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Abstract of the Dissertation 

 

Characterization of the first bacteriophage tubulin homolog PhuZ 

 

by 

 

Marcella Louise Erb 

Doctor of Philosophy in Biology 

University of California, San Diego, 2013 

 

Professor Joseph Pogliano, Chair 

 

 Interactions between viruses and their host’s cytoskeletal proteins have proven to 

be essential components of viral infections. Newly sequenced bacteriophages have genes 

encoding their own putative cytoskeletal proteins, but nothing was known about what 

role these viral cytoskeletal proteins might play in infection.  Here I characterize the first 

bacteriophage tubulin homolog, PhuZ, and demonstrate that it has an important and 

conserved role during lytic growth.  It is the first prokaryotic tubulin shown to be 

dynamically unstable in vivo and actively position a mass of phage DNA in 
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the center of the infected cell. This positioning is important for encapsidation of phage 

DNA and subsequent production of progeny phage. PhuZ polymerizes by a unique 

mechanism that requires its extended C-terminal tail and potentially forms a three-

stranded filament, a reduced prokaryotic version of the eukaryotic microtubule. Using 

mass spectrometry, we have determined that PhuZ is among the proteins encoded in the 

phage genome  that are only expressed inside the infected cell and are not found in the 

mature virion.  
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Introduction: The Cytoskeleton and Biology of the Cell 

 

The Cytoskeleton of Eukaryotic Cells 
 
 The ability of cells to organize and localize proteins within their internal space is 

a fundamental and universal need of living organisms. Cytoskeletal proteins are a major 

component of such organization in all three domains of life.  There are three generally 

accepted major classes of cytoskeletal proteins, all first discovered in eukaryotic cells: 

actins, intermediate filaments, and tubulins.  

 Actins are the smallest type of cytoskeletal filament – sometimes termed 

“microfilaments” because they are only 5-9 nm in diameter – found in the eukaryotic cell. 

Actin is highly conserved in eukaryotes, with 89% identity between some of the furthest 

branches of the eukaryotic family tree. Actin exists in the cell as either monomeric or G-

actin, or in a polar filament as F-actin. Two proto-filaments of F-actin will entwine 

together, stabilized by lateral interactions, and this twisted filament is found to be 

essential for a wide array of cellular functions. Actins are responsible for rearrangements 

of the cell membrane during motility, growth, and cell division.  

 Intermediate filaments were so termed due to their intermediate size, in between 

that of actin and microtubules at a diameter of 10 nm, and are considered primarily 

structural support components of the cell. They form the laminar structure of the nuclear 

membrane and sometimes stretch across cell junctions. They are composed of 

overlapping tetramers and as such, resist mechanical stresses such as bending. In contrast 
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to actin and tubulin (discussed next) these polymers are non-polar and are not reliant on a 

nucleotide triphosphate to regulate assembly and disassembly.  They are also static. 

 Tubulin is a small globular GTPase that assembles in a head to tail fashion to 

form polar polymers or filaments. These filaments can go on to further assemble into a 

large (25 nm) hollow tube known as a microtubule, as well as more complex structures, 

that the cell can use for a wide variety of functions.  It was these microtubules that were 

first spotted in electron micrographs of eukaryotic cells in 1953 [1].  

 Since their discovery, microtubules have been extensively studied in eukaryotic 

cells. They are formed from polymerized heterodimers of α- and β-tubulin. Their best 

understood function is as the organizing spindle for sister chromatids during cell division. 

During mitosis, duplicated chromosomes become attached to an array of bipolar 

microtubules, called the mitotic spindle. Once all of the sister chromatids are aligned at 

the spindle equator, they are pulled apart to opposite ends of the cell by the disassembling 

microtubules. Disruption of proper spindle formation or contraction leads to a failure of 

cell division and usually to cell death. For such reasons, microtubules have become 

important drug targets in cancer biology.  In eukaryotes, microtubules also function as 

tracks for protein trafficking, compose the core of the flagellum for cell motility, and 

form the principle component of the contractile unit of muscle fibers.  α- and β-tubulin 

show a 75% sequence identity from yeast to humans [2] and there are 5 sub-types of 

tubulin recognized – α, β, γ, δ and ε - some restricted to certain taxa or representing very 

specialized functions.   
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The Cytoskeleton of Prokaryotic Cells  
 
 A lack of obviously similar microtubules or internal cellular structures led to the 

widespread inference for nearly 50 years that bacterial and archaeal cells did not possess 

any cytoskeleton, and in fact had very little or no subcellular organization.  Increased 

interest in bacterial physiology in the last three decades, as well as important 

technological advances have seen this paradigm completely debunked.  All three classes 

of cytoskeletal proteins found in eukaryotes are now well represented in bacteria, and 

additional groups of cytoskeletal proteins with no eukaryotic homologs are being added 

as well.  Here I will discuss each of them briefly, with a special emphasis on tubulins.  

 

Actins 

 The actin homolog MreB was first discovered to be a principal component in 

conferring cell shape to rod shaped bacteria [3, 4]. Bacilli shaped bacteria depleted of 

MreB would eventually lose their rod shape and round up into a sphere [5-8]. MreB is 

common, but not universal, amongst rod shaped bacteria – with many bacteria having 

multiple homologs of MreB, while cocci bacteria do not have a copy of MreB. Exactly 

how MreB works to direct cell shape and growth at the molecular level is still being 

debated; although it is generally thought that MreB recruits and somehow directs the 

localization of cell wall elongation factors and proteins preferentially to the mid-cell 

region [5, 9-12]. In the last few years, there has been an explosion in the number of actin 

homologs recognized in bacteria and now there are more than 35 families of Actin-like-

proteins or Alps that have roles as diverse as plasmid segregation, magnetotatic organelle 

positioning, and cell division [13].  
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Intermediate Filaments 

 Intermediate filaments were the last group to be recognized in bacteria and are 

represented by a homolog called “crescentin” in the curved α-proteobacteria Caulobacter 

crescentus. Wild type C. crescentus is a rod with a gently curving “C” shape that is 

maintained by the preferential polymerization of crescentin to the inner curve of the cell 

[14, 15]. Similar to its eukaryotic counterpart, bacterial intermediate filaments appear to 

mechanically bend the cell wall, rather than redirecting cell wall machinery [16, 17]. 

Initially thought to be restricted to vibriod cells such as Caulobacter species, bacterial 

intermediate filaments have now been found in numerous other species [18], where their 

function is less well understood. 

 

Tubulins 

FtsZ 

 Although first isolated in a mutant screen for cell division proteins in the 1950’s, 

it wasn’t until 1991 that FtsZ (Filamentous temperature Sensitive mutant Z) was 

proposed to be a tubulin homolog by Bi and Lutkenhaus [19-21] and 1998 when it was 

crystalized [22, 23] and shown unequivocally to be a member of the tubulin protein 

family.  FtsZ and tubulin have only 10-18% identity and thus represent a scant 

conservation at the primary sequence level [23]. Polymerizing into a ring at the mid-point 

of dividing cells and generating the force required to complete cytokinesis and thus, cell 

division, FtsZ has now been found to be ubiquitous in bacteria and archaea. Many species 

possess multiple copies of FtsZ and, besides the “primary” or canonical FtsZ, the 
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function of these additional copies are not understood.  FtsZ’s role in cytokinesis 

represented a departure from the recognized roles of tubulin in eukaryotes – tubulin 

instead of actin for cytokinesis, and actin homologs in bacteria for DNA segregation 

rather than tubulin [4, 24-26] - a role reversal that seems to have very deep evolutionary 

roots. Furthermore, it has been shown that FtsZ forms a homopolymer, with no 

equivalent of the heterodimer arrangement that α- and β-tubulin take on in eukaryotic 

cells [22, 27].  The divergent and essential nature of FtsZ has resulted in multiple 

attempts to develop antibiotic therapeutics against it and these efforts have now yielded 

several new promising drug candidates [28, 29].  

 

TubZ 

 FtsZ remained the only recognized tubulin homolog in bacteria until 2007, when 

Joe Pogliano’s lab published their findings on TubZ (Tubulin FtsZ) [30], a protein 

encoded on the large plasmid pBToxis of Bacillus thuringiensis subsp. israeliensis. 

Tagged with green fluorescent protein (GFP), TubZ could be seen to polymerize into 

long treadmilling filaments. When treadmilling was disrupted using a dominant negative 

static filament mutation in the GTPase active site (TubZD269A), fidelity of plasmid 

inheritance to daughter cells fell rapidly to near zero within a few generations [30]. There 

are now two families of TubZ recognized: one on large plasmids of Bacillus species, 

including pX01 of Bacillus anthracis [31-33] an organism of concern due to the capacity 

of its spores to be weaponized; and a group of tubZ genes on the plasmids of archaeal 

species [30]. To date, all TubZ proteins are believed to be involved in the segregation of 

the plasmids they are carried on into the new daughter cells.  
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 On pBToxis, tubZ lies between a gene encoding a DNA binding protein, “TubR”, 

and a palindromic genomic region, “tubC,” to which TubR binds [34]. All three 

components are required to execute faithful plasmid segregation in vivo and in vitro. This 

tripartite system of cytoskeletal protein, DNA binding protein, and a partitioning region 

on the DNA, first recognized in the ParMRC actin homolog system [35-37], has come to 

be recognized as the classical arrangement for a type II bacterial plasmid segregation 

system [38].    

 

Bactofilins and Par proteins 

 It has come to be appreciated that there are also many “non-canonical” 

cytoskeletal proteins in bacteria that do not have a known counterpart in eukaryotic cells. 

Bactofilins and Par proteins are two examples of this.  

 Kühn and colleagues recently debuted bactofilins as polar membrane laminar 

structures in Caulobacter crescentus [39]. They appear to localize only to the stalked pole 

and to direct polar morphogenesis machinery there. Like intermediate filaments, they 

polymerize in a nucleotide-independent manner and have only slow polymer dynamics. 

Kühn was able to demonstrate that bactofilins are well conserved in bacteria, but that 

their localization patterns, and possibly function, are unique to each species.  

 ParA proteins are a large family of proteins that are involved in the segregation of 

bacterial DNA, both plasmid and chromosomal. ParA proteins are Walker type ATPases. 

Whether ParA proteins form filamentous structures in vivo under physiological 

conditions is unclear; however, they appear to form oscillating “clouds” that may have 

some structure based on the underlying nucleoid.  ParA proteins on chromosomes have 
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an important role in proper chromosome segregation, as has been well demonstrated for 

Vibrio cholerae’s two chromosomes [40-42]. These proteins are widespread in bacteria 

and there are many unanswered questions regarding their molecular mechanism.  

 

Cytoskeletal proteins and Bacteriophage 
 
 Bacteriophages (phages), viruses that infect bacteria, have a unique role in the 

history of the biological sciences that is simultaneously archaic and futuristic.  From the 

moment of their discovery during the bloody years of the First World War, phages have 

captured the imagination of biologists who believed, at the time before the discovery of 

modern antibiotic drugs, they held the key to the ultimate biological control agent. That 

functionality did not materialize in the Western world for a number of historical reasons, 

but phages did become the foundation of a whole new field of biology - molecular 

biology. From the Hershey-Chase experiment to prove that DNA was the material of 

inheritance to the discovery and ultimately the marketing of DNA ligases and DNA 

restriction enzymes for molecular cloning, phages proved to be tractable and easily 

manipulated. More sophisticated model organisms and in vitro systems appeared to 

eclipse phages by the end of the 20th century. Yet now, as pathogenic bacteria have 

become resistant to antibiotics on the market and the sheer number of phages on earth 

(estimates of 1031 phages are common [43]) come to be appreciated, phages are back in 

the spotlight.  

 Classically, the lytic cycle of a DNA phage has been broken down into 4 stages: 

adsorption/DNA injection, phage replication, phage assembly, and host lysis/phage 

release. Bacteriophages recognize their hosts by a specific interaction with a surface 
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receptor, and once this receptor is found, the phage tightly binds to it. It subsequently 

injects its DNA via its tail apparatus through the host membranes and into the cytoplasm. 

There, the phage DNA is transcribed and proceeds to execute a precise program that both 

dismantles the normal host cellular function and reorganizes it to produce viral 

components. Virion capsids assemble inside the cell and newly replicated phage DNA is 

pumped into them using a specific and powerful DNA motor. Tails are added onto the 

capsid and then a complex cascade begins that causes holes to be drilled in the bacterial 

membrane, facilitating lysis and phage release. Many phages are also capable of 

undergoing lysogeny, whereby the phage genome integrates with the host chromosome or 

is maintained as a plasmid; in either case, the host cell harboring the lysogenic phage 

DNA does not lyse and will continue to grow and divide until an environmental signal is 

received by the phage which triggers it to enter the lytic cycle.  

 The previous description is a general overview of phage infection that represents 

many decades of experimentation, primarily on several important model host/phage 

systems, such as phage Lambda or T4 of E. coli. Our understanding of the variations on 

this outline of infection found in nature and a great many specifics about this process 

remains very poor. New tools to address these problems have recently become available – 

low-cost high-throughput sequencing to explore phage diversity and powerful super-

resolution microscopes to allow us to see inside the infected cell.  There has been an 

explosion of the sequencing of environmentally isolated phages or the viral “fractions” of 

large-scale environmental samples, such as seawater and soil. This has led to a rapid 

expansion of the known diversity of phage – for example, there are now 3432 isolated 

Mycobacteriophages, broken down into 21 clusters, up from 7 phages in 2000 
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(http://phagesdb.org) - but also to a vast reservoir of new genes that encode proteins of 

unknown function.  

 The intersection of the study of phages and cytoskeletal protein research is a 

relatively new one.  Viruses of mammalian cells have been known to interact with host 

cytoskeletal elements for many decades. The family of Herpes viruses, which have an 

enormous host range encompassing animals as diverse as shellfish and humans, are 

dependent on the host cytoskeleton at nearly every stage of infection – for example, 

traveling from the cell membrane on microtubule “superhighways” to the nucleus and 

inducing actin remodeling upon viral entry and exit [44]. Intriguingly, herpes virus and 

double stranded DNA (dsDNA) phages have recently been hypothesized to have a 

common ancestor due to the similarities of the structures of their major capsid proteins 

and the assembly pathways [45-47].  Whether phages would also interact with their 

respective host’s cytoskeleton was unknown and until very recently, not explored.  

Moreover, it was not known if phage have or employ their own cytoskeletal proteins 

during either a lytic or lysogenic infection – although several groups have published on 

some enticing examples described next.  

 The presence of ParA like proteins on the genomes of temperate (lysogenic) 

phages had been noted for some time; ParA is an ATPase known to be involved in 

segregating chromosomes and low-copy number plasmids, but which is not related to 

actin or tubulin proteins [38]. The partitioning function of ParA appears to be important 

for lysogen maintenance [48].  All phage in Genbank to date with an annotated ParA 

gene are published as being lysogenic or have genomic indicators that they are lysogenic, 

such as repressor proteins.   
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 For lytic phage, a potential role of cytoskeletal proteins proved more elusive.  In 

2008, we published a paper greatly expanding the number of actin-like proteins (Alps) 

known in bacteria from just 5 (MreB, ParM, MamK, AlfA, FtsA) to 35 – and one of these 

families, the Alp6A family, surprisingly was found to be encoded on the genome of the 

B. thuringiensis phage 0305ϕ8-36 [13]. This actin homolog was demonstrated to be able 

to form filaments like other actins, but these filaments were static and no function for this 

protein was found.  

 Host encoded actins have been found to be important during phage infection.  

Most significantly, Muñoz-Espín and colleagues reported in 2009 that the bacterial actin 

homolog MreB was required for the efficient replication of the Bacillus subtilis phage 

ϕ29 [49]. They found that the phage protein 16.7 physically associates with the MreB 

cytoskeleton and in MreB knockout strains that phage replication was severely impaired.  

It is worth noting that ϕ29 is one of the smallest lytic phage currently known, with a 

dsDNA genome of only about 19 kb, in sharp contrast to the phage that is the focus of my 

thesis.  

 At the beginning of my graduate career, there were no bacterial tubulin proteins 

known to be involved in phage infection – either host or phage encoded.  In 2008, while 

doing an iterative BLAST search, we noticed a number of bacteriophage gene sequences 

were in Genbank that were annotated as “FtsZ-like.” Upon further investigation, most of 

these gene sequences came from a related family of phages, known as the ΦKZ family.  

 The ΦKZ family of phages is a recently designated group of dsDNA phages 

whose members are all very large (genomes of >200 kb) myoviridae that infect 

Pseudomonad species. There are at least 5 recognized members of this family – ΦKZ, 
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Phage EL, 201ϕ2-1, ΦPA3, and Phage OBP – with more members being added each year 

[50-54]. All of them except 201ϕ2-1 and OBP infect Pseudomonas aeruginosa.  My 

thesis work centers on the largest member of this family, the 316 kb 201ϕ2-1 and its host 

Pseudomonas chlororaphis. Prior to our work on 201ϕ2-1, other groups had studied these 

family members quite extensively in regards to the purified virion components and the 

possibility of using these phages as transducing or bio-control agents [51, 55].  Nothing 

was known about what role the “FtsZ-like” proteins might play and what this would 

mean for the phage’s life cycle inside the host cell.  

 Here I present my thesis work on a new family of bacteriophage tubulins, known 

as “PhuZ,” for Phage Tubulin/FtsZ. My research shows that not only does the 201ϕ2-1 

PhuZ form filaments with unique properties, but it has an active role in phage replication 

in vivo, centering a replicating mass of phage DNA in the cell. I demonstrate that 

inhibiting this function has a serious detrimental effect on the production of daughter 

phage. Furthermore, we utilize an array of techniques – including mass spectrometry, 

super-resolution Structured Illumination Microscopy, site-directed mutagenesis, and 

inhibition of host function with drugs – to peer inside the infected cell and explore, for 

the first time, the way an extremely large phage replicates itself.  
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Chapter 1: A Phage Tubulin Assembles Dynamic Filaments by an 

Atypical Mechanism to Center Viral DNA within the Host Cell  
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Chapter 2: Further Characterization of the Role of PhuZ in the Lytic 

Lifecycle of the Large Bacteriophage 201ϕ2-1 

Introduction 
 
 The organizing principal of the cytoskeleton has been found to be essential for the 

survival and propagation of all domains of life; in recent years this has been shown to be 

true as well for a widening array of viruses. Cytoskeletal proteins can come from two 

different sources during a viral infection: host provided proteins recruited by the virus or 

virally encoded ones that are expressed only inside the host after viral genome injection. 

It has been well described how many viruses, such as the large eukaryotic Herpesviridae 

family, depend upon the host cytoskeleton for almost every movement the virus must 

make from infection to host escape. For example, the binding of the Herpes virus gD 

envelope protein effects a dramatic reorganization of the actin cytoskeleton by a cascade 

set off by nectins, the subsequent changes in the neuron are thought to prepare it to allow 

for the egress of daughter viruses [1].  More recently bacteriophages have been shown to 

hijack host actins as well. In the case of the Bacillus subtilis phage Φ29, replication 

protein 16.7 associates with the MreB actin-like cytoskeleton of B. subtilis and this 

interaction is essential for efficient replication of the phage genome [2, 3]. 

 While all eukaryotic viruses rely upon the host cytoskeleton, many bacterial 

viruses bring in their own specialized cytoskeletal proteins for use in the host. Examples 

include the ParA family of partitioning proteins that segregate the genomes of lysogenic 

phage [4-6], the actin-like filament-forming protein Alp6A in Bacillus thuringiensis 

phage 0305ϕ8-36 [7], and a TubZ-like protein found on the C-st phage of Clostridium 
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botulinum [8]. Aside from the lysogen maintenance function of the ParA-like proteins, no 

definitive role in infection had been shown for a virally encoded cytoskeletal protein.  

 We recently described the first example of a virally encoded tubulin homolog that 

plays a role during the lytic cycle. These tubulin homologs, called PhuZ (Phage 

Tubulin/FtsZ), are found primarily in the ΦKZ family of large genome dsDNA 

Pseudomonad phage [9]. PhuZ proteins are highly divergent from other tubulins and 

form their own grouping on the tubulin family tree [9]. The crystal structure of the PhuZ 

protein from the 201ϕ2-1 phage showed that it has the conserved tubulin fold and a 

highly specialized C-terminal tail region that is essential for polymerization. In vivo, 

PhuZ filaments are expressed during a lytic infection and act to center a replicating ball 

of DNA, termed the infection nucleoid, to the center of the host cell. This is the first 

example of a cytoskeletal protein in bacteria that acts to center DNA rather than 

segregating it to the poles.  This also represents a new prototype for understanding the 

replication and assembly of very large viruses, many of which were only recently 

discovered.  

 Here we expand our analysis of the function of the 201ϕ2-1 PhuZ protein during 

infection and the mechanism of viral replication in vivo and demonstrate that dynamically 

unstable PhuZ polymers execute the positioning of the infection nucleoid to the center of 

the cell from the poles. Using super-resolution microscopy, we show that encapsidation 

of phage DNA occurs at a specific time and location during the lytic cycle.  We also 

show that other members of the phage ΦKZ family, which possess a PhuZ protein, 

produce a large, centrally positioned infection nucleoid during lytic growth, suggesting 

that this mechanism of replication is conserved. 
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Results 
 
Infection nucleoid is composed entirely of phage DNA; host DNA degradation 

precedes phage nucleoid development  

 During infection of P. chlororaphis cells by phage 201ϕ2-1, a large nucleoid of 

DNA appears in the center of the cell while the rest of the cell is devoid of DNA [9]. 

Cells displaying this phenotype eventually lyse and release daughter phage.  If these cells 

are fixed with paraformaldehyde and gluteraldehyde late in the infection process, and 

then digested with DNase I, most of infection nucleoid is degraded, leaving DNase I 

resistant particles that we hypothesized are encapsidated phage genomes. Taken together, 

these results suggested that the infection nucleoid is likely composed of phage DNA.  In 

order to confirm the identity of the DNA in the nucleoid and to discriminate whether it 

was mostly phage DNA, host DNA, or a mixture of the two, we performed Fluorescence 

In-Situ Hybridization (FISH) on paraformaldehyde fixed phage-infected cells. Cells were 

infected with phage and at various times afterwards, fixed and probed simultaneously 

with two different fluorescent DNA molecules; a Cy5 probe conjugated to a whole-

genome digestion of Pseudomonas chlororaphis DNA and a Cy3 probe conjugated to 

whole-genome digestion of 201ϕ2-1 DNA. At 8 minutes post infection, the host DNA 

Cy5 probe binds to the entire bacterial nucleoid (Fig 1A, 8 min), identifying the host 

genome, and there is virtually no binding of the Cy3-labelled phage DNA probe (Fig 1A, 

8min). At 20 minutes post infection, binding of the host probe is diminished and small 

foci of phage probe appear within the cell in an area of localized DNA degradation (white 

arrow, Fig 1A, 20 min). By 40 and 70 minutes post infection, binding of the host probe is 

greatly reduced, and the infection nucleoid is readily apparent in the center of the cell and 
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stains solely with the phage probe (Fig 1A, 40 min, 70 min). This is accompanied by an 

overall decrease in the DNA in the rest of the cell. We never observe host probe binding 

to the infection nucleoid. By following the appearance of phage probe binding to DNA 

we are able to show that nucleoid formation begins between 20 and 40 minutes post 

infection. One hundred percent (n = 279) of cells with infection nucleoids stained positive 

with phage probe by 40 minutes (Fig 1B). These results show that during phage infection, 

the host DNA is degraded and the large infection nucleoid is made up of entirely of phage 

DNA. 

 

Morphological changes are observed during active nucleoid development and 

positioning in live cells 

 To observe nucleoid development and positioning during phage infection, we 

used the nucleotide stain Syto 16 (Molecular Probes/Life Technologies) which stains all 

nucleotides, but is two-fold brighter when bound to DNA.  By adding Syto 16 to the 

agarose pad on which the cells were grown and infected, the nucleotide content and 

arrangement could be visualized in time-lapse microscopy experiments. Uninfected cells 

displayed uniform Syto 16 staining of the host nucleoid.  After infection the Syto 16 

stained nucleoid (Fig 2A, 21 min) decreases in size, suggesting that host DNA is being 

degraded. By 35 minutes post infection, a small focus of green stain appears (white 

arrow) which then later migrates to the center of the cell, where it increases in intensity 

(Fig 2A, 84 - 105 min). These time-lapse images suggest that this small DNA focus 

grows to become the large infection nucleoid and that it actively migrates to the center of 

the cell from the cell pole.  Once the nucleoid is centered, it oscillated about the center of 
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the cell. Figure 2B shows one example of an infection nucleoid oscillating from its 

original position to the left and the right over the course of 10 minutes. The graph in 

Figure 2E shows the position of the nucleoid in Figure 2B over time. Note how the 

nucleoid position repeatedly converges back to the original location.  

 To further understand how phage infection altered the cell biology of P. 

chlororaphis, we measured the length and width of wild type infected and uninfected P. 

chlororaphis cells every 10 minutes for 70 minutes in time course microscopy 

experiments. We found that infected cells undergo a series of dramatic morphological 

changes and that by late in the infection they have changed from an average sized rod 

shaped bacilli to an elongated shape with a central bulge. Infected cells were on average 

30% longer and 50% wider than their uninfected counterparts (Fig 2C and D).  

 

Encapsidation occurs late in infection as observed by Structured Illumination 

super-resolution microscopy 

 Previously we found that encapsidation of phage DNA occurred within the 

infection nucleoid, based on the presence of DNase I resistant particles in the center of 

the cell late during infection [9]. To gain additional insight into this process, Structured 

Illumination super-resolution light microscopy (SIM) was used to image infected cells 

and visualize nucleoid development and DNA encapsidation in fixed cells. SIM is a 

technique in which patterns are superimposed over the light source as the sample is 

imaged. These patterns generate moiré fringes and the interference patterns allow 

samples to be reconstructed at double the resolution of standard light microscopy [10].  
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 P. chlororaphis cells were grown on agarose pads and subsequently infected with 

a mixture of phage and DNase I.  Cells were fixed every 10 minutes for 80 minutes and 

stained with DAPI and then imaged using an Applied Precision/GE OMX V2 

microscope. Figure 3A, first panel, shows uninfected cells grown, fixed, and stained at 

the same time, reconstructed using the SIM algorithm. The time series of infected cells 

reveals brightly stained foci of DNA initially at the poles (10 min, Fig 3A) 75% of the 

time, (n = 155); these foci later appear near the center of the cell (30 min, Fig 3A) and by 

40 minutes (40 min, Fig 3A) a nascent infection nucleoid is visible in many cells. At 50 

minutes post infection this nucleoid has a smooth rounded appearance, but by 60 minutes 

distinct puncta appear at the corona of the structure (60 min, Fig 3A). Measurements of 

the distance between the puncta (yellow arrow) and the edge of the nucleoid (white 

arrow) average 167 nm, which correlate well to the measured distance of 150 nm from 

EM images previously published of the tail and baseplate [11].  These puncta likely 

represent phage capsids full of DNA.  The encapsidated phage increased in number and 

brightness and eventually, by 80 minutes, spread out from their original tightly spherical 

pattern around the nucleoid to a more diffuse pattern. Time lapse of live cells, as in 

Figure 2 and previously published [9] shows that lysis will occur shortly after this point 

of development.  

 

Static filament mutation causes deformation of the nucleoid and a failure to 

complete encapsidation 

 In order to confirm that the puncta we were observing were indeed encapsidated 

phage genomes, we treated fixed wild type P. chlororaphis cells with lysozyme and then 
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another round of DNase I. When treated at 50 minutes (Fig 3B, first panel), the nucleoid 

is near fully digested, but by 60 minutes (Fig 3B, center panels), symmetric rings of 

protected DNA puncta are visible. As infection completes (Fig 3B, right panels), more 

DNase I resistant puncta are apparent and these begin to bud off the infection nucleoid – 

possibly because they are fully mature. We compared nucleoid development and 

encapsidation of phage 201ϕ2-1 infecting wild type P. chlororaphis cells to cells 

containing a plasmid that expresses the PhuZD190A static filament mutant which was 

previously shown to be defective in nucleoid localization and phage production [9]. This 

strain was grown with arabinose to induce GFP-PhuZD190A expression, infected with 

phage, and at various times fixed and imaged on the OMX super resolution microscope. 

As with wild type cells, to assess the state of encapsidation, fixed PhuZD190A cells were 

treated with lysozyme and DNase I to degrade unprotected DNA. GFP-PhuZD190A 

expressing cells had several types of infection nucleoid defects when viewed under SIM, 

including the failure to produce a nucleoid even after 80 minutes of infection (Fig 3C, all 

panels), deformed nucleoids or ones with very few encapsidated genomes (Fig 3C, 70 

min), and mis-localized nucleoids (Fig 3C, middle panels). Quantitation of the images 

reveals a five-fold decrease in the average number of encapsidated phage per cell for the 

strain expressing the PhuZD190A mutant compared to wild type (Fig. 3D). 

 

PhuZ mediated nucleoid-type lytic infection is conserved in ΦKZ virus family 

members 

 P. chlororaphis phage 201ϕ2-1 is the first and so far only phage shown to 

replicate by assembling an infection nucleoid in the center of the cell (Fig. 4A, both 
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panels), a remarkable finding given the history of phage biology.  To determine if this 

mechanism of phage reproduction is conserved among other phage, we examined other 

members of the ΦKZ virus family. Phage ΦPA3 and ΦKZ infect Pseudomonas 

aeruginosa and are similar in size and overall genetic organization to 201ϕ2-1.  We tested 

if P. aeruginosa 01 cells infected with either ΦKZ (280 kb genome) or ΦPA3 (309 kb 

genome) assemble centrally located infection nucleoids during lytic growth. Cells were 

infected with phage, fixed with paraformaldehyde, and then stained with DAPI and FM4-

64 to visualize the DNA and membranes, respectively, (Fig 4A-C). Pseudomonas 

aeruginosa cells infected with either ΦKZ (Fig 4B, both panels) or ΦPA3 (Fig 4C, both 

panels) displayed a large centrally located infection nucleoid. These cells were also often 

elongated and contained a large bulge in the middle (Fig 4C), very similar in overall 

profile to 201ϕ2-1 infected P. chlororaphis. 

 When quantified, the positioning of these infection nucleoids were similar to 

201ϕ2-1, as both P. aeruginosa phages localized their nucleoids within 10% of the 

middle of the cell 77% (n = 100) (ΦKZ) and 86% (n = 100) (ΦPA3) of the time (Fig 4D). 

These two phages also encode a member of the PhuZ family (Fig 4E).  Furthermore, 

when fused to GFP, the ΦPA3 PhuZ protein polymerized into dynamic filaments when 

expressed in P. aeruginosa 01 (data not shown). Taken together, our results suggest that 

all three of these phages have a shared pathway of lytic infection that utilizes a tubulin-

homolog to center a phage DNA mass as an important component that is conserved 

across family members. Figure 4E shows a phylogenetic tree of all of the tubulin-like 

proteins currently found in the NCBI database that are encoded by phages. The tubulins 

encoded by the three phages (201ϕ2-1, ΦKZ, and ΦPA3) we have so far tested for 



	  

	  

45 

nucleoid formation cluster together in a “ΦKZ-like” branch, with another cluster of 

tubulin-homologs found in a “Phage EL-like” branch. Phage C-st of Clostridium 

botulinum also encodes a tubulin that is likely to play a role in segregating its plasmid-

like genome during lysogeny [8], and is the out-group of this tree.  

 

Inhibition of specific proteins by antibiotics impairs infection differentially at 

sensitive points 

 Although it has been shown that phage DNA is centered during lytic growth, it 

was unclear whether DNA replication is required for centering. To answer this question, 

we treated cells with the antibiotic ciprofloxacin to inactive DNA gyrase.  Replication of 

bacterial chromosomes, plasmids, and bacteriophage require DNA gyrase because it 

relaxes positive supercoils as DNA is unwound by DNA helicases ahead of the 

replication forks [2]. Cells were grown on an agarose pad and at different time points 

before or after infection 2 µg/ml ciprofloxacin were applied to the cell as a solution that 

temporarily covered the cells (about 5 minutes) before soaking into the agarose pad. Cells 

were then allowed to undergo 70 minutes of infection and subsequently fixed with 

paraformaldehyde and stained with DAPI and FM4-64. The size, position, and intensity 

of DNA staining of the nucleoids were quantitated to assess the relative extent of phage 

DNA replication. Values were expressed as average intensity per pixel and total intensity 

of the nucleoid.  Both values were normalized to the values obtained for nucleoids from 

infections without ciprofloxacin treatment.  Both types of analysis yielded very similar 

results.   Inhibiting host DNA gyrase by applying ciprofloxacin to cells at 10 minutes post 

infection impairs formation of the nucleoid by about 50% (Fig 5A); this effect becomes 
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most severe at 40 minutes post infection, where 90% of phage DNA replication appears 

to be inhibited. Addition of ciprofloxacin at 50 minutes post infection had no effect on 

the cells. These results suggest that 40 minutes post-infection is the time at which this 

phage is most sensitive ciprofloxacin, and that the majority of DNA replication is 

occurring around this time. By 50 minutes, gyrase had likely completed its role in phage 

DNA replication. Despite reducing phage DNA replication, all infection nucleoids were 

efficiently centered (Fig 5B, all panels), showing that gyrase specifically, and replication 

in general is likely not required for infection nucleoid positioning by PhuZ.  

 

PhuZ polymers display dynamic instability both in vivo and in vitro  

 We previously demonstrated that PhuZ filaments were dynamic in vivo [9]. To 

obtain quantitative information about the rates of elongation in vivo, rapid (500 ms) time-

lapse imaging experiments were performed with infected and uninfected P. chlororaphis 

cells expressing GFP-PhuZ.  Filaments within the cells were measured for 60 time points, 

or 30 seconds total, in order to minimize the effect of photobleaching and phototoxicity. 

During this rapid imaging, PhuZ filaments undergo dramatic cycles of growth and 

shrinkage consistent with dynamic instability in both infected and uninfected cells.  

Representative examples are shown in Figures 6A and 6C with accompanying length 

traces in Figures 6B and 6D. Average filament length in infected cells (2.0 µm, n = 21 

filaments) was more than double that of uninfected cells (0.912 µm, n = 22 filaments).  

This could be due to filament stabilization during infection or increased protein 

concentration.  Polymerization rates were also nearly double in infected cells (0.3592 

µm/s) than uninfected cells (0.2076 µm/s). Depolymerization and polymerization rates 
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were similar, with a 0.3801 µm/s rate for infected and 0.1887 µm/s rate for uninfected 

cells.  We note that these rates are the fastest ever reported for any tubulin (Table 1).  

There was no statistically significant difference between the uninfected and infected cells 

in terms of the number of growth or shrinkage events per 30 seconds (an “event” was 

defined as lasting at least 1 full second, or three consecutive time points). GFP-

PhuZD190A filaments, which were previously demonstrated to be static [9], do not 

display dynamic instability when imaged and measured the same way (Fig 6E-F).  

 

 Table 1. Tubulin Polymerization rates 

Protein  Microtubules 

[12] 

TubZ (in vivo) 

[13] 

PhuZ infected 

(in vivo) 

Polymerization rate 

(µm/min) 

~1 1.8 21.5 

Depolymerization rate 

(µm/min) 

-10 -2.25 -22.8 

 

Discussion 
 
 Relatively little is known about the diversity of the types of lytic infection 

pathways of phages in nature. While there has been an explosion in the number of phages 

isolated and sequenced from the environment, nearly nothing is known about how these 

phages orchestrate infection once inside the cell. We have taken an environmentally 

isolated phage-host system [14], one of the largest dsDNA bacteriophage known, and 

begun to shed some light on the inner workings of a new type of lytic infection shared 

across a set of related large dsDNA phage. In this case, we had a particular interest in 
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how a phage-derived tubulin cytoskeletal protein such as PhuZ would fit into the 

framework of a lytic infection. We had previously published that PhuZ positioned a large 

ball of DNA in the center of the infected cell and that encapsidation occurs there as well 

[9]. Here it has been shown that the entirety of the infection nucleoid is 201ϕ2-1 DNA 

with virtually no detectable host DNA. Via a combination of FISH and live cell imaging 

to visualize the DNA of infected cells, it can be seen that the host chromosome is 

degraded as the infection nucleoid begins to take shape.  Most often (75%, n = 155) 

phage DNA first appeared near one pole of the cell and then was later actively moved to 

the center.  

 The positioning of phage DNA in a centrally located nucleoid appears to be 

critical for encapsidation, as expression of a dominant negative GFP-PhuZD190A mutant 

causes severe abnormalities in nucleoid formation, shape, and positioning accompanied 

by a decrease in the number of encapsidated phage.  

 We have demonstrated that lytic bacteriophage infections that involve an infection 

nucleoid are a common modality the ΦKZ branch of the ΦKZ viral family. This family of 

phages has been rapidly adding members – especially as these phages are tapped as 

potential therapeutics for several of the opportunistic human and plant pathogens found in 

the Pseudomonad family. All of the ΦKZ virus family members – both the EL and ΦKZ 

branches – encode a phuZ gene, but it remains to be seen if the EL phages also use this 

method of infection. The use of cytoskeletal proteins for propagation by viruses is a 

widespread phenomenon and we have presented evidence that some phages possess and 

use their own cytoskeletal protein rather than co-opting the host’s. What selective 
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pressures result in viruses that use the host’s cytoskeleton versus viruses that evolve to 

carry and utilize their own is an intriguing mystery.  

 Using ciprofloxicin to inhibit DNA gyrase we demonstrated that phage DNA 

replication is required to ensure the nucleoid matures to the proper size and density, but it 

is not required for nucleoid localization. 

 The dynamic properties of PhuZ polymers are intriguing when compared to other 

actins and tubulins from both prokaryotes and eukaryotes. Eukaryotic actins are best 

known for treadmilling while eukaryotic tubulins display dynamic instability.  In 

contrast, those phenotypes have been apparently reversed in bacteria. Prokaryotic actin 

homologs, such as Alp7A [7] and ParM have been shown to be dynamically unstable [15] 

while the plasmid encoded tubulin TubZ treadmills [13]. Here we present evidence that 

PhuZ represents the first prokaryotic tubulin to display dynamic instability, in the manner 

similar to some eukaryotic microtubules.  Dynamic instability could be a key part of the 

mechanism by which PhuZ polymers are able to position DNA at the center of the cell.  

Consistent with this idea, the infection nucleoid undergoes oscillations about the cell 

midpoint in time-lapse movies, suggesting that the dynamic PhuZ spindle maintains the 

center position by pushing on the nucleoid from either side.  

 GFP-PhuZ has the fastest polymerization rates of any tubulin to date and 

polymerizes twice as fast in cells that have been infected with phage.  This increased rate 

is most likely due to an increase in monomer concentration within the cell when the 

phage brings in and expresses its own copy of the phuZ gene. In both infected and 

uninfected cells, the rates of polymerization matched with the rates of depolymerization. 

This is unusual because for tubulin, an increasing monomer concentration is protective 
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against catastrophe and depolymerization rates tend to slow [16]. Thus it seems unlikely 

that the extremely rapid depolymerization rates we observed are due simply due to 

monomer concentration.  

 Nearly all tubulins interact with other proteins that regulate their activity. We do 

not currently know if there are any such proteins encoded by either the host or the phage 

that mediate PhuZ association with the infection nucleoid. Most bacterial DNA 

segregation systems are composed of three parts: a cytoskeletal protein, a DNA binding 

protein, and a cis-acting partitioning region on the DNA.  PhuZ performs not a 

segregation service, but a localization/aggregation function for the phage and so we 

cannot necessarily expect PhuZ-based systems to follow the same pattern.  

 The formation of a centrally located nucleoid by ΦKZ viruses during an infection 

of Pseudomonad cells and the subsequent assembly of viral particles on the surface of the 

nucleoids demonstrates the first examples of a viral replication factory in bacteria.  These 

factories are strikingly similar to the viral factories that Herpes virus builds during an 

infection of a mammalian cells [17].  The fact that PhuZ shows dynamic instability and 

performs a function more similar to a eukaryotic spindle than bacterial DNA segregation 

provides evidence that the evolutionary relationships between these viruses and modes of 

operation are more complex than previously thought.  

 

Materials and Methods 
 
Bacteria, phage propagation, and strain preparation 

201ϕ2-1 
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 201ϕ2-1 was propagated on Pseudomonas chlororaphis 200B-1 on Hard Agar 

plates and liquid [14]. Lysate was made by overlaying a suspension of cells and phage in 

top agar, incubating overnight at 30°C, and then flooding the plate with phage buffer (10 

mM Tris-Cl pH 7.4, 10 mM MgCl2, 2% w/v PEG 8000).  All strains used were 

previously published [9].  

 

ΦPA3 and ΦKZ 

 ΦPA3 and ΦKZ were propagated on Pseudomonas aeruginosa strain 01 in Luria 

Broth media. Lysates were made by inoculating a mid-log culture of P. aeruginosa with 

either phage and then shaking at 37°C for 6 hours or until significant visible culture lysis 

occurred.  Cell debris were spun out and then the lysate treated with 1-5% chloroform.  

 

Fluorescence In-Situ Hybridization (FISH) 

 P. chlororaphis cells were grown on 1.2% agar pads for 3-5 hours in a humidifier 

at 30°C and then infected with 201ϕ2-1. Cells were scraped off the slide at the desired 

time points and fixed in 5% ice cold paraformaldehyde overnight. Cells were affixed to 

poly-L-lysine treated multi-well glass slides and treated with 0.1 mg/ml lysozyme and 10 

mg/ml RNase I, subsequently dehydrated with ethanol and then both DNA-probes 

applied overnight simultaneously in 30% formamide. Cells were then stained with 2 µM 

DAPI and imaged on an Applied Precision/GE Deltavision RT system with a 100x 

PlanApo 1.4 Olympus Lens.  

 

Fluorescence Microscopy 
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 P. chlororaphis strain ME41 cells were grown for 3-5 hours at 30°C and then 

infected on 1.2% agarose pads containing 0.25x LB, 25 µM/µl Gentamycin sulfate, the 

specified amount of arabinose, 5 µM of Syto 16 (Molecular Probes), and 1 µM of the 

membrane stain FM4-64. 10 units of DNase I (New England Biolabs) was applied 

simultaneously with the phage. Cells were then imaged either on the Applied 

Precision/GE OMX V2.2 system (dynamic instability experiments) or Deltavision RT 

system (nucleoid development and oscillation).  

 P. aeruginosa 01 cells were grown on 0.25x LB 1.2% agarose pads at 37°C for 2 

hours and then infected with either ΦPA3 or ΦKZ. DNase I was simultaneously applied 

with the phage. The cells were fixed with 16% paraformaldehyde and 0.025% 

gluteraldehyde for 30 minutes at room temperature. Cells were subsequently stained with 

2 µM of DAPI and 1 µM of FM4-64.  

 

OMX Structured Illumination Microscopy 

 P. chlororaphis cells were grown and infected on 1.2% agar pads as above and 

then fixed with 16% paraformaldehyde and 0.025% gluteraldehyde for 30 minutes at 

room temperature. Cells were subsequently stained with 2 µM of DAPI and then imaged 

using an Applied Precision/GE OMX V2.2 microscope. Structured Illumination 

alignment and reconstruction was done with Applied Precision Softworx image software.  

 

Ciprofloxicin treatment of infected cells 

 Cells were grown on agar pads as previously mentioned and then treated with 2 

µg/ml (50x the experimentally determined Minimum Inhibitory Concentration (MIC)) for 
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P. chlororaphis at various time points before and after infection with phage. All cells 

were fixed at 70 min post infection with 16% paraformaldehyde, stained with 2 µM 

DAPI and 1 µM FM4-64 and then imaged on the Applied Precision/GE Deltavision RT 

system.  

 For the experiments with ciprofloxacin, slides were made with the same method 

described above and were incubated for 2 hours at 30ºC. One slide was made for each 

time point, as well as a positive control slide to be treated with just phage and no 

antibiotic and a negative control slide to be treated with antibiotic and no phage. 10 

minutes before infecting all slides with phage, 5 µL of antibiotic of a concentration 50x 

greater than the MIC was spread across the surface of an agarose pad for the "-10 min" 

time point. Following 10 more minutes of incubation, 5 µL of phage lysate was spread 

across the surface of each agarose pad, except the negative control. 5 µL of a DNase I 

mixture (10% DNase I buffer, 10% DNase I, 80% ddH2O) was also added to each pad, 

including the negative control. At this time, 5 µL of antibiotic and 5 µL of the solvent 

used to dilute the antibiotic (1.0 N NaCl) were added to the negative control. All slides 

were incubated for 70 more minutes at 30ºC, with 5 µL of antibiotic mixture added to 

each agarose pad at the appropriate time point. All slides were then fixed at 70 minutes 

post-infection using a solution of 16% paraformaldehyde and 0.025% gluteraldehyde. To 

fix the slides, 20 µL of this solution was mixed with 4 µL 1 M NaPO4 and spread across 

the surface of the agarose pad. The slides were allowed to sit 30 minutes before cover 

slips were applied. Images of the fixed cells were than analyzed with ImageJ to measure 

the area and brightness of the DNA nucleoid in each cell displaying characteristic 
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infection. Total brightness was calculated by multiplying the average brightness by the 

area of each nucleoid.  
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Figure 1. FISH of 201ϕ2-1 infected P. chlororaphis cells shows DNA in the infection nucleoid is phage A) 
Cells were fixed at 8, 20, 40, and 70 min post phage addition and probed simultaneously with two different 
fluorescent DNA molecules; a Cy5 probe conjugated to a whole-genome digestion of Pseudomonas 
chlororaphis DNA and a Cy3 probe conjugated to whole-genome digestion of 201ϕ2-1 DNA. Cells 
progress from minimal background staining with the 201ϕ2-1 probe at 8 min to brightly staining infection 
nucleoids at 40 and 70 min. White arrow indicates a phage probe positive puncta inside the cell at 20 
minutes post infection surrounded by localized host chromosome degradation. Although, small DAPI 
stained puncta, which are most likely phage, can be seen outside the cells, these do not always stain with 
the phage probe, as our FISH protocol is not designed to permeablize intact phage capsids. B) Development 
of infection nucleoids over time during infection. All infection nucleoids stained with phage probe.  All 
scale bars = 1 micron. 
  



	  

	  

56 

 

Figure 2. 201ϕ2-1 infection nucleoid is moved to the center of the cell and is maintained there during the 
course of infection A) Fluorescence time lapse of infected wild type P. chlororaphis cells stained with the 
nucleotide dye Syto 16. At 21 minutes only the host chromosome is present, by 35 minutes some 
degradation of the host chromosome is apparent and a puncta of phage DNA has appeared (white arrow). 
This puncta moves towards the center of the cell (42 minutes), where it increases in size and intensity until 
the end of the time lapse (105 minutes). Scale bar = 1 micron B) Fluorescence time lapse of a Syto 16 
stained infection nucleoid oscillating about the center of the cell, yellow line marks the center of the 
nucleoid at 0s and provides a benchmark for motion. Scale bar = 1 micron. C-D) Graph showing that wild 
type P. chlororaphis cells increase in both length and width over the course of a 201ϕ2-1 infection. E) 
Graph representing the oscillations of the infection nucleoid in 2B.  
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Figure 3. SIM of infected P. chlororaphis showing encapsidation of phage over time in the infection 
nucleoid A) Fixed wild type infected cells that have been stained with the DNA dye DAPI. First panel 
shows uninfected cells prepared the same way and reconstructed using the SIM algorithm.  Infected cells 
progress from a polar puncta of phage DNA to encapsidation beginning actively by 60 min post infection. 
B) Fixed wild type infected cells that have been treated with lysozyme and a second round of DNase I to 
degrade free DNA inside the cell. Before encapsidation begins, the nucleoid is almost entirely degraded (50 
min), but as encapsidation progresses, DNase I resistant puncta increase in number. C) Cells with the 
mutant GFP-PhuZD190A, infected, fixed and treated with lysozyme and a second round of DNase I to 
degrade free DNA. Encapsidation is severely impaired, often not begun even by 80 minutes post infection. 
Examples of deformities of the nucleoid and mis-localization are also shown. D) Box plot of the number of 
encapsidated phage counted in either wild type or GFP-PhuZD190A cells. Red star indicated the average 
number of encapsidated phage counted per strain (WT = 10.5, PhuZD190A = 2.1).  All scale bars = 1 
micron. 
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Figure 4. Conservation of infection nucleoid development and positioning across the ΦKZ family of phage 
A) Fixed P. chlororaphis cells which had been infected with 201ϕ2-1 and then stained with DAPI (blue) 
for DNA and FM46-4 (red) for membranes. The infection nucleoid is clearly centered inside the cell. B) 
Fixed P. aeruginosa cells infected with phage ΦKZ, stained the same way as P. chlororaphis in (A). C) 
Fixed P. aeruginosa cells infected with phage ΦPA3 and stained with DAPI and FM46-4. In both (B) and 
(C), infection nucleoids are visible in the center of the cell. D) Graph representing the positioning of the 
ΦKZ and ΦPA3 infection nucleoids. E) Phylogenetic tree of all identified phuz genes in bacteriophage. In 
pink is the ΦKZ branch of phage, in blue is the EL branch of phage.  
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Figure 5. Density of DNA and positioning of infection nucleoids of Cipro treated infected cells A) Graph 
showing the effect of Cipro treatment on DNA replication at various time points during infection. The 
larges effect occurred at 40 minutes where there was a 90% drop in the amount of DNA in the infection 
nucleoid. All values were normalized to the content of DNA in the infection nucleoids of wild type cells. 
B) Graphs showing positioning of the infection nucleoids of Cipro treated infected cells.  
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Figure 6. GFP-PhuZ displays dynamic instability in vivo A) Representative example of a filament from an 
infected P. chlororaphis cell. Yellow line is placed at the end of the filament in time 0 to provide a 
benchmark for movement. B) Trace of the length over time of the filament in (A). C) Representative 
example of a GFP-PhuZ filament from an uninfected cell. Yellow line is placed at the end of filament in 
time 0 to provide a benchmark for movement.  D) Trace of the length over time of the filament in (C). E) 
Trace of the length over time of the GPF-PhuZD190A filament in (F) F) Representative example of a GFP-
PhuZD190A from an infected cell. All scale bars = 1 micron.  
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Chapter 3: Characterization of the C-terminal Tail of PhuZ 

Introduction 
 
Tubulin C-terminal Tail 

 Tubulin is an ancient and multi-functional globular protein that assembles in a 

head-to-tail fashion to form dynamic filaments. The tubulin monomer is divided into two 

domains: an N-terminal domain where the GTPase active site resides and a C-terminal 

globular domain. The very ends of the C-terminal domain of α- and β-tubulin play 

specific and important roles in the various functions of microtubules. The last 10 (of α-

tubulin) and 18 (of β-tubulin) residues of the tubulin monomer are called “E-hooks” for 

their enrichment of the acidic amino acids, aspartic acid and glutamic acid. E-hooks are 

hypothesized to be flexible due to their unresolvable structure [1] and have been shown to 

interact with multiple important proteins such as: kinesin in human muscle tissue [2], the 

Dam1 kinetechore complex in budding yeast [3], and plus end tracking proteins EB1 [4].  

 In bacterial tubulins, the C-terminal tail has also proven to be important for 

protein interactions and regulation. The 15 terminal amino acids of FtsZ are critical for 

binding FtsA and ZipA [5, 6], two proteins that are required for functional Z-ring 

formation and cell division. The tail of FtsZ also mediates the ability of MinC and MinD 

in E. coli to inhibit aberrant Z-ring formation [5]. In TubZ, the final 14 amino acids are 

responsible for binding the TubR-DNA complex, a role that serves to couple 

polymerization with DNA binding of the partitioning plasmid [7].  

 Previously, we demonstrated that the C-terminal tail of the phage tubulin homolog 

PhuZ was critical for polymerization both in vivo and in vitro [8]. It was shown that this 
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is because of an increase in the total buried surface area between the two interacting 

monomers, thereby stabilizing the interaction.  The 1.67Å resolved structure of 

monomeric GDP-PhuZ and proto-filament model [8] indicated that there were two 

aspartic acid residues (D303 and D305) in the tail that were completely solvated. That is, 

they appeared to make no contacts with the adjacent monomer. The highly conserved 

nature of these residues across a number of PhuZ proteins led to the hypothesis that these 

aspartic acids served as binding sites for partner proteins, akin to the glutamic acid 

residues of the E-hooks of eukaryotic tubulin. We therefore sought to determine if the C-

terminal tail of PhuZ has the additional roles of a binding site for associating phage or 

host proteins.  

 Further electron microscopy and modeling of possible higher order PhuZ filament 

structures by David Agard’s Lab at UCSF led to another intriguing possibility for the 

D305 residue: that it was participating, along with R217, in a critical electrostatic lateral 

interaction between strands of a three-stranded filament. This would be the first time that 

a three-stranded cytoskeletal filament would be described and these interactions would be 

essential for stabilizing this higher order filament. Here I present my work in 

characterizing the potential roles of the C-terminal tail of PhuZ through mutagenesis and 

fluorescence microscopy.  

 

Results 
 
Identification of important conserved C-terminal tail residues  

 Based on the previously published model [8] of the interactions between two 

PhuZ monomers from the crystal structure, we were able to identify several key 
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conserved aspartic acids that were completely solvated. When a three-stranded filament 

model of PhuZ is considered (Fig 1A), it becomes clear that these aspartic acids could be 

making critical lateral electrostatic interaction (Fig 1B). D303 and D305 are conserved 

across the ΦKZ branch of phage as well as within a group of Clostridial chromosomal 

tubulin sequences of unknown function (Fig 1D). R217 is also well conserved, especially 

among the ΦKZ branch of the family (Fig 1C), increasing the likelihood that these 

residues play important roles for the protein.  

 

Structure Guided Site-Directed Mutagenesis  

 Using site directed mutagenic PCR, both of the fully solvated aspartic acid 

residues were mutated (D303 and D305) to alanine, individually and as a double mutant, 

and tagged with GFP. The ability of these mutant proteins to make filaments in vivo in P. 

chlororaphis cells and was evaluated and whether, when present alongside the wild type, 

they affected the ability of the phage to complete infection. Both mutations severely 

impaired filament formation in vivo in uninfected cells (Fig 2A-C, E), with D305A and 

the double mutant D303A, D305A being the most severely affected. Additionally, 

expression of each of the mutant proteins reduced the ability of 201ϕ2-1 to form infection 

nucleoids as compared to cells expressing the wild type GFP-PhuZ (Fig 2D). Both of 

these amino acids therefore appear to play a role in PhuZ polymerization. 

 Based on a new model for the structure of the PhuZ filament, R217A and D305 

have been proposed to make an inter-strand salt bridge with each other as part of a triple 

helix and thereby play a critical role in filament assembly.  To test this hypothesis, I 

constructed two mutations in R217 to abolish the potential charge-pair interaction and 
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found conversion to alanine (R217A) and aspartic acid (R217D) completely eliminated 

filament formation.  Switching D305 from a negative to a positive amino acid (D305R) 

also eliminated filament formation.  The construction of a double mutant of R217D and 

D305R to switch the charges resulted in a partial restoration of the ability to assemble 

filaments.  The double mutant was able to make filaments in about 15% of cells when 

grown in the presence of 2% arabinose. Those filaments that formed were dynamic and 

appeared similar to wild type.  

 

Discussion 
 
Requirement of C-terminal tail for polymerization 

 PhuZ and α-tubulin share only the barest of homology (~ 12%), mainly in the 

most highly conserved regions of the protein, such as the T7 loop and G box. The highly 

divergent nature of all bacterial tubulins from α- and β-tubulin, as well as the different 

roles each plays within the cell, makes them fascinating to compare and raises interesting 

questions about their evolution and biology.  

 The crystal structure of PhuZ revealed a completely resolved structure for a 

tubulin protein and one of its most prominent features is a uniquely hooked C-terminal 

tail.  We have endeavored to elucidate the roles that this tail plays for PhuZ functioning 

during a lytic infection. Two other tail mutants and a truncation had previously been 

published (R298A, D311A, and ΔI302) [8] all of which greatly reduced (R298A, D311A) 

or abolished (ΔI302) filament formation. Here, three additional residues have been added 

(R217, D303A, and D305A) that when mutated also greatly diminish the ability of PhuZ 

to polymerize in vivo. Initially, it was surprising that mutating D303 and D305 had this 
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effect because both of these residues point out from the monomer into solvent and didn’t 

appear to make any significant contact with adjacent monomers.  This outward 

orientation led to the hypothesis that these residues were analogous to the E-hooks of α- 

and β-tubulin. The E-hook of tubulin is one of the most important binding sites on the 

protein, but is not required for the polymerization of tubulin into microtubules [9-11].  

Stripped specifically of their E-hooks, tubulin heterodimers appeared to polymerize even 

more permissively in vitro, but their ability to interact with Microtubule Associating 

Proteins (MAPs) were abolished.  Mutations in D303 and D305 affect the ability of the 

phage to reach advanced stages of infection, but we cannot attribute this to a specific 

effect of mutating these two aspartic acid residues because, unlike in tubulin, PhuZ 

polymerization itself was dramatically affected.  

 Whether PhuZ interacts with any other proteins, host or phage, is currently 

unknown. Although it is common for plasmid segregation systems to consist of at least 

two proteins (a cytoskeletal element or par protein and a DNA binding protein) and a 

repeated DNA attachment sequence, PhuZ’s role in centering and possibly aggregating 

phage DNA for encapsidation is nearly the opposite function of segregation: we cannot 

conclude that the two systems would be composed the same way.  But with 462 open 

reading frames in 316 kb of phage DNA, it is also hard to conclude that PhuZ acts alone 

to carry out the complex timing and precise positioning of the infection nucleoid. For 

now, proteins that interact with PhuZ remain to be identified. 

 

Three-stranded model 
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 What this mutant analysis does show is that the charge of these residues is 

critically important. Altering the charge of either D305 or R217 abolished in vivo 

polymerization - an even more severe effect than changing D303 or D305 to a non-polar 

side chain. Switching the charges on the two amino acids resulted in a partial rescue of 

dynamic filament formation, reiterating how essential the charge interaction is here. Our 

collaborators at UCSF have evidence that PhuZ forms a three-stranded filament in vitro 

with a small cavity running down the middle of the filament. This filament would 

represent a type of minimalist microtubule and may provide clues to how such complex 

structures as the eukaryotic flagella and mitotic spindle evolved.  

 

Materials and Methods 
 
Strain Construction 

 All mutant strains used (see table below) were constructed via site-directed 

mutagenesis PCR on the previously published pME28 [8], which is wild type GFP-PhuZ 

gene borne in the broad range Pseudomonad vector pHERD30T [12]. Pseudomonas 

chlororaphis 200B-1 cells were prepared and transformed as in [13].  

 

Filament Expression Levels in Mutant Strains 

 P. chlororaphis cells bearing the respective mutant plasmids (see table below) 

were grown overnight at 30ºC on a Hard Agar plate [14] supplemented with gentamicin 

sulfate at 25 µg/mL. To prepare the microscope slides, agarose pads were made with 25% 

LB, 75% distilled H2O, 13 mg/mL agarose, 0.1 µL/mL FM4-64 membrane dye, 0.1 

µL/mL gentamicin (concentration 25 µg/mL), and the appropriate amount of arabinose. A 
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single colony of cells was then transferred to the slide pad and incubated for 2 hours at 

30ºC in a humidified chamber. Images of the live cells after 2 hours of incubation were 

analyzed using ImageJ for total number of cells and number of cells expressing filaments 

at different arabinose concentrations. Cells were imaged on a Deltavision Deconvolution 

system (Applied Precision/GE) IX70 Olympus microscope with 100x 1.4 PlanApo lens.  

 

  Table 1. Strains and plasmids used in this Chapter 

Strain Organism Plasmid/Mutation Citation 

ME41 P. chlororaphis 200B-1 pME28/GFP-PhuZ [8] 

ME91 P. chlororaphis 200B-1 pME57/GFP-PhuZD303A This paper 

ME92 P. chlororaphis 200B-1 pME58/GFP-PhuZD305A This paper 

ME93 P. chlororaphis 200B-1 pME61/GFP-PhuZD303305A This paper 

ME102 P. chlororaphis 200B-1 pME62/GFP-PhuZR217A This paper 

ME103 P. chlororaphis 200B-1 pME63/GFP-PhuZR217D This paper 

ME104 P. chlororaphis 200B-1 pME64/GFP-PhuZD305R This paper 

ME105 P. chlororaphis 200B-1 pME65/GFP-PhuZR217DD305R This paper 
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Figure 1.  Conserved residues of the C-terminal tail of PhuZ may mediate protein-protein interactions or 
lateral strand interactions A) Model of a three stranded filament of PhuZ showing the lateral interactions 
between the strands with a zoom-in B) showing the molecular details of the electrostatic interaction 
between D303 and D305 with R217 and K218 C) Protein alignment of three phage PhuZ proteins plus 
three Clostridal tubulin proteins of unknown function in the R217 region, the R217 is highlighted in blue. 
D) Protein alignment of the same proteins, but in the final C-terminal amino acids. Conserved D303 and 
D305 are highlighted in red.  
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Figure 2. The D303 and D305 residues are critical for filament formation A) Fluorescent micrographs of 
uninfected P. chlororaphis cells bearing the three tail mutants GFP-PhuZD303A, D305A, and a double 
mutant of both at 0.4, 0.75, and 2% arabinose induction. Wild type GFP-PhuZ is in the last strip for 
comparison. All mutants have compromised filament formation. B) Graph showing the critical 
concentration for the three tail mutants, of which only GFP-PhuZD303A shows any appreciable 
polymerization at 2% C) Graph showing the rate of nucleoid formation in infected cells harboring the three 
tail mutants versus wild type. All three mutants have a two-fold lower rate of cells that reach the late stages 
of infection. All scale bars = 1 micron.  
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Figure 3. R217 and D305 are critical for electrostatic lateral contacts in a multi-stranded filament A) 
Fluorescent micrographs of uninfected P. chlororaphis cells expressing the following four mutants: 
R217A, R217D, D305R, and the double mutant R217D, D305R at 0.4, 0.75, and 2% arabinose induction. 
The single mutants are virtually unable to make filaments, but the charge switch in the double mutant 
partially restores filament formation. B) Graph representing the critical concentration for the four mutants. 
All scale bars = 1 micron.  
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Chapter 4: Mass Spectrometry of Infected P. Chlororaphis Cells to 

identify proteins Expressed only within the Cell during Infection 

Introduction 
 
 A large number of phage genomes have been isolated and sequenced, but there is 

comparatively little information about the proteins that are made during the lytic cycle or 

their timing of expression.  Ionizing mass spectrometry has been used with purified phage 

virions to elucidate the structural components of the phage particle. The structural 

components of the phage, such as the major capsid protein, tail, baseplate and collar, 

comprise only a small fraction of the predicted proteins in a phage genome. This is 

especially true of large phage, such as 201ϕ2-1, which has 462 predicted proteins – only 

89 (19.2%) of which have been found in the mature virion [1, 2]. The rest of the proteins 

are presumably expressed in the host during an infection – or not at all - but this 

hypothesis is untested. Further details about the remaining 373 proteins, such as function, 

timing, and level of expression – are also unexamined.  

 The understanding of what happens inside a bacterium when it is infected with a 

bacteriophage has mostly been from the perspective of the phage – the stages of infection 

that must be completed successfully for a phage to propagate itself in a host. Clearly, the 

cell and the phage are at cross-purposes and interest in how the host cell itself responds to 

an infection has centered on the bacterial “immune system” or cell defenses. The two 

most prominent examples of this are the restriction/modification system and CRISPRs
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 The restriction/modification system was first discovered in the 1950s and consists 

of restriction endonucleases that recognize short palindromic sequences of DNA and cut 

them [3-6]. This system appears to operate to protect the bacteria from any source of 

foreign DNA, as it is not specific to phage DNA. In order to protect their own DNA from 

restriction, the bacteria will modify its DNA by methylating it.  The “evolutionary arms 

race” is here exemplified by the counter-response of the phages, which often highly 

modify their own DNA thereby protecting it from restriction enzymes [5]. Some 

restriction enzymes, particularly the Type II restriction endonucleases, have been 

harnessed for cloning and other types of molecular biology [5].  

 CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) systems, 

discovered initially in 1987 and named in 2002, are often touted as an “acquired immune 

system” and compared with RNAi in eukaryotes [7, 8]. This is because short segments of 

foreign DNA are inserted between palindromic repeats, theoretically in response to 

exposure to the DNA during a previous encounter [5, 7, 9, 10]. These short DNA 

segments are continuously expressed and processed into RNA that bind to the 

complementary DNA and silence it should it be encountered again. How the short 

segments are selected, initially processed, and inserted remains a mystery [10].  

Furthermore, although there are multiple phages that infect every known bacterial species 

(and many phages that have been found but have an unknown host), about 50% of 

sequenced bacterial genomes have identified CRISPR systems [11, 12].  

 There are multiple parallel defensive systems in place that protect bacteria from 

bacteriophages – in addition to the two above examples there are other types, such as 

receptor masking, injection blocking, and many types of abortive infection [5]. But two 
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virtually unexplored avenues are the actual proteins which are affected within 

successfully infected cells and what the response is of neighboring cells to an infected 

cell, especially within a biofilm, where “up and running away” may not be a viable 

option.  

 Here I describe our work to peer into the inside of Pseudomonas chlororaphis 

cells during an infection with 201ϕ2-1 and characterize the resultant change in its 

proteome. By using native mass spectrometry on infected cells, we sought to identify the 

phage proteins that were most highly expressed only inside the cell and had not been 

found in the purified virion. Using iTRAQ mass spectrometry (isobaric Tags for Relative 

and Absolute Quantitation) on an infected nascent biofilm of P. chlororaphis, we were 

able to quantitate the changes in the host proteome upon infection.  

 

Results 
 
 For statistics regarding the ABI 5600 mass spectrometry runs, please see Table 1 

and 2 below.  

Table 1. Native Peptides - Single 90 min run on ABI 5600 and searched with Pseudomonas fluorescens        

PF0-1 + Phage 201ϕ2-1 

Sample Spectra % Identified Total 

peptides 

Total 

Proteins 

Phage 

Peptides 

Phage 

Proteins 

Uninfected 18,310 83 3322 564 0 0 

10 min 16,130 81 2,963 525 2 2 

20 min 16,685 80 3,097 559 28 13 

30 min 21,689 82 3,956 647 98 49 

60 min 21,103 82 3,897 658 410 123 
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Table 2. iTRAQ 5 plex labeled - Offline pH 10 separation into 43 fractions remixed to 10 fractions, run as  

90 min separations on ABI 5600. 

Sample Spectra % Identified Total 

peptides 

Total 

Proteins 

Phage 

Peptides 

Phage 

Proteins 

10 runs searched 

on phage 

 201ϕ2-1 only 

database 

23,390 5.3 4079 11 4079 11 

10 runs searched 

on phage 201ϕ2-

1 + P. 

fluorescens PF0-

1 database 

173,709 40 35,733 909 35 9 

 

 The native mass spectrometry experiment yielded 123 identified phage proteins; 

of which 79 were non-virion associated and have now been found only inside the infected 

cell. A putative function was assigned for 27 of them (Fig 2C) – more than half of these 

were involved in DNA/RNA replication/nucleotide synthesis/localization. Including all 

the virion associated proteins [1, 2], this adds up to a total of 168, or 36.4%, of the 

number of predicted proteins observed to date. Mass spectrometry with iTRAQ 

processing typically results in a loss of rare/low abundance peptides and proved 

unsuitable for quantitating the phage proteins in solution, allowing only 11 proteins to be 

identified, despite a robust native sample. Thus for 201ϕ2-1 peptides, spectral counting 

[13] was performed on the native mass spec results. Spectral counting relies on the 

correlation between the number of times a peptide from a particular protein strikes the 
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detector and the relative abundance in the sample.  An adjusted spectral ratio was 

calculated for these proteins by counting the number of 95% confidence peptides that 

struck the detector, divided by the total amino acid length of the protein. This adjusts for 

the fact that longer proteins generate more peptides that will strike the detector more 

often solely because of length and not abundance. Only phage proteins with an adjusted 

spectral ratio of 0.05 or higher were included for analysis [13].  Twenty-nine proteins 

made this cut-off and were divided into four categories: previously published virion 

components (Fig 1A), known/predicted proteins (Fig 1C), conserved unknown proteins 

(Fig 2A), and unique unknown proteins (Fig 2B).  

 For all host protein analysis, there were twice as many protein matches when a 

Pseudomonas fluorescens PF0-1 protein database was used rather than a newly released 

Pseudomonas chlororaphis O6 protein database.  In order to maximize the number of 

positive protein identifications, all analysis was carried out using the P. fluorescens PF0-

1 protein database.  

 For the iTRAQ results from the host, “hits” were included for analysis if they 

exhibited approximately 2 fold up or down in the level of detection, and had at least 5-7 

peptides identified to 95% confidence. Proteins annotated as having no known function 

were submitted to the HHpred program (Homology detection & structure prediction by 

HMM-HMM comparison, http://toolkit.tuebingen.mpg.de/hhpred) in order to classify 

them.  Sixty-two proteins were classified as “Highest Up Regulated” at 60 min (Fig 3A) 

and 44 proteins were classified as “Most Down Regulated” at 60 minutes (Fig 3B).  

 Proteins for both host and phage were classified based on published annotations, 

experimental data, or bioinformatics prediction of function into the following categories 
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for comparison and visual representation: carbon metabolism, protein regulation, amino 

acid regulation, translation, DNA/RNA, cell division, protein transport, motility, and 

other. Table 3 lists all 201ϕ2-1 proteins identified, with a notation if the protein was 

included for spectral counting. Table 4 lists all the information for up regulated host 

proteins included from iTRAQ analysis and Table 5 lists all the down regulated host 

proteins included from iTRAQ analysis.   

 

Virion Protein Expression 

 As mentioned before, 89 virion structural proteins (VSPs) had previously been 

identified [1, 2], including the major capsid protein (gp 200), but no one has looked at the 

timing of their expression within the infected cell.  To see how the expression of the 

VSPs correlates with other events in the lytic cycle, we looked at the VSP proteome.  Of 

the 89 VSPs previously identified, 10 were expressed highly enough for spectral counting 

(gp 146, 151, 152, 155, 159, 200, 230, 246, 280, and 382).  For this analysis, the 10 

minutes post infection time point was used as the baseline level of expression. This is due 

to the fact that there was no attempt to separate unabsorbed phage or “ghosts virions” of 

injected phage from the total sample and thus a low background level of phage virion 

proteins can sometimes be detected at 10 minutes. At the next two time points (20 and 30 

min), there is no cellular production of virion structural proteins. However, between 30 

and 60 minutes, all the virion structural proteins are being highly produced, suggesting 

these virion components, including the major capsid protein, are made mid to late during 

infection. This timing of capsid production fits with all of our previous results showing 

that formation/assembly of encapsidated phage particles begins around 50 minutes and is 
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quite advanced by 60 minutes post infection.  These results suggest that our proteomic 

method is providing valid results. 

 PhuZ (gp 59) was first detected at 30 minutes and not before. PhuZ has never 

been detected as part of the mature and purified virion, and therefore any peptides 

detected are de novo expression after infection.  To confirm the timing of PhuZ 

expression as determined by proteomics, western blots were preformed on phage infected 

samples prepared the same way as the proteomic samples (Fig 1B). Nascent biofilms of 

P. chlororaphis were infected with phage, harvested every 5 minutes for 70 minutes, and 

then probed for PhuZ expression with antibodies against the PhuZ protein.  In this time 

course experiment, no PhuZ proteins were detected until 30 minutes post infection, and 

the amount of PhuZ protein increased until 70 minutes. These results match perfectly 

with the proteomic data, providing additional confirmation of the proteomic technique 

and showing that PhuZ expression begins between 25 and 30 minutes post infection.  

Taken together, these data also fit with in vivo assembly results in which GFP-PhuZ 

assembly is detected by 30 minutes post infection [14]. 

 

Non-Virion Structural Protein Expression 

 Gene product 105 is the most abundant protein detected inside the cell, at levels 

about 1.5x more than the major capsid protein (gp 200). It’s not part of the virion, but 

nonetheless, was detectable even at the earliest time-point of 10 minutes post infection. It 

continued to increase in abundance throughout the lytic cycle. This protein is strongly 

conserved among the closely related phage of ΦPA3, ΦKZ, and the partly sequenced 

PA7. In addition, it was weakly conserved in many other phage, including Pseudomonas 
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phage OBP, Erwinia phage ΦEaH2, Pseudomonas phage EL, Salmonella phage 

SPN3US, and Halocynthia phage JM-2012. These protein homologs are all the same 

length of approximately 600 amino acids and contain the motif KRDRRDLD.  Its 

conservation among all related phage and its high level of expression suggests it plays an 

important role in lytic growth, but its function is currently unknown.  

 Gene product 287 is a member of the thymidylate kinase family of proteins, 

which are involved in the synthesis of the nucleotide triphosphate dTTP and thus are 

essential for DNA replication.  Thymidylate kinases are widespread among viruses – they 

have been found in herpesviruses, baculoviruses, as well as in many bacteriophages, such 

as T7 [15]. It is first detected in spectral counting by 30 minutes. That fits well with our 

results for the timing of DNA replication, which occurs between 20 and 50 minutes. 

 Gene product 467 is annotated as ribonucleoside diphosphate reductase, known as 

NrdA in E. coli. These proteins are widespread in phages, including T4, and are 

responsible for production of deoxyribonucleoside triphosphates. We do not see 

expression of gp 467 until after 30 minutes post infection, although again, this fits very 

well with other evidence we have that point to a possible maximum of DNA replication 

at 40 minutes.  

 All the other up regulated phage proteins fell into one of two categories; either 

proteins of unknown function that are unique to 201ϕ2-1 (gp 34, 72, 205, 283, 278, 279, 

330, 341, and 466, Fig 2B) or proteins of unknown function that are conserved across the 

ΦKZ family of phages (including gp 119, 123, 136, 137, 140, and 221 Fig 2A).  

Discussion 
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 Our results tell of a complex story of interactions between the phage and the host 

cell. The precision with which a phage can disable and dismantle a cell is astonishing, but 

not well understood at the mechanistic level. The mystery is even greater for the ever 

larger, presumably more complex, bacteriophages and viruses that are being discovered. 

With 462 predicted proteins, 201ϕ2-1 is currently among the biggest phages discovered 

and the question is open: why have some lineages of viruses seemingly acquired more 

and more genes (and thus proteins) and what do they do with them? Using tandem mass 

spectrometry, a tool that has already been harnessed to look at intact purified virions [1, 

2, 16], we are now looking at the life of the virus inside the cell. This has been done to 

analyze expression of phage proteins in the mycobacteriophage Giles [17] with 

fascinating results. In the case of 201ϕ2-1, with the virion proteins clearly defined, it is 

simple to separate those that are exclusively expressed within the host.  Figure 4 depicts a 

model of the timing of phage protein expression based on our spectral counting results.  

 The story in the host cells is less straightforward. We have noted how 201ϕ2-1 

does not appear to infect every cell in a culture or on a plate, no matter the multiplicity of 

infection, so there is certainly a mixed population of infected and uninfected cells in the 

sample. Currently, the mass spec analysis of infected cells cannot distinguish between a 

change in host protein levels due to direct phage activation/inhibition, changes due to 

indirect effects or pleiotrophy from infection, and directed anti-phage responses, either in 

the infected cells or neighboring cells. However, the changes observed are due to 

exposure to phage, as we have normalized the expression to uninfected cells, grown and 

prepared in an identical fashion.  

Phage for DNA, host for translation 
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 A general trend that was observed was that host proteins whose expression were 

up were involved in metabolism and the processes surrounding protein production, 

turnover, and regulation while the phage proteins identified were overwhelmingly used 

for DNA replication and transcription. This agrees with the notion that viruses hijack the 

host cells energy generating and translation machinery to drive production of the viral 

proteins.  Exemplifying one way in which large viruses may differ from smaller ones is 

that 201ϕ2-1 brings in many of its own components for replication and transcription 

rather than using the host’s. This includes the previously identified DNA-directed RNA 

polymerases, DnaB helicase, several DNA binding proteins, RNA chaperones, as well as 

an NrdA homolog and other nucleotide synthesis homologs. Please see Table 3 for a 

complete list of proteins.  

 

Host Genes that Promotes Symbiosis, Motility 

 On the host side, it is intriguing to see several unusual genes up regulated during 

infection, including a homolog of inositol monophosphatase, known to stimulate 

exopolysaccaride production in Rhizobium species and promote plant-bacteria symbiosis 

[18]. P. fluorescens and P. chlororaphis are both rhizobacteria and are known to secrete a 

wide array of compounds. Several chemotaxis and motility genes were also up regulated 

(gi|77456956 Chemotaxis sensory transducer, gi|77457773 flagellar motor switch protein 

FliM). Whether the increase in these proteins are a response of other residents of the 

biofilm to the infection that is protective or a direct phage effect that is good for the 

phage is unknown, but points to a potentially interesting interplay of symbiosis and 

biofilm formation with infection status.  
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Consistent down-regulation of ribosome components, some compensation from phage 

 Although there are approximately equal numbers of proteins involved in 

translation that are up regulated and down regulated in the host, there is a preponderance 

of essential ribosome components which are down regulated by 60 minutes.  At least one 

of these, 30S ribosomal protein S16, is significantly and thereafter consistently down 

regulated even by 20 minutes post-infection. No host ribosome components are 

significantly up regulated. By 60 minutes, the wild type 201ϕ2-1lytic cycle is essentially 

complete when considered at the population level (although not at the single cell level) 

and the drop in ribosome components may reflect the fact that in infected cells translation 

has begun to wane, although phage virion component production continues to accumulate 

through 60 minutes from the spectral counts. The phage brings in at least one putative 

essential 50S ribosome component, L21E/L24, (gp 379), and this may serve to help 

overcome any deficit in host ribosome assembly, as L24 in E. coli serves to nucleate 

assembly of the large ribosomal subunit.  This protein is conserved in closely related 

phages.  

 

Down regulation of chaperons, cellular defense, and transcription factors 

 No transcription factors made the threshold for analysis for up regulated host 

proteins, however, 3 did make the down regulated list.  Two of the three of these are 

transcription factors that up regulate cellular responses to environmental stress: sigma 54 

dependent transcriptional regulator (gi|77457759), a protein that causes sigma 54 to 

become transcriptional active in response to environmental cues; and TraR/DksA family 
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transcriptional regulator (gi|77461025), which changes the kinetics of transcription 

initiation of ribosomal rRNA genes in response to starvation. The third is annotated as a 

hypothetical protein (gi|77459899), but HHpred predicts it is a transcriptional regulator.  

The TraR/DksA and hypothetical transcriptional regulator are also significantly down 

regulated by 20 min. That the bacteriophage would want to shut down many of the 

cellular responses to stress seems a reasonable hypothesis, especially in the case of 

disabling sigma 54.  

 Currently, there are no CRISPR or CAS genes annotated in the P. fluorescens 

Pf0-1 genome nor are there any reports in the literature that this species possesses a 

CRISPR system. In the paper introducing the genome, Silby and colleagues [19], do note 

that there are 9 different intergenic repeat families, but does not call any of these 

CRISPRs.  This places P. fluorescens in the category with about 50% of other bacterial 

species in having no recognized CRISPR system. P. fluorescens must certainly have 

multiple defenses against phage infection and this opens up the possibility that it 

possesses new types of phage defense mechanisms.  

 As to the species mystery – the fact that the host proteome better matches P. 

fluorescens PF0-1 rather than the newly sequenced P. chlororaphis O6 - we would like to 

note that taxonomy of this group of Pseudomonads has been in dramatic flux in recent 

decades as it has become abundantly clear that the diversity and ecology of this group is 

poorly understood. In their paper comparing the genomes of three strains of “P. 

fluorescens”, including PF0-1, Silby and colleagues reveal that none of the three strains 

make the cutoff to be considered the same species [19]. They leave the matter unresolved, 

although they note that PF0-1 and PF-5 belong to a lineage that includes P. chlororaphis 
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strains.  Given that our strain of P. chlororaphis is an environmental isolate (200B-1), it 

is unclear whether we have a new strain or species, and like Silby and colleagues, choose 

to leave the matter unresolved for the time being.  

 We have only begun to scratch the surface of the complex molecular interactions 

that are going on inside an infected cell. Revealing these novel pathways and mechanisms 

will be a valuable source of innovative biology. Phages have 1 billion plus years of 

perfecting how to kill a cell. This fact, combined with the increasing diversity of known 

phage available to study, may give new leads on drugs targeting pathogens and even 

cancer cells.  

 

Materials and Methods 
 
Mass Spectrometry Sample Preparation 

 Pseudomonas chlororaphis 200B-1 cells in mid-log phase were spread onto Hard 

Agar plates [2] and incubated for 3-5 hours at 30°C. 15 µl of 201ϕ2-1 lysate were gently 

spread over this nascent lawn and then the plates were returned to 30° C. At the 

designated time points, cells were scraped off the plate using liquid Hard Agar media, 

spun down, and the wet pellets weighed and then frozen and stored.  

 

Sample trypsinization:  

 Sample preparation [20]:  Infected cell preparations were concentrated to >1 x 

1011 cells/ml using a Speed Vac for in-solution protein digestion.  RapiGest SF reagent 

(Waters Corp.) was added to the 0.1 ml lysate sample to a final concentration of 0.1% 

and samples were boiled for 5 min. TCEP (Tris (2-carboxyethyl) phosphine) was added 
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to 1 mM (final concentration) and the samples were incubated at 37°C for 30 min. 

Subsequently, the samples were carboxymethylated with 0.5 mg/ml of iodoacetamide for 

30 min at 37°C followed by neutralization with 2 mM TCEP (final concentration). 

Proteins samples prepared as above were digested with Promega sequencing grade 

modified trypsin (trypsin:protein ratio - 1:50) overnight at 37°C. RapiGest was degraded 

and removed by treating the samples with 250 mM HCl at 37°C for 1 h followed by 

centrifugation at 15,800xg for 30 min at 4°C. The soluble fraction was then added to a 

new tube and the peptides were extracted and desalted using a 1 ml SepPak C18 solid 

phase extraction columns (Waters).  

 

iTRAQ sample preparation: 

 Isobaric tagging reagents from an iTRAQ Reagent 8plex kit (ABSCIEX) were 

used for 5-plex labeling of peptide samples prepared as above. Each iTRAQ reagent was 

dissolved in isopropanol solution and added to one sample in a 1:1 ratio at a pH range of 

7.5 to 8.5. After 2 h incubation at room temperature, the labeled samples were combined 

and then fractionated using high pH reverse phase off-line separation over a Waters 

Xterra C18 reverse phase 4.6 mm x 10 mm 5 µm particle column (part no 186000486) 

with guard column (part no 186001920), heated to 40ºC. The buffers used for the mobile 

phase were: Buffer A – 20 mM ammonium formate pH 10 MilliQ water. Buffer B – 20 

mM ammonium formate pH 10 in 80% ACN-MilliQ water. Procedure can also be found 

at http://massspec.ucsd.edu/bioms/documents/HpHRP_iTRAQ.pdf 

LC-MS/MS analysis: 
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 For both iTRAQ and native samples, trypsin-digested peptides were analyzed by 

high pressure liquid chromatography (HPLC) coupled with tandem mass spectroscopy 

(LC-MS/MS) using nano-spray ionization as described in [21] with these changes. The 

nanospray ionization experiments were performed using an ABSCIEX TripleTOF 5600 

mass spectrometer.  Finally, the collected data were analyzed using MASCOT® (Matrix 

Sciences) and Protein Pilot 4.0 (ABSCIEX) for peptide identifications.  The LC MS/MS 

analysis was performed in the UCSD Biomolecular and proteomics Mass Spectrometry 

Facility by Majid Ghassemian, Facility Director. 
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Table 3. Phage Proteins  

Cat. Accession Name 95% 
peptides 

Incr 0 
vs 60 

BLAST HHPred 

E gi|1894906
16 

hypothetical 
NrdA 

13 13 NrdA **Ribonucleoside-
diphosphate reductase 1 
subunit alpha (E. coli); 
**Ribonucleoside-
diphosphate reductase large 
chain (Saccharomyces 
cerevisiae) 

E gi|1894902
18 

hypothetical 
protein 
201ϕ2-1p059  

8 8 ΦPA3; 
ΦKZ 

Tubulin  

E gi|1894904
39 

thymidylate 
kinase (gp 
286) 

7 7   **DMTP kinase, thymidylate 
kinase (P.aeruginosa PA01); 
**DTMP kinase, thymidylate 
kinase (S. aureus); **many 
more 

E gi|1894906
06 

hypothetical 
ribonucleotid
e reductase β 
subunit  

5 5 ΦKZ; 
ΦPA3; 

ribonucleot
ide 

reductases; 
Ferritin_lik
e supfam 
(ribonucle

otide 
reductases) 

**Ribonucleotide reductase 
R2 (E.coli); 
**Ribonucleotide-
diphosphate reductase 
subunit beta (Bacillus 
halodurans); **many more 

E gi|1894903
92 

hypothetical 
UvsX  (gp 
237) 

5 5 ΦPA3;ΦK
Z;ACD;Ha
locynthia 

phage 

*Protein RECA (Thermotoga 
maritima); *recombination 
and repair protein 
(Enterobacteria phage T4); 
*RECA protein, recombinase 
A (Deinococcus 
radiodurans) 
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Table 3. Phage Proteins, continued 

Cat. Accession Name 95% 
peptides 

Incr 0 
vs 60 

BLAST HHPred 

E gi|189490502 putative 
thymidylate 
synthase 

4 4   **Thymidylate synthase 
(Enterococcus faecalis, 
Burkholderia thailandensis,; 
**Bi-functional dihydrofolate 
reductase-thymidylate 
(Plasmodium falciparum); 
**more 

E gi|189490353 DnaB 
helicase (gp 
197) 

3 3   **DNAB helicase/replicative 
helicase (Bacillus phage SPP1, 
many other bacteria species) 

C gi|189490597 hypothetical 
protein 
201ϕ2-
1p448 

2 2 NS Protein (arginase); enzyme, 
hydrolase, arginine hydrolysis, 
nitrogen metabolism, 
manganese metalloenzyme 
Bacillus caldovelox 

A gi|189490596 hypothetical 
protein 
201ϕ2-
1p447  

2 2 NS UTP--glucose-1-phosphate 
uridylyltransferase; UDP-
glucose, carbohydrate, 
pyrophosphorylase (E. coli ) 

E gi|189490288 hypothetical 
protein 
201ϕ2-
1p130 

2 2 ΦKZ; 
ACD; 

Halocynt
hia phage 

*DNA-directed RNA 
polymerase β' chain 

E gi|189490287 hypothetical 
protein 
201ϕ2-
1p129 

2 2 PA7; 
ΦKZ; 
ACD 

**DNA-directed RNA 
polymerase β chain (Thermus 
thermophilus) 
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Table 3. Phage Proteins, continued 

Cat. Accession Name 95% 
peptides 

Incr 0 
vs 60 

BLAST HHPred 

E gi|189490618 dihydrofolate 
reductase (gp 
003) 

1 1   **Dihydrofolate reductase 
(Bacillus anthracis, S. 
aureus, Streptococcus 
pneuoniae, E. coli, 
Mycobacterium avium, 
Mycobacterium 
tuberculosis,more) 

D gi|189490530 hypothetical 
protein 
201ϕ2-1p379  

1 1 NS; 
ΦKZ; 
PA7 

*60S ribosomal protein 
(Thermomyces 
lanuginosus); *50S 
ribosomal protein 
(Pyrococcus furiosus) 

C gi|189490524 hypothetical 
protein 
201ϕ2-1p373 

1 1 N-
Acyltra
nsferase 
supfam; 
gi|1894
90525 

**Acetyltransferase 
(Listeria innocua, 
Salmonella typhimurium, 
Vibrio cholerae, many 
more) 

A gi|189490523 hypothetical 
protein 
201ϕ2-1p372 

1 1 NS *Alkylhydroperoxidase 
AHPD core 
(Rhodospirillum rubrum) 

A gi|189490520 hypothetical 
protein 
201ϕ2-1p369 

1 1 ΦPA3;
ΦKZ 

*Hexulose-6-phosphate 
synthase SGBH (V. 
cholerae); *Putative 
saccharopine 
dehydrongenase (Ruegeria 
pomeroyi) 

E gi|189490486 hypothetical 
protein 
201ϕ2-1p335  

1 1 NS DNA-binding protein H-
NS (S. typhimurium; H-
NS histone-like protein H1 
(E .coli); Serine/threonine 
protein kinase (M. 
tuberculosis); Protein 
kinase (S. aureus) 
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Table 3. Phage Proteins, continued 

Cat. Accession Name 95% 
peptides 

Incr 0 
vs 60 

BLAST HHPred 

D gi|189490470 putative 
Thg1 (gp 
319) 

1 1   **tRNA(His) 
guanylyltransferase 
(H. sapiens) 

E gi|189490414 hypothetical 
protein 
201ϕi2-
1p260  

1 1 NS 109AA long hyp. 
Transcriptional 
regulator 
(Sulfolobus 
tokodaii); PMBA 
protein, putative 
modulator of gyrase 
(P. aeruginosa) 

A gi|189490412 hypothetical 
protein 
201ϕ2-
1p258 

1 1 NS  CsxA, Exo-β-D-
glucosaminidase  
(Amycolatopsis 
orientalis, high GC 
bacterium), E. coli 
Beta-glucuronidase  

E gi|189490395 putative 
RnhA (gp 
240) 

1 1   *Ribonuclease H1 
(H.sapiens); 
*GAG-POL 
polyprotein (HIV-1 
M); *RNH 
(ribonuclease H) 
(Chlorobaculum 
tepidum); *more 

E gi|189490361 hypothetical 
protein 
201ϕ2-
1p206  

1 1 NS  RNA/DNA 
binding domain, S. 
cerevisiae Histone-
lysine N-
methyltransferase, 
H3 lysine-4 
specific; histone 
methyltransferase 

D gi|189490316 hypothetical 
protein 
201ϕ2-
1p160 

1 1 Most 
similar 

to 
189490

603 

*Valyl-tRNA 
synthetase (T. 
thermophilus); 
*leucine-tRNA 
ligase (E.coli); 
*methionyl-tRNA 
synthetase 
(Trypanosoma 
brucei); *more 

A gi|189490278 hypothetical 
protein 
201ϕ2-
1p120 

1 1 ΦPA3; 
ΦKZ; 
PA7 

Putative 
sporulation-specific 
glycosylase YDHD 
from B. subtilis 
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Table 3. Phage Proteins, continued 
Cat. Accession Name 95% 

peptide
s 

Incr 0 
vs 60 

BLAST HHPred 

B gi|189490253 hypothetical 
protein 
201ϕ2-1p094  

1 1 NS *Protein 
Q6HG14 of B. 
thuringiensis; 
inhibitor of 
cysteine 
peptidases 

E gi|189490186 hypothetical 
protein 
201ϕ2-1p026 

1 1 NS *Cold shock 
protein (many); 
RNA chaperone 

  Unknown 
Proteins 

          

  gi|189490263 hypothetical 
protein 
201ϕ2-1p105  

34 34 ΦPA3; 
ΦKZ; 
PA7 

None 

  gi|189490293 hypothetical 
protein 
201ϕ2-1p136  

12 12 ΦPA3; 
ΦKZ; 
PA7 

None 

  gi|189490281 hypothetical 
protein 
201ϕ2-1p123  

10 10 ΦPA3; 
ΦKZ 

None 

  gi|189490283 hypothetical 
protein 
201ϕ2-1p125 

7 7 ΦPA3; 
PA7; 
ΦKZ; 
ACD 

None 

  gi|189490297 hypothetical 
protein 
201ϕ2-1p140  

7 7 ΦPA3; 
ΦKZ; 
PA7 

None 

  gi|189490359 hypothetical 
protein 
201ϕ2-1p204  

7 7 ΦKZ; 
PA7; 
ΦPA3 

None 

  gi|189490284 hypothetical 
protein 
201ϕ2-1p126 

6 6 ΦPA3; 
PA7; 
ΦKZ 

None 

  gi|189490277 hypothetical 
protein 
201ϕ2-1p119 

6 6 ΦPA3; 
ΦKZ; 
PA7 

None 

  gi|189490294 hypothetical 
protein 
201ϕ2-1p137  

5 5 ΦPA3; 
PA7; 
ΦKZ 

None 
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Table 3. Phage Proteins, continued 

Cat. Accession Name 95% 
peptides 

Incr 0 
vs 60 

BLAST HHPred 

  gi|189490432 hypothetical 
protein 
201ϕ2-1p279  

5 5 NS   

  gi|189490231 hypothetical 
protein 
201ϕ2-1p072  

4 4 NS None 

  gi|189490193 hypothetical 
protein 
201ϕ2-1p034  

4 4 NS; most 
similar to 

Caulobacter 
phage 

None 
 

  gi|189490247 hypothetical 
protein 
201ϕ2-1p088  

4 4  ΦPA3 mechanosen
sitive 
channel 
protein 
MscS 

  gi|189490435 hypothetical 
protein 
201ϕ2-1p282 

4 4 NS; PA7 
major head 

protein 

  

  gi|189490492 hypothetical 
protein 
201ϕ2-1p341  

4 4 NS   

  gi|189490264 hypothetical 
protein 
201ϕ2-1p106 

3 3 Most similar 
to 

189490355 

None 

  gi|189490360 hypothetical 
protein 
201ϕ2-1p205 

3 3 NS None 

  gi|189490436 hypothetical 
protein 
201ϕ2-1p283  

3 3 ΦPA3; PA7; 
ΦKZ 

  

  gi|189490334 hypothetical 
protein 
201ϕ2-1p178  

2 2 NS None 

  gi|189490345 hypothetical 
protein 
201ϕ2-1p189 

2 2 NS None 

  gi|189490376 hypothetical 
protein 
201ϕ2-1p221  

2 2 ΦPA3; ΦKZ   

  gi|189490387 hypothetical 
protein 
201ϕ2-1p232  

2 2 ΦPA3; ΦKZ   

  gi|189490409 hypothetical 
protein 
201ϕ2-1p255  

2 2 ΦPA3; ΦKZ   

  gi|189490441 hypothetical 
protein 
201ϕ2-1p289 

2 2 NS   
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Table 3. Phage Proteins, continued 

Cat. Accession Name 95% 
peptides 

Incr 0 
vs 60 

BLAST HHPred 

  gi|189490464 hypothetical 
protein 
201ϕ2-1p312  

2 2 NS   

  gi|189490481 hypothetical 
protein 
201ϕ2-1p330 

2 2 NS   

  gi|189490528 hypothetical 
protein 
201ϕ2-1p377  

2 2 NS   

  gi|189490570 hypothetical 
protein 
201ϕ2-1p420  

2 2 NS   

  gi|189490603 hypothetical 
protein 
201ϕ2-1p454 

2 2 gi|1894903
16 

  

  gi|189490615 hypothetical 
protein 
201ϕ2-1p466  

2 2 NS   

  gi|189490266 hypothetical 
protein 
201ϕ2-1p108  

1 1 NS None 

  gi|189490177 hypothetical 
protein 
201ϕ2-1p017  

1 0 Most 
similar to 

189490178 

None 

  gi|189490178 hypothetical 
protein 
201ϕ2-1p018  

1 1 Most 
similar to 

189490177 

None 

  gi|189490222 hypothetical 
protein 
201ϕ2-1p063  

1 1 NS None 

  gi|189490252 hypothetical 
protein 
201ϕ2-1p093  

1 1 NS None 

  gi|189490261 hypothetical 
protein 
201ϕ2-1p102 

1 1 NS None 

  gi|189490275 hypothetical 
protein 
201ϕ2-1p117 

1 1 NS None 

  gi|189490282 hypothetical 
protein 
201ϕ2-1p124 

1 1 ΦPA3; 
PA7; ΦKZ; 

ACD 

None 

  gi|189490332 hypothetical 
protein 
201ϕ2-1p176  

1 1 NS None 
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Table 3. Phage Proteins, continued 
Cat. Accession Name 95% 

peptides 
Incr 0 
vs 60 

BLAST HHPred 

  gi|189490343 hypothetical 
protein 201ϕ2-
1p187  

1 1 Most similar 
to 3-ketoacyl 
reductase in 
Pseudomonas 
sp. 

None 

  gi|189490389 hypothetical 
protein 201ϕ2-
1p234  

1 1 ΦPA3; ΦKZ   

  gi|189490449 hypothetical 
protein 201ϕ2-
1p297 

1 1 ΦPA3; ΦKZ; 
PA7 

  

  gi|189490474 hypothetical 
protein 201ϕ2-
1p323 

1 1 NS   

  gi|189490479 hypothetical 
protein 201ϕ2-
1p328  

1 1 NS   

  gi|189490501 hypothetical 
protein 201ϕ2-
1p349  

1 1 NS   

  gi|189490515 hypothetical 
protein 201ϕ2-
1p364 

1 1 NS   

  gi|189490517 hypothetical 
protein 201ϕ2-
1p366  

1 1 NS   

  gi|189490532 hypothetical 
protein 201ϕ2-
1p381 

1 1 NS   

  gi|189490546 hypothetical 
protein 201ϕ2-
1p396 

1 1 ΦKZ; PA7   

  gi|189490582 hypothetical 
protein 201ϕ2-
1p433 

1 1 NS   

  gi|189490607 hypothetical 
protein 201ϕ2-
1p458  

1 1 NS   

  gi|189490614 hypothetical 
protein 201ϕ2-
1p465  

1 1 NS   

  gi|189490431 hypothetical 
protein 201ϕ2-
1p278  

1 1 NS   
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 Table 3. Phage Proteins, continued 
Cat. Accession Name 95% 

peptides 
Incr 0 
vs 60 

BLAST HHPred 

  
Virion 
Proteins 

          

  gi|189490355 major capsid 
protein (gp 200) 

26 26   None 

  gi|189490400 virion structural 
protein (gp 246) 

20 20     

  gi|189490307 virion structural 
protein (gp 151) 

13 13 ΦPA3; ΦKZ None 

  gi|189490385 virion structural 
protein (gp 230) 

12 12     

  gi|189490315 virion structural 
protein (gp 159) 

9 9   Some bacterial GAP 
domain 

  gi|189490311 virion structural 
protein (gp 155) 

8 8   None 

  gi|189490190 tail sheath 
[Pseudomonas 
phage 201phi2-
1] 

7 7   None 

  gi|189490308 virion structural 
protein (gp 152) 

7 7   None 

  gi|189490349 virion structural 
protein  

7 7   None 

  gi|189490371 virion structural 
protein 
[Pseudomonas 
phage 201phi2-
1] 

5 5   RCC1/BLIP-II 

  gi|189490425 hypothetical 
protein 201ϕ2-
1p271  

4 4 ΦPA3; ΦKZ; 
ACD 

  

  gi|189490433 hypothetical 
protein 201ϕ2-
1p280 

4 4 ΦPA3; ΦKZ; 
PA7 
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Table 3. Phage Proteins, continued 
Cat. Accession Name 95% 

peptides 
Incr 0 vs 

60 
BLAST HHPred 

  gi|189490379 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

4 4     

  gi|189490427 putative RNA 
polymerase β 
subunit  

3 3     

  gi|189490189 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

3 3   None 

  gi|189490305 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

2 2   None 

  gi|189490312 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

2 2   None 

  gi|189490313 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

2 2   None 

  gi|189490397 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

2 2     

  gi|189490401 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

2 2     
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Table 3. Phage Proteins, continued 
Cat. Accession Name 95% 

peptides 
Incr 0 
vs 60 

BLAST HHPred 

  gi|189490422 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

2 2     

  gi|189490533 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

2 2     

  gi|189490428 hypothetical 
RNA 
polymerase β' 
subunit 

1 1 ΦPA3; 
PA7; 
ΦKZ 

  

  gi|189490240 hypothetical 
protein 201ϕ2-
1p081 

1 1 ΦPA3; 
PA7; 
ΦKZ; 
ACD 

  

  gi|189490257 hypothetical 
protein 201ϕ2-
1p098 

1 1 ΦPA3; 
ΦKZ; 
PA7; 
ACD 

None 

  gi|189490448 hypothetical 
exonuclease 
[Pseudomonas 
phage 201ϕ2-1] 

1 1 ΦPA3; 
ΦKZ 

  

  gi|189490452 putative SNF2 
domain helicase 
[Pseudomonas 
phage 201ϕ2-1] 

1 1     

  gi|189490187 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 

  gi|189490191 major virion 
structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 
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Table 3. Phage Proteins, continued 
Cat. Accession Name 95% 

peptides 
Incr 0 
vs 60 

BLAST HHPred 

  gi|189490208 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 

  gi|189490302 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 

  gi|189490304 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 

  gi|189490309 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 

  gi|189490354 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 

  gi|189490367 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 

  gi|189490368 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 
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Table 3. Phage proteins, continued 
Cat. Accession Name 95% 

peptides 
Incr 0 
vs 60 

BLAST HHPred 

  gi|189490369 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 

  gi|189490372 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1   None 

  gi|189490374 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1     

  gi|189490393 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1     

  gi|189490604 virion structural 
protein 
[Pseudomonas 
phage 201ϕ2-1] 

1 1     

  gi|189490451 hypothetical 
protein 201ϕ2-
1p299  

0 0 NS   
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Table 4. Up Regulated Host Proteins  
Cat Protein # %coverage Accession Name #Peptides 117/113 

F 34 33.01999867 gi|77461055 chaperone clpB  28 3.597492933 
C 38 26.76999867 gi|77459830 NADH 

dehydrogenase 
subunit G 

21 2.582259893 

I 61 47.2600013 gi|77460890 cell division protein 
FtsA  

22 5.546257019 

H 65 39.91999924 gi|77458129 amidophosphoribosyl
transferase  

20 5.495409012 

A 69 42.75999963 gi|77457096 UDP-N-
acetylglucosamine 1-
carboxyvinyltransfera

se  

19 1.706081986 

H 83 23.28999937 gi|77460097 DNA topoisomerase I  17 3.53183198 
M  91 16.16999954 gi|25596126

3 
preprotein translocase 

subunit SecA  
20 3.104559898 

M  102 39.71000016 gi|77457505 RND efflux system 
outer membrane 
lipoprotein NodT  

18 7.112134933 

E 109 50 gi|77460506 bifunctional N-
succinyldiaminopime

late-
aminotransferase/acet

ylornithine 
transaminase protein  

24 3.28095293 

K 111 19.17999983 gi|77456760 RNAse R  15 2.051162004 
D 118 33.88000131 gi|77456416 4-aminobutyrate 

aminotransferase  
17 3.435580015 

K 127 24.41000044 gi|77457219 GTP-binding protein 
LepA  

17 3.162277937 

K 128 27.32000053 gi|77457034 peptide chain release 
factor 3  

16 4.875285149 

F 129 25.60000122 gi|77460829 chaperone protein 
HscA  

11 3.872575998 

E  141 32.01999962 gi|77460815 2-isopropylmalate 
synthase  

15 3.837071896 

C 148 57.01000094 gi|77460582 keto-
hydroxyglutarate-

aldolase/keto-deoxy-
phosphogluconate 

aldolase  

12 2.630268097 

A  175 47.78999984 gi|77460837 inositol 
monophosphatase  

12 4.092607021 

H 187 19.23000067 gi|77456731 DNA topoisomerase 
IV subunit A  

12 2.051162004 

D 193 30.19999862 gi|77461464 betaine aldehyde 
dehydrogenase  

15 2.032356977 

C  206 16.13000035 gi|77460514 acetyl-CoA 
synthetase  

10 8.165823936 
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Table 4. Up Regulated Host Proteins, continued 
Cat Protein # %coverage Accession Name # Peptides 117/113 
E 223 30.64999878 gi|77457254 homoserine 

dehydrogenase  
10 4.655860901 

K 229 20.63000053 gi|77457664 DEAD/DEAH box 
helicase-like protein  

13 2.051162004 

G 232 11.28000021 gi|77460800 PIM1 peptidase  10 10.76465034 
J 238 23.61000031 gi|77458060 Pas/Pac sensor-

containing chemotaxis 
sensory transducer  

10 2.108628035 

K 241 22.57000059 gi|77457063 aspartyl/glutamyl-tRNA 
amidotransferase subunit 

A  

13 9.036495209 

G 244 23.58999997 gi|77457216 leucyl aminopeptidase  13 2.089296103 
D 250 23.36000055 gi|77460503 succinylglutamic 

semialdehyde 
dehydrogenase  

9 2.83139205 

F 257 13.95999938 gi|77459915 PpiC-type peptidyl-prolyl 
cis-trans isomerase  

10 4.405549049 

H 263 13.01999986 gi|77457361 DNA mismatch repair 
protein MutS  

11 5.445025921 

C  265 23.33000004 gi|77456415 succinate-semialdehyde 
dehydrogenase I  

9 2.376840115 

D 267 24.80999976 gi|77459878 isovaleryl-CoA 
dehydrogenase  

13 2.187762022 

B 269 40.09000063 gi|77460583 6-
phosphogluconolactonase  

9 1.786488056 

C  280 26.9600004 gi|77461755 aldehyde dehydrogenase 
(acceptor)  

8 1.940886021 

K  289 9.747000039 gi|77457647 ATP-dependent helicase 
HrpA  

9 4.325138092 

E 296 38.98000121 gi|77460440 cysteine synthase B  11 4.207265854 
B  300 30.05999923 gi|77458811 6-phosphogluconate 

dehydrogenase-like 
protein  

14 6.194410801 

K  301 16.94000065 gi|77460818 GTP-binding protein 
EngA  

7 2.83139205 

C 303 21.31000012 gi|77458329 malate:quinone 
oxidoreductase  

11 5.80764389 

A 309 25.52999854 gi|77460657 formyltetrahydrofolate 
deformylase  

9 8.550666809 

E 310 26.6200006 gi|77461334 indole-3-glycerol-
phosphate synthase  

7 5.70164299 

J 311 18.78000051 gi|77456956 chemotaxis sensory 
transducer  

10 5.199960232 

A 312 34.11000073 gi|77460994 carbonic anhydrase  8 3.53183198 
B  317 12.7700001 gi|77458895 phosphoglucomutase  9 3.80189395 
E 318 19.94999945 gi|77457098 histidinol dehydrogenase  8 2.85758996 
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Table 4. Up Regulated Host Proteins, continued 
Cat Protein 

# 
%coverage Accession Name # 

Peptides 
117/113 

C  327 23.42000008 gi|77460597 glyceraldehyde-3-
phosphate 

dehydrogenase  

7 2.147830009 

I 331 26.49999857 gi|77461208 L-alanyl-gamma-D-
glutamyl-meso-
diaminopimelate 

ligase  

8 4.168694019 

D  332 20.53000033 gi|77457992 methylcitrate 
synthase  

8 4.655860901 

A  339 16.32000059 gi|77460819 Pyrrolo-quinoline 
quinone  

9 3.191538095 

C 344 7.869999856 gi|77457993 aconitate hydratase  7 10.47128963 
J 359 24.52999949 gi|77457773 flagellar motor 

switch protein FliM  
7 4.130475044 

D 366 38.06999922 gi|77459686 branched-chain 
alpha-keto acid 

dehydrogenase E1 
component  

8 4.168694019 

C  370 23.69000018 gi|77461238 bifunctional 3,4-
dihydroxy-2-
butanone 4-
phosphate 

synthase/GTP 
cyclohydrolase II-

like protein  

11 2.754229069 

? 374 28.87000144 gi|77460943 putative lipoprotein  8 1.380383968 
G 375 11.55999973 gi|77456318 oligopeptidase A  8 10.96477985 
D 423 18.44999939 gi|77460615 glycine cleavage 

system T protein  
9 3.66437602 

E  443 26.8900007 gi|77459321 cobalamin synthesis 
protein/P47K  

8 1.29419601 

H  449 32.37999976 gi|77460417 orotidine 5'-
phosphate 

decarboxylase  

7 10.37528038 

M  477 21.26999944 gi|77460626 MotA/TolQ/ExbB 
proton channel  

8 5.861382008 

J 485 9.119000286 gi|77461736 chemotaxis sensory 
transducer  

8 5.105050087 

C  524 12.54999936 gi|77461404 malate synthase G  11 2.312064886 
D 539 21.82999998 gi|77460505 arginine 

succinyltransferase  
7 14.45440006 

A 551 15.99999964 gi|255961264 3-oxoacyl-(acyl 
carrier protein) 

synthase II  

8 3.372873068 
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Table 5. Down Regulated Host Proteins  

Cat %Cov Accession Name Peptides(95%) 117:113 

H  41.92000031 gi|77460809 inosine 5'-monophosphate 
dehydrogenase  

22 0.416869402 

K  70.32999992 gi|77461296 30S ribosomal protein 
S19  

17 0.133045405 

J  30.39000034 gi|77457754 flagellin  17 0.170608193 
C  38.80999982 gi|77461948 F0F1 ATP synthase 

subunit gamma  
17 0.4487454 

H  70.96999884 gi|77457211 histone-like DNA-binding 
protein  

16 0.251188606 

E  43.48999858 gi|77461007 ketol-acid 
reductoisomerase  

16 0.428548515 

C  38.49999905 gi|77461486 phosphoglycerate kinase  14 0.496592313 
D  24.19999987 gi|77459861 glutaminyl-tRNA 

synthetase  
13 0.325087309 

H 51.42999887 gi|77460616 cold-shock DNA-binding 
protein  

13 0.444631308 

H 31.09000027 gi|77456993 carbamoyl phosphate 
synthase small subunit  

12 0.188799098 

D 31.34000003 gi|77461747 D-amino acid 
dehydrogenase small 

subunit  

12 0.401790798 

A 60.93999743 gi|77460832 scaffold protein  11 0.390840888 
A 26.23000145 gi|77461168 glutamate-1-semialdehyde 

aminotransferase  
11 0.39445731 

C  48.87000024 gi|77460337 electron transfer 
flavoprotein subunit α and 

β 

11 0.492039502 

J  29.53999937 gi|77460924 OmpA/MotB  10 0.487528503 
K  29.87000048 gi|77461758 50S ribosomal protein 

L28  
9 0.073113911 

A 47.42999971 gi|77461217 inorganic 
pyrophosphatase  

9 0.293765008 

K 16.11000001 gi|77460728 methionyl-tRNA 
synthetase  

9 0.505824685 

F  40.9799993 gi|77461085 FKBP-type peptidylprolyl 
isomerase  

8 0.079432823 

K  69.44000125 gi|77459811 translation initiation 
factor IF-1  

8 0.229086801 

L 15.88999927 gi|77457759 sigma-54 dependent 
trancsriptional regulator  

8 0.413047493 

E  19.25999969 gi|77460648 bifunctional ornithine 
acetyltransferase/N-

acetylglutamate synthase 
protein  

8 0.432513803 

H  58.89999866 gi|77461843 phosphoribosylaminoimid
azole carboxylase  

8 0.444631308 

A  35.85999906 gi|77460707 superoxide dismutase  7 0.148593605 
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Table 5. Down Regulated Host Proteins, continued 
Cat %Cov Accession Name Peptides(95%) 117:113 

A 17.20000058 gi|77461763 phosphomannomutase  7 0.187068194 
K  44.58000064 gi|77457246 30S ribosomal protein S16  7 0.237683997 
A  17.53000021 gi|77461799 hypothetical protein 

Pfl01_5578  
7 0.275422901 

G  28.43999863 gi|77459919 ATP-dependent Clp protease 
proteolytic subunit  

7 0.280543387 

M  8.096999675 gi|77456681 Sodium/proline symporter  6 0.220800504 
K 41.67000055 gi|77460381 50S ribosomal protein L32  6 0.2558586 
A  40.5099988 gi|77461237 6,7-dimethyl-8-

ribityllumazine synthase  
6 0.280543387 

A 37.81999946 gi|77460635 Ferritin and Dps  6 0.366437614 
C  15.16000032 gi|77456561 phosphoglyceromutase  6 0.366437614 
L  21.36999965 gi|77459899 hypothetical protein 

Pfl01_3677  
6 0.387257606 

A 22.54000008 gi|77456643 uroporphyrinogen 
decarboxylase  

6 0.405508488 

K  47.0600009 gi|77461757 50S ribosomal protein L33  5 0.072443597 
H  57.13999867 gi|77458156 cold-shock DNA-binding 

protein family protein  
5 0.100000001 

D  10.92000008 gi|77457147 L-serine ammonia-lyase  5 0.1086426 
L  35.3700012 gi|77461025 TraR/DksA family 

transcriptional regulator  
5 0.155596599 

H  34.70999897 gi|77459146 H-NS family protein MvaT  5 0.173780099 
A 30.50000072 gi|77457407 hypothetical protein 

Pfl01_1180  
5 0.173780099 

G  28.87000144 gi|77460723 co-chaperonin GroES  5 0.203235701 
A  14.1900003 gi|77460888 UDP-3-O-[3-

hydroxymyristoyl] N-
acetylglucosamine 

deacetylase  

5 0.465586096 

H  19.15999949 gi|77461765 orotate 
phosphoribosyltransferase  

5 0.492039502 
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Category Key (“Cat”) 

A = other 

B = pentose phosphate shunt 

C = TCA cycle/glycolysis/electron transport 

chain 

D = AA catabolism 

E = AA synthesis 

F = Protein Regulation/folding/rescue 

G = Protein regulation/degradation 

H = DNA replication/nucleotide synthesis 

I = Cell Division 

J = Motility 

K = Translation 

L = Transcription 

M = Protein transport 
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Figure 1.  Up regulation of virion proteins, PhuZ tubulin, and known/predicted proteins over time during an 
infection A) Graph plotting the adjusted spectral ratio over time of the virion structural proteins, including 
the major capsid protein, and the tubulin homolog PhuZ. All virion proteins and PhuZ are detected between 
30 and 60 minutes. B) Western blot of an infected P. chlororaphis time course with αPhuZ antibodies, 
normalized to load the same number of cells per well. PhuZ is first detected at 30 min and increases in 
intensity through 70 minutes of infection. C) Graph representing the adjusted spectral ratio over time of up 
regulated known and predicted proteins, including PhuZ.  
  



	  

	  

110 

 

Figure 2.  Up regulation of phage proteins with unknown function over time during an infection and 
categorization of phage proteins A) Graph plotting the adjusted spectral ratio over time for conserved 
unknown non-virion proteins; gp 105 is the most up regulated protein detected, 1.5x more than the major 
capsid protein. B) Graph plotting the adjusted spectral ratio over time for unique, or non-conserved, up 
regulated phage proteins. C) Pie graph depicting the distribution of the type of identified non-virion 
proteins, more than half of the proteins have a predicted function involved in DNA replication or RNA 
transcription.  
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Figure 3.  Classification of Up and Down Regulated Host proteins after 60 minutes of infection A) Pie 
graph showing the categorization of the most up regulated host proteins, the majority of which were 
involved in carbon metabolism and amino acid regulation. B) Pie graph depicting the categorization of the 
most down regulated host proteins, a full quarter of which were involved in DNA replication or RNA 
transcription, a complementary pattern to the types of phage proteins that were up regulated in the host.  
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Figure 4. Model of Timing of Protein Expression during 201ϕ2-1 Infection. Above the blue time line are 
the phage proteins that were included in spectral counting. Below the blue time line are cartoons depicting 
the major morphological stages of 201ϕ2-1 infection. 
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Thesis Discussion 

 

 This dissertation presents the work I have done on the tubulin homolog PhuZ and 

how it is involved in the lytic cycle of a large phage. I have shown that PhuZ is a 

filament-forming, dynamically unstable tubulin. It is expressed and filaments are 

assembled only after the phage is inside the host cell, around 30 minutes post infection. 

PhuZ moves the nascent replicating ball of phage DNA, which we call the infection 

nucleoid, from the pole, where it is about 75% of the time, to the center of the cell. The 

introduction of a dominant negative static mutant (PhuZD190A) causes mis-localization 

of the infection nucleoid and a 50% decrease in the number of progeny phage released. 

The movement of the nucleoid to the center of the cell is accompanied by a number of 

dramatic morphological changes for the cell, including host DNA degradation and a 

doubling of length and 30% increase in width.  Simultaneously, there are increases in the 

size and density of the infection nucleoid.  The active replication of phage DNA is not 

required for the function of PhuZ or the positioning of the nucleoid, as is demonstrated 

using Ciprofloxicin to inhibit DNA gyrase.  Between 50 and 60 minutes post infection, 

puncta of DNA can be seen emerging from the nucleoid. These puncta are DNAse I 

resistant and represent the encapsidated phage DNA.  Based on some preliminary 

evidence, we also believe that tail attachment may also be taking place at the nucleoid. 

Encapsidated DNA puncta are often seen in a corona around the nucleoid at a distance of 

100-200 nm, which corresponds nicely to the measured length of the tail in electron 

micrographs. Mature virions bud off of the nucleoid shortly before cell lysis. 
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 Additionally, I have also shown that an intact C-terminal tail is required for 

polymerization of PhuZ in vivo and this tail is also crucial for the formation of a unique 

three-stranded polymer that the Agard Lab at UCSF have seen in vitro in electron 

micrographs.  Finally, using mass spectrometry I was able to gain insight into the 

proteome of the phage inside the cell during a lytic infection. Using iTRAQ, we were 

able to watch the changes in protein levels during phage infection from the host 

perspective.    

 There are two fundamental questions that this work often provokes: why involve a 

cytoskeletal protein in a phage infection? And what is the advantage of centering 

replicating phage DNA within the cell?  There are no definitive answers to either 

question, but in regards to the former we speculate that at a certain genome size the 

inclusion of a filament forming cytoskeletal element becomes advantageous for a lytic 

virus. Thus far, all bacteriophages with a phuZ gene are large (>280 kb) dsDNA phage 

that are exclusively or primarily lytic.  The ability to actively transport various 

components of a large-sized virion – DNA, capsids, tails – to one purposeful location 

probably helps the phage make more progeny on a faster time scale. In the case of ΦKZ, 

ΦPA3, and 201ϕ2-1, the time scale from infection to lysis and progeny phage release is 

an hour or less, which is a remarkable feat. The C-st phage of Clostridium botulium 

appears to be the current exception. It possesses a tubulin homolog, but is able to enter 

into a kind of lysogeny where its genome is maintained as a plasmid. It has been widely 

speculated, and there is some circumstantial evidence, that its tubulin is used for plasmid 

segregation, more akin to TubZ. It is not known why the center of the cell is the most 
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advantageous location for the phage to localize its DNA. We note that the cell undergoes 

a peculiar morphology change at the mid-point that results in a bulge. There is some 

limited observational evidence that this is where rupture of the cell membrane begins at 

lysis. Orchestrating phage assembly here at mid-point as well may lead to better 

dispersion of daughter phage – we have also observed that daughter phages are “ejected” 

sometimes microns away from the lysed cell. The mid-point may also be a convenient 

place to go because the cell itself localizes dozens of proteins and structural components 

here in preparation for cell division. The phage may take its cue from these host-

assembled complexes and may even interact with them – but it remains an unanswered 

question.  

 

Evolution of the Cytoskeleton 

 Ever since it was discovered that prokaryotes not only have a cytoskeleton, but a 

complex and dynamic one, it has been the subject of much debate about the order of the 

evolution of the cytoskeleton and if the cytoskeleton is an example of convergent 

evolution or one of the most ancient functional protein groups around [1, 2].  The fact 

that large phages also have a cytoskeleton makes this water even muddier. It is unknown 

whether or when or from whom the ΦKZ viruses picked up the phuZ tubulin gene 

precursor and how it has evolved to its present state and function. Given the universal 

conservation of actins and tubulins in eukaryotes, it seems likely they first evolved in 

bacteria. Future research and a better understanding of the true diversity of tubulin 

proteins in nature will be required to answer questions such as these.  
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Herpes Viruses 

 We come again to the similarities of many of the Herpesviridae and the ΦKZ 

viruses. Both build a type of “viral factory” near the center of the cell, Herpes inside or 

next to the nucleus of eukaryotic cells, ΦKZ at the geographical mid-point of the 

bacterium [3, 4]: both are dependent upon complex interactions of the virus with a 

cytoskeleton, Herpes upon all of the host’s cytoskeletal proteins, ΦKZ upon its own 

tubulin, PhuZ ([4, 5], and this dissertation); and they have a similar capsid protein 

structure and method of assembly [6],[7].  With the revelation that PhuZ behaves in many 

ways more like a eukaryotic tubulin than any of the prokaryotic tubulins found to date, it 

becomes more apparent that by learning about the viruses that infect bacteria we are 

actually learning about viruses that attack us as well.  Further discoveries may lead to 

groundbreaking anti-virals for mammals based on shared features between such 

seemingly distant viruses.  

 In that vein, bacteriophages represent a large untapped reservoir of new genes and 

proteins that could be of use to human beings. Our best indications are that 

bacteriophages have been around as long as there has been bacterial life – and they have 

spent 2 billion years learning how to kill them.  It has even been hypothesized that 

bacteriophages of early cellular life may have driven the switch to DNA as the molecular 

of inheritance, an attempt of viruses to “win” the evolutionary arms race [8, 9].  This long 

and colorful relationship between bacteria and their viruses have led, from the very 

earliest days of phage research, scientists and medical professionals to marvel at the 

potential applications of phage to human problems. 
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Phage Therapy  

 In the former Soviet Union, the use of phages for treating bacterial infections has 

been widespread for nearly 100 years [10].  It survives as a modern treatment in the 

former Soviet state of Georgia. In the United States, “Phage Therapy” as it is called, 

suffered from a combination of bad timing (the discovery and mass production of 

antibiotics in a pill format, which was more comfortable for Western audiences) and bad 

science (studies where phage were administered for non-bacterial diseases, 

inactivated/contaminated phage preparations, wrong phage for the infection) [10-12].  

Antibiotic resistance has become such a public health disaster in recent years that it has 

brought the prospect of phage therapy back into vogue. Several private companies and 

multiple universities are now investing money and research time to make phage therapy a 

viable treatment option for plant, animal, and human bacterial infections. 

 

The Future 

 Along with the decrease in the costs of genome sequencing has come a rapid 

increase in the rate at which viruses are being sequenced; however, at even the most 

conservative estimates of the number of viruses on earth, we have sequenced only a tiny 

fraction of one percent of them. 201ϕ2-1 was isolated from a Texas soil sample in 2001 

and has since become the second largest known phage, the subject of 5 academic papers 

[4, 13-16], the source of a novel endolysin, and last but not least, the subject of this 

thesis: a new family of tubulins. The way it replicates itself inside its host is also new to 

science and reveals complexities hitherto unseen in the viral world. And this is just a 

single remarkable phage. There are 1031 more of them. New phage-derived enzymes, 
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small peptides, and small molecules could not only lead to new drugs and medical 

treatments, they are also potential candidates for use in synthetic biology. Viral proteins 

have proven easy to purify, remarkably stable, and immensely useful to molecular 

biology – as anyone who has used T4 ligase, T4 polymerase, or many of the available 

reverse transcriptases can attest.  Tubulins, such as PhuZ, and other essential cell division 

proteins that can be easily manipulated will be key in building the custom cells of the 

future.  
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