10% Glycerol).
EDC and N-hydroxysuccinimide (NHS) were added to final concentrations of 20 mM and 0.4 mM,
respectively, followed by incubation at room temperature with gentle agitation for 1 - 30 min. The
reaction was quenched by adding (Tris-HCI, pH 8.0) to a final concentration of 50 mM and
incubation at room temperature with agitation for 10 min. Samples were analyzed using SDS-

PAGE and Coomassie blue stain.

2.4.7 Growing mycobacteria and media

M. smegmatis mc? 155, an efficient plasmid transformation strain (Snapper et al., 1990),
was grown as described previously (Payne et al., 2009). In brief, M. smegmatis mc? 155 was grown
at 37 °C in Middlebrook 7H9 liquid medium or on Middlebrook 7H10 agar. Both media were
supplemented with 10% Albumin Dextrose Complex (ADC), 0.05% Tween 80, carbenicillin (CB)
(50 pg/ml), and cycloheximide (CHX) (10 pg/ml). Media were supplemented with the appropriate
antibiotics as needed. The final concentrations were as the following: Hygromycin B (150 pg/ml),

Streptomycin (20 pug/ ml), and Kanamycin (20 pg/ ml).

64



2.4.8 Pull-down assay and mass spec identification of binding partners

M. smegmatis mc? 155 was transformed with either pKF113 expressing Phaedrus gp82 or
pKF226 expressing C-terminal HA-tagged Phaedrus gp82. Cell cultures were grown to ODsoo
~0.5, then protein expression was induced by adding ATc (100 ng/ml) for ~18-24 hrs. Cells were
then harvested by centrifugation and resuspended in TBS buffer (25 mM Tris-HCI PH 7.4, 150
mM NaCl). Cells were pelleted by centrifugation and resuspended in lysis buffer (50 mM Tris-
HCI pH 7.4, 150 mM NacCl, 1% Triton X-100), including protease inhibitor cocktail, and lysed by
sonication. Approximately 5 mg of cell lysate were incubated with anti-HA agarose beads (HA-
Tag IP/Co-IP, Thermo Fisher Scientific) overnight at 4 °C with gentle agitation. Flowthrough
samples were collected, and three washes were applied using lysis buffer, followed by the final
wash with TBS buffer. Bound proteins were eluted by adding 50 pl of 2X non-reducing sample
buffer followed by 5 min incubation at 95 °C and then centrifugation. Proteins were separated by
4-20 % gradient gel. The desired bands were excised for analysis. Samples were processed for
protein identification at the Biomedical Mass Spectrometry Center, University of Pittsburgh.

Western blot was performed to demonstrate the presence of the binding partner in the
elution from anti-HA agarose beads. Here, pSB10 is an integrated vector that confers kanamycin
resistance and expresses FLAG-MoxR, while pKF226, pSB11, pSB12, pSB13, and pSB14
overexpress the C-terminal HA-tagged version of Phaedrus gp82, Phaedrus gp82 disordered loop,
A wing domain, E43A, and T2A mutants, respectively. Pulldown experiments were performed as
described above, and MoxR was detected via Western blot using an anti-FLAG antibody

(ThermoFisher, MA1-91878).
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2.4.9 Colorimetric Determination of ATPase Activity

The determination of ATPase activity was carried out by measuring the release of
orthophosphate using the malachite green colorimetric assay as previously described (Lanzetta et
al., 1979) with minor modifications. The color reagent buffer was prepared by mixing three parts
of a malachite green solution (0.045% w/v in ddH>O) with one part of ammonium molybdate
(4.2% wiv in 4M HCI). The solution was agitated by stirring at room temperature until the solution
turned a clear green-yellow color. NP-40 was then added to a final concentration of 0.1%. The
color reagent buffer was filtered through a 0.45 um syringe filter and stored at 4 °C. The reaction
buffer contained 50 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCI2, and 2 mM DTT. ATPase
activity for MoxR was measured at 37 °C for 1-5 minutes by adding ATP (final concentration 2.5
mM) to the reaction buffer containing the indicated protein(s) to a final reaction volume of 200 pl.
After incubation for the indicated times, 800 pl of color reagent was added. The solution was
vortexed briefly and incubated at room temperature for 1 minute, followed by adding 100 ul of
34% (w/v) sodium citrate to quench the reaction. Absorbance was then measured at 650 nm. All
reactions were performed in triplicate with calculated standard deviations. Serial dilutions of
KH2PO4 were prepared to set up a standard curve to calculate the amount of phosphate released.

Prism (GraphPad) was used to perform statistical analysis and generate plots of the data.
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2.5 Supplemental data

Uninduced Induced (ATc 100 ng/ml)
mChe"y. .
mCherry-c"mo_l:‘o. .
mCherry-Psz. .

Figure S1. Phaedrus gp82 localized to the host cytoplasm.
An inducible Phaedrus gp82-mCherry fusion construct was transformed into M. smegmatis mc? 155, and localization
of the resulting fusion protein was monitored over 24 hours. Samples were taken at the indicated time points, and
fluorescent microscopy performed. Mycobacteriophage protein Cuco gp50 (UniProt ID: G1JUMS5) serves as a control
as it is known to us to localize to the host cell pole. mCherry was also tested as a control for a protein known to
localize to the cytoplasm and as a control for the fusion protein itself. From these data, we concluded that mCherry-

P82 localizes to the cytoplasm.
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Figure S2. Phaedrus gp82 disordered loop (DL) mutant is a trimer.
Size Exclusion Chromatography of P82 WT vs. P82 disordered loop triple mutant. Analysis was performed using an
analytical sizing column (Superdex S200 10/300 GL). The positions and molecular weights of the standards are
indicated by arrows above the chromatogram. The elution profile suggests that Phaedrus gp82 DL mutant remains a

trimer in solution.
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Figure S3. Phaedrus gp82 interacts with MoxR ATPase.
Cell lysates from M. smegmatis expressing either Phaedrus gp82 (C-terminal HA-tagged) or Phaedrus gp82 (untagged)
were prepared and immunoprecipitated with anti-HA agarose beads. Flowthrough FT samples indicate unbound
proteins, while the Wash sample is the last of the four washes performed. Proteins retained on the beads after washing
were liberated by boiling with SDS loading buffer and are indicated as Bead samples. Samples were separated on 4—
20% SDS-PAGE gel, followed by staining with Coomassie Blue. Arrows indicate the positions of proteins excised
from the gel and sent for protein identification. LC/MS (Figure S4) identified the upper band as MSMEG_3147
(MoxR), while the lower band was identified as MSMEG_0970, a member of the phosphoglycerate mutase protein
family. The asterisk indicates the migration of P82. On the right, the same experiment was run, loaded as indicated,

but performed using HA-tagged P82 containing the disordered loop triple mutant.
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MoxR ATPase (MSMEG_3147)

Protein sequence coverage: 82%

Matched peptides shown in bold red.

1 MNN

51

GVAKTLAVET

101 GPA

151
201
251
301

TQNPIEQEGV
QILTTGDLLR
AYGASPRASL
ALADEISSET

IFEV
FAKVVGGTFA
DEINRAPAKV
YQLPEAQRDR
LQDVAANTEV
GIISAARALA
VVNRILQTVA

ERIIVGQODQL VERMLVGLLA

RIQFTPDLVP TDIVGTRIYR Q

QSALLEIMAE RKISIGGQTF
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Figure S4. Identification of proteins that bind Phaedrus gp82.

Location of observed peptides from LC/MS within the primary sequences of MoxR and Phosphoglycerate mutase.

Amino acids shown in red were contained within peptides observed by LC/MS with high confidence, while the black

text indicates residues that were not observed in the analysis. Sequence coverage and strength were both much higher

for MoxR.
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Figure S5. Standard curve for the detection of orthophosphate using the malachite green assay.

The standard curve was prepared using dilutions of KH,PO,4. The error bars represent the standard deviation from

three independent experiments.
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3.0 Adephagia gp73: A potential anti-sigma factor

3.1 Introduction

Metagenomic studies have shown that mycobacteriophages are a highly diverse group of
bacteriophages. Over 2230 mycobacteriophage genomes have been fully sequenced and grouped
into 31 clusters and 10 singletons (Hatfull et al., 2010; Pope et al., 2015; Russell & Hatfull, 2017).
The sequenced genomes include 246,272 genes sorted into 7798 protein phamilies (Cresawn et al.,
2011). Approximately 171267 (69.5%) of these protein Pham are of unknown function (Pope et
al., 2015). The unique diversity of these phages makes them fascinating organisms to learn more
about phage biology and to gain insight into the potential novel mechanisms that regulate phage-
host interactions. Given that mycobacteriophage genomes harbor a large pool of gene products of
unknown function, there is excellent potential to identify unexplored pathways that regulate the
phage-mycobacterial host interactions.

Phage infection can significantly alter biological processes of the host cell. Upon lytic
infection, phage early gene products start interfering with host DNA replication, cell division,
transcription, protein synthesis, and many other cellular pathways important for the host’s normal
growth (Drulis-Kawa et al., 2012). Billions of years of evolution between phage and bacterial hosts
gave rise to the development of defense and counter-defense mechanisms which in turn keeps both
entities in a constant evolutionary arms race (Dedrick, Jacobs-Sera, et al., 2017; Teklemariam et
al., 2023). The number of mycobacteriophage proteins with unknown functions represents an
extensive reservoir of unexplored proteins that could be exploited to discover potential novel

mechanisms by which phage interacts with the host cell. Moreover, these proteins can potentially
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guide us in identifying new mycobacterial targets for the development of antimycobacterial drugs.
Not all these proteins may produce a specific phenotype when expressed in the host cell; however,
those with cytotoxic or inhibitory effects are particularly interesting.

Some mycobacteriophages have been shown to infect the causative agent of tuberculosis,
Mycobacterium tuberculosis (MTB). For example, Cluster K mycobacteriophage Angelica, CrimD,
Adephagia, Anaya, TM4, and Pixie efficiently infect MTB (Pope et al., 2011). Their ability to infect
MTB makes them of great research interest for exploring potential novel pathways used by these
phages to infect their host. In this project, a set of non-structural proteins of phage Adephagia were
determined and subjected to further investigation. The cytotoxicity assay was performed on 48
Adephagia proteins by expressing them individually in M. smegmatis mc? 155. Moreover, the
solubility of these proteins was examined by expressing each protein in E. coli as a fusion protein
with N-terminal Hisio-mRuby. Among these proteins, Adephagia gp73 was shown to be soluble
and predicted to crystallize.

Adephagia gp73 was crystallized by a previous undergraduate student, Sterling Sanders.
Here, we report the crystal structure of Adephagia gp73. Chemical crosslinking and size exclusion
chromatography suggest that the protein is a dimer in solution. In addition, structural homology

searches suggest that Adephagia gp73 is potentially an anti-sigma factor.
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3.2 Results

3.2.1 Crystal structure of Adephagia gp73

To obtain information that might guide us to identify a potential function for Adephagia
gp73, we crystallized and determined the protein structure using X-ray crystallography. Cubic
crystals of around 100 microns on each edge grew at 4 °C over the course of several days using
the vapor diffusion method. The crystals belong to space group P 43212 and contain one molecule
of Adephagia gp73 within the asymmetric unit. We obtained phasing information using anomalous
dispersion from 3 sulfur atoms (S-SAD) from data collected at our home source. The structure was
then improved by refinement against native data at 1.0 A resolution collected at APS beamline 31-
IDD. The model was refined to an R-work/ R-free of 13.12% and 14.28%, respectively. Data
collection and refinement statistics are shown in Table 2.

The electron density map shows all the residues of Adephagia gp73 except for the last 11
C-terminal residues, which are disordered. The secondary structural elements of Adephagia gp73
include four small helices (a1-04), a small antiparallel $-sheet, and six random coils, as shown in
(Figure. 12A-B). Adephagia gp73 is a small protein of 8.7 KD, and the overall structure is compact.
The helices (a2- 04) form a 3-helical bundle that is connected to the -sheet through a4, while the
C-terminal coil is in contact with al. Adephagia gp73 is an acidic protein with a theoretical pl of
4.8. The acidic residues, particularly glutamic acids, form negatively charged patches over the
protein surface except for al and the C-terminal coil, where the positively charged patches of
arginine residues are predominant. The electrostatic surface potential suggests that the negative

and positive electrostatic surfaces are distributed over the entire protein surface (Figure. 13).
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Structural homology search using DALI (Liisa Holm, 2022) and FATCAT (Ye & Godzik,
2004) servers generated several hits with good similarity to Adphagia gp73. However, the top hit
was identified using PDBeFold (Krissinel & Henrick, 2004), which revealed significant similarity
to the cytoplasmic domain of the Pseudomonas putida anti-sigma factor PupR (PDB: 5CAM). The
anti-sigma factor is a small protein (9.5 KD) that folds into a 3-helical bundle. The structural
alignment suggests that the 3-helical bundle of the two proteins is strikingly similar with an rmsd

of 2.4 A. (Figure. 14).
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Figure 19. Crystal structure of Adephagia gp73
(A) Sequence and secondary structure representation of the crystal structure of Adephagia gp7. Dotted line represents
the disordered region. (B) The overall structure of Adephagia gp73. The structure contains 3-helical bundle (a2-04).
The secondary structure elements are indicated. The protein contains a disordered region of eleven residues at the C-

terminal end.
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Figure 20. Electrostatic surface potential of Adephagia gp73
Electrostatic potential mapped onto the surface of Adephagia gp73. Negatively charged residues (red color)
are distributed over the protein surface, while the positively charged (blue color) are predominant in the al and the C-

terminal coil. The electrostatic potential was calculated with Pymol APBS plugin.
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Figure 21. Superposition of Adephagia gp73 with anti-sigma factor PupR
Two views of superimposed structure of Adephagia gp 73 with anti-sigma factor PupR (PDB: 5CAM).

Structural alignment shows that the 3-heical bundle of the two proteins are similar with an rmsd of 2.4 A.
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Table 3. Data collection and refinement statistics (molecular replacement)

Sulfur anomalous Native

Data collection
Space group P43212 P43212
Cell dimensions (A)

a=b 50.05 50.21

c 55.2 55.38
Resolution (A) 37.1-1.70 37.20-1.14

(1.75 - 1.70) (1.18-1.14)
Unique reflections 7566 (805) 24963 (2520)
Rmerge 0.73 (0.85) 0.74 (0.66)
I/oI 996.8 (149.7) 336.8 (64.4)
Completeness (%) 90.82 (100) 94.35 (97.22)
Redundancy 68.6 (55.10) 40.90 (27.15)
Refinement
Resolution (A) 21.80-1.01
(1.05-1.01)

Ryork / Riree (%) 13.12/14.28
No. atoms 666

Protein 546

Water 120
Avg B-factors 12.45

Protein 10.65

Water 20.63
R.m.s. deviations

Bond lengths (A) 0.008

Bond angles (°) 1.07
Ramachandran (%)
Favored 100

Values in parentheses represent the outer resolution shell.
“ Rmerge = (|(21 - <I>)|)/ (2]), where <[> is the average intensity of multiple
measurements.
b Rwork = Tkl |Fo(hkl)|| - Fe (hkD)|[/Zhit |Fo(hKD)).
¢ Ry represents the cross-validation R factor for 10 % of the reflections against
which the model was not refined.

3.2.2 Adephagia gp73 is a dimer in solution

We used PDBePISA (Krissinel & Henrick, 2007) to investigate how Adephagia gp73
assemblies. Crystal packing revealed that two molecules of Adephagia gp73 form a dimeric

interface with a buried surface area of 533 A2. The monomers are assembled in such a way that
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the 3-helical bundle of each monomer is in contact with the B-sheet and al of the other monomer
(Figure. 15). However, the crystal packing calculation did not generate a significant score (CSS)
for the complex formation mentioned above, meaning that the crystal packing calculation is
uncertain. Therefore, we tested the ability of Adephagia gp73 to form an oligomer in solution. We
carried out a protein crosslinking experiment using glutaraldehyde. We found that Adephagia gp73
forms a dimer within 1 minute of the addition of the crosslinker (Figure. 16). Higher oligomeric
states start to form as the cross-linking reaction proceeds, but the highest intensity band was the
one for the dimer. This suggests that Adephagia gp73 is potentially a dimer in solution. We
confirmed this observation by using analytical size exclusion chromatography (SEC) Superdex
200 10/300 GL to monitor the retention volume of Adephagia gp73. We used Bovine serum
albumin (BSA, 66 kDa), Tobacco Etch Virus (TEV, 27 kDa) protease, and lysozyme (14 kDa) as
molecular weight standards. The SEC profile of Adephagia gp73 showed a single peak with a
retention volume corresponding to an apparent molecular weight of a dimer (Figure. 17).
Altogether, these experimental data may confirm that Adephagia gp73 forms a dimeric complex

in solution.
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Figure 22. Crystal packing of Adephagia gp73
Crystal packing revealed that two molecules of Adephagia gp73 form a dimeric interface. The complex is stabilized

by hydrophobic interactions. The secondary structure elements are indicated for each monomer.

Tetramer

Dimer

Figure 23. Adephagia gp73 oligomerization evaluated by chemical crosslinking
Adephagia gp73 oligomerization evaluated by chemical crosslinking using glutaraldehyde. SDS PAGE shows non-
crosslinked (NC) Adephagia gp73 in the second lane, and crosslinked protein in the rest of the lanes. The crosslinking
incubation time is indicated. The intensity of the dimer band is increasing as the crosslinking reaction proceeds,

suggesting that Adephagia gp73 has a higher affinity to form a dimer.
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Figure 24. Adephagia gp73 oligomerization evaluated by analytical size exclusion chromatography
Superdex S200 10/300 chromatogram shows the elution volumes of Adephagia gp73 and the standard proteins bovine
serum albumin (BSA), TEV protease, and lysozyme. The elution volume of Adephagia gp73 compared to the standard

proteins suggests that Adephagia gp73 is a dimer.

3.2.3 AlphaFold model of Adephagia gp73-host sigma factor

Genomic analysis suggests that the genome of Mycobacterium smegmatis contains 26
sigma factors (Waagmeester et al., 2005). Seven of these sigma factors have been characterized
experimentally (Fernandes et al., 1999; Predich et al., 1995; Wu et al., 1997). We then investigated
the interaction of Adephagia gp73 with all the seven characterized sigma factors by generating
AlphaFold predicted models. To ensure the validity of the predicted models, we used a control
model where the interaction of the sigma-anti-sigma factor is known. Here the control was the
predicted model of extracytoplasmic function (ECF) sigma factors SigH (MSMEG_1914) with its
cognate anti-sigma factor RshA (MSMEG_1915). The significance of the predicted models was

assessed using three physicochemical properties: complex formation significance score (CSS),
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interface area, and solvation energy gain (AG) (Table 3). We then compare the data between
generated models to evaluate how valuable the prediction process is. However, although the
control (MSMEG_1915-MSMEG_1914) shows a convincing model, some other models were
predicted with better physicochemical properties, such as MSMEG_1915-MSMEG_1690 and
MSMEG_1915-MSMEG_0573. Moreover, the predicted models for Adephagia gp73 with all
seven sigma factors had no significant physicochemical properties. This may suggest that using
AlphaFold prediction is not an appropriate strategy to identify the potential sigma factor that binds
Adephagia gp73.

We then sought to identify a crystal structure of the sigma factor with its cognate anti-
sigma factor to identify the interface residues of the anti-sigma factor. Here, we aimed to find
shared residues among the anti-sigma factor and Adephagia gp73 involved in the interaction with
sigma factor. We identified the crystal structure of sigma factor SigW in complex with its cognate
anti-sigma factor RsiW from Bacillus subtilis (PDB: 5WUR). We found that Adephagia gp73 has
strong structural similarity to the anti-sigma factor RsiW (Figure 18). However, there is no
evidence of shared residues involved in the protein interface between RsiW and Adephagia gp73.
Thus, our strategies suggest that the sigma factor that potentially binds Adephagia gp73 should be

determined experimentally.
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complex with 7 different host sigma factors.

Table 4. The calculated physicochemical properties of the predicted AphaFold models of Adephagia gp73 in

Anti-sigma factor | Sigma factor Complex Formation Interface area AG
(Structure 1) (Structure 2) Significance Score (A?) (kcal/mol)
(CONTROL) (Css)
MSMEG_1915 | MSMEG_1914 1.00 1977.8 -15.1
MSMEG_1915 | MSMEG_2752 1.00 1170.2 -14.6
MSMEG_1915 | MSMEG_4405 1.00 2181.4 -14.6
MSMEG_1915 | MSMEG_5072 1.00 1978.7 -12.7
MSMEG_1915 | MSMEG_1690 1.00 1985.5 -17.4
MSMEG_1915 | MSMEG_2758 0.00 580.8 -4.6
MSMEG_1915 | MSMEG_0573 1.00 2166.3 -20.9
Adephagia gp73 | MSMEG_1914 0.00 1161.4 -6.3
Adephagia gp73 | MSMEG_2752 0.00 913.8 -1.5
Adephagia gp73 | MSMEG_4405 0.00 1265.9 -4.4
Adephagia gp73 | MSMEG_5072 0.00 969.0 -0.9
Adephagia gp73 | MSMEG_1690 0.10 1047.8 -5.1
Adephagia gp73 | MSMEG_2758 0.00 580.8 -4.6
Adephagia gp73 | MSMEG_0573 0.00 1123.9 -4.2
N-Terminal
_C-Terminal

B Adephagia gp73
I Anti-sigma factor RsiW from Bacillus subtilis (PDB: SWUR)

Figure 25. Superposition of Adephagia gp73 with anti-sigma factor RsiW from Bacillus subtilis.
Superimposed structure of Adephagia gp 73 with anti-sigma factor RsiW (PDB: 5WUR). Structural alignment of the

two proteins yielded an rmsd of 2.5 A.
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3.3 Discussion

The sequenced genomes of mycobacteriophages provided clear evidence that their
genomes are remarkably diverse. This diversity arose from billions of years of an evolutionary
arms race between phages and their mycobacterial hosts (Hendrix, 2002). As bacteria defend
themselves against phage attack, phages respond to the bacterial defense by developing
counterattack strategies to ensure their survival (Shabbir et al., 2016).

Mycobacteriophage evolution enabled them to expand their host range to infect different
species (Jacobs-Sera et al., 2012). Mycobacteriophage adephagia has been shown to infect the
causative agent of tuberculosis, Mycobacterium tuberculosis (MTB). The emergence of MDR-
MTB and XDR-MTB hampered the effective management of this deadly pathogen. This situation
entails developing new strategies to cope with MTB. The ability of mycobacteriophage adephagia
to infect MTB makes it of great interest to investigate the proteins encoded by its genome that
could modulate the host metabolism. This may allow us to explore new pathways to cope with
MTB, specifically to identify a potential target that can be used for the development of new anti-
MTB drugs.

Here, Adephagia gp73 is among many other candidate proteins encoded by the genome of
phage Adephagia, which have been selected for further investigation. Initially, we attempted to
extract useful information about this protein by solving its structure. We successfully crystallized
the proteins and solved the structure at 1.0 A resolution. We experimentally showed that
Adephagia gp 73 is a dimer in solution. Many efforts have been made to obtain useful information
about the host binding partner through pulldown assay; however, our data suggest that Adephagia

gp73 was not expressed in the host cell.
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Structural homology search suggests that Adephagia gp73 bears similarity to the
cytoplasmic domain of the Pseudomonas putida anti-sigma factor PupR (PDB: 5CAM).
Adephagia gp73 folds into a 3-helical bundle found in many anti-sigma factors. We, therefore,
proposed that Adephagia gp73 is an anti-sigma factor. We used AlphaFold prediction to identify
the potential sigma factor that binds Adephagia gp73. Among the 26 predicted sigma factors
encoded by M. smegmatis genome, 7 sigma factors have been experimentally characterized, which
were used to generate AlphaFold prediction models. However, the AlphaFold models of
Adephagia gp73 with all 7 experimentally revealed no significant physicochemical properties,
suggesting that model prediction may not be a valuable strategy to identify the potential sigma
factor. Moreover, although Adephagia gp73 is similar to the anti-sigma factor RsiW from Bacillus
subtilis, we could not identify any shared residues between RsiW and Adephagia gp73 that are
involved in the protein interface. It has been reported that anti-sigma factors share minimal
sequence similarity making them difficult to identify through sequence homology search
(Campbell et al., 2007). However, Adephagia gp73 shares the structural motif of a 3-helical bundle
with other anti-sigma factors. This helical bundle is termed the anti-sigma domain (ASD), found
in many anti-sigma factors (Campbell et al., 2007; Campbell et al., 2003). The ASD was suggested
to regulate the activity of their cognate sigma factors in response to different environmental signals
(Campbell et al., 2007). Adephagia gp73 was not expressed using both extrachromosomal and
integrated plasmids. Further investigation will be needed to identify the optimal approach to

express Adephagia gp73 in M. smegmatis.
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3.4 Material and Methods

3.4.1 Protein purification

The coding sequence for Adephagia gp73 (UniProtKB: G1BPS7) was cloned into a
modified pET28a vector, driving the expression of Adephagia gp73 with N-terminal Hisio-
mRuby2 tags and TEV protease cleavage site. The protein was expressed in LB media using
Rosetta2 E. coli. Protein expression was induced at an optical density (ODsoo) of 0.6 by adding 0.5
mM IPTG for 24 hours at room temperature. Cells were harvested by centrifugation and lysed by
homogenization in lysis buffer containing (20 mM Tris, pH 8.0, 0.5 M NaCl, 10% glycerol, 20
mM Imidazole, and 1mM B-mercaptoethanol). The cell lysate was clarified by centrifugation at
30,000 x g for 30 min. Adephagia gp73 fusion protein was initially purified using nickel-affinity
chromatography, followed by overnight TEV digestion to remove the Hisio-mRuby?2 tag. The
resulting mixture was further purified by a second round of nickel affinity chromatography to
remove the Hisio-mRuby?2 tag. Anion exchange chromatography (HiTrap Q HP, GE Healthcare)
followed by size exclusion chromatography (Sephacryl-200, GE Healthcare) in a buffer containing
[20 mM Tris, pH 8, 150 mM NaCl, and 1 mM B-mercaptoethanol] completed the prep. Three non-
native residues (GGS) at the N-terminus remain after TEV cleavage. The resulting protein
fractions were evaluated by SDS-PAGE, and the purity was > 99%. The protein fractions were
subsequently pooled and concentrated in the same size exclusion chromatography buffer to

approximately 10 mg/ml before crystallization.
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3.4.2 Crystallization and structure determination

The crystals of Adephagia gp73 were grown at 4 °C using the sitting-drop vapor diffusion
method, mixing 1pL of protein and 1L well solution containing 30% (v/v) PEG 8000, 0.1 M Tris
pH 8. Cubic-shaped crystals (~100 microns on each edge) were grown over the course of several
days. Crystals were soaked in cryoprotectant containing the reservoir solution supplemented with

30% glycerol and then flash-frozen in liquid nitrogen before data collection.

High-resolution diffraction data from native Adephagia gp73 crystals were collected at
beamline (31-IDD) at the APS at Argonne National Laboratory (Chicago, Illinois). The data were
then processed and scaled using the autoPROC toolbox (Vonrhein et al., 2011). Phasing
information was obtained using single-wavelength anomalous dispersion of native sulfur atom (S-
SAD) using data collected from a single crystal at our home source at Cu-Ka. Diffraction data
were then integrated, merged, and scaled with HKL2000 (Zbyszek Otwinowski & Wladek Minor,
1997). Three sulfur sites were identified using Phenix/HYSS (Adams et al., 2010; Grosse-
Kunstleve & Adams, 2003), and phases were calculated using AutoSol (Terwilliger et al., 2009)
as implemented within Phenix. Initial maps were improved by density modification using
RESOLVE, resulting in readily interpretable electron density. Using COQOT, an initial model was
built into this map, and the resulting model was refined against the high-resolution native data
described above. The resulting model was further refined by positional and anisotropic B-factor
refinement. Model quality throughout the refinement process was monitored and validated by

MolProbity. Data collection and refinement statistics are shown in Table 1.
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3.4.3 Chemical Crosslinking

A chemical crosslinking experiment was performed as previously described (Slavin et al.,
2020) with a few modifications. First, the protein sample at a final concentration of 1 mg/ml was
incubated with glutaraldehyde crosslinking buffer containing (50 mM HEPES pH7, 100 mM
NaCl). Next, the glutaraldehyde was added at a final concentration of 1%, and the final reaction
volume was 80 pl. Next, the reaction mix was incubated at room temperature with agitation for 30
minutes. Samples of 10 ul each were taken after 1, 5, 10, 20, and 30 minutes of incubation, and
the reaction was quenched in each sample by adding (Tris-HCI, pH8.0) to a final concentration of
50 mM. Protein samples were then separated by 15% SDS-PAGE and visualized by staining with

Coomassie blue staining.

3.4.4 Analytical Size Exclusion Chromatography

Analytical size exclusion was performed using Superdex 200 10/300 column. The column
was equilibrated with the running buffer containing (20 mM Tris pH 7.5, 150 mM NaCl, and 1
mM BME). Approximately 500 pl of the purified Adephagia gp73 was loaded into the column at
a concentration of 2 mg/ml and running at a flow rate of 0.3 ml/min. Bovine serum albumin (BSA),
TEV protease, and Lysozyme were used as protein standards. The same buffer and flow rate were

used for running the protein standards.
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4.0 Discussion and future directions

The sequenced mycobacteriophage genomes are, perhaps, the most extensive collection of
genomes that harbor such a reservoir of unknown function genes. Although we know the
fundamentals and many facts about phage biology, mycobacteriophage genomics suggests
learning more about phage-host relationships. Therefore, the phage database represents a unique
platform to gain a closer insight into the novel mycobacteriophage gene products and how they
might interact with the host cell. However, given that the number of protein Phams is currently
7798, it is impractical to experimentally identify the function of each unknown function protein
even if we select a representative protein of each Pham, not to mention the fact that the number of
new Pham is constantly increasing.

Mycobacteriophages have been assorted into 31 clusters. Among these clusters, 12 have
been further divided into 73 subclusters. This will make a little less than 100 clusters/subclusters
(or groups) of mycobacteriophages. Given the abovementioned data, research should be focused
on those phages that can infect the pathogenic M. tuberculosis. Therefore, identifying the phages
that can infect M. tuberculosis would be important in determining the candidate proteins for
subsequent investigation.

Superinfection exclusion seems to be a common phenomenon in a wide range of
bacteriophages. To complete a successful infection, phages will need the host cell machinery; and
switching to lytic growth will typically result in cell lysis. It was proposed that the toxic impact
resulting from overexpression of phage protein in the host cell is due to an inactivation of specific
host proteins involved in cellular pathways that are essential for other phages to infect the same
bacteria (Ko & Hatfull, 2018, 2020). For example, gp52 of mycobacteriophage Fruitloop which
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interacts with and inactivates the host protein Wag31. This interaction prevents superinfection by
other phages in Subcluster B2, such as Rosebush and Hedgerow, which depend on Wag31 for their
infection (Ko & Hatfull, 2018). It has been reported that approximately 23% of mycobacteriophage
proteins have toxic effects when overexpressed in the host cell, M. smegmatis (Ko & Hatfull,
2020). It has been also hypothesized that many bacteriophages early proteins are required only in
specific environmental conditions by providing a selective advantage for the phage (Miller et al.,
2003). We therefore expect that superinfection exclusion is a common defense strategy used by
phages to prevent secondary infection. The toxic effect resulting from overexpression of phage
proteins in the host cell is potentially due to interfering with cellular pathways essential for other

phages to infect the same bacteria.

4.1 Phaedrus gp82 project

Deriving useful information about Phaedrus gp82 through a sequence homology search
was challenging. | think many thousands of mycobacteriophage proteins have no sequence
homologs outside their assigned phams, and thus Phaedrus gp82 is not a unique case. However, |
believe that the strategy we used to approach this project was successful. We used several methods,
including biochemical, structural, and cell biology techniques, to extract information that led us to
answer many biological questions relevant to this project. We were able to identify the potential
function of 41 proteins belonging to pham number 2312, including Phaedrus gp82 as a
representative of this pham. The 41 protein sequences in this pham are novel and of unknown

function.
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We identified how Phaedrus gp82 folds, and we experimentally determined segments of
the protein that are important for the protein interactions and the critical residues at the binding
site. We showed that the overexpression of Phaedrus gp82 in the host cell results in a small colony
phenotype. In addition, we demonstrated that Phaedrus gp82 interacts with the host protein MoxR
ATPase, and we showed that the disordered loop is critical for Phaedrus gp82 binding. MoxR
ATPase is proposed to perform a chaperone function (Snider & Houry, 2006). Like other P-loop
NTPases, MoxR ATPases bind and hydrolyze ATP molecules to gain the energy required to help
proteins fold and assemble into protein complexes (Bhandari et al., 2022). We showed that the
ATP hydrolysis activity of MoxR was reduced upon Phaedrus gp82 binding. This suggests that
Phaedrus gp82 either blocks the ATP binding site or introduces conformational changes in MoxR
that prevent ATP binding.

However, several aspects of the Phaedrus gp82 project need to be investigated further to
gain deeper insight into the mechanism by which Phaedrus gp82 mediates the interaction with the
host cell. We demonstrated that the disordered loop of Phaedrus p82 mediates the interaction with
MoxR, and mutation in this loop blocks the small colony phenotype. The wing deletion, D38A,
E43A, and D45A mutants block the small colony phenotype but they still bind MoxR. Therefore,
we hypothesize that there is potentially another protein involved in the observed small colony
phenotype. According to our pull-down experiment, one protein candidate would be
phosphoglycerate mutase (MSMEG_0970), which was co-eluted with HA-tagged Phaedrus gp82
besides MoxR. It is possible that Phaedrus gp82, MoxR, and MSMEG_0970 form a complex and
that a stable complex requires the presence of all three proteins. MSMEG_0970 has been expressed
in E. coli and purified. However, during the purification, the protein was prone to degradation and

seemed to be misfolded. Therefore, | was not able to test this hypothesis in vitro. This hypothesis
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can be tested by performing two experiments of co-immunoprecipitation followed by western blot.
The first experiment examines whether MoxR binds MSMEG_0970 in the absence of Phaedrus
gp82. This can be achieved by overexpressing both HA-tagged MoxR and FLAG-tagged
MSMEG_0970 in M. smegmatis and performing a pulldown experiment followed by western blot.
If the binding is confirmed, then this suggests that either: 1) Phaedrus gp82 binds MoxR and that
MSMEG_0970 co-eluted in our pulldown experiment, or 2) Phaedrus gp82 binds MSMEG_0970
and that MoxR co-eluted. If there is no binding, this may suggest that Phaedrus gp82 mediates the
interaction between MSMEG_0970 and MoxR. However, we previously confirmed that Phaedrus
gp82 binds MoxR in vitro by observing a reduction in MoxR ATP hydrolysis. Thus, this might
suggest that Phaedrus gp82, MoxR, and MSMEG_0970 form a complex and that Phaedrus gp82
potentially mediates the interaction between MoxR and MSMEG_0970.

Another protein candidates for the same hypothesis would be VVon Willebrand Factor Type
A (VWA) domain-containing proteins (MSMEG_3148 and MSMEG_3149). MoxR genes are
commonly found near genes encoding for proteins that contain VWA domain. Although not well
characterized in prokaryotes, the VWA domain-containing proteins are known to mediate protein-
protein interactions (Springer, 2006; Whittaker & Hynes, 2002). Due to the proximity of the genes
encoding for MoxR and VWA domain-containing protein, they were suggested to function
together (Snider & Houry, 2006). In M. smegmatis, the MoxR gene is followed by two genes
encoding for VWA domain-containing protein, MEMEG_3148 and MEMEG_3149. Two
individual in vitro experiments can be performed to investigate the interaction between 1) MoxR
and MEMEG_3148 and 2) MoxR and MEMEG_3149. First, these two proteins can be
overexpressed in E. coli and then purified to homogeneity. Then investigate the interaction of each

protein with MoxR using native-PAGE. If the interaction is confirmed, the next step is adding
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Phaedrus gp82 to the complex in a titration experiment. The outcome of this experiment might
provide a novel insight into the function of both MoxR and VWA domain-containing proteins and
how Phaedrus gp82 might interfere with their mechanism of action.

Another hypothesis would be that there is a ligand mediates a stable interaction between
Phaedrus gp82 and MoxR, or that MoxR undergoes posttranslational modification in M. smegmatis
which may facilitate Phaedrus gp82 binding. This hypothesis can be tested by overexpressing
FLAG-MoxR in M. smegmatis and then purifying the FLAG-tagged MoxR from the cell lysate
using anti-FLAG affinity agarose beads. After washing impurities, the interaction between
Phaedrus gp82 and FLAG-tagged MoxR can be examined on native PAGE. If the interaction is
confirmed, a sample of MoxR can be analyzed by mass spectrometry to detect the potential
posttranslational modification. In this case, a sample of FALG-tagged MoxR overexpressed in E.
coli will be used as a control (unmodified) to compare the difference in mass between modified
and unmodified MoxR.

Finally, MoxR has an ortholog in M. tuberculosis which has been demonstrated to be
required for the proper folding of resuscitation-promoting factor (Rpf)-interaction protein A
(RipA) (Bhuwan et al., 2016). Furthermore, RipA has been shown to interact with lytic
transglycosylases, RpfB, and RpfE, and all are required for proper cell division (Hett et al., 2008;
Hett et al., 2007). We hypothesize that the interaction between Phaedrus gp82 and MoxR impedes
the proper function of MoxR as a chaperone, which may result in incorrectly folded RipA and
consequently reduce cellular growth. To test this hypothesis, first we need to confirm the
interaction between MoxR and RipA. Similar approach used in Bhuwan et al can be performed
with a little modification. Both HA-tagged MoxR and FLAG-tagged RipA are overexpressed

(using integrated vectors) in M. smegmatis and perform pulldown experiments followed by
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western blot. If the interaction is confirmed, the follow-up experiment would be to overexpress
HA-tagged MoxR, FLAG-tagged RipA, and untagged Phaedrus gp82 (extrachromosomal vector)
followed by pulldown and western blot. If no interaction is detected between MoxR and RipA, it
may strongly suggest that Phaedrus gp82 blocks the interaction between MoxR and RipA and that

the small colony phenotype could result from incorrectly folded RipA.

4.2 Adephagia gp73 project

Adephagia gp73 has no sequence homology to any protein outside the pham where it
belongs. However, its structure suggests that it has an anti-sigma domain (ASD), a structural motif
found in many anti-sigma factors. Many attempts have been made to identify the binding partner
using pull-down assays. However, the protein was not expressed in M. smegmatis using both
extrachromosomal and integrated plasmids under optimal environmental conditions. Upon
determining the optimal approach to express Adephagia gp73, the binding partner (the host sigma
factor) can be identified using pull-down experiment. The next step would be to perform RNAseq
to identify genes whose transcription might be regulated by Adephagia gp73. This can be achieved

by comparing the total RNA from M. smegmatis expressing Adephagia gp73 to M. smegmatis wild

type.
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