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ABSTRACT

Phages, viruses that infect bacteria, have been used for many studies in understanding
fundamentals of molecular biology and taking advantage of their natural antimicrobial properties
(Harper 2021). They are often noted for their overwhelming abundance and are recognized as the
most abundant biological entities in the world (Harper 2021). The field has grown since the early
20" century, and now, there are several classes of phages that have been observed and
characterized (Ackermann 2009). Within this abundant class of biological organisms, the order
called Caudovirales, is the most populated group of phages to date (Harper 2021). In this order of
viruses, the dsDNA genome phages have 2 main components, the icosahedral capsid, and a tail
(Harper 2021). Though many tailed phages have been studied for many decades, new information
about phages is still being found. Important findings such as the CRISPR gene editing tool adapted
from phages in 2007 (Barrangou, Fremaux et al. 2007) have contributed to new biotechnology that
impacts human health. For this reason, studies on phages have proven to be valuable in

understanding fundamental biological questions and advancing basic research.

In this dissertation, we investigated phage G, which has the largest capsid and genome of
propagated phage studied to date (Donelli 1968, Sun and Serwer 1997, Pope 2011, Hua, Huet et
al. 2017). By studying phage G, we may add to the knowledge of this relatively unexplored group
of Jumbo phages with remarkably larger genomes (>200kbp) (Yuan and Gao 2017)to understand
how their structure and function may be similar or different to the commonly studied, smaller
bacteriophages, such as T4 and A. For a majority of these studies, we outline how our structural
biology insights of phage G using cryo-EM (cryo-Electron Microscopy) have shown it’s
icosahedral capsid of ~ 180 nm in diameter at the 5-fold icosahedral vertex is composed of hexamer
and pentamer proteins similar to what’s been discovered in other, smaller tailed phages (Gonzalez,
Monroe et al. 2020). Our observations from microscopy data also show unique mechanistic
properties in phage G’s tail that are inconsistent with current model of tail contraction within the
Mpyoviridae family of tailed phages. Data suggest phage G’s structure and organization of its
helical tail are still similar to contractile phages such as T4 (Amos and Klug 1975, Abuladze,
Gingery et al. 1994) and phi812 (Novacek, Siborova et al. 2016), however, the mechanism of the

tail sheath movement is inconsistent with the existing ideas of myophage function (Harper 2021).

11



CHAPTER 1. OVERVIEW OF CAUDOVIRALES

Caudovirales

AN
¢ I

/PR

Podoviridae

/m\ Wz

Myoviridae Siphoviridae

Figure 1.1. The Caudovirales order of tailed phages. (Left) Myoviridae family of
dsDNA tailed phages that is recognizable by its contractile sheath tail. This is the
prototypical depiction of a bacteriophage. (Middle) Siphoviridae family of tailed
phages that lacks tail sheath proteins and is non-contractile. It is also generally more

flexible. (Right) Podoviridae family which barely has a recognizable tail.

The three families of tailed phages

Caudovirales are the most identified group of viruses studied (Harper 2021). They have three
common features: (i) an icosahedral or prolate protein capsid, (ii) a tail connected to one of the
vertices, and (iii) a dsDNA genome. There are three families within the order of tailed
Caudovirales, and they are distinguished by their tail morphology (Figure 1.1). All three families
reported have differential characteristics in the tail structure. Podoviridae have an extensile tail
that use capsid-packaged proteins that are extended and used for host penetration and genome
ejection (Hrebik, Stverakova et al. 2019). Podoviridae are 15% of identified Caudovirales
(Ackermann and Prangishvili 2012). Siphoviridae, which comprise more than half of all identified
and characterized Caudovirales, possess noncontractile tails. Current ideas of Siphoviridae

describe proteins at the end of its tail that contact specific complexes in the cell wall to facilitate
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dsDNA ejection (Harper 2021). Myoviridae are described to have contractile tail sheath that drive
tail tube movement to help penetrate the host cell (Hu, Margolin et al. 2015). About 25% of known
Caudovirales are Myoviridae (Harper 2021).

1.2 Caudovirales Capsid Structure

Head Assembly

The assembly of phages within the Caudovirales order includes the presence of large protein
multimers of varying symmetries and unique genome packaging mechanisms. Assembly of the
capsid begins at the portal protein, which is a dodecamer. The scaffolding proteins assemble onto
the connector (portal) protein, and the capsid proteins assemble around this scaffold (Casjens and
King 1975) to form a capsid precursor. Once the capsid proteins have come together, the terminase
subunits bind to the portal and form a packaging motor for the dsDNA. The motor transfers the
dsDNA into the capsid, which helps with the expansion of the capsid and maturation (Conway,
Duda et al. 1995, Fang, Wright et al. 2008, Guo, Liu et al. 2014). After spooling of the dsDNA,
and/or during the DNA packing stage, scaffolding proteins used for the initial assembly of the
capsid, are digested by host aminopeptidases, hydrolases, etc., (Suhanovsky and Teschke 2015).
When the capsid is full (translated by the terminase signal), then the DNA is cleaved, portal shuts,
the terminase dissociates, and the connector complex binds to the portal (Conway, Duda et al.
1995, Guo, Liu et al. 2014, Harper 2021). The dsDNA packed, mature capsid is attached to the
completed tail structure to finish assembly (Harper 2021).

T4 Capsid Assembly

The capsid assembly of T4 has been more extensively studied and used to understand myophage
formation. In the first stage of capsid assembly of T4, the dodecamer portal assembles on the
cytoplasmic membrane of the host, with the aid of the gp40. The prohead core proteins, gp21,
gp22, gp67, and gp68; the initiation proteins, IPI, IPII, and IPIII; and gpalt form what is to be an
internal scaffold, on the portal complex (Fokine and Rossmann 2014). The main two capsid
structural components, gp23 and gp24 assemble around the core in hexamer and pentameric
symmetries, respectively, creating a procapsid. The maturation process in structural assembly

includes the function of a prohead protease, gp21, that cleaves the N-terminus residues of gp23,
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gp24, gp67 and gp68 and digests gp21, g22, the internal proteins, a gpalt into small fragments
(Fokine and Rossmann 2014).

The function of capsid protein cleavage during maturation is mostly to trigger a rearrangement to
flatten capsid walls and increase internal capsid volume (Conway, Duda et al. 1995, Fokine and
Rossmann 2014, Harper 2021). In T4, at this stage, the capsid leaves the host membrane and a
complex of terminase proteins and dsDNA bind to the portal protein to begin the genome-
packaging. The terminase is made up 2 components, the small and large terminase subunits. During
the packaging, free energy derived from ATP hydrolysis is thought to drive the terminase motor
to mechanically push the DNA into the capsid (Yap and Rossmann 2014).

DNA packaging in Bacillus subtilis phage $29 works differently in that it lacks a small terminase
subunit, and instead uses a 174-nucleotide pRNA that helps TerL to package the genome. In $29,
it has been described that TerL, the terminase protein, has ATPase, endonuclease, and translocase
activity, and oligomerizes into a pentamer at the portal vertex for packaging. In ¢$29, 4 of the 5
subunits in the motor sequentially hydrolyze ATP and can move 2.5 bp per hydrolysis of each
subunit. The internal capsid pressure is a signal for termination and motor ejection (Rao and Feiss

2015).

The same signal for packaging termination is also used for T4 and Mu. However, P2 detects a
conserved sequence at the beginning of a new genome copy which triggers termination. In both
mechanisms, the large terminase subunit cuts the dsDNA to terminate packaging. The neck
proteins associate with the portal after packaging is terminated. In T4, gp13 and gpl14 serve as
adapters and bind to the dodecamer portal proteins to the tail. In T4, there are fibritin proteins that
decorate the neck — making up the collar and whisker. In T4, the full capsid is joined to the

assembled tail, to then complete assembly (Yap and Rossmann 2014).

1.3 Capsid organization

The basic building blocks of Caudoviral capsids are relatively well conserved in architecture,
however, the sequence similarity may be low (Suhanovsky and Teschke 2015). In other cases,

some have cement proteins, also called decoration proteins for added stability (Prevelige Jr 2008,
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Vernhes, Renouard et al. 2017, Gonzalez, Monroe et al. 2020). Caudoviral capsid size also varies
from phage G, the largest isolated and propagated capsid to date at 180 nm diameter measured
from 5-fold to 5-fold vertex (Ageno, Donelli et al. 1973, Hua, Huet et al. 2017, Gonzalez, Monroe
et al. 2020) versus the smallest of 14 kb Rhodococcus phage RRH1 that encodes just 20 genes
(Petrovski, Dyson et al. 2012). Furthermore, there is also variation in the icosahedral structure of
Caudoviral capsids in whether they are elongated (prolate) such as $29 (Morais, Choi et al. 2005)
and T4 (Fokine, Chipman et al. 2004).

Capsid proteins

The most recognized feature in the capsid proteins of Caudovirales is the fundamental HK97 fold
(Wikoff, Liljas et al. 2000). The capsid proteins are then assembled into hexamers and pentamers,
in some cases the pentamer proteins are formed by a distinct protein as in the case with T4 with
gp23 and gp24 (Fokine, Chipman et al. 2004), that associate into an icosahedron that can be
described by T number symmetry.

The concept of T number was first described in the Caspar-Klug Theory described in their 1962
publication on “Physical principles in the construction of regular viruses” (Caspar and Klug 1962).
The idea is based on the organization of a viral icosahedron being composed of 60 subunits that
form 20 triangles that make the facets of the icosahedron (Caspar and Klug 1962). There are 3
different points of symmetry in the icosahedron: 5-fold, 2 -fold, and 3-fold. At the 12 vertices of
an icosahedron, there is 5-fold symmetry, and at the edges of the triangle facets, there is 2-fold
symmetry. In the very center of each triangular facet of the icosahedron, there is 3-fold symmetry.
In Caspar & Klug’s report, the T number (also called the triangulation number) is defined by the

squared length of each triangular edge that makes up the facets in the icosahedron.

A simplified version of the T number from the Viral Zone website can be described as the number
of hexamers (h) that can be traced in a straight line from one pentamer (k) to the next (h and k),
which can then be applied to the Triangulation number equation: T=h*+hk+k? (Caspar and Klug
1962, Hulo, De Castro et al. 2011). Typical triangulation numbers observed icosahedron viruses
range from the T=3 prolate capsid of Bacillus phage phi29 (450 A wide and 540 A long) (Tao,
Olson et al. 1998, Xu, Wang et al. 2019), to the largest capsid structure reported to date of phage
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G at T=52 and 180 nm wide at the furthest pentamer-to-pentamer distance (Donelli 1968, Hua,
Huet et al. 2017, Gonzalez, Monroe et al. 2020).

A common phage building block

Wikoff, et al. reported the HK97 capsid protein structure using x-ray crystallography, which
demonstrated the canonical Caudoviral major capsid protein architecture shared by tailed phages
at 3.6 A resolution (Wikoff, Liljas et al. 2000). Despite the low sequence identity observed among
capsid proteins of Caudovirales, there is a shared protein fold architecture that has

been observed ubiquitously among tailed phages (Suhanovsky and Teschke 2015). Curiously, this
pattern of capsid protein fold is also reported in the coat protein of eukaryotic viruses, such as
Herpesviridae (Baker, Jiang et al. 2005, Yuan, Wang et al. 2018). They are a family of viruses
with linear DNA genomes and a T=16 icosahedral symmetry protein core surrounded by tegument,
an envelope, and envelope proteins, further demonstrating the utility of the structural fold among
different viral capsid symmetries. Additionally, naturally occurring biological structures, such as
encapsulin nanocompartments — icosahedral protein shell delivery vehicles, which are natural to
bacteria — share the common HK97 capsid protein fold observed in tailed phages (Sutter,

Boehringer et al. 2008).

1.4 Tail organization

Podoviridae

The tails in Podoviridae are the shortest of all the three families of tailed phages and are non-
contractile. Tail fibers and spikes are common in Podoviridae, such as T7, a well-studied E. coli
phage with a tail of about 30 nm long (Cuervo, Pulido-Cid et al. 2013). Tail assembly in T7 does
not happen until the capsid assembly and dsDNA packaging is completed. From then, the portal
protein, which is a 12 subunit complex of gp8 in T7, gp11, and gp12, and fibers come together to

form the noncontractile tail complex.

In the Podoviridae, Salmonella phage P22, the main component organization of its tail is like T7.
In P22, the trimeric tail fibers of gp9 have host attachment properties. As in the case of other
Podoviridae such as phi29, P22 has host lipopolysaccharide digestion, which has been proposed
to be a strategy in helping with host adhesion and infection progression (Harper 2021).
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Siphoviridae

In both families of tailed phages with long tails, Myoviridae and Siphoviridae, the assembly of the
tail begins at the distal tip, towards the baseplate. Siphoviridae are characterized by their inability
to contract. A common example used to illustrate this process can be explained with phage Lambda,
which is a common coliphage that has been studied for a relatively long time. The steps described

below are mostly from studies done by Katsura (1990), Davidson, Cardarelli et al. (2012).

The Lambda tail assembly starts with two simultaneous events. First, the tail tube made of gpH
will be covered in tail chaperones of gpG and gpGT. This assembly will then be joined to the
baseplate structure, which is a trimer of gpJ, and subunits of gpl, gpL, and gpK for phage Lambda.
The baseplate, tail tube measure proteins, and the tail chaperone proteins form the preliminary tail
structure. The next step involves the replacement of the tail chaperone proteins by gpV, Lambda’s
major tail protein, and following this, gpU caps off the structure. Finishing protein add-ons such
as gpZ, the packaged Lambda capsid, and the tail fibers are then fixed onto the phage tail to finish
assembly (Katsura 1990).

Mpyoviridae

Out of the three families of tailed phages, the Myoviridae have the only contractile tails. They are
marked by their unique ability to rearrange their tail sheath proteins as a process during infection
to facilitate genome ejection through unclear mechanisms (Harper 2021). A good example to learn
about tailed phage assembly and function is the E. coli phage Mu (Biittner, Wu et al. 2016). Below,
I explain more on Biittner’s et al.’s findings of the sequence of Mu tail assembly. (Biittner, Wu et

al. 2016)

The first step in beginning the tail assembly in Mu is the union of the proteins that make up the
baseplate, which is generally larger, and more complex in Myoviridae. In Mu, a trimer of gp27, a
trimer of gp5, and gp5.4 join as a starting point for the baseplate. From there, hexamers of Mup46,
gp25, Mup47, Mup48, gp6, and gp7 complexes assemble around that structure to form the final
baseplate foundation. From there, the preassembled tail tube and tape measure complex is then
joined to the baseplate, that can then recruit the tail sheath proteins. After the 6 stranded, right-

handed helix organization of tail sheath proteins is assembled onto the tube proteins, the tail
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structure is joined to the dSDNA packaged, icosahedral capsid. Finally, proteins for the tail fibers

are joined to the baseplate for the finishing touches.

Tail sheath contraction in Myoviridae with T4 as an example

T4 is arguably one of the most well studied Myoviridae model systems in phage biology.
Numerous reports have been produced from the Rossmann lab at Purdue reporting the tail
structure, morphology, and contraction mechanism of the T4 tail. In T4, the tail is assembled in an
independent pathway from the prolate, icosahedral dsSDNA, packaged capsid. As mentioned in the
previous section, the tail assembly is initiated by the baseplate formation (Leiman, Kanamaru et
al. 2003, Harper 2021). In the case of T4, a trimer of gp11 is first put together, which then serves
as a starting point for the baseplate assembly (Leiman, Kanamaru et al. 2003). The baseplate is
then attached to the tail tube, which can then fully assemble into the tail sheath decorated structure,

completing the contractile tail machine of T4.

In T4, the mechanism of contraction has been proposed to begin at the long tail fibers (LTF)
(Leiman, Kanamaru et al. 2003), which can then help anchor the short tail fibers (STF) onto the
fuzzy, lipopolysaccharide-coated surface of the E. coli host. The tail fiber binding is then thought
to induce a “hexagon-to-star” conformational change in the baseplate and an irreversible
contraction in the tail sheath (Crowther, Lenk et al. 1977). Researchers have suggested that
assembly of the tail sheath proteins, gp18, onto the gp19 tail tube structure is done in a high energy
conformation (Leiman, Kanamaru et al. 2003) compared to a stretched out spring. Additionally,
studies have found that gp25, a baseplate component of T4, is structurally alike to the sheath
protein, gpl8, and is proposed to initiate the tail contraction by altering the sheath protein
organization, causing contraction in a domino effect. Reports have also shown that the contraction
of the sheath proteins is a rigid body movement (Aksyuk, Leiman et al. 2009) that begins at the
distal end of the tail and is propagated upwards towards the capsid in a wave-like motion (Moody
1973). However, it should be noted that contraction does not mean DNA release. Previous studies
observed that T4 tail contraction could be artificially induced by urea (Leiman, Kanamaru et al.

2003).
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Table 1.1. T4 tail genesis proteins adapted from (Leiman, Kanamaru et al. 2003)

Tail protein (l\lillz;is) Nuclgll?elrs Location Function
Added right before tail terminator, | Maintain correct tail tube length (Vianelli, Wang et al.
gp3 19.7 6
gpl5 2000)
At the inner portion of the baseplate | Proposed to help propagate the conformational change
gp53 23.0 6 interacting with the tail tube gp6-  |from host binding to the tail sheath to initiate contraction
gp25 (Leiman, Chipman et al. 2004).
. lysozyme to help dissolve host surface for tube
gp3 637 3 At the tip ' pezetration (IIjeiman, Arisaka et al. 2010)
At the inner portion of the baseplate | Proposed to help propagate the conformational change
gp6 74.4 12 interacting with the tail tube in from host binding to the tail sheath to initiate contraction
complex with gp25-gp53 (Leiman, Chipman et al. 2004).
Transfers the host-binding signal received from gp10,
Part of the baseplate assembly in another baseplate component, which eventually gets
ep7 119.2 6 contact with gp10 transferred to the tail sheath to initiate contraction
(Leiman, Arisaka et al. 2010)
Involved in the hexagonal-to-star conformational change
gp8 38.0 12 Intermediate baseplate protein in the baseplate that happens during host attachment
(Leiman, Arisaka et al. 2010)
. Helps trigger conformational change in baseplate upon
gp? 310 18 Connects long tail fibers to baseplate | /g o hinding to host (Leiman, Arisaka et al. 2010)
gpl0 66.2 18 Connects short tail fibers to baseplate EXtscrilsdosr;};ieojlh(oli;;ari;rfib;rr?stz;)l:; aertdalll?;:)(lig;mg
Rotates about 100° and makes contacts with the long tail
11 237 13 Associated to short tail fibers in the | fiber upon host attachment, helping trigger an overall
&P ’ inactive form baseplate conformational change (Leiman, Arisaka et al.
2010)
They are extended after the long tail fibers attach the
gpl2 55.3 18 Short tail fibers host surface to bring the tail tube in contact with the
membrane (Leiman, Arisaka et al. 2010)
. Thought to play a role in attachment of the packaged
gpls 314 6 Neck region ) Ic)apysid 10 the tail (King 1968) P
Irreversibly rearranges from extended to contracted
during infection, and is proposed to help protrude the
gpl8 71.2 144 Tail sheath inner tail tube to help penetrate through host membrane
(De Rosier and Klug 1968, Kanamaru, Leiman et al.
2002, Leiman, Kanamaru et al. 2003)
Scaffold for tail sheath assembly and has 40 A-diameter
gpl9 18.5 144 Tail tube channel where dsDNA genome is transferred during
infection (Leiman, Kanamaru et al. 2003)
Proposed to initiate tail sheath assembly in the extended
conformation, which is thought to be a high energy state.
gp23 151 6 Baseplate component Also, it has been proposedgto initiate taigl contrfcytion
following host adhesion (Taylor, Prokhorov et al. 2016)
27 44.4 3 Central spike component at ti Is in complex with gp5 and gp5.4 to make a complex for
&P ) p P P the spike at the tail tip (Taylor, Prokhorov et al. 2016)
Controls the tail tube, gp19, assembly length by an
unclear mechanism. Current theories include gp29’s
gp29 64.4 6 Baseplate component unfolded state influences the incorporation of gp19 as
the tail tube assembly extends (Leiman, Arisaka et al.
2010)
Associates with gp54 to serve as a base for the tail-tube
gp48 39.7 6 Baseplate component junction and also a starting point for tail spike formation
(Taylor, Prokhorov et al. 2016)
Binds to gp48 to serve as a base for tail tube assembly
gp54 35.0 6 Baseplate component and also is a base for tail spike assembly (Taylor,

Prokhorov et al. 2016)
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CHAPTER 2. PHAGE G CAPSID STUDIES BY CRYO-EM

This chapter is from a 2020 publication in collaboration with other scientists across different
institutions (Gonzalez, Monroe et al. 2020). Their contributions are noted and are outlined in the
Jjournal website.

Phage G has the largest capsid and genome of any known propagated phage. Many aspects of its
structure, assembly, and replication have not been elucidated. Herein, we present the dsDNA-
packed and empty phage G capsid at 6.1 and 9 A resolution, respectively, using cryo-EM for
structure determination and mass spectrometry for protein identification. The major capsid protein,
gp27, is identified and found to share the HK97-fold universally conserved in all previously solved
dsDNA phages. Trimers of the decoration protein, gp26, sit on the 3-fold axes and are thought to
enhance the interactions of the hexameric capsomeres of gp27, for other phages encoding
decoration proteins. Phage G's decoration protein is longer than what has been reported in other
phages, and we suspect the extra interaction surface area helps stabilize the capsid. We identified
several additional capsid proteins, including a candidate for the prohead protease responsible for
processing gp27. Furthermore, cryo-EM reveals a range of partially full, condensed DNA densities
that appear to have no contact with capsid shell. Three analyses confirm that the phage G host is a
Lysinibacillus, and not Bacillus megaterium: identity of host proteins in our mass spectrometry

analyses, genome sequence of the phage G host, and host range of phage G.

2.1 Introduction

Phage G is a bacteriophage with a remarkably large capsid (~180 nm in diameter at the 5-fold
vertex) and packaged genome length (626 kbp) (Donelli 1968, Ageno, Donelli et al. 1973, Donelli,
Dore et al. 1975, Donelli, Griso et al. 1976, Hua, Huet et al. 2017) compared to the median genome
size of 52 kbp derived from available phage sequences (Al-Shayeb, Sachdeva et al. 2020). Phage
G was originally isolated and characterized using a host bacterium classified as Bacillus
megaterium (Donelli 1968). Since its discovery in 1968, structural studies of this phage have had
limited resolution (Ageno, Donelli et al. 1973, Donelli, Dore et al. 1975, Donelli, Griso et al. 1976,
Sun and Serwer 1997, Hua, Huet et al. 2017), eventually achieving cryo-EM resolution of 15 A
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(Hua, Huet et al. 2017). The reported limitation to resolution is the large size (Hua, Huet et al.

2017) and challenges in culturing and purifying the intact virion.

All tailed dsDNA phages share several structural features, including major capsid proteins (MCPs)
that have a tertiary structure in common, the HK97 fold (Wikoff, Liljas et al. 2000, Suhanovsky
and Teschke 2015). The HK97 fold is identifiable by its characteristic core domains, the N-
terminal arm, E loop, A domain, and P domain (Wikoff, Liljas et al. 2000, Rader, Vlad et al. 2005).
In addition to the MCP, many dsDNA, tailed phages encode decoration proteins located on the
outer surface of the major capsid network (Sathaliyawala, Islam et al. 2010, Wang, Hardies et al.
2018, Newcomer, Schrad et al. 2019). These decoration proteins have been observed at different
positions and in different oligomerization states, but are frequently observed as trimers (Sae-Ueng,
Liu et al. 2014, Stone, Hilbert et al. 2018), as in phages Lambda and TW1 (Lander, Evilevitch et
al. 2008, Wang, Hardies et al. 2018). The trimeric decoration proteins are thought to stabilize the
3-fold symmetry axes between three MCP hexamers, and therefore, the overall capsid organization
(Wang, Hardies et al. 2018, Newcomer, Schrad et al. 2019), by various proposed mechanisms
(Lander, Evilevitch et al. 2008, Sathaliyawala, Islam et al. 2010, Sae-Ueng, Liu et al. 2014, Stone,
Hilbert et al. 2018, Wang, Hardies et al. 2018, Newcomer, Schrad et al. 2019).

The size of the G capsid raises many questions regarding (1) how such a large structure assembles,
packages such a lengthy dsDNA genome, and maintains stability, and (2) what differences exist
in relation to smaller ds DNA phages. In addressing these questions, we have characterized the
phage G virion structure using cryo-EM and mass spectrometry. We have identified the MCPs and
reconstructed empty capsid and dsDNA-packed virions to 9 and 6.1 A resolution, respectively.
Our reconstructions highlighted the lack of regular, concentric rings of packaged DNA observed
in most phages (Serwer, Hayes et al. 1992, Chang, Weigele et al. 2006, Jiang, Chang et al. 2006,
Lander, Evilevitch et al. 2008), suggesting a potentially novel phage G dsDNA packing
mechanism. Additionally, our reconstruction shows the presence of a decoration capsid protein,
gp26, which we propose is responsible for stabilizing the MCP, gp27, and hexamers. Consistent
with this proposal, our SDS-PAGE results confirmed the phage G capsid is not stabilized by

intermolecular covalent bonding interactions, as in the case with HK97 (Wikoff, Liljas et al.
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2000).We found the first smaller-than-capsid, packaged DNA that appears to be detached from the
inner capsid wall. We corrected the identity of the phage G host (PGH) to a Lysinibacillus species.

2.2  Results
2.2.1 Phage G empty and full capsid cryo-EM reconstruction

In our studies, we used single-particle cryo-EM (Cheng 2018) to image purified phage G particles,
as shown in a representative micrograph (Figure 2.1). Data collection and reconstruction statistics
are shown in Table 2.1. Phage particles in micrographs consist mostly of DNA-filled virions, with
subpopulations of both empty phage particles and partially DNA-filled capsids. Our capsid
structures of phage G's DNA-full (Figure 2.1, Supplementary Figure 2.S1) and empty
(Supplementary Figure 2.S2) were reconstructed with jspr (Guo and Jiang 2014) to 6.1 and 9 A
resolution, respectively, using the “gold-standard” FSC criterion (Guo and Jiang 2014)
(Supplementary Figure 2.S1). In total, 2564 and 243 particles were used to reconstruct the dsDNA
full and empty capsid densities, respectively. More in-depth surface view depictions of both empty
and full G capsid structures are outlined in Supplementary Figure 2.S2. The empty and full capsid
reconstructions superimpose very well, and we therefore only further depict the higher-resolution

full reconstruction in Figure 2.1B.

780A

805A

870A

Figure 2.1. Phage G capsid cryo-EM structure. (a) A representative micrograph
shows particles with various capsid states. (b) Phage G dsDNA-full capsid
reconstruction at 6.1 A resolution with 2564 particles. The structure displayed
is surface colored radially using the color bar on the right.
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Table 2.1. Phage G cryo-EM reconstruction and model statistics.

Parameters Full capsid Empty capsid
Nominal magnification 8700

Voltage (KeV) 300

Electron exposure (¢ —/A?) 14.5

Defocus range (um) 1-5

Detector K2

Movies 375

Beam size (um) 3.35

Symmetry imposed Icosahedral

Total particles for reconstruction 2564 243

Pixel size in reconstruction (A) 1.742 2.900

Box size used for reconstruction (pixels) 1280 768

Map resolution (A) 6.1 9.0

FSC threshold 0.143

Image processing software used jspr

EMDB Accession EMD-21695 EMD-21702

2.2.2 Phage G gp27 hexamer and gp26 trimer organization

Phage G has the largest bacteriophage capsid reported to date with an average diameter of ~
180 nm along the 5-fold vertex (Hua, Huet et al. 2017). Its capsid is composed of gp27 hexamers
and gp26 trimers organized into T = 52 dextro (h =2, k = 6) icosahedral symmetry (Supplementary
Figure 2.S3). The structure of gp27 (Figure 2.2B), the 282-amino-acid phage G MCP according to
the phage G NCBI genome from 2018, was first modeled using Robetta (Kim, Chivian et al. 2004).
This structure was then refined to the densities of gp27 in the virion 3D map using molecular
dynamics flexible fitting (MDFF) method (McGreevy, Teo et al. 2016). The phage G gp27 model
(Figure 2.2B) reported high similarity in structure to HK97's MCP, gp5 (Wikoff, Liljas et al. 2000).
Despite the structural similarity, phage G's gp27 and HK97's mature gp5 have only 23% protein
sequence identity, as determined by blastp alignment. Sequence alignment of phage G's gp27 and
HKO97's gp5 revealed 102 extra amino acids in the N terminus of HK97 gp5 (Conway, Duda et al.
1995). In HK97 gp5, the first 102 amino acids comprise the coiled-coil delta domain, which serves
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as a scaffold during procapsid assembly, but is removed by cleavage during maturation (Conway,

Duda et al. 1995, Oh, Moyer et al. 2014).
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Figure 2.2. Phage G MCP hexamer and decoration protein trimer arrangement. (a)
Phage G's MCP, gp27, and its decoration protein, gp26 arrangement. The structure
shows gp27 hexamers and gp26 trimers positioned at the 3-fold axes around the
hexamers. (b) An overview of phage G's gp27 homology model. All three domains
of the structure are consistent with the domains described in HK97's MCP including
the A domain, E loop, P domain. (c) The phage G decoration, gp26, protein
oligomerizes into trimers. The first 15 amino acids were omitted in modeling
because of their flexibility. Arrows indicate the direction the N terminus extends in
the capsid density contacting neighboring gp27 subunits.

Phage G's capsid had a decoration protein, identified as gp26, organized into trimers on the outer
surface of the capsid (Hua, Huet et al. 2017). The trimers were arranged around the 3-fold axes
between three MCP hexamers (Figure 2.2C). The trimers are similar in structure and arrangement
to what has been described for the decoration proteins of phages Lambda and TW1 (Lander,
Evilevitch et al. 2008, Wang, Hardies et al. 2018). All three trimers contain a compact, beta sheet-
rich core and an N-terminal extension. Phage G's gp26 is 55 amino acids longer than Lambda's
gpD and 17 amino acids longer than gp56 of TW1 (Lander, Evilevitch et al. 2008, Wang, Hardies
et al. 2018). Because of this limitation, we used TW1's gp56 (Wang, Hardies et al. 2018) as a
reference for structure modeling of phage G's trimeric decoration protein, gp26, from the observed

EM density (Figure 2A). Homology modeling, docking, and refinement of gp26 into our density
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suggests a flexible N-terminal portion of approximately 15 amino acids, which was omitted from

the model in Figure 2.2C.

The triangulation number (7-number) is represented by the following formula: 7= A 2 + hk + k2,
where / and k represented the hexamer units counted toward the nearest pentamer vertex in a

straight line (Caspar and Klug 1962).

In Lambda's 6.8 A resolution capsid structure, a density bridges the N-terminal extension of the
decoration protein, gpD, with the MCP E-loop region (Lander, Evilevitch et al. 2008), suggesting
a stabilizing interaction between the two, and we observed a density in a similar position between
phage G decoration protein gp26 and MCP gp27. The marine Siphoviridae, TW1, decoration
protein structure and organization also closely resemble phage G's capsid structure (Wang, Hardies
etal. 2018). All three decoration proteins have extended, flexible N-terminal segments that interact

with MCP hexamers (Lander, Evilevitch et al. 2008, Prevelige Jr 2008, Wang, Hardies et al. 2018).

2.2.3 Lack of concentric DNA rings in the phage G virion structure

In all previously reported bacteriophage virion structures (Cerritelli, Cheng et al. 1997, Jiang,
Chang et al. 2006, Lander, Evilevitch et al. 2008, Chen, Baker et al. 2011), a concentric ring pattern
emerges from symmetrical reconstructions of the dSDNA genome in the capsid, even if less than
half the phage DNA is packaged. However, we observed no concentric rings in our symmetric
phage G capsid reconstruction (Figure 2.3A). Correspondingly, it is evident in the radial density
plots that the signature equispaced intensities from phage DNA packaged in the capsid are absent
in our analysis (Figure 2.3C). DNA-derived intensity, however, does exist in our virion
reconstruction because the pixel intensity in the DNA-packed structure is higher than it is for the

empty structure (Figure 2.3C), as expected.
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Figure 2.3. Lack of concentric dsDNA rings in the phage G DNA-full structure. (a)
Middle volume slice of phage G's DNA-full capsid. (b) Middle volume slice of
phage G's empty capsid. (c) Radial distance plots were generated for the dsSDNA-
full (blue) and empty (orange) phage G structures.

2.2.4 Partially full DNA condensates within the phage G capsid

To further explore the reason behind the lack of concentric rings in our virion reconstruction, we
visually sorted the particles in our micrographs as summarized in Table 2.2. Among 3620 phage
G capsid particles from our cryo-EM dataset, we sorted into four categories: DNA-full, partially
full, capsid ruptured, and empty (no DNA visible); examples are in Figure 2.4. Overall, 88.6% of
virus particles were classified as DNA-full, 8.0% empty, 2.3% DNA-partially full, and 1.0%
ruptured with some condensed DNA retained. All particles categorized as partially full can be seen
in Supplementary Figure 2.S4. All particles categorized as ruptured with associated condensed

DNA are shown in Supplementary Figure 2.S5.
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Table 2.2. Phage G capsid state counts (total count =3620)

State Full Empty Partially full Ruptured
Count 3207 293 84 36
Percent 88.6% 8.0% 2.3% 1.0%

Figure 2.4. Partially full phage G particles gallery. In our cryo-EM micrographs,
we observed particles that appeared to have DNA condensates that were seemingly
detached from the capsid shell. The gallery above shows the particles that were
used to quantify the apparent DNA condensate width (measured from the shortest
dimension). Some of the particles in this gallery show toroid-like features. In total,
84 particles categorized as partially full are shown above. Striped edges in some of
the particles are because of the micrograph edge.

We further characterized 84 DNA-partially full particles by measuring the apparent width of the
condensed DNA in the smallest dimension (Figure 2.5). The values ranged from 495 to 1606 A
and have an average of 1341 A, about 84% of the average diameter of the capsid (1590 A from
Figure 2.3C). A particle with ~ 816 A DNA (Figure 2.5, leftmost inset) is particularly interesting

as its shape clearly resembles a side view of a DNA toroid.
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Figure 2.5. Histogram of partial DNA diameter. We further analyzed the group of
84 particles categorized as having partially full, compacted DNA density, by
plotting a histogram of their DNA density width measured in the shortest
dimension. The measured DNA density diameter values within the group of
heterogeneous DNA density phage G capsids ranged from 495 to 1606 A. Some
particles appear to have toroid-like organizations from the side and top views as
shown in the left two insets in this figure.

To visualize particles of this type in 3D, we used cryo-electron tomography on our phage G cryo-
EM grid. From these data, we found one particle that appeared to have partially packaged DNA
(Supplementary Figure 2.S6, bottom right), relative to neighboring full particles (Supplementary
Figure 2.S6, top right). Also, it appeared to have a gap between the capsid shell and the DNA
density, supporting our observations from the single-particle cryo-EM micrographs
(Supplementary Figure 2.54). The low abundance in our cryo-ET data collected reflected the low
abundance of these partially full particles in our dataset (2.3%).

2.2.5 Identification of phage G proteins by mass spectrometry

Sixty-one phage G proteins were detected by mass spectrometry analyses with an FDR of 0% and
a minimum number of two peptides (Table 2.3). An additional 22 phage G proteins were identified
with a single peptide (the mass spectra of each were visually inspected prior to inclusion in Table
2.3). The number of individual proteins we detected in phage G is comparable to the numbers of
different proteins identified in other large myovirus (Fokine, Chipman et al. 2004, Thomas,
Rolando et al. 2008, Lecoutere, Ceyssens et al. 2009, Effantin, Hamasaki et al. 2013, Thomas,
Quintana et al. 2016). The identified phage G proteins ranged in molecular weight from 5.7 kDa
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for gp429, a protein of unknown function, to 313.2 kDa for gp183, the putative tape measure
protein, i.e., the protein that determines the length of the tail (Mahony, Alqarni et al. 2016). The
total number of mass spectra identified for the phage G proteins varied from 1 for 17 proteins to
427 for gp255 (Table 2.3). The range of mass spectral counts for the different proteins reflects in
part, variable copy numbers. For instance, high numbers of total mass spectra were identified for
gp26 and gp27, consistent with the structural determination that these proteins are present in high
copy numbers in the head. Among the proteins for which low numbers of total mass spectra were
identified (Table 2.3), were proteins that are candidates for lysins (gp23) and holins (gp24 and
gp25). Identification of gps 23—-25 was unexpected since lysis proteins are not present in the virion,
suggesting they co-purified with the phage. Nonetheless, we believe the majority of phage G
proteins identified by mass spectrometry are virion proteins because many non-virion proteins

(e.g., the terminase protein, gpl, and DNA polymerase, gp329) were not detected.

The genes encoding mass spectrometry-identified capsid proteins are distributed throughout the
phage G genome, highlighting the absence of major morphogenesis gene region, unlike many other
tailed phages. The major implication is that for the many phage G virion genes whose functions
have not been determined using sequence-based searches, their functions also cannot be
hypothesized based on their gene locale. Nonetheless, we noted that the proteins known to be
essential for the formation of a tailed phage icosahedral capsid all had their genes located within a
relatively short region of the phage G genome between G_1 and G 27 (Figure 2.6). These genes
included those for the large terminase subunit (gp1), portal protein (gp14), prohead protease (gp19,
see below), head decoration protein (gp26), and MCP (gp27). These proteins were all detected by
mass spectrometry (Table 2.3), with the exception of the large terminase protein, because of its

transient role during morphogenesis(Casjens and King 1975).
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Figure 2.6. Identification of major Phage G head proteins by mass spectrometry. (a)
Phage G genome region encoding the major head morphogenesis genes, including
the terminase, portal, candidate prohead protease, MCP and head decoration protein
(Dec). Genes whose products were identified by mass spectrometry are shaded blue.
(b) SDS-PAGE gel of sucrose gradient purified Phage G virions. Individual gel
slices that were subjected to mass spectrometric analyses are indicated. The mass
spectral protein sequence coverage of the MCP gp27 from different gel slices are
shown in (c) gel slice 4, (d) gel slice 3, and (e) gel slice 2. Red arrow indicates
cleavage by the prohead protease, gpl9. The mass spectral protein sequence
coverage of the head decoration protein gp26 from gel slice 2 is shown in (f). Amino
acids matched to a mass spectrum are shaded in yellow. Amino acids marked in
green potentially have a post-translational modification (e.g., phosphorylation).
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Table 2.3. Mass spectrometry analysis

Sequence
coverage

(%)

AccessionMW ExclusiveTotal
number: (kDa) peptides spectra

Putative function/comment, best HHpred match
(E-value)®

Terminase large subunit, 3CPE_A DNA packaging

G_1 63.5 ND
- protein gp17 T4 phage (1.4E - 33)

Predicted Zinc-dependent peptidase, SEUF_B

C2 6.7 7 12 226 Protease (1.4E —48)

G.3 5.9 ND Transcrlptlon‘al regulator, ANQW_A ECF RNA
polymerase sigma factor (7.1E - 22)

G_4 30.8 ND

G_5 416 1 1 2.9

G_6 81 3 4 29.9

G_7 104.2 ND

G_8 15.1 ND

G_9 15.2 ND

G_10 5.3 ND

G.11 437 9 )8 285 figdldate for prohead scaffold, coils prediction, pl

G_12 13.6 ND

G_13 10.2 ND

G_14 721 8 8 12.9 Portal, PF04860.12 (2.9E - 20)

G.15 536 3 4 71 Possible minor capsid protein, PF06152.11,
Phage_min_cap2 (E-value: 0.18)

G_16 14.0 ND

G_17 119 1 1 15.5

G_18 94 1 2 10.5
Putative prohead protease, PF04586.17;

G_19 336 5 5 16.8

- Peptidase_S78 (3.0E - 16)

G_20 18.9 ND

G.21 554 6 11 170 Candidate for prohead scaffold, coils prediction,
pl 4.83

G 22 %9 4 4 176 Candidate endolysin, 1JWQ_A N-acetylmuramoyle-

l-alanine amidase (3.3E - 30)
G_23 61.0 4 6 15.3 Predicted ribosomal slippage extending G_22 CDS
Three predicted transmembrane helices (residues 7—-

G_ 24 199 2 5 21.3 26; 41-60; 72-94)
PF09682.10; Phage_holin_6_1 (1.7E - 19).
2 133 2 24.4
G.25 33 6 Predicted transmembrane helix (residues 5-27)
G_26 17.3 49 424 68.5 Head decoration
G_27 31.2 36 185 66.8 Major capsid, 3QPR_A MCP (4.1E — 30)

ND, not detected by mass spectrometry.

a Proteins detected by mass spectrometry, labeled as annotated in the GenBank: JN638751.1 deposited phage G
genome.

b HHpred matches with an E-value > 0.18 were not included.
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Mass spectral detection of proteolytic processing of the MCP

Inspection of the mass spectral sequence coverage of the MCP, gp27, provided further evidence
that this protein is cleaved during head maturation. Two semi-tryptic peptides were identified for
gp27, supporting that gp27 is cleaved C-terminal to A-27: 28-QAMANPIR-35 in gel slice 2
(Figure 2.6) and 28-QAMANPIRVSLDYQGVGRKLLVVDPLPQGALPVYDK-63 in gel slice 3.
This site in gp27 was previously identified as the maturation cleavage site using Edman
degradation (Hua, Huet et al. 2017). In addition, we observed that the peptide coverage of gp27 in
higher molecular weight gel slices including the tryptic peptide (24-VALAQAMANPIR-35, at a
100% peptide identification probability). The identification of this peptide indicates that cleavage
after A-27 did not occur in all copies of gp27 (Figure 2.6C and D) and suggests heterogeneous
processing of the gp27 N-terminal propeptide, as observed for the MCPs of other large myoviral
capsids (Donelli, Griso et al. 1976).

2.2.6 Identification of a candidate for the phage G prohead protease

The identification of proteolytic processing in phage G gp27 (Figure 2.6B—E) induced us to search
for the protease responsible for its cleavage. Although the phage G genome encodes several
protease candidates (e.g., gp2 and gp257, annotated as a “zinc-dependent peptidase” and a “ClpP-
like protease,” respectively from the Bacillus phage G genome), our bioinformatics analyses
support gpl9 as a stronger candidate for the phage G prohead protease. The reasons are the

following.

We initially identified gp19 as a prohead protease candidate via a Psi-Blast search from gp19,
which revealed matches to prohead proteases from other tailed phages. These include a match to
gp77, the putative protease of Rhodococcus phage E3 (YP_008061118) in the first iteration (le —
21), and the known prohead protease gp123 (which has a nested scaffold gp123*) of Bacillus
phage 0305phi8-36 (YP_001429613.1) in the second iteration (2e — 12). A HHpred search from
phage G gpl19 also identified numbers of phage prohead proteases, the best match (3.0E — 16)
being to Pfam PF04586.17 (Supplemental Figure S7). Pfam PF04586.17 represents the MEROPS
family S78 of Caudoviral prohead serine proteases for which HK97 gp4 is the type peptidase.

HK97 gp4 has an important role in head maturation, cleaving the 102-residue delta domain from
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the N terminus of the MCP gp5 (Conway, Duda et al. 1995, Duda, Martincic et al. 1995, Rader,
Vlad et al. 2005, Duda, Oh et al. 2013). Although the match between gp19 and Pfam PF04586.17
is highly diverged (13% identity), gp19 conserves the residues (H-129 and S-180) known to be
essential for catalysis in HK97 gp4. These residues are conserved in all known phage prohead
proteases that are serine proteases (Cheng, Shen et al. 2004, Liu and Mushegian 2004), including
phage E3 gp77 and phage 0305phi8-36 gp123.

2.2.7 Determination that the PGH is a Lysinibacillus species

Since the first publications on phage G (Donelli 1968), its host has been referred to as B.
megaterium (also sometimes Bacillus megatherium). During the current study, we made several
observations that were not in agreement with the PGH being B. megaterium. We note that the
taxonomic assignment of PGH was originally made decades before the development of molecular
methods for bacterial identification. Initially, during TEM analyses of phage G adsorbed to its host
(Figure 2.7), we observed that the bacterial cell diameter (~ 1 um, similar to that of Escherichia
coli) was not as large as expected for B. megaterium, one of the largest known bacteria with a cell

volume ~ 100 x that of E. coli.

Figure 2.7. TEM micrographs of phage G adsorbed to Lysinibacillus species host.
(A) A zoomed-out view of an infected host cell shows 3 phage G virion adhered.
(B) A zoomed in view of phage G attached to its host.
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Table 2.4. Bacterial host proteins identified by mass spectrometry in phage G samples.

. Total Sequence

Protein name Organism Accession number? 1(\1?;2,1) l}f:;::lds;‘s’e mass coverage
spectra (%)

ATP synthase subunit beta, atpD L. sphaericus (strain C3—41) sp | BIHMS56 | ATPB LYSSC 513 17 80 53
Elongation factor Tu, tuf L. sphaericus (strain C3—41) sp | BIHMZ0 | EFTU LYSSC 433 11 17 35
ATP synthase gamma chain, atpG L. sphaericus (strain C3—41) sp | BIHMS5 | ATPG_LYSSC 314 6 14 29
Ribonuclease Y, rny L. sphaericus (strain C3—41) sp | BIHR37 | RNY_LYSSC 585 5 8 13
ATP synthase subunit b, atpF L. sphaericus (strain C3—41) sp | BIHMS52 | ATPF _LYSSC 19.1 5 7 25
ATP synthase subunit delta, atpH L. sphaericus (strain C3—41) sp | BIHMS53 | ATPD _LYSSC 194 3 5 22
60 kDa chaperonin, groL L. sphaericus (strain C3—41) sp | BIHT15 | CH60 LYSSC 573 4 4 11
ATP synthase subunit alpha, atpA L. sphaericus (strain C3—41) sp | BIHMS54 | ATPA LYSSC 547 2 3 6
Glutamate—tRNA ligase, gltX L. sphaericus (strain C3—41) sp | BIHNMS | SYE LYSSC 553 2 3 5
Serine hydroxymethyltransferase L. sphaericus (strain C3—41) sp | BIHM45 | GLYA LYSSC 448 2 3 5
d-alanine aminotransferase, dat L. sphaericus (strain C3—41) sp | P54693 | DAAA_LYSSH 315 2 2 9
g’;;‘;‘ggggggig;ﬁe d- L. sphaericus (strain C3-41) sp| QOKWRO | DAPDH_LYSSH 356 2 2 6
Phenylalanine-tRNA ligase alpha L. sphaericus (strain C3-41) sp| BIHWA2 | SYFA_LYSSC 384 2 2 6
subunit, pheS
Probable malate:quinone L. sphaericus (strain C3-41) sp | BIHNU2 | MQO LYSSC 543 2 2 5

oxidoreductase, mqo

a Accession number based on NCBI deposited genome for txid444177 for L. sphaericus (strain C3—41).



In agreement with the TEM data, 14 Lysinibacillus sphaericus strain C3—41 proteins were
identified in our phage G samples (Table 2.4), but no B. megaterium proteins. The detection of
bacterial proteins that co-purified in the phage preparation was possible because the mass
spectrometry searches were conducted against a database of phage G proteins (in this instance, all
of the phage G proteins annotated in GenBank accession JN638751.1) concatenated to the 2012
Swiss-Prot database (2012 11 170320; version 51.6) which included B. megaterium and L.

sphaericus sequences for homologous proteins.

After evaluating the mass spectrometry results, we sequenced the genome of PGH using Illumina
technology (2X300 paired end reads) yielding 2,129,816 reads, 99.80% of which were determined
to match the Lysinibacillus (strain W446) 12871 Branch (Taxon ID 400634) by Cosmid Blastn
analyses using a library of 32,282 unique prokaryotic genomes. This finding, combined with our
mass spectrometric identification of Lysinibacillus proteins in the phage G sample, strongly
supports that PGH 1is a species of Lysinibacillus, not B. megaterium. Current efforts are focused
on refining the sequences assembly/annotation of PGH to permit future database searching of the

MS data.

To further investigate the host range of phage G, we performed a spot test of phage G on three
strains of L. sphaericus, two strains of B. megaterium, and one strain of L. fusiformis compared to
PGH. The efficiency of plating of phage G on all the Lysinibacillus and B. megaterium strains was
< 0.01% with no individual plaques detected on any of the strains other than PGH (Table 2.5).
These data are consistent with the PGH genome data showing PHG to be neither B. megaterium
nor L. sphaericus, but rather a novel species of Lysinibacillus. Our data also suggest phage G may

not have a broad host range, but further studies are required to confirm its full lytic spectrum.
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Table 2.5. Sensitivity of different bacteria to phage G.

Bacteria tested

Name BGSCID? Other identifier(s) Phage G EOP2 (%)
Lysinibacillus sp.© - PGH 100

B. megaterium (type strain) TA36 ATCC 14581 <0.014

B. megaterium 7A1 899 <0.014

L. sphaericus (type strain) 13A6 ATCC 14577 No lysis

L. sphaericus 13A10 ATCC 12123, NRS T111 <0.014

L. sphaericus 13A18 ATCC 4525, NRS 348 <0.014

L. fusiformis (type strain) 19A1 ATCC 7055 T, NRS 350 <0.014

a Bacillus Genetic Stock Center Identification Number.
b EOQP, efficiency of plating.
¢ Assigned in this study.

d Lysis, including turbid lysis, was observed in several spots containing high numbers of particles
(107 and 10° pfu), which we attribute to lysis from without as no single plaques were observed.

2.3 Discussion

2.3.1 Phage G capsid components and organization resemble those of other dsDNA tailed
phages

As shown by our capsid reconstruction, phage G's overall capsid structure is consistent with what
has been reported for other commonly studied phages. Phage G's overall capsid shell protein
organization most resembles those of coliphage Lambda and marine Siphovirus TW1, despite
dramatic differences in capsid and genome size. Both Lambda and TW1 capsids are much smaller
than phage G in capsid shell diameter (~ 60 and ~ 68 nm in diameter, respectively) and have
considerably shorter genomes (48.5 and 40 kbp, respectively), while phage G's capsid is 160 nm
in diameter and has a 626-kbp packaged genome (Lander, Evilevitch et al. 2008, Hua, Huet et al.
2017, Wang, Hardies et al. 2018). The MCPs of all three phages (1) have the canonical HK97 gp5-
like MCP fold, (2) are arranged with icosahedral symmetry with hexamer-pentamer clustering,
and (3) have a decoration protein that sits on top of the major capsid icosahedron at 3-fold axes.
Moreover, the decoration proteins for all three phages have a common architecture, a mostly beta-
strand-rich core that oligomerizes into trimers and an N-terminal extension that interacts with the
E-loop MCP hexamers (Lander, Evilevitch et al. 2008, Wang, Hardies et al. 2018). However, the
length of the decoration protein in these three phages differs, with phage G's decoration protein
being the longest, being 17 residues longer than TW1's gp56, and 55 amino acids longer than
Lambda's gpD (Lander, Evilevitch et al. 2008, Wang, Hardies et al. 2018).
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These findings suggest that G capsid assembly occurs by mechanisms similar to those of smaller
phages. In agreement with what has been observed in other phages, the G decoration protein makes
multiple contacts with the MCP, providing evidence that one function of this decoration protein is
to keep the overall capsid structure stable (Prevelige Jr 2008). Phage G's decoration protein is
significantly longer than TWI1's and Lambda's decoration proteins, which might increase
stabilization. Nonetheless, the basic strategy appears the same for G, TW1, and Lambda.(Lander,
Evilevitch et al. 2008, Wang, Hardies et al. 2018).

2.3.2 Phage G DNA packaging

In contrast, we have observed two novel features of phage G DNA packaging: (1) compacted,
smaller-than-capsid DNA densities with some toroid-like views and (2) lack of concentric DNA
rings in the symmetric 3D reconstruction. In contrast, all previously reported phage virion 3D
structures had concentric rings of encapsulated dsDNA genome (Cerritelli, Cheng et al. 1997,
Chang, Weigele et al. 2006, Jiang, Chang et al. 2006, Lander, Evilevitch et al. 2008, Serwer,
Wright et al. 2014). This is true not only for well-studied phages, such as T3, T4, T7, and P22, but
also for jumbo phages, such as PhiKZ, N3, PBS1, 121Q, and ¢RSL1 (Effantin, Hamasaki et al.
2013, Hua, Huet et al. 2017). The rings are also observed in T3 capsids with subgenomic DNA
content of less than 58% . Thus, the low packaging density of G DNA is not the cause of absence
of the rings. Of note, in previous studies, the DNA-full capsid symmetric reconstruction of phage
G also did not show any obvious concentric rings, although this was not discussed (Hua, Huet et

al. 2017).

In our phage G cryo-EM micrographs, the envelope of packaged DNA was smaller than the capsid
shell and variable in size, ranging from ~ 42 nm to a capsid-filling ~ 150 nm. At all stages of the
partial packaging of other studied phages, the DNA extends to the inner surface of the capsid shell.
The gap observed here, between the DNA density and the capsid shell, would not be expected
(Serwer, Wright et al. 2014). In addition, in the case of phage T3, the number of concentric DNA

rings increases with increasing amounts of packaged DNA.

These unique observations raise questions about how phage G's DNA packaging mechanisms

differ from mechanisms of other well-studied phages. We hypothesize that the large G capsid size
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and the stiffness of dsDNA, together are responsible for these observations. As dsDNA has
persistence length around ~ 50 nm (Mitchell, Glowacki et al. 2017), the packaged dsSDNA genome
of the smaller phages is biased against condensing until it contacts either the capsid's shell or an
already condensed DNA segment, as it seems for phage T3 (Serwer, Wright et al. 2014) . The
result is DNA close packing that manifests as concentric rings in the 3D reconstructions, with the
rings appearing first just underneath the shell and progressively increasing toward the center as
more dsDNA is packaged. In contrast, phage G's capsid is roughly three times larger than a
persistence length. Thus, the packaged dsDNA is less constrained to pack against the inner surface
of the capsid shell. The reduced constraint on the packaged DNA results in various DNA
conformations that do not produce the appearance of concentric rings in the 3D reconstruction.
These conformations might include toroids.

The possibility of DNA packaging-generated DNA toroids within the phage G capsid is supported
by several reports of polycation-induced DNA toroids in artificial systems including DNA
containing liposomes (Manning 1978, Grenbech-Jensen, Mashl et al. 1997, Lambert, Letellier et
al. 2000, Shen, Downing et al. 2000). Furthermore, phage TS DNA toroids inside the virion have
been induced in vitro by shielding the charges on DNA with polyamines (Leforestier, Siber et al.
2011). DNA toroid formation has been reported at the collar region of phi29 (Tang, Peng et al.
2007). In Hua et al.'s report on phage G's genome electrophoresis, G DNA migrated slower than
expected, hinting at modification of DNA charge (Hua, Huet et al. 2017). The modified charge

may make a further contribution to formation of these DNA condensates.

2.3.3 Phage G capsid assembly

We note that, although we expect phage G to have a scaffold protein that is cleaved by the protease
gp19 and removed from the head during head expansion, further analyses are required to identify
the scaffold protein. The identification of scaffold proteins is complicated by the variability of
scaffold proteins utilized by different phages. For instance, some phages have a dedicated scaffold
protein (e.g., T4 gp22), whereas others do not (e.g., the delta domain of the HK97 gp5 acts as its
scaffold (Huang, Khayat et al. 2011). In some phages, the scaffold is nested within the protease
gene (e.g., gp123* in 0305phi8—36 (Huang, Khayat et al. 2011)). Since the phage G MCP, gp27,
does not have the equivalent of the N-terminal delta domain of HK97 gp5, nor does protease gp19
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have a nested scaffold gene, it seems likely that phage G would have a separate protein with

primary function of scaffolding.

Although there are no known conserved residues found in all scaffold proteins, many tailed phage
scaffold proteins have coiled-coil motifs and/or low pls (Oh, Moyer et al. 2014). Based on having
these two characteristics, there are two potential candidates for phage G scaffold/core proteins,
gpll and gp21, whose genes are located in the genome region that includes other major head
proteins. However, rigorous identification requires further analyses, ideally of precursor head

particles.

2.3.4 Phage G infects a Lysinibacillus

We also found that the PGH is a Lysinibacillus. We initially questioned the historic assignment of
PGH as B. megaterium because the cells in our EM images were smaller than the known size of
the B. megaterium cells (Figure 2.7). Our doubts were confirmed when mass spectrometry analysis
of phage G identified proteins from a bacterium different to B. megaterium (Table 2.4). Through
whole-genome sequencing, we determined that phage G's host is a Lysinibacillus species, a genus
not known when phage G was isolated in 1969 (Donelli 1968). The findings from our proteomic
and genomic analyses were additionally supported by host range tests, which showed phage G to
be unable to replicate in several strains of B. megaterium. The previous misclassification of the
PGH bacterium was likely because phage G was first isolated and described in 1968 (Donelli
1968). This was prior to the reclassification of numbers of Bacillus species into several new genera,
including the genus Lysinibacillus. The subsequent establishment of the genus Lysinibacillus was
based on rRNA gene sequencing, DNA—-DNA hybridization, and other diagnostic characteristics,
such as the presence of L-lys—D-Asp in the peptidoglycan (Thomas, Hardies et al. 2007). We
expect further characterization of phage G's host will help reveal the mechanisms by which this

unusual virus replicates in this bacterium.
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2.4 Methods
2.4.1 Phage G propagation and purification

Preparation of phage G was done as was previously described (Sun and Serwer 1997). In brief,
phage G was grown in agarose overlays, concentrated by centrifugal pelleting, and subjected to
rate zonal centrifugation in a sucrose gradient. After recovery from the gradient, phage G was

stored in 0.01 M Tris—CI (pH 7.4), 0.01 M MgS04, 6% polyethylene glycol MW 3350.

2.4.2 PGH genome sequencing

Phage G's host was sent for whole-genome sequencing using Omega Bioservices (Norcross, GA,
USA). Reported results identify phage G's host is a Lysinibacillus species. A more in-depth

analysis of the PGH genome is underway (manuscript in progress).

2.4.3 Identification of phage G virion proteins by mass spectrometry

Purified phage G was obtained from zonal, sucrose gradient centrifugation as described above.
The extracted fractions of pure virus were boiled in SDS-PAGE loading buffer for 5 min and
separated by 1-D SDS-PAGE in a Criterion XT MOPS 12% SDS-PAGE reducing gel (Bio-Rad)
and proteins visualized by staining with colloidal Coomassie blue. The gel lane was divided into
11 slices (Figure 2.6B). After destaining, proteins in the gel slices were reduced with TCEP (tris(2-
carboxyethyl) phosphine hydrochloride) and then alkylated with iodoacetamide before digestion
with trypsin (Promega). HPLC-electrospray ionization-tandem mass spectrometry was
accomplished on a Thermo Fisher LTQ Orbitrap Velos Pro mass spectrometer fitted with a New
Objective Digital PicoView 550 NanoESI source. On-line HPLC separation of the digests was
accomplished with an Eksigent/AB Sciex NanoLC-Ultra 2-D HPLC system: column, PicoFrit™
(New Objective; 75 um i.d.) packed to 15 cm with C18 adsorbent (Vydac; 218MS 5 pm, 300 A).
Precursor ions were acquired in the Orbitrap in centroid mode at 60,000 resolution (m/z 400); data-
dependent collision-induced dissociation spectra of the six most intense ions in the precursor scan
were acquired at the same time in the linear trap. Mascot (v2.6.0; Matrix Science; London, UK)
was used to search the mass spectrometry files for each slice against a database containing phage
G protein sequences concatenated with the SwissProt database (2012 11 170320; version 51.6).
The phage G fasta file was exported from NCBI GenBank Accession JN638751.1 and adjusted to
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include terminator (stop codon) to terminator (“TtoT”) sequences that included the upstream

sequences from each predicted protein start site to ensure that the predicted start sites were valid.

Subset searching of the Mascot output by X! Tandem (Craig and Beavis 2004), determination of
probabilities of peptide assignments and protein identifications, and cross correlation of the Mascot
and X! Tandem identifications were accomplished by Scaffold (v4.8.4; Proteome Software,
Portland, Oregon), using either the files for the individual slices or the “MudPIT” option to
combine the results from all slices in the lane. Quality filters in Scaffold resulting in an FDR of
0% at the protein level were as follows: peptide, 95%; protein, 99.0%; and minimum number of
peptides, 2. The tandem mass spectra for each protein identified with only a single peptide were
visually inspected to verify mass accuracy of < 5 ppm and detection of the majority of sequence

informative fragments.

2.4.4 Testing of different bacteria for growth of phage G

Two strains of B. megaterium (7A36 and 7A1), three strains of L. sphaericus (13A6, 13A10 and
13A18), and one strain of L. fusiformis (19A1) were acquired from the Bacillus Genetic Stock
Center (BGSC, http://www.bgsc.org/). The strains and PGH were propagated in sterile Luria
Bertani broth supplemented with 2% nutrient broth (LB + N), 2 mM CaCl2, and 2 mM MgCI2 at
34-35°C. Overnight cultures (100 ul) were inoculated into 4 ml of molten overlay containing
0.34% agar and poured over hard agar bottom plates. A 10-fold dilution series of a phage G stock
(1.1 x 1010 pfu/ml) was spotted onto each overlay, incubated overnight at 28 °C, and examined

the next morning for evidence of phage G growth.

2.4.5 Phage G cryo-EM data collection and image processing

Three microliters of phage G sample were deposited on a 400 mesh Ted Pella ultrathin lacey
carbon grid and incubated for 30 min in a humid chamber on ice. The grid was then washed with
10 pul of 0.2 TM buffer (0.01 M Tris—Cl (pH 7.4), 0.01 M MgS04, 6% polyethylene glycol MW
3350). Using a Gatan CP3 plunger, the grid was then blotted for 9 s with Whatman 1 filter paper
at 65% humidity, then plunge-frozen in liquid ethane. The plunge-frozen, phage G grid was then

imaged using a Titan Krios equipped with a Gatan K2 Summit direct electron detector in super-
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resolution mode at the Purdue Cryo-EM Facility with a nominal magnification of §700X resulting

in 1.742 A/super-resolution pixel. A total of 375 movies were collected.

The movies were motion corrected using motioncorr (Li, Mooney et al. 2013). The particles were
manually selected using EMAN2 e2boxer.py program (Tang, Peng et al. 2007), extracted with
batchboxer.py in jspr (Guo and Jiang 2014). Full capsid particles were sampled in a 12802 box
without down sampling, while the empty capsid particles were down-sampled to 2.90 A/pixel by
FFT cropping to 7682 image size for further image processing. Subsequent CTF estimation de
novo initial model, and icosahedral refinement/reconstruction were done using jspr (Guo and Jiang
2014). The density maps of the full and empty capsid structures are available from the Electron
Microscopy Database (EMDB) under accession numbers EMD-21695 and EMD-21702,

respectively.

2.4.6 Modeling and refinement of phage G capsid proteins to cryo-EM density

Sequence information for gp27 was input into Robetta for 3D structure prediction (Kim, Chivian
et al. 2004). Results indicated that gp27 adopted the canonical HK97 gp5-like fold (Duda,
Martincic et al. 1995, Rader, Vlad et al. 2005, Duda, Oh et al. 2013, Oh, Moyer et al. 2014). Based
on the locations and shape of gp26, we noticed the similarity to TW1's decoration protein (Wang,
Hardies et al. 2018). Using TW1's gp56 as a template, we generated an atomic model of gp26 used
in subsequent docking and refinement steps. The first 15 flexible N-terminal amino acids of gp26

were omitted to facilitate refinement.

The gp26 and gp27 models were fit into the phage G virion density map using the collage program
in Situs (Wriggers 2012). The top scoring docked models were saved individually. The cross-
correlation coefficient was calculated for each set of docked models and their respective map
segments. By varying the cross-correlation cutoff values, we were able to efficiently select the best
docked model for each subunit. From this docking, the full gp27 hexamers, and partially modeled
gp26 trimers of the phage G capsid were modeled in the density.

Further refinement of the gp26 and gp27 fully atomistic models to the density map was done using
MDFF (McGreevy, Teo et al. 2016). To select an appropriate density matching weight relative to
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the stereochemical energy for refinement, fitting was first performed using the even half-map
densities (DiMaio, Zhang et al. 2013). An icosahedral facet density of the capsid was extracted
from the model and used for refinement with even half-map reconstruction using weights of 0.1,
0.3, 0.5, and 0.7 over a 1-ns minimization and 1 ns MDFF simulation as a method to balance
density and model energy during refinement as previously described (DiMaio, Zhang et al. 2013).
The final frame of the resulting trajectory was used to calculate a cross-correlation against the odd
half-map reconstruction. The weight value that resulted in the highest cross-correlation was then
found to be 0.5 and was taken to be the optimal scale factor of those tested. This scale factor was
then used for final MDFF fitting to the full reconstructed density. The gp27 and gp26 atomic
models are available from the Protein Data Bank (PDB) under the accession ID 6WKK.

2.47 Cryo-electron tomography

Samples for tomography were the same used for single particle cryo-EM data collection. Thirty-
two tilt series were collected using SerialEM (Mastronarde 2005) software with a tilt range of —
60° to 60° in 2° increments and a nominal magnification of 8700 % on a Titan Krios with a Gatan
K2 Summit direct electron detector at the Purdue Cryo-EM Facility. Tilt series were collected
using a total dose of 60 e —/A2 and a cosine distribution scheme of exposure dose. The images
were binned for image processing at 1.3-nm/pixel sampling. The raw tilts were aligned using
IMOD (Mastronarde and Held 2017) and reconstructed using the methods described in depth from
Yan et al. using MBIR (Yan, Venkatakrishnan et al. 2019). From these tilt series, a total of 76
particles were observed. All particles were visually evaluated and one partially full particle was

identified and shown in Supplementary Figure S6.

2.4.8 Negative stain analysis of host-phage G interactions

PGH bacteria were grown to mid-log phase in TB media (Sun and Serwer 1997). Cells were
infected at a MOI of 1 and lysis was monitored by OD600 nm. The infected cells were then spun
down at 5000g for 10 min and washed twice in PBS buffer, pH 7.0, and resuspended to a final
OD600 = 1.0. The infected cells were then deposited onto lacey carbon grids coated with graphene
oxide and stained with phosphotungstic acetate solution for negative stain screening. The grid was

imaged on a Tecnai T20 200 kV Electron Microscope using a Gatan US1000 2Kx2K CCD camera.
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2.5 Supplemental Information
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Supplemental Figure 2.S1. Phage G capsid FSC curves. Phage G’s dsDNA-full and
empty capsid “gold-standard” FSC curves show the structures at 6.1 A (green) and
9 A (red) resolution, respectively. The dsDNA-full capsid reconstruction was
generated with 2564 particles. The empty capsid structure was obtained from 243
particles. The empty structure FSC curve was generated from down sampled
images and therefore does not extend as far as the full structure FSC.
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Supplemental Figure 2.S2. Phage G empty and full surface views. Phage G’s
dsDNA-empty and full capsid structures at 9 A (A) and 6.1 A (B) surface views,
respectively, are shown above. The zoomed in views of hexamers and trimers at the
3-fold icosahedral axis are shown in panels C and D for the empty and full phage
G capsid structures, respectively. Color keys are shown on the right side.
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Supplemental Figure 2.S3. Phage G’s 7= 52 icosahedral symmetry. The figure
represents phage G’s T =52 dextro (h = 2, k = 6) icosahedral symmetry, the largest
of all known phage capsids to date. The triangulation number (7-number) is
represented by the following formula: 7= h 2 + hk + k?, where h and k represented
the hexamer units counted toward the nearest pentamer vertex in a straight line
(Caspar and Klug 1962). Select hexamers, pentamers, and trimers are displayed in
color. The black arrows indicate the hexamers counted to calculate the
icosahedral T-number.
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Supplemental Figure 2.S4. Ruptured phage G particles gallery. Ruptured particles
in our cryo-EM micrographs of phage G showed associated DNA in a compacted
state. In total, we found 36 ruptured particles with similar features pictured in the
gallery above. Striped edges in some of the particles are from the edge of the
micrograph.
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Supplemental Figure 2.S5. Cryo-ET tomogram of phage G with particle showing
DNA density detached from the capsid shell. The image on the left is a section from
a cryo-ET tomogram showing several phage G capsids reconstructed using MBIR
(Yan, Venkatakrishnan et al. 2019). Boxes in green and pink indicate particles that
were further displayed in the X/Y/Z orthogonal views on the right. The partially
full particle highlighted in the green box shows signs of a gap between the DNA
density and the capsid shell (red arrow). The DNA density in the green boxed
particle appears weaker than the other full particles in the tomogram. A neighboring
particle with full DNA density boxed out in pink does not show this feature.
Because of the low abundance of partially full particles in our dataset (2.3%), it was
difficult to find more partially full particles in our tomography.
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CHAPTER 3. STRUCTURAL STUDIES OF PHAGE G TAIL
DEMONSTRATE A NON-CANONICAL TAIL CONTRACTION

This chapter is from a manuscript developed and submitted to MDPI Viruses in 2021 in
collaboration with other scientists across different institutions. Their contributions were noted
upon submission.

Abstract: Phage G is recognized as having the largest genome among isolated, propagated phages.
In this study, negative stain electron microscopy of the host-phage interaction revealed a state
where the tail sheath was contracted towards the distal tip and decoupled from the head-neck
region. This is inconsistent with the canonical myophage tail contraction, where the sheath
contracts upward, coupled to the head-neck. Our cryo-EM structures of the non-contracted and
contracted tail sheath show that the protein fold of the sheath protein is consistent with smaller,
contractile phages such as T4 and phi812 and phage G’s sheath subunits move as rigid bodies
during contraction, as described for T4. A comparison of the tail sheath helical symmetry, timetree
of the sheath protein, and organization of the tail morphogenesis region of phage G genome also
suggest similarity to other myophages. This observation of phage G’s tail could be due to a missing
anchor point at the upper end of tail sheath that allows the decoupling of the sheath from the head-
neck region. Despite the genomic, sequence, and structural similarity to other myophages, the
noncanonical tail contraction might indicate a unique evolutionary status of phage G among tailed

phages that call for further investigation.

3.1 Introduction

Phage G’s virion is remarkable because of its size — it is recognized as the largest phage that has
been propagated in lab (Donelli 1968, Hua, Huet et al. 2017, Yuan and Gao 2017) — which raises
many questions as to how such a large structure is assembled and maintains stability, as well as its
role in infection. In our recent report on phage G, we analyzed head using cryo-electron
microscopy (cryo-EM). From these data, we observed heterogeneity in the dsSDNA density in the
head, and we obtained the structure of its T=52, icosahedral capsid to 6.1 A resolution, which

highlighted the HK97-like major capsid proteins and a Lambda-like decoration trimers (Gonzélez,
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Monroe et al. 2020). Additionally, there was heterogeneity in the dsDNA density of its 498 kbp

genome(Gonzalez, Monroe et al. 2020).

In this study, we focused on the phage G tail structure. Our interest in analyzing phage G’s tail
stemmed from our initial negative stain EM analysis of phage G/host images, in which the tail
sheath appeared decoupled, post-contraction, from the head/tail neck region, unlike those
previously reported for the well-studied T4 and other myophages (Moody 1973, Amos and Klug
1975, Leiman, Chipman et al. 2004, Aksyuk, Leiman et al. 2009, Effantin, Hamasaki et al. 2013,
Hu, Margolin et al. 2015, Novéaéek, Siborova et al. 2016). In myophage, the canonical contraction
of the tail sheath happens upwards toward the neck and the tail tube protrudes through the bottom
of the baseplate into the host cell (or is visible if the particle is not adsorbed to a host cell) (Moody
1973, Amos and Klug 1975, Leiman, Chipman et al. 2004, Aksyuk, Leiman et al. 2009, Effantin,
Hamasaki et al. 2013, Hu, Margolin et al. 2015, Novacek, Siborova et al. 2016). Phage G’s tail
had previously been studied by negative stain EM over five decades ago by the original researchers
that discovered phage G, but information since then about phage G’s tail has been limited (Donelli
1968, Donelli, Guglielmi et al. 1972, Ageno, Donelli et al. 1973, Donelli, Dore et al. 1975, Donelli,
Griso et al. 1976).

The early studies by Donelli, et. al in 1972 of phage G found that the tail was approximately 450
nm in length, and was composed of a 6-start, right-handed helix (Donelli, Guglielmi et al. 1972).
Based on this analysis, it was hypothesized that both the non-contracted and contracted tail sheath
had helical symmetry. The original structural studies from the 1970s also reported that upon
contraction, the tail sheath underwent a compression of 22.6 A along the axial direction with a
change in twist around the axis by 6.6° per subunit (Donelli, Guglielmi et al. 1972). However,
likely due to the challenges that come with helical reconstruction from electron micrographs
(Egelman 2014), cryo-EM 3D reconstruction analysis had not yet been applied to the phage G tail.
Here, we perform this analysis after presenting observations on the unusual contraction of the
phage G tail. We also present studies to probe the evolutionary relationship of phage G relative to
other tailed phages.
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3.2 Materials and Methods
3.2.1 Phage G Propagation and Purification

Phage G was grown and isolated as previously described (Sun and Serwer 1997, Gonzélez, Monroe
et al. 2020). Briefly, phage G was amplified as a plate stock in agarose overlays, which were
collected, and large debris cleared by centrifugation. Phage G was then purified by zonal
centrifugation in a sucrose gradient and stored in 0.01 M Tris—CI (pH 7.4), 0.01 M MgS0O4, 6%
polyethyleneglycol MW 3350.

3.2.2 Negative Stain EM of Phage G/host Interaction

We also used negative stain EM to look at phage G attached to its host strain (PGH) bacterium
recently revised to a Lysinibacillus sp. (Gonzéalez, Monroe et al. 2020). PGH cells were grown to
mid-log phase in TB media (10 g tryptone, 5 g NaCl in 1000 ml H20) (Serwer, Estrada et al. 1995)
and were infected at an MOI of 1 and monitored by OD600 nm until lysis occurred. The lysed and
remaining cells were then spun down at 5000g for 10 min and washed twice in PBS buffer, pH 7.0,
and resuspended to a final OD600 = 1. The resuspended content was then deposited onto lacey
carbon grids coated with graphene oxide and stained with phospho-tungstic acetate (PTA) solution
for negative stain EM. The grid was imaged on a Tecnai T20 200 kV Electron Microscope using
a Gatan US1000 2Kx2K CCD camera.

3.2.3 Cryo-EM Data Collection

The cryo-EM data collection for this study was previously described in Gonzalez, et. al 2020
(Gonzalez, Monroe et al. 2020). Briefly, a drop of 3ul of purified phage G was put onto a 400-
mesh Ted Pella ultrathin lacey carbon grid and incubated for 30 min in a humid chamber on ice.
The grid was then washed with 10ul of buffer (0.01 M Tris—CI (pH 7.4), 0.01 M MgS04, 6%
polyethylene glycol MW 3350). The grid was frozen using a Gatan CP3 plunger, where it was
blotted for 9 s with Whatman 1 filter paper at 65% humidity, then plunge-frozen in liquid ethane.

The frozen phage G grid was then imaged using the Titan Krios equipped with a Gatan K2 Summit

direct electron detector in super-resolution mode at Purdue Cryo-EM Facility with 8700X nominal
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magnification, and a sampling of 1.742 A/super-resolution pixel. Overall, 375 movies were
collected, which were then motion corrected using motioncorr (Li, Mooney et al. 2013). The movie

averages were 2x binned to 3.484 A/pixel for further image processing.

3.2.4 Categorization of Tail Contraction States from Cryo-EM Micrographs

In our cryo-EM dataset, it is apparent there are multiple phage G tail states even in the absence of
the host. To further explore these states, we visually classified particles with complete tails into
either contracted or non-contracted tail sheath conformations. Furthermore, we observed whether
the contracted tail sheath was present in either near the head, in the middle section of the tail, or

near the tail tip.

3.2.5 Helical Reconstruction of Non-contracted and Contracted Phage G Tail Sheath

Phage G tail was manually picked using the Relion helical picker (He and Scheres 2017). Helical
segments were extracted with a 18.7 A rise and specifying 5 asymmetric subunit using a 224 pixel
box. In total, 22,755 segments were extracted. To obtain the initial helical twist and rise values of
phage G tail components, the extracted segments were used in CryoSPARC for further analyses
(Punjani, Rubinstein et al. 2017). The tail tube, non-contracted, and contracted tail sheath were
visually separated based on 2D classification results and used for ab-initio modeling specifying
C6 symmetry. From there, a relatively low-resolution 3D model was generated that could then be
used to analyze the helical symmetry (e.g. twist and rise) parameters using the helicalSym.py

program from the jspr package (Guo and Jiang 2014).

To further improve the 3D reconstructions, several additional rounds of 2D classification were
done to remove heterogeneity. Helical refinement was then done using CryoSPARC to generate
refined, helical models for the non-contracted and contracted tail sheath structures. All parameters
used for the helical refinement were default, except for the following in the contracted phage G
helical reconstruction: 27.13° twist, 18.89 A rise, 15 maximum symmetry order, C6 symmetry. All
parameters used for the helical refinement of the non-contracted were default, except for the

following: 20.57° twist, 41.53 A rise, 40 maximum symmetry order, C6 symmetry.
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3.2.6 Bioinformatic Evolutionary Analysis of Phage G Tail Sheath

A protein sequence-based evolutionary analysis of the phage G sheath protein gpl78 was
performed as described previously (Hardies, Thomas et al. 2016) by Stephen C. Hardies
(University of Texas Health Science Center San Antonio). Briefly, the T02 aligner (Hughey and
Krogh 1996, Karplus, Barrett et al. 1998) obtained from the U.C.S.C bioinformatics group
(https://compbio.soe.ucsc.edu/sam.html) was used to align a homologs set generated as the union
of PsiBlast hits keyed with diverse known myoviral sheath protein sequences. A subset of sheath
proteins covering a broad representation of the resulting tree was then selected for refinement. The
quality of alignment across two of the most divergent lineages (T4 to Bxz1, and Bxzl1 to phage G)
was checked by HMM-HMM comparison using HHpred (Steinegger, Meier et al. 2019), resulting
in limiting the final tree to the region corresponding to residues 357-655 of T4 gp18, and removal
of sequences not contiguously aligned in that region. A further check to avoid perturbation of the
tree by recombinant or partially aligned sequences was to divide that region in two and remove
any sequences not producing a congruent tree in the two subsections. The final tree was calculated
using MrBayes (Ronquist, Teslenko et al. 2012) with an independent gamma rate relaxed clock
model (Bouckaert, Heled et al. 2014). The time scale was set by alignment of nodes in the SPO1,
LP65, Bastille clade and the T4, Aehl, KVP40, Synl clade with a scaled large terminase tree as
described (Hardies, Thomas et al. 2016).

3.3 Results
3.3.1 Negative Stain EM of Phage G Host Attachment

The goal of these analyses was to gain a better understanding of the phage G tail structure and its
role in infection. Our interest in phage G’s sheath was initially piqued by preliminary TEM of
negatively stained phage G particles adsorbed to the PGH host cell wall. In those micrographs, we
observed numbers of particles whose tail sheath was contracted in a manner that was not consistent
with previous descriptions of the tail behavior of other myoviruses, where the contracted tail sheath
is always coupled to the neck region (Moody 1973, Amos and Klug 1975, Leiman, Chipman et al.
2004, Aksyuk, Leiman et al. 2009, Effantin, Hamasaki et al. 2013, Hu, Margolin et al. 2015,

Novagek, Siborova et al. 2016). Those initial results led us to perform a Cryo-electron microscopy
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reconstruction of the phage G tail sheath to gain a better understanding of the structural basis for

its curious behavior.

TEM of negatively stained phage G and its host revealed particles adsorbed to the PGH host
surface (Figure. 3.1A). In various cases, the head did not have strong density — suggesting that this
conformation could have been post genome ejection. All the phage G particles observed appeared
to have a contracted tail conformation with the tail sheath located at the distal end of the tail in
contact with the host surface via the tail fibers (Figure. 3.1). This is in stark contrast with typical
observations of contracted myophages, such as T4, where the contracted tail sheaths are located at
the opposite end next to the DNA-containing head (Moody 1973, Amos and Klug 1975, Leiman,
Chipman et al. 2004, Aksyuk, Leiman et al. 2009, Effantin, Hamasaki et al. 2013, Hu, Margolin
etal. 2015, Novacek, Siborova et al. 2016). To find if these unusual observations of contracted tail
sheath near the tail tip are unique to our data, we examined the literature and found multiple
negative stain images of purified phage G particles in the 1973 report of the discovery and
characterization of phage G, in which the contracted phage G tail sheath was seen at different
positions along the tail (below to the head, at the middle of the tail, and near the tail tip) although
the localization of contracted tail sheath near the tail tip was not discussed (Figure. 3.1B) (Ageno,

Donelli et al. 1973).
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Figure 3.1. TEM of negatively stained phage G showing multiple states of the
contractile sheath (A) Phage G particles attached to the host PGH cell and (B)
Micrographs of Phage G virions reproduced from Ageno et al. 1973 (Ageno,
Donelli et al. 1973). All phage G particles observed to be adsorbed to the host all
had their tail’s contracted toward the distal tip of phage G’s tail which was in
contact with host cell surface. The arrow indicates an example of one sheath
contracted in a non-canonical manner. The white bar represents 100 nm in length.
B. In the studies by Ageno, et al., the phage G tail sheath was observed to be
contracted at different positions along the tail (next to the head, at the middle of the
tail, and near the tail tip), demonstrating the odd behavior of the phage G sheath,
we observed both by TEM and Cryo-EM (see below).

3.3.2 Tail Contraction States in Our Cryo-EM Data

To rule out the possibility of the above observations being negative stain artifacts, we collected
single particle cryo-EM images of purified phage G particles. In these analyses we observed
multiple states of the tail contraction among the phage G particles, similar to the earlier
observations noted above (Figure. 3.1B). We manually categorized phage G particles from our
cryo-EM micrographs based on the morphology of the tail sheath and its location along the tail.
Phage particles with completely visible, easily distinguishable tails were counted, resulting in 364

distinct phage G particles identified.

All the tails were then categorized based on their tail i) contraction state, ii) the location of the
contracted tail sheath relative to the head, and iii) head state, as summarized in Table 1. Examples

of each state described in Table 3.1 are shown in Figure. 3.2. The two contraction states are non-
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contracted (uniform thickness along the entire tail) and contracted (variable thickness along the
tail). The locations of contracted tail sheath are grouped into 3 places, near head, middle, and near-
tip. As we previously reported, phage G sometimes has a partially full head with the DNA
appearing centralized and detached from the capsid protein shell (Gonzélez, Monroe et al. 2020),
and we refer to this state as the partial DNA state. Capsids with apparent DNA-full or DNA empty

head categorizations we assigned visually.

Overall, there were 211 particles (58%) that were identified as non-contracted, with the remaining
153 (42%) phage G particles having contracted tail sheath states. The tail sheath contractile states
did not appear significantly influenced by the presence or absence of DNA in the head. In DNA-
full phage, 40% of tails exhibited contraction, whereas in partial DNA and DNA-empty phage,
58% exhibited contraction, although this percentage number is less reliable due to the small

number of particles (21 out of 36) in these states.

The most unusual observation was that 123 of the 153 contracted-sheath particles (80%) had the
sheath detached from the neck region and in contact with the baseplate at the distal tip of the tail.
Only 18% of the contracted particles had the tail sheath located under the neck region. The
remaining 2% had the tail sheath in the middle of the tail, making no contact with either the
baseplate or neck. The contracted states with the tail sheath near the middle of the tail or at the
distal tip of the tail are inconsistent with the observations and the proposed molecular mechanisms
described for myophages, such as T4 (Leiman, Arisaka et al. 2010), in which the tail sheath must

be mechanically coupled to the head at the neck region in all contractile states.

55



Figure 3.2. Categorized tail states from single-particle cryo-EM of purified phage
G in different tail contraction states in the absence or presence of DNA. Particles
are labeled as F: DNA full, P: Partial DNA, E: empty - N: Non-contracted, CH:
Contracted near head, CM: Contracted Middle, CT: Contracted at Tip as shown by
the representative images.

Table 3.1. Tail contraction and head states from cryo-EM micrographs.

Capsid state Non-contracted Contracted Tail Location
Near Head Middle Near Tip
DNA full 196 25 3 104
Partial DNA 3 1 0 7
Empty 12 1 0 12

3.3.3 Phage G Tail Components from 2D Classification

The various tail contraction states we observed from our cryo-EM micrographs (Figure. 3.2) raised
questions about the mechanism of phage G tail contraction. To have better insight into this non-
canonical tail contraction behavior, we continued our investigation by determining the structure of

the tail sheath in phage G using single-particle cryo-EM analysis.

Focusing on the tail structural analysis, the phage G tail was picked from micrographs using the
manual helical particle picking tool in Relion (He and Scheres 2017) from the head-tail junction
down past the tail tip. From there, segments were extracted using the Relion helical segmenting
tool (He and Scheres 2017), with a 93.5 A interbox distance and a 224 pixel box size. In total,
22,755 particles were extracted. Using CryoSPARC (Punjani, Rubinstein et al. 2017), the particles
were then subjected to multiple rounds of reference-free 2D classification. From the 2D
classification results, we were able to detect different phage G tail components, including: the neck

region (Figure. 3.3C), the non-contracted tail sheath (Figure. 3.3D), the tail tube (Figure. 3.3E),
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the tail tube and contracted tail sheath junction (Figure. 3.3F), and the contracted tail sheath (Figure.
3.3G).

(@)
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Figure 3.3. 2D classification of phage G tail components. The cartoons above
represent the non-contracted (A) and contracted (B) tail sheath states of phage G.
The small insets are 2D classifications from the cryo-EM data that point to the
corresponding tail components in the cartoons as follows: (C) neck region, (D) non-
contracted sheath, (E) tube, (F) contracted sheath and tube junction, (G) contracted
sheath.

During the 2D classification analysis, we also noticed density on the side of the tail sheath that
corresponds to the outer coil density that has also been described in Donelli, et. al’s 1972 negative
stain EM study (Donelli, Guglielmi et al. 1972). This is a unique feature, that to our knowledge,
has not been observed in other phages. To take a closer look at this feature, we measured the
distances between the peaks of density and assigned it to the outer coil diameter and helical pitch

(Figure. 3.4).
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In the non-contracted tail sheath, the measured distance of the outer coil diameter was 390 A. In
the contracted tail sheath conformation, the outer coil density diameter increases to 490 A (Figure.
3.4). The axial distance between the peaks of outer coil density were the same (210 A) in both tail
sheath states (Figure. 3.4). It is interesting to note that the outer coil maintains its axial pitch while
its diameter undergoes significant change. It suggests that neither end of the outer coil is coupled
to the tail sheath and, instead, the upper end of outer coil is coupled to the neck region and the
bottom end is coupled to the baseplate/tail tube to maintain the total length and helical pitch during
sheath contraction while its diameter was forced to widen by the contracted sheath. The outer coil
density was not well resolved in our cryo-EM reconstructions of the tail sheath and had a blurred
appearance in the 2D classification results. We speculate these results are because the coil is

dynamic in nature and/or has different helical symmetries than the tail sheath (Figure. 3.4).

Non-contracted Contracted

Figure 3.4. Phage G outer coil density in 2D classification. Density from the outer
coil was observed in phage G sheaths that were (A) non-contracted, and (B)
contracted. In both sheath states the outer coil had the same measured axial pitch
distance (210 A). However, the outer coil’s diameter expanded approximately 100
A in the transition from the non-contracted state (390 A) to the contacted state (490
A).

3.3.4 3D Cryo-EM Structure of the Non-contracted and Contracted Phage G Tail Sheath

The 2D classification results of phage G highlighted the heterogeneity and variety in its tail states.

The 2D classes visually identified as non-contracted and contracted tail sheath were subjected to
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3D helical reconstruction using CryoSPARC (Punjani, Rubinstein et al. 2017). The resolution of
the non-contracted and contracted tail sheath cryo-EM density is approximately 7-8 A, and 6-7 A,
respectively. The apparent secondary structure elements, such as alpha helices, that are clearly
observed in the structures (Figs. 3.5, 3.6, 3.7), support the resolution claims. The outer and inner
diameter of the non-contracted tail sheath of phage G is approximately 240 A and 60 A,
respectively (Figure. 3.5 and Table 3.2). After contraction the outer and inner diameter of phage
G’s tail sheath expands in diameter to 320 A and 120 A in the outer an inner diameter, respectively
(Figure. 3.5 and Table 3.2). The tail sheath proteins of phage G are arranged in a six strand, right-
handed helix around the inner tail tube structure (shown in transparent grey Figure. 3.5), through
which the dsDNA is transferred during infection. The tail sheath proteins in the non-contracted
state, in each helical strand, are organized with a symmetry of 20.57° twist and a rise of 41.53 A

(Figure. 3.5 and Table 3.2).

Figure 3.5. Non-contracted and contracted tail sheath organization. This is a visual
representation of 16 tail sheath subunits in the non-contracted conformation (grey),
and in the contracted conformation (cyan) cryo-EM structures in the top (A) and
side (B) view. The tail tube density is shown in transparent grey.
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The contracted tail sheath structure maintains the six stranded, right-handed helical arrangement,
but the sheath proteins compact to form a helix with helical symmetry of 27.13° twist and 18.89 A
rise (Figure. 3.5 and Table 3.2). With the compacting from the tail sheath contraction, the outer
diameter of the sheath widens by 80 A and the inner diameter doubles in width. The total length
of the phage G tail is 4500 A, and the non-contracted tail sheath organization has a rise of 41.53
A, therefore, ~648 sheath subunits are arranged on the tail in total. From this, the calculated length
the completely contracted phage G tail sheath would be 108 subunits per strand multiplied by
18.89 A rise per subunit, which is 2040 A. This is consistent with our observations of the phage G
contracted state from our negative stain and cryo-EM micrographs, where about half of the tail

length is occupied by the contracted tail sheath (Figs. 3.1 and 3.2).

Table 3.2. Cryo-EM helical structure details of phage G tail sheath in non-
contracted versus contracted states.

Helical structure features Non-contracted Contracted
Outer diameter (A) 240 320
Inner diameter (A) 60 120

Pitch (A) 706.01 245.57
Rise (A) 41.53 18.89
Twist (°) 20.57 27.13

Figure 3.6. Rigid phage G tail sheath subunit twisting upon contraction. (A) non-
contracted; (B) contracted. There are contacts with two long alpha helices in the
inner core of the tail sheath (grey) in parallel with the tube (transparent grey). The
red arrow indicates the direction of the two alpha helices. Upon contraction, sheath
proteins go through a rigid movement (see Figure. 7A) where the subunits twist
approximately 30°. In both (A) and (B) the phage head would be at the top of the
figure.
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3.3.5 Phage G Tail Sheath Subunit Structure and Arrangement

At the subunit level, phage G’s tail sheath (gp178) is a 579 amino acids long protein that is 63 kDa
(Pope 2011). The sheath proteins form a six-stranded, right-handed helix that wraps around the
tail tube structure, and it is a dynamic feature of the tail. The phage G sheath protein has a larger
core close to the tail tube, and a smaller, outward protruding density region (Figs. 3.6, 3.7). Within
the core region of the phage G sheath protein, multiple rod-like densities of alpha helices are
resolved (Figure. 3.7) and there are two main alpha helices that are closest in proximity to the tube
structure (transparent grey Figure. 3.6). The outer most facing (away from the tail tube) density of
phage G’s sheath protein is less well resolved than the core region (Figure. 3.7A). From the density,

there appears to be less alpha helical density in this region.

At the domain level, phage G’s sheath protein appears to have highly similar overall organization
as T4 (Aksyuk, Leiman et al. 2009), as labeled in Figure 7B. From the partial crystal structure of
T4, the four domains I, II, III, and IV are organized from most exposed to most buried towards the
tube, respectively (Aksyuk, Leiman et al. 2009). Domain I (residues 98-188) has a 6 stranded beta-
barrel and an alpha helix (Aksyuk, Leiman et al. 2009). The domain II is then composed of a two-
layer beta sandwich, surrounded by 4 alpha helices, and is defined by residues 88-97 and 189-345
(Aksyuk, Leiman et al. 2009). The domain III is then described as a beta sheet with 6 beta strands
and 6 alpha helices and is residues 20—87 and 346-510 (Aksyuk, Leiman et al. 2009). Finally,
domain IV, has not been resolved in the T4 crystal structure, but is composed of the termini
(residues 1-20 and 510-659) (Aksyuk, Leiman et al. 2009). Cryo-EM structural studies on phi812
also found that its sheath protein, gp103, had a similar organization at the individual sheath protein
subunit level to T4 (Novéaéek, Siborova et al. 2016). In phi812, the cryo-EM density in the domain
IV region has been described to contain 2 major helices (Novacek, Siborové et al. 2016). The
region has not been described from the T4 studies because of the limited structural information
(Aksyuk, Leiman et al. 2009, Leiman, Arisaka et al. 2010, Aksyuk, Kurochkina et al. 2011), but
we have also observed these two helices in our phage G gp178 cryo-EM density (Figs. 3.6, 3.7).

Like T4, in phage G’s gp178 sheath structure, domain I is the outermost facing region of the sheath

(Fig 3.7B). It is also the least resolved portion of the sheath protein density (Figure. 3.7A). The
density for domain II is not obvious, as outlined for T4 (Arisaka, Nakako et al. 1988, Aksyuk,
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Kurochkina et al. 2011), which could be due to phage G’s sheath protein, gp178 (579 amino acids)
being smaller than T4’s gp18 (659 amino acids) (Arisaka, Nakako et al. 1988). In phage G, as for
T4’s gpl8, domain III is mainly alpha helical (Figure. 3.7B) (Aksyuk, Leiman et al. 2009). A
prominent bundle of three alpha helices in domain III of phage G’s density matches well with T4’s

helices in the same region (Figure. 3.7B).

In phage G’s gp178 sheath protein, domain I is the outermost facing region of the sheath (Fig
3.7B). It is also the least resolved portion of the sheath protein density (Figure. 3.7A). The density
for domain II is not obvious, as outlined for T4 (Arisaka, Nakako et al. 1988, Aksyuk, Kurochkina
et al. 2011), which could be due to phage G’s sheath protein, gp178 (579 amino acids) being
smaller than T4’s gp18 (659 amino acids) (Arisaka, Nakako et al. 1988). In phage G, as for T4’s
gp18, domain III is mainly alpha helical (Figure. 3.7B) (Aksyuk, Leiman et al. 2009). A prominent
bundle of three alpha helices in domain III of phage G’s density matches well with T4’s helices in
the same region (Figure. 3.7B).

Non-contracted

- .
- r
c m

Figure 3.7. Phage G tail sheath subunit structure. A. The phage G tail sheath subunit
from the non-contracted (pink) and contracted (cyan) structures were superimposed
using ChimeraX fit-to-model feature (Pettersen, Goddard et al. 2021). The densities
superimpose almost completely, except for the outer domain region, where the non-
contracted structure (pink) has poorly defined density. B. The phage G sheath
protein structure has several alpha helices as shown by the rod-like density of the
contracted tail sheath subunit (transparent grey). The phage G sheath structure also
follows the same domain organization described for T4 (Aksyuk, Leiman et al.
2009, Aksyuk, Kurochkina et al. 2011). The green alpha helices were fit from the
T4 tail sheath crystal structure residues 21 — 201 (PDB: 3FOA) (Aksyuk, Leiman
et al. 2009).
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From our cryo-EM analysis, we obtained the structures of the non-contracted and the contracted
phage sheath (Figure. 3.6). We compared the individual sheath protein density in both states and
found the individual sheath proteins maintained the same subunit structure in both contraction
states (Figure. 3.7A). As demonstrated in Figure. 3.6, the structural information suggests the sheath
proteins move as rigid bodies by approximately 30°. The non-contracted phage G sheath state has
a 41.53 A rise and 20.27° twist (Table 3.2). Upon contraction, the rise decreases by 22.63 A, and
the twist increases by 6.56° (Table 3.2). The contraction causes a rigid rotation of the sheath protein

subunits in the helical tail, which leads to a difference in subunit packing of the helix (Figure. 3.6).

3.3.6 Phage G Tail Sheath Helical Symmetry Compared to Other Known Phages

After obtaining the cryo-EM structure of the phage G non-contracted and contracted sheath, we
then investigated how its helical symmetry parameters compared to existing structures of tailed
phages. We collected available phage tail data from literature and plotted the helical symmetry of
all the data, including our results for the phage G tail sheath (Figure. 3.8, Table 3.3).

In this comparison, we included information from 4 myophages (T4, @812, ®KZ, and ®RSL1)
(Abuladze, Gingery et al. 1994, Lecoutere, Ceyssens et al. 2009, Effantin, Hamasaki et al. 2013,
Novagek, Siborova et al. 2016), and 7 siphophages (A, YSD1, SPP1, Araucaria, T5, P2, and TP901-
1) (Katsura 1990, Sassi, Bebeacua et al. 2013, Biittner, Wu et al. 2016, Mahony, Algarni et al.
2016, Arnaud, Effantin et al. 2017, Hardy, Dunstan et al. 2020, Zinke, Sachowsky et al. 2020).
The results show two relatively distinguishable clusters. The first cluster that coincides with the
non-contracted phage tail sheath (grey squares and circle) ranges from 17-22° twist and 36—42.8
A rise. All the non-contracted myophage tail sheath structures are found in this cluster plus the A,
YSDI, and SPP1 (shown as X’s), which are also found nearby (Figure. 3.8). The second cluster
coinciding with the contracted tail sheath is not as tightly grouped and can be found ranging from
a 27.18 - 34.1° twist to 16.4 - 18.89 A rise in Figure. 3.8. In this cluster, only the myophage
structures were grouped. The 4 phage tail structures falling outside of these two clusters were all

siphophages (shown as X’s) in Figure. 3.8 (Araucaria, TP901-1, TS, and P2).

Overall, the T4 tail is 925 A long, and contracts to 420 A (Moody 1973, Aksyuk, Leiman et al.
2009, Taylor, Prokhorov et al. 2016), and the phi812 non-contracted tail is 2,020 A long, and
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contracts to 808 A (Novacek, Siborova et al. 2016). The phage G tail sheath is ~4500 A long in
the non-contracted state and compressing to 2040 A upon contraction. Although the length of
phage G’s tail is more than 2X longer than the phi812 tail and almost 5X longer than the T4 tail,
the tail sheath of all three phages are 6-stranded, right-handed helix tails with relatively similar

helical symmetry in the non-contracted and contracted states (Figure. 3.8, Table 3.3).

45

35

Rise (A)
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Xx

20 25 30 35 40 45
Twist (°)

Figure 3.8. Helical symmetry parameters of tail structure across various phages.
The grey boxes are the non-contracted tail sheath structures of myophage. The
black boxes are the contracted myophage structures, the X’s represent siphophages,
and the circles are the phage G structures from this study. In this study, we included
information from 4 myophages (T4, phi812K1-420, phiKZ, and phiRSL1)
(Abuladze, Gingery et al. 1994, Lecoutere, Ceyssens et al. 2009, Effantin,
Hamasaki et al. 2013, Novagcek, Siborova et al. 2016), and 7 siphophages (A, YSDI,
SPP1, Araucaria, T5, P2, and TP901-1) (Katsura 1990, Sassi, Bebeacua et al. 2013,
Biittner, Wu et al. 2016, Mahony, Algarni et al. 2016, Arnaud, Effantin et al. 2017,
Hardy, Dunstan et al. 2020, Zinke, Sachowsky et al. 2020).
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Table 3.3. Helical symmetry comparison among various tailed phage.

. . . Reported EMDB Host Gram o L.
(e}
Virus Structure Twist (°) Rise (A) Resolution (A) entry () Citation
non-contracted sheath 20.57 41.53 7-8 -
phage G + Current study
contracted sheath 27.18 18.89 6-7 -
non-contracted sheath 21.4 38.9 6.2 4051 .
phi812K1-420 - (Novacek, Siborova et al. 2016)
° contracted sheath 30.7 18.8 4.2 4052
en
< . .
%i phiRSL1 non-contracted sheath 22.1 37.9 9.6 2244 - (Effantin, ;(I)alr;l)a saki et al.
>
= contracted poly sheath 34.1 17.9 19.0 5331 (Aksyuk, Kurochkina et al
phiKZ _ ) .
non-contracted sheath 22 36.7 18.0 5332 201D
contracted sheath 329 16.4 N/A N/A (De Rosier and Klug 1968);
T4 . . ’
non-contracted 17.2 40.6 N/A N/A - (Leiman, Chipman et al. 2004)
tube 18.2 40.2 34 8767 (Zheng, Wang et al. 2017)
sppl 38.5 21.9 4.0 10792 + (Zinke, Sachowsky et al. 2020)
YSD1 19.7 41.2 35 22183 - (Hardy, Dunstan et al. 2020)
2 Lambda 17.5 42.8 6.4 20242 - (Campbell, Duda et al. 2020)
% T5 tail 39.1 40.6 6.0 3692 - (Arnaud, Effantin et al. 2017)
5]
<=
.Ug; p2 46.3 374 220 2464 ) (Bebeacua, Tremblay et al.
2013)
araucaria 26 38 24.0 2337 + (Sassi, Bebeacua et al. 2013)
TP901-1 38 22.4 20.0 2228 + (Bebeacua, Lai et al. 2013)




3.3.7 Evolutionary Analysis of Phage G Tail Sheath Protein gp178

Since our structural analyses demonstrated that the overall structures and helical arrangements of
the subunits of the phage G tail sheath had similarity to those of other myophages, we performed
a protein sequence-based evolutionary analysis of the phage G sheath protein gpl78 that were
computed as described previously (Hardies, Thomas et al. 2016). To compare sheath proteins from
an array of genetically diverged phages, the analyses were based on the more highly conserved C-
terminal region of the sheath protein (residues 357-655 of T4 gp18). The resulting time tree was

calibrated in time by congruence with a large terminase tree in the T4 and SPO1 clades.
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Figure 3.9. Phage G sheath timetree. A timetree bioinformatic analysis was done to
analyze the evolutionary relationship among various phage tail sheath proteins. The
timeline unit was 1.0 Gya. It covered residues 357-655 of T4 gpl8 and was
calibrated in time by congruence with a large terminase tree in the T4 and SPO1
clades. The error bars are shown in purple and are accompanied by their respective
quantities.

These analyses found that, despite phage G’s sheath being structurally similar to that of T4 in both
its helical symmetry (Figure. 3.8) and at the individual sheath subunit level (Figure. 3.7), the sheath
proteins of the two phages are diverged such that they likely derived from an ancestral split that

occurred over 2.5 billion years ago (Figure. 3.9). In addition, even the sheath proteins of what are
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currently the closest known relatives to the phage G sheath protein (in phages Phrappuccino, Bxzl,

and E3) are predicted to have evolved from an ancestral split that occurred almost 1.5 Gya.
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Figure 3.10. Scheme of the phage G genome region containing the major tail
morphogenesis genes. Gene products (gp) identified by mass spectrometry
(Gonzalez, Monroe et al. 2020) in purified virions are shaded blue.

3.3.8 Phage G Genome Tail Morphogenesis Region

The intriguing dichotomy of phage G sheath’s similarities and differences to those of other
myoviruses led us to seek a better understanding of other components of the phage G contractile
tail. The phage G sheath gene is located toward the 5’ end of a module of genes in its genome
(NCBI: NC _023719) (Pope 2011) whose synteny is reminiscent of that observed in many, but not
all, myoviral genomes (e.g., Mu (Morgan, Hatfull et al. 2002), 0305phi8-36 (Hardies, Thomas et
al. 2007), ARV1(Kaliniene, Simolitinas et al. 2017)). For example, downstream of the sheath gene
is a pair of chaperonin genes, and immediately downstream of those is the tape measure protein
(TMP) gene and a series of genes that likely encode baseplate components and tail fibers (Figure.
3.10). The tail chaperonins (gp181 and gp182) were annotated as such due to their having a
signature translational frameshift that was first described for the G-T genes of Lambda (Levin,
Hendrix et al. 1993). Gp181 and gp182 were not identified in our previous mass spectral analyses

of phage G (Gonzalez, Monroe et al. 2020), consistent with their predicted function.

However, numbers of proteins encoded in the phage G tail morphogenesis region were identified
by mass spectrometry, and have other characteristics and/or sequence similarity (as determined by
BlastP or HHpred) that strongly support their being components of the tail (Gonzalez, Monroe et
al. 2020). For instance, one of these proteins gp183 has the classic characteristics of a TMP. The
TMP gene stands out in many phage genomes simply for its length (often the longest gene), which
is as a consequence of the TMP’s role as the tail length determinant (e.g., T4 (Abuladze, Gingery
et al. 1994) and TP901-1 (Mahony, Algarni et al. 2016)). To perform this role, a few copies (3-6)
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of the TMP extend as an alpha helical structure from the baseplate to the neck region within the
central core of tail tube. Considering its function and the length of the phage G tail (450 nm) it is
not surprising that gp183 is 2893 residues long and has a predicted high overall content of a-helices
(50 %) and coils (44 %) (Lupas, Van Dyke et al. 1991, Wang, Li et al. 2016, Gonzalez, Monroe et
al. 2020). The C-terminus of gp183 likely assists with genome ejection into the host cell by
interacting with, likely degrading, the cell wall —an additional function of the TMP in some phages
(Rodriguez-Rubio, Gutiérrez et al. 2012). This expectation is based on Blast and HHpred matches
in the C-terminal region of gp183 to the LytD superfamily of Beta- N-acetylglucosaminidases
(residues 2439-2595, 1.99¢-29) and Peptidase family M23 (residues 2622-2716, 1.20e-35). Other
proteins whose genes are downstream of the TMP gene, also had homology to domains and/or
phage tail proteins that support their roles as baseplate and/or tail fiber proteins. For instance,
gp188, has diverged similarity to the T4 baseplate wedge protein gp6 (4.1e-28) and P2 gpJ (2.6e-
25).

The tube candidates are gp179 (242 residues) and gp180 (189 residues), the genes for which are
located between the sheath gene and the “G-T” chaperonins which is the normal location for the
tube gene in many myoviruses (Figure. 3.10). Both gp179 and gp180 have diverged homology to
a series of tube proteins, including those from diffocins (e.g., xkdM of the Bacillus subtilis
prophage PBSX), myoviruses (e.g., gp19 of T4) and even siphophages (e.g., gpV of Lambda) as
determined by HHpred (all matches had probabilities >95 %). Whether phage G gp179 and gp180
both form part of the tube, or one of them forms the tube and the other has a different function
(e.g., binding of the tube to the neck or baseplate), is unclear. This unexpected finding warrants

further research to clarify their roles.

3.4 Discussion
3.4.1 Unusual tail sheath contraction in phage G

In our initial investigation with negatively stained phage G/host cells and purified phage G using
cryo-EM, our images suggested the tail sheath contraction showed a differed behavior from the
canonical depiction of myophage contraction. Although phage G’s contracted tail sheath was seen

at various locations along the tail in the cryo-EM images of purified phage G (Figure. 3.2), all of
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the phage G observed in our negative stain analysis of phage G attached to host cell surface depict
it as having the contracted tail sheath portion towards the tip of the tail, decoupled from the neck
region (Figure. 3.1). This opposes the observations of T4 phage, the type phage of myophages, in

which the contracted tail sheath was always coupled to the head/neck region.

This observation is in conflict with the current model proposed for DNA ejection through the
protruded tail tube that is powered by the contraction of tail sheath for myophages (King 1968,
Moody 1973, Aksyuk, Leiman et al. 2009). In the current model based on the structural
observations with T4 (Moody 1973, Leiman, Chipman et al. 2004, Kostyuchenko, Chipman et al.
2005), the irreversible tail sheath contraction in myophages is proposed to be initiated by baseplate
conformational change initiated by interactions from tail fiber attachment to the host cell surface.
This contraction propagates from the baseplate in an upwards wave motion towards the head
(Moody 1973, Aksyuk, Leiman et al. 2009). It is thought that there is stored potential energy within
the uncontracted sheath, whereby upon contraction, the energy is transferred to the tail tube for
puncturing the host cells membrane and cell wall to eject the dSDNA genome into host cell
cytoplasm (Moody 1973, Leiman, Chipman et al. 2004, Kostyuchenko, Chipman et al. 2005,
Leiman, Arisaka et al. 2010).
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Figure 3.11. Tail sheath anchor points in a typical myophage and phage G during
contraction. A. In the canonical tail sheath contraction described for myophage
(Leiman, Chipman et al. 2004, Kostyuchenko, Chipman et al. 2005), where the tail
sheath stays in contact with the neck region in all states by the interactions with the
tail baseplate and head/neck via the two anchor points at the bottom and upper end
of tail sheath, respectively. B. In phage G, the upper anchor is likely missing, which
results in the non-canonical tail contraction where the contracted sheath is
positioned at the tail tip as observed in our phage G/host cell images (Figure. 1A).

3.4.2 Missing Tail Sheath Anchor Point at the Neck Region in Phage G

As previously described the canonical tail sheath contraction described for myophages (Leiman,
Chipman et al. 2004, Kostyuchenko, Chipman et al. 2005) is based on the tail sheath staying in
contact with the head/neck region in all states. During contraction of a typical myophage, the tail

sheath contracts upward toward the head, and this is proposed to help penetrate the inner tube
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through the host cell membrane to proceed with infection (Moody 1973, Leiman, Chipman et al.
2004, Hu, Margolin et al. 2015) as shown in Figure. 3.11A.

Structurally, this process requires two anchor points, one at the bottom to tie the bottom end of
tail sheath to the baseplate and the other at the top to tie the top of tail sheath to the head/neck of
the phage. Upon contraction, the shortening of tail sheath and the widening of the inner diameter
of the tail sheath will release the grip of inner tail tube, bring down the head/neck/tail tube, and
force the inner tube slip through the shortened tail sheath and penetrate through the host cell

membrane before phage DNA genome is ejected into host cytoplasm (Molineux 2001).

There have been anchor points described for T4 as illustrated in Figure. 3.11 with the yellow
arrows. In T4, these proteins have been described as gp3 which contacts right before the tail
terminator (Vianelli, Wang et al. 2000), gp15 which helps with the head to tail attachment (King
1968), gp25 which is hypothesized to initiate contraction with structural similarity to the sheath
(Taylor, Prokhorov et al. 2016).

The non-canonical tail contraction with tail sheath staying at the tail tip of phage G (Figure. 3.1A)
could be explained by the model as described above but with the upper anchor missing — while the
functional bottom anchor still holds the contracted tail sheath at the host cell surface, the loss of
the upper anchor could no longer help protrude the tail tube mechanically. Furthermore, in the
isolated phage G as shown in our cryo-EM images (Figure. 3.2), the contracted sheath would no
longer be forced to stay at the tail tip due to the lack of attachment of the bottom end of
sheath/baseplate to the host cell surface, but could instead freely slide and stay at an arbitrary

location along the tail tube.

Our analysis of phage G’s tail morphogenesis gene region also gives us more information about
the structural components of its tail in relation to other myophage (Figure. 3.11). Despite the
similarity in the overall synteny of the phage G major tail gene module with those of other phages,

and the functional assignment of a handful of genes, there remains more questions regarding the
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other phage G tail components than what is known. For instance, what is the full complement of
genes required to form its tail, baseplate and helical fibers? Based on the number of different
proteins identified as part of the phage G virion, as well as precedents in other structurally complex
myoviruses (e.g., SPO1, T4) there is likely >20 different proteins required to form the phage G
tail. Similarly, what is the role of each of the phage G tail components? Research to address these
questions is certain to generate novel findings as hinted at by the existence of two phage G proteins

(gp179, gp180) that have similarity to known tail tube proteins (Figure. 3.10).

3.4.3 Evolutionary Implication of Phage Tail Mediated Infection Mechanisms and Future
Directions

The observations of a non-canonical tail sheath contraction in phage G were intriguing. Further
investigations of the organization of genes in tail morphogenesis region of the genome, sequence
analyses of the sheath proteins, the tail sheath structures at multiple levels — helical arrangement
of the entire sheath, protein fold of the sheath protein, and their changes upon contraction — have

shown noticeable similarities and evolutionary relationship to other myophages.

Few reports have mentioned a tail contraction behavior similar to phage G, where the contracted
sheath can be found decoupled from the neck region. Negative stain images of isolated phage in
contractile states decoupled from the neck region were found for Listeria monocytogenes phage
0176 (Loessner and Calendar 2006), and three phages infecting Burkholderia pseudomallei, KS5,
KS14 (Lynch, Stothard et al. 2010), and ST2 (Yordpratum, Tattawasart et al. 2011). In this report,
we give the first structural insight of the contraction mechanism and protein structure of the sheath

in phage G to probe the contraction states we have observed.

Thus, the results reported in this study provide an additional discovery of a seemingly outlier of
myophage with its tail sheath contraction and DNA ejection mechanism that cannot be explained
by current model for myophages. Many follow-up studies will be needed to further clarify how
phage G uses its tail to attach to the host cell surface and inject its DNA genome into host cell

cytoplasm, and if this process could still be considered the same process for all myophages, an
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evolutionary intermediate between myophages and siphophages, or should be considered a new

class of phages with a distinctive mechanism of infection.

We suggest the following structural studies: cryo-electron tomography studies of phage G/host
cell interactions at different time points of post-infection; single particle cryo-EM studies of phage
G at atomic-model resolutions (3.5 A or better) with an emphasis on the tail sheath and its junction

with head/neck; role of the outer coil in the infection process.
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CHAPTER 4. CONCLUSIONS

In summary, from the results of all our studies with phage G using cryo-EM, we have discovered

some notable points about its structure including:

e Heterogenous, partially-full states of seemingly centralized, compacted genome in our
single-particle cryo-EM data

e The capsid structure of phage G is remarkably larger than other better studied Myoviridae
such as T4, but its capsid building blocks are generally shaped, and assembled like smaller
phages

e We suspected, and ultimately showed through genome sequencing and host specificity
studies that phage G’s host was a Lysinibacillus, not a B. megaterium, as mainly referenced
in the past

e Even when purified, and in the absence of host, the phage G tail appears to adopt multiple
contracted conformations along the length of the tail, which is inconsistent with current the
current understanding of Myoviridae

e Our observations of phage G’s tail contracting towards the distal tip and decoupled from
the neck region are consistent with previous studies done by Donelli, Guglielmi et al.
(1972)

e We successfully used helical reconstruction without the need for helical index in real space
to obtain the contracted and extended structures of phage G’s tail sheath to subnanometer
resolution

e We found the non-contracted phage G tail sheath to have the helical symmetry of: 20.57°
twist and a rise of 41.53 A

e We found the contracted phage G tail sheath had a helical symmetry of: 27.13° and 18.89
A rise

e From our preliminary host adsorption studies with negative stain TEM using phage G, we
found an unusual tail contraction pattern where the tail sheath contracted towards the distal

end of the tip, decoupled from the neck region
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Overall, information on large phages, such as phage G (Hua, Huet et al. 2017) is severely limited
in comparison to the amount of knowledge available for smaller phages. This may be due to
difficulty in purification and preparation of the large phage (Hua, Huet et al. 2017, Yuan and Gao
2017). Historically, research on phage has led to fundamental developments in our understanding
of molecular biology, which has helped us advance influential technologies such as CRISPR-Cas9
and phage therapy (Harper 2021). Furthermore, since phage are so abundant and ubiquitous,
understanding their ecology and biological mechanisms is beneficial for us in advancing our basic
understanding of biology and infection. By studying phage G, an outlier in the current group of
knowledge for tailed phage, we have added a better understanding of its structural components—
giving us insight on how such a large phage is assembled. Furthermore, these being our initial
studies with phage G, we have noted its tail contraction behavior where the contracted sheath is
decoupled from the neck region, which has only been reported a few times (Listeria
monocytogenes phage 0176 (Loessner and Calendar 2006), and three phages infecting
Burkholderia pseudomallei, KS5, KS14 (Lynch, Stothard et al. 2010), and ST2 (Yordpratum,
Tattawasart et al. 2011)), and structural information on this observation was previously
unavailable. Understanding how and why phage G and the other reported phage contract could

help us understand the process of infection and the evolutionary significance of the tail sheath.

There are still many experiments that could be designed to further investigate its function and
assembly. For example, genetic manipulation of phage G to knockout selective tail proteins could
help us understand which components are necessary for contraction, and address the importance
of this function in host infection. Furthermore, there are also still various questions left to explore
on phage G assembly. Phage G’s dsDNA-packaged genome is approximately 626kbp (Sun and
Serwer 1997, Pope 2011, Hua, Huet et al. 2017, Gonzalez, Monroe et al. 2020), and it’s host
genome is 2.1Mbp (Gonzalez, Monroe et al. 2020), begging the question as to how many phage

can be assembled per infection being that the genetic material is limited.

In conclusion, our work with phage G has uncovered information about its capsid structure, host
identity, and unique tail behavior and organization. Together, this information is a great starting
point for continuing studies with phage G in combination with its host. Based on our existing data,

we expect phage G to have unique properties during host adsorption and we would expect to find
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new details about its assembly with experiments such as cryo-ET. Although phage G has been
described and recognized as a special virus giant since 1968 (Donelli 1968), there are still many

opportunities to learn about basic phage biology using phage G as a model system.
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