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ABSTRACT

My PhD thesis aims to obtain the structure of several bacteriophages, including so-called “jumbo”
phages, using the electron cryo-microscopy (cryo-EM) and to study the structural transformation of
these viruses as they attach and infect the host cell. We aim to understand the process of host cell
membrane penetration at the molecular level and to achieve the level of knowledge necessary to
understand how the genome and proteins, which are originally packaged into the capsid, are
delivered into the host cell. This structural information can be of great importance since
bacteriophage therapy is a potentially promising alternative to antibiotics, which are urgently
needed.

Bacteriophages, or phages are the most abundant and diverse form of life on Earth, and have
developed various strategies through which to infect a susceptible bacterial host. A vast majority
of phages have evolved to use a special organelle, called a “tail”, for host recognition, attachment
and genome delivery into the cell. The host cell envelope is penetrated with the help of the tail.
Unlike most eukaryotic viruses, infection of a host by tailed bacteriophages usually requires only
one virion per bacterium, indicating that tailed bacteriophages have evolved an extremely efficient

infection mechanism.

Bacteriophages with contractile tails are complex viruses that infect Bacteria and Archaea. They
share a common evolutionary origin and some functional aspect with other large macromolecular
machines, such as the Serratia entomophila antifeeding prophage, the Photorhabdus virulence
cassette, and the type VI secretion system (T6SS), which function to attack other cells by
translocating toxic effector proteins into the target cell’s cytoplasm. The T6SS and the so-called
“jumbo” phages are the most complex of these contractile injection systems. Jumbo phages have
genomes exceeding 250kb and virus particle sizes of 300 nm and greater. Hundreds of different
proteins are involved in the morphogenesis and assembly of a jumbo phage particle.

A number of bacteriophages infecting important pathogens were isolated and characterized by

means of cryo-EM and bioinformatics tools.

Bacteriophage ¢92 is a virus infecting a wide variety of acapsular Escherichia coli laboratory
strains, Salmonella strains, and pathogenic E.Coli strains carrying a polysialic acid, which cause
severe invasive infections including meningitis, pneumonia, septicaemia, osteomyelitis, septic
arthritis and pyelonephritis. A cryo-EM reconstructions of the ¢$92 capsid, baseplate and long
contractile tail were calculated, and complete three-dimensional model of the phage virion was
built.

Two bacteriophages, ¢Eco32 infecting mastitis-causing strains of E.Coli and 7-11 infecting
Salmonella strains, were isolated. They are a members of the Podoviridae family with the rare C3



morphotype, which occurs in <1% of phage virions. Two functional states of mature ¢Eco32 virion,
before and after DNA ejection, and mature 7-11 tail were characterized by cryo-EM and cryo-ET.

Bacteriophage AR9 is a flagella-specific Bacillus subtilis jumbo phage with a tail of remarkable
complexity. The AR9 adsorption apparatus could be used for attachment and “riding on” the motile
B. subtilis flagellum. A three-dimensional model of the jumbo virion was built and flagella-specific
adsorption apparatus was characterized.

Bacterial phage CBA120 belongs to the Myoviridae family distinct from T4 in morphology and
behavior and specifically infects E.Coli strain 0157, an important food-borne pathogen. CBA120
represents a newly described group of phages. Extended and contracted conformations of CBA120
tail were characterized by cryo-EM.

Mutant bacteriophage T4 lacking the tip protein of the cell-puncturing device responsible for the
first interaction with the host cell membrane was isolated. Three-dimensional cryo-EM
reconstruction of the baseplate and a tail fragment was calculated and compared with that of the
wild type T4 phage and the distant member of T4-superfamily phage RB43.

Keywords: bacteriophage, jumbo phage, contractile injection systems, $92, ¢Eco32, AR9,
CBA120, T4, RB43, cell-puncturing device, cryo-EM.



RESUME

L'objectif de mon doctorat est de déterminer la structure de bactériophages, notamment ceux de
type “jumbo”, en employant la cryo-microscopie électronique. Par ailleurs ma thése consiste aussi
a étudier les transformations de la structure de ces virus lors de l'infection de leur cellule héte.
Nous aimerions comprendre a I’échelle moléculaire, comment la membrane de la cellule héte est
pénétrée et déterminer comment le génome et les protéines du bactériophage lui sont injectés.
Les bactériophages offrant potentiellement une alternative aux antibiotiques, ces connaissances
sur leur structure peuvent se révéler étre d’'une grande importance pour de futures applications
thérapeutiques.

Les bactériophages ou phages, sont la forme de vie la plus abondante et diverse sur Terre, et ont
développé une multitude de stratégies leur permettant d’'infecter leurs bactéries hotes. La vaste
majorité des phages a acquis une organelle appelée “queue”, leur servant a reconnaftre et a
s'attacher a la cellule hote pour y injecter leur génome. La membrane de la cellule héte est donc
pénétrée grace a cette queue. Contrairement a la plupart des virus eucaryotes, l'infection par les
bactériophages a queue ne nécessite généralement qu’un seul phage par bactérie, indiquant donc
que ces bactériophages ont évolué pour acquérir un mécanisme extrémement efficace d’infection

des bactéries.

Les bactériophages a queue contractile sont des virus complexes capables d’'infecter les bactéries
et les archées. lls partagent une origine évolutionnaire commune et certains aspects fonctionnels
avec d’autres machines macromoléculaires tels que la Serratia entomophila antifeeding prophage,
la cassette Photorhabdus de virulence et le systéme de sécrétion de type VI (S5T6), qui attaque les
cellules par translocation des de protéines toxiques dans le cytoplasme de la cellule cible. Le T6SS
et les phages "jumbo" sont les plus complexes de ces systémes d’injection contractile. Les phages
"jumbo" ont un génome excédant 250kb et ces virus ont une taille de plus de 300nm. Des
centaines de protéines différentes sont impliquées dans la morphogénéese et I'assemblage des
phages "jumbo" . Une partie de ces bactériophages infectant d’importants pathogénes a pu étre
isolée et caractérisée a I'aide de la cryo-microscopie électronique et d’outils de bio-informatique.

Le bactériophage $92 est un virus infectant une grande variété de bactéries E.Coli acapsulaires ,
des souches de salmonelle, et des souches d’E.Coli pathogénes transportant un acide polysialique
qui provoquent de graves infections notamment la méningite, la pneumonie, la septicémie,
I’ostéomyélite, I'arthrite septique et la pyélonéphrite. Des reconstructions cryo-EM du capside, de
la plaque de base et de la queue contractile du PHI92 ont été calculés et un modéele 3D du phage a
été construit.

Deux bactériophages ont été isolés: ¢$Eco92 qui infecte la souche E.Coli responsables de la



mammite et 7-11 qui infecte la Salmonelle. Il existe des membres de la famille des Podoviridae qui
possedent le rare morphotype C3 qui apparait chez <1% des virions phagiques. Deux états
fonctionnels du virion $Eco32 mature, avant et apres I'éjection de I’ADN et la queue mature du 7-

11 ont été caractérisés par cryo-EM et cryo-ET.

Le bactériophage AR9 est un Bacillus subtilis jumbo phage, flagelle-spécifique, disposant d’une
queue d'une complexité remarquable. L'appareil d'adsorption de I’AR9 pourrait étre utilisé pour la
fixation et le “transport” sur le motile B. subtilis flagellum. Un modeéle 3D du virion jumbo a été
construit et I’'appareil d’adsorption flagelle-spécifique a été caractérisé.

Le phage bactérien CBA120 appartient a la famille Myoviridae distincte du T4 par sa morphologie
et son comportement, et infecte spécifiguement la souche 0157 d’E.Coli, un important pathogéne
d’origine alimentaire. Le CBA120 représente un nouveau groupe de phages récemment étudié. Les
conformations contractés et étendues du CBA120 ont été caractérisées par cryo-EM.

Un bactériophage T4 mutant, ne disposant pas de la protéine pointe lui servant a percer la
membrane cellulaire, a été isolé. Des reconstructions 3D cryo-EM de la la plague de base et de la
queue contractile ont été calculées et comparées avec celles d’'un phage T4 de type sauvage et de
type RB43, un membre distant de la superfamille-T4.

Mots-clés: systeme de sécrétion de type VI, SST6, bactériophage, $92, ¢Eco32, AR9, CBA120, T4,
RB43, systémes d'injection contractiles, cryo-EM.
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1. Introduction

Viruses are absolute parasites of cells of living hosts, and the life of the virus is inseparably
associated with the life of its host cell. Viruses arguably represents the absolute majority of the
living organisms on Earth. Viruses influence global biogeochemical cycles and drive the evolution
of the entire biosphere. For example, in the oceans, which cover 70% of the Earth surface, the host
cells killed by the viruses become an organic matter and can be utilized by other organisms, like
heterotrophs, which increases nutrient recycling in the world’s oceans, particularly the ocean's
carbon cycling (Rohwer, Prangishvili, and Lindell 2009).

First viruses were observed by Dimitri lvanovsky in 1892, and by Martinus Beijerinck in 1898. But
only in 1930-1940s it became clear that viruses were “living organisms” but not host products
(Michael G. Rossmann and Rao 2012).

The are several stages in the life cycle of a virus: 1) recognition and attachment to a susceptible
host cell; 2) penetration of the host cell envelope; 3) transfer of the viral genetic material into the
cell; 4) redirection of the host cell protein and nucleic acid synthesis machinery to produce new
viral subunits; 5) self-assembly of new virions; and 6) release of the newly-assembled virions from
the host cell (Michael G. Rossmann and Rao 2012).

1.1. Prokaryotic viruses

Prokaryotic cell viruses include archaeal and bacterial viruses. Since prokaryotes outnumber
eukaryotes, their viruses are probably the most common entities in the living world. The bacterial
viruses, called bacteriophages or “phages” (Suttle 2007) occur almost everywhere, in every
ecological niche on Earth, in freshwater and oceans, in soils (potentially the biggest biosphere on
the planet), on plants, inside and on the outside of eukaryotes, including humans and animals
(Briissow and Hendrix 2002; Suttle 2007). Remarkably, they exist even in some of the extreme
environments like hot springs and hypersaline waters (Pina et al. 2011; Rohwer, Prangishvili, and
Lindell 2009). The first bacteriophage observation and description was made in 1917 by Félix
d'Herelle, who proposed the term “phage” (Michael G. Rossmann and Rao 2012). However, only in
1940s the viral nature of bacteriophages was confirmed, after the invention of the electron
microscope (Hans-W. Ackermann 2011). Since then, thousands of bacteriophages have been
discovered (H.-W. Ackermann and Prangishvili 2012). However, structure is described for only a few
selected “model system” bacteriophages.

1.1.1. Bacteriophages life cycle

All known bacteriophages have circular single-stranded(ss) DNA or double-stranded(ds) DNA, linear



dsDNA or linear ssRNA, or segmented dsRNA genomes (International Committee on Taxonomy of
Viruses 2012). Most known bacteriophage particles (virions) contain dsDNA, but there are small
phage groups with ssDNA, ssRNA, or dsRNA (Fig.1). Bacteriophages with linear dsDNA genomes
form the largest group (H.-W. Ackermann and Prangishvili 2012). Furthermore, many of the
sequenced bacterial genomes contain phage DNA (called prophage), a latent form of phage
integrated into the bacterial chromosome and replicated conjointly. However, some prophages will
kill the cell if activated. Many bacterial genomes contain multiple prophages, and bacteriophage
genes can occupy up to 20% of the bacterial genome (Canchaya et al. 2003; S. Casjens 2003).

Depending on the dsDNA bacteriophages life cycle, specifically their replication strategy, they may
roughly be divided into two main groups: lytic and temperate bacteriophages. Lytic bacteriophage
infection results in synthesis of progeny virions and bacterial host cell lysis, without any
bacteriophage genome incorporated into the host cell chromosome. Alternatively, temperate
bacteriophages are able to integrate its dsDNA into host cell chromosome (lysogenic cycle), and
replicate conjointly, or establish other relationships with its host (phage genome may exist as a
circular or linear plasmid) (S. Casjens 2003).

1.1.2. Biological impact of bacteriophages

As was mentioned above, viruses, and among them bacteriophages, influence the global
biogeochemical cycles, like carbon cycling in the oceans. In addition, bacteriophages perform
natural selection of the infection resistant bacteria and exchange of the genetic information
between hosts. Thus bacteriophages drive the evolution of the entire bacterial community.

Bacteriophages are strain-specific bacterial killers, and as a classical “Predator-Prey” system, they
will kill a dominant bacterial strain and free a niche for a different strain that will be controlled by
another bacteriophage (“Kill-the-winner” hypothesis). Thus, constant flux of dominant bacterial
species may result in their observed diversity. However, this regulation remains ambiguous (Suttle
2007; Thingstad 2000). Also, bacteriophage DNA serves as mobile DNA elements to transfer genes
between bacteria. It was shown that prophages are responsible for many virulence factors from
pathogenic bacteria, and inter-strain genetic variability. For example, botulinus toxin or Vibrio
cholerae toxin are prophage encoded virulence factors. The majority of Vibrio cholerae strains are
not pathogenic until infected by the prophage with the toxin gene (Boyd and Brissow 2002;
Canchaya et al. 2003).

Several estimates of the phages impact on evolution and diversity of bacterial communities and
other ecosystems were reported. The estimated population of bacterial and archaeal cells in the

biosphere is 4-6 x 1030 (Whitman, Coleman, and Wiebe 1998). Since bacteriophages are typically
present in 10-15-fold excess over bacterial cells (Bergh et al. 1989; Wommack and Colwell 2000),



the global phage population is enormously big, about 103L, Every milliliter of a coastal ocean water
contains ~107 of phage particles. Similar amounts are examined in the other biological

environments (Wommack and Colwell 2000). Remarkably, that ~1024 successful phage infections
occur in a global scale every second, consequently the turnover time of the bacteriophage global

population is about a week (Suttle 2007). This means that roughly 1024 microorganisms (~108
tons) die every minute due to phage infections (Rohwer, Prangishvili, and Lindell 2009). In the
oceans microorganisms constitute more than 90% of the biomass, and bacteriophages kills on
average ~20% of this biomass every day. However, bacteriophages themselves represent only
~5% of the prokaryotic biomass due to the small sizes (Suttle 2007).

The bacteriophages population is extremely dynamic. Each of the 1024 successful phage infections
represents potential evolutionary diversity-generating event which occurs every second on Earth.
Every second an astronomical amount of genes exchange opportunities occur, such as appearance
of new phage mutants during replication, phage DNA recombination with a host DNA, or
particularly with prophage genome integrated into host DNA, or with a DNA of co-infecting phages.

The remarkable abundance of bacteriophages results from successful strategies to infect bacterial
host cells. Bacteriophages have developed intriguing mechanisms for their own survival. However,
at the same time bacterial cells have evolved multiple barriers or layers to protect themselves
against host immune system, environmental hostility, both chemical (extreme pHs, toxic
substances, enzymes) and physical (phagocytes, bacteriophages or bacteriocines attacks).

To infect the host cell bacteriophages have to deliver their genome through a complex and thick
(>400 nm) multilayer bacterial cell envelope. Gram-negative bacteria have an envelope composed
of outer cell wall containing lipopolysaccharides (LPS), periplasmic space with a thin peptidoglycan
monolayer, and cytoplasmic membrane made of phospholipids and proteins (Moak and Molineux
2004). In contrast, Gram-positive bacteria have an envelope lacking outer LPS cell wall, but with a
thick and highly cross-linked peptidoglycan layer and similar cytoplasmic membrane.
Peptidoglycan layer is essential for bacterial cell integrity and shape, and varies from ~30-80 A
thick in Gram-negative bacteria to ~250 A thick in Gram-positive bacteria (Beveridge and Graham
1991). Huge variety of LPS from outer cell wall of Gram-negative bacteria is found (Whitfield 2006),
and many of them identified as major virulence factors of pathogenic bacteria, causing systemic
infections like septicemia, meningitis, pneumonia and others (Stummeyer et al. 2006).
Bacteriophages must be equipped to penetrate through all these bacterial barriers. Indeed, phages
from the order Caudovirales evolved a special multi-functional organelle, “tail”, which have been
defined as the complex of proteins in phage virions involved in bacterial host recognition,
attachment and genome delivery into the cell. i.e. the host cell envelope is breached with the help
of the tail (Petr G Leiman and Shneider 2012a). Remarkably, despite the 10-fold excess over



bacterial host cells, only one virion per host cell is required for infection. Tailed bacteriophages
have evolved an extremely efficient infection mechanism.

Bacterial cell envelope, for one side, creates an effective barrier against animal immune system
and phage infection. On the other side, these external polysaccharides provide an attachment site
for specialized bacteriophages that carries enzymes with specific polysaccharides depolymerases.
These enzymes are organized as multiprotein complexes and situated on the tail part of the phage
virion as a tailspikes (Fig. 2) (Petr G Leiman et al. 2007). Schematically, external sugar polymers (if
present) are both recognized and locally digested by these ferments, and phage creates a narrow
tunnel towards the cell surface. Remarkably, that digested tunnel may be used by other
bacteriophage species, designating their cooperative behavior (Bayer, Thurow, and Bayer 1979).
The followed peptidoglycan layer is disrupted by a glycosidase. The glycosidase molecules are also
part of the tail, but their number and possible location vary in different bacteriophages and
bacteriophage families (see 992 project) (Petr G Leiman and Shneider 2012a).

1.1.3. Abundance of tailed bacteriophages

How widespread are tailed bacteriophages among all prokariotic viruses? Morphology of 6300
prokaryote viruses has been described for the last 50 years. Among them 6196 are bacteriophages
and only 88 are archaeal viruses (H.-W. Ackermann and Prangishvili 2012). However, archaeal
viruses are usually found in extreme - hypersaline, hyperthermic, or anaerobic niches like hot
springs or hypersaline water, which are difficult to recreate in a laboratory (Pina et al. 2011).

The overwhelming majority of obsberved bacteriophages are tailed (96.3 %), others 3.7 %
represents different phage families (filamentous, polyhedral etc., see Fig. 1). All known phages
with contractile tails contain dsDNA genome (H.-W. Ackermann and Prangishvili 2012; Petr G
Leiman and Shneider 2012a). The dsDNA-containing tailed phages are not only enormously
abundant, but likely the absolute majority of organisms and arguably very ancient. Archaeal
viruses morphologically similar to tailed bacteriophages are found, which suggests that tailed
phage-like particles appeared more than 3 billion years ago, perhaps before the separation of three
domains of life (H. W. Ackermann 1998; Bamford, Grimes, and Stuart 2005).

Tailed phages constitute probably the most diversified of all virus groups. At present, tailed phages
(Caudovirales) are subdivided into three basic families based on tail morphology: Myoviridae
phages (myophages) with long contractile tails (24.8%, e.g. bacteriophage T4), Siphoviridae
phages (siphophages) with a long but non-contractile tails (57.3 %, e.g. bacteriophage A), and
Podoviridae phages (podophages) with a short non-contractile tails (14%, e.g. bacteriophages K1-
5, and ¢29) (H.-W. Ackermann and Prangishvili 2012). Current classification of tailed phages takes
into account only the visual morphology of the tail.



By genome structure, formation of concatemers, presence or absence of unusual bases and DNA
or RNA polymerase genes, and DNA sequence 15 genera corresponding to phage groups have
been defined (Maniloff and Ackermann 1998):

Myoviridae (groups T4, P1, P2, Mu, SPO1, ®H).
Siphoviridae (groups A, T1, T5, L5, c2, yM1).

Podoviridae (groups T7, P22, ¢29)

1.1.4. Morphology of tailed bacteriophages

Numerous structures of phage virions and their protein components have been determined by
structural techniques, such as cryo-electron microscopy (cryo-EM) and X-ray crystallography. Huge
amount of accumulated structural, bioinformatical and biochemical data indicates that tailed
double-stranded DNA phages share a common evolutionary origin.

Tailed bacteriophages usually consist of protein and DNA only. Phage virion has no envelope and is
composed of an icosahedral head (capsid) with DNA genome, and a tail.

In the strict sense, phage head possess cubic symmetry, since hexagonal capsids may be
icosahedra, octahedra, or dodecahedra (Caspar and Klug 1962). The overwhelming majority of
studied viruses heads are isometric, but about 15% are prolate derivatives of isometric heads (H.
W. Ackermann 1998). Heads are built of similar capsid protein folds, first described for
bacteriophage Hong Kong 97 (HK97) (Wikoff et al. 2000).

The size of the encapsulated phage DNA varies from ~17kb (Streptococi phage Cl) to 700kb
(Bacillus phage G) (H-W Ackermann 2003; Donelli, Guglielmi, and Paoletti 1972). All known phages
from Myoviridae family have double-stranded DNA genomes, which are on average larger than in

other phages.

Myoviridae phages strictly utilize lytic cycle (host cell lysis) without any integration between phage
and host cell genomes. The phage genome is packaged in a process that requires energy derived
from ATP hydrolysis (Earnshaw and Casjens 1980; Fujisawa and Morita 1997; Sun, Rao, and
Rossmann 2010). The densely packaged genome usually is wrapped axially into a spool-like or
inverse spool-like structure. Since packaged genomes have similar densities, the size of the capsid
varies as function of genome size (Fokine et al. 2004; Petr G Leiman et al. 2007).

Phage genomes are mosaic, with different evolutionary histories for different segments. This
indicates a dominant role of horizontal genes transfer in building phage genomes (Hatfull 2008).
Genetic maps are complex and may include up to ~290 genes, like in phage T4 (possibly more in
larger phages) (Calendar 2006).



dsDNA ssDNA

Q O @ Q Microviridae
Podoviridae Corticoviridae Tectisv'::idae STIV

Myoviridae > O

Siphoviridae

Lipothrixviridae Clavaviridae

S

Rudiviridae

ssRNA
Ampullaviridae ﬁ O
Leviviridae
HHPV-1 Globuloviridae Plasmaviridae
dsRNA

> < ©

Guttaviridae Bicaudaviridae Fuselloviridae Salterprovirus

Cystoviridae Inoviridae
Figure 1: The present ICTV bacteriophage classification. Source: (Ackermann and Prangishvili,

2012).

Caudovirales bacteriophages are unique among all viruses due to the special multi-functional
organelle, tail, responsible for host cell recognition, attachment and genome delivery into the cell.

Archaeal viruses morphologically similar to tailed bacteriophages have been found (Pietila et al.
2014). The tail complexes varies from small Podoviridae tails (~40 proteins) to Siphoviriade or
Myoviridae tails (>300 proteins), while tail length ranges from ~100 A in some podophages to
~8000 A in some siphophages (H-W Ackermann 2003).

Among three families of tailed bacteriophages, Myoviridae phages have the most complex tail
structures, composed of largest number of proteins (Anastasia A. Aksyuk et al. 2009; Kostyuchenko
et al. 2005; Petr G Leiman et al. 2010; Petr G. Leiman and Shneider 2012b). Contractile tails of
Myoviridae phages generally consist of a baseplate and long non-contractile central tail tube (core)
surrounded by external contractile sheath. The baseplate carriers a tail fibers and/or tailspikes with
a host cell-binding proteins responsible for the external capsular sugar both recognition and local
digestion. In addition, there are also glycosidase molecules which break the peptidoglycan layer.
They are part of the baseplate, but their number and possible location varies in different



bacteriophages and bacteriophage families.

Long non-contractile tails of Siphoviridae phages lack contractile sheath, and usually composed of
a non-contractile tail tube and tail tip complex, to which a central fiber and side fiber proteins are
attached (Fig. 2). The tail tip complex is responsible for interaction with the host cell which usually
mediates by its emanating tail fibers (Davidson et al. 2012).

Podoviridae tails, despite variation in size and shape, contain a central hub structure to which 6 or
12 fibers or spikes are attached (Fig. 2). Usually, a tail hub is tubular and composed of 2 or 3
different proteins (see @Eco32 and 7-11 phages description below). The upper part of the hub
attached to the dodecameric portal vertex (Davidson et al. 2012).

1.1.5. Head (capsid) of bacteriophage

Phage (or any viral) capsid is a self-assembled genome container. Capsid must fulfill several

properties:

+ self-assemble from multiple copies of capsid protein into energetically favorable stable

spherical closed shell;
« contain only one copy of the genome per capsid shell;
* have the correct size to fit the genome, without any cellular proteins inside;

* have mechanisms to strengthen the capsid shell against pressure of densely packaged

genome.

1.1.5.1. Major capsid protein

Many bacterial and eukaryotic viral capsids have a similar organization. The so-called major capsid
proteins (MCPs) of Caudovirales capsids are assembled into icosahedral shells. MCP forms
pentamers and hexamers, capsomers, which are usually arranged in mature capsids in accordance
with the “quasi-equivalence” principle (Caspar and Klug 1962).

The simplest icosahedral structure is composed of the 60 copies of the MCP, which forms identical
bonds (interactions) with their neighbors. However, many isometric phage capsids contain more
than 60 MCP copies. These bigger capsids can be built from the MCP copies with minimal
distortions. Such architecture requires several MCPs to be placed into the icosahedral asymmetric
unit with “quasi-equivalent” interactions. With that, the total number of MCPs is 60T, where T is
the number of quasi-equivalent positions, or the number of MCP in the icosahedral asymmetric
unit. Strictly speaking, the total number equals (60T-5), due to the absence of the pentameric

vertex occupied by the tail.
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Figure 2: Typical morphology of the tailed phages. Myoviridae: T4 (A-C) and ¢92 (D). Non-
enveloped prolate capsid with icosahedral symmetry. The contractile tail composed of a sheath, 6

copies of long terminal fibers (LTFs), 6 copies of short tail fibers (STFs), and a small base plate.
Adapted from: (Leiman et al., 2010). Podoviridae and Siphoviridae (E, F): The capsids are
icosahedral with a T=7 symmetry, about 60 nm in diameter. P22-like podophage (D): Non-

enveloped, head-tail structure. The tail is non-contractile, has 6 short sub-terminal fibers. Lambda-

like siphophage (F): Non-enveloped, head-tail structure. The long tail is non-contractile and has 6

fibers although some Siphoviruses have only 3 or 4. Source: Swiss Institute of Bioinformatics,

ViralZone.



Simplest icosahedral capsid has the triangulation number T=1, and is composed of 12 pentameric
capsomers. Capsids with T>1 contain 12 pentameric and 10(T—1) hexameric capsomers. Some T
numbers are not allowed, while some disallowed occur (Terje Dokland 2000)

In addition to isometric capsid organization, a small fraction (~15%) of prolate heads exists (H. W.
Ackermann 1998). These elongated along 5-fold axis heads are assembled from two icosahedral
end-caps and cylindrical midsection between them. Prolate capsid geometry describes by
triangulation numbers T (icosahedral caps) and Q (cylindrical midsection). Similarly, the total
number of the MCPs in the prolate head is (30 (T+Q)-5) (Moody 1999).

Remarkably, that MCPs of different tailed phages have a similar fold, first described for the
bacteriophage Hong Kong 97 (HK97). HK97 fold was found in all 3D capsid structures of tailed
phages, also in herpesviruses and even in bacterial compartments (encapsulins) (M. L. Baker et al.
2005; Sutter et al. 2008). Similar capsid protein fold indicates that tailed double-stranded DNA
phages have a common evolutionary origin.

The majority of the Caudovirales capsids is composed of the copies of only one MCP, while some
eukaryotic viruses (like herpesvirus, adenovirus, or some phages (like T4, @Eco32, 7-11, or
CBA120) encode two capsid proteins (M. G. Rossmann and Johnson 1989). In phage T4, the capsid
protein gp24 forms pentameric capsomers, while another capsid protein gp23 forms hexameric
capsomers (Fokine et al. 2004).

1.1.5.2. Scaffolding proteins

In complex icosahedral dsDNA bacteriophages, the correct size and geometry (correct T number)
of the capsid shell is controlled by the set of virally encoded scaffolding proteins (T. Dokland 1999).
Those proteins are removed after capsid shell assembly by proteolysis or probably pushed out by
the genomic DNA during packaging (D.-H. Chen et al. 2011; P. G. Leiman et al. 2003).

1.1.5.3. Portal

As mentioned above, one of the 12 vertices of Caudovirales capsid is special and occupied by a tail
complex. Tail attachment to the head accomplished with a help of the portal protein, which is also
called a connector. Portal is required for genome packaging during phage virion assembly, and
controls that only one copy of genome will be inserted. In addition, portal forms a channel for
genome exit (ejection) during the infection process.

Accumulated structural data indicates the similar morphology of the portals among all studied
Caudovirales and herpesviruses (Lander et al. 2006; Morais 2012; Elena V. Orlova et al. 2003). The
portals are turbine-shaped molecules and form a dodecameric (C12 symmetry) ring, with a central
channel which inner surface is predominantly negatively charged (Johnson and Chiu 2007). This



allows smooth passage of the negatively charged DNA molecule (Cuervo and Carrascosa 2012;
Oliveira, Tavares, and Alonso 2013; Tavares, Zinn-Justin, and Orlova 2012). Despite the large
variations in size and low sequence homology, all portal proteins share similar fold, suggesting that
they have evolved from a common ancestor (Lebedev et al. 2007; Olia et al. 2011; Simpson et al.
2000).

1.1.5.4. Glue (and Decoration) proteins

In many Caudovirales dsDNA chromosome is densely packaged at ~500mg/ml as linear
dehydrated dsDNA, which is self-repulsive due to the highly charged phosphate backbone. The
mature phage capsid exerts internal pressure of tens of atmospheres without visible structural
deformations. To stabilize and strengthen the capsid shell against internal pressure several
mechanisms have been evolved. For example, HK97 capsid is stabilized by chemical cross-linking,
T4 and ¢29 capsids are stabilized by special insertion domains in MCP, in phage epsilon 15 and
adenovirus MCP subunits are held together by glue proteins (Fokine, Leiman, et al. 2005, 97; Jiang
et al. 2008; H. Liu et al. 2010; Morais et al. 2005).

In addition to MCPs some tailed phages contain decorative proteins. For example, Hoc protein of T4
phage (Fokine et al. 2004), protruding capsid proteins of ¢29, or SPP1 phages (Morais et al. 2005;
White et al. 2012). About ~25% of Caudovirales include immunoglobulin (Ig) domains on their
surfaces (Fraser et al. 2006). IG-like domains probably help to bind reversibly to bacteria surface
without infecting it.

1.1.5.5. Internal core proteins

Many tailed phages contain internal structures inside their capsids. The proteins which constituent
them may be disordered or form ordered complexes, also called internal cores (Black and Thomas
2012). Roles of such internal proteins vary in different tailed phages. For example, some of the
internal proteins are ejected into the host cell during infection, like in podophage N4 (S. R. Casjens
and Molineux 2012). In myophage ¢KZ the large internal body helps to organize the DNA during
packaging (W. Wu et al. 2012). T7 phage contains a complex 3-layer internal core with different
local symmetries of each layer (12-, 8-, and 4-fold). This internal core is built on the T7 portal. It
was found that internal core not only forms the short tail extension during infection, but also helps
with DNA packaging (Guo et al. 2013). Bacteriophage T4 has protein (gpalt), which locates close to
the portal and helps with dsDNA transcription. Another protein (IPI) is dispersed within the DNA,
and protects T4 genome from host cell endonucleases (Depping et al. 2005; Rifat et al. 2008).

1.1.5.6. DNA genome organization

DNA is a stiff molecule with a persistence length of ~500 A. Inside the phage capsid it is very



tightly bent with inter-helical distance of 25-28 A. When DNA is fully packaged into the capsid, it is
organized in the hexagonal lattice. During the ejection process DNA reorganized into less ordered
cholesteric state, and then into disordered isotropic state (Molineux and Panja 2013).

Several models of phage DNA arrangement were proposed (Black and Thomas 2012; Earnshaw
and Casjens 1980). The most supported model is the layered inverse spool. In this model DNA is
wrapped axially in concentric shells with the first layer on the outside, while the last part of the
packaged DNA is in the central region of the capsid, and probably is the first to be ejected
(Cerritelli et al. 1997; Earnshaw and Casjens 1980).

However, it is far from being well understood whether DNA spooling in tailed phages requires
internal core or not. For example, podophages K1E, T7, SPP1 contain internal cores and dsDNA is
packaged in agreement with the coaxial inverse spool model, where the axis of the DNA spool is
aligned with the axis of the internal core (Guo et al. 2013; Petr G Leiman et al. 2007; X. Liu et al.
2010). For myophage T4 the spool model is also accepted, but with the spool axis orthogonal to
the 5-fold elongation axis (Earnshaw et al. 1978). Remarkably, that packaged DNA of the
podophage C1 is consistent with the spool model, although it does not contain an internal core (A.
A. Aksyuk et al. 2012). However, proposed model is not correct for many phage capsids without
internal cores (Leforestier 2013).

1.1.6. Contractile tails

Bacteriophages with contractile tails (Myoviridae) are of recently recognized class of “contractile
injection systems” (Fig. 3). They share a common evolutionary origin and some functional aspect
with other large macromolecular machines, such as the Serratia entomophila antifeeding
prophage, the Photorhabdus virulence cassette, R-type pyocins, and the bacterial type VI secretion
system (T6SS) of Gram-negative bacteria (Browning et al. 2012; Petr G Leiman and Shneider
2012a; Pukatzki et al. 2007). Among tailed phages show up so-called “Jumbo” tailed phages, with
genomes exceeding 250kb and virions of 300 nm and greater (Hendrix 2009). Hundreds of
different proteins are involved in the morphogenesis and assembly of a jumbo phage particle. The
DNA molecules of many of these giants are heavily modified (e.g. thymidine can be replaced by
deoxyuridine) making genome sequencing either arduous or impossible. And even if sequenced,
most of the predicted ORFs of these phages have no matches in the current sequence databases
(Browning et al. 2012). The T6SS and the jumbo phages are the most complex of these contractile
systems.
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Figure 3: Examples of the contractile injection systems (tailed bacteriophage, pyocin, type VI
secretion system (T6SS), Photorhabdus virulence cassette, rhapidosome) with main components
highlighted. Source: (Bénemann et al., 2010).

A contractile injection system of typical Myoviridae is a macromolecular machine for infecting
bacteria, that is to penetrate the host cell envelope and to deliver specific proteins and DNA into
the host cell. These machines are composed of hundreds of copies of tens of different proteins
(Petr G. Leiman and Shneider 2012b). Tail fibers, which emanate from the baseplate are the
primary determinants of host cell specificity (Tétart, Desplats, and Krisch 1998; S. R. Williams et al.
2008).

In addition, T6SS and Myoviridae phages have been proposed to use a special protein to create an
opening in the host cell membrane during infection. These special proteins, called cell-puncturing
tips or devices, have a modular structure and translocate through the membrane as a rigid needle
(Browning et al. 2012).

Current accumulated structural and genomic data suggests that the contractile tail systems
contain a set of conserved genes and have a common ancestor. More importantly, many
contractile tail genes are shared with non-contractile tails also pointing to the common ancestry
(Petr G. Leiman and Shneider 2012b). The major part of the contractile tail is the internal tube and
the external contractile sheath. Notable, that sheath and tail tube genes are adjacent to each



other in the genome, and serve as a genetic marker of a contractile tail. The average dimensions
of contractile tails are varied in length, from 1,000 to 4,500 A (see CBA120, AR9 phages
descriptions below), but roughly has the same diameter of 220 A.

The contractile tail of T4 bacteriophage is the best-studied contractile system and serves as the
model system for all contractile sheath-like systems (Petr G Leiman et al. 2010). Its composition,
assembly, structure, and conformational changes during the host cell attachment/penetration to
the host cell are well-studied. Interestingly, T4 tail was the first specimen for which a three-
dimensional map was derived from EM images (Petr G Leiman et al. 2010).

1.1.7. T4 contractile tail morphology

The T4 external contractile sheath is composed of 138 copies of a sheath protein gpl8. The sheath
of extended tail has dimensions of 925 A x 240 A, and is organized into a 6-start helix with the
helical rise of 40.6 A and right-handed twist of 17.2°. It is a metastable high-energy structure
resembling an extended spring (Anastasia A. Aksyuk et al. 2009). The 6-fold rotational symmetry
was observed in all studied Myoviriade phages, and might be functionally advantageous due to the
interaction of the phages with the oligosaccharides which form hexagonal arrays on the outer
surface of some bacterial strains (Moody 1999).

The internal non-contractile tube is believed to be composed of the same number of copies of a
tube protein gpl9. However, its three dimensional organization is not completely revealed by the
current amount of structural data, whether it follows the helical symmetry of the sheath or not
(Anastasia A. Aksyuk et al. 2009). The length of the T4 tail is controlled by the tape measure
protein gp29 (Abuladze et al. 1994). Similar protein was found within the tail tube of siphophages
(Davidson et al. 2012; Katsura and Hendrix 1984).

From one side, the tail sheath is attached to the baseplate, from another side to the phage capsid
through the set of intermediate proteins, forming the neck region. First, the tail starts with the
sheath and tube tail terminator proteins gp3 and gpl5, critical components for the T4 virion
assembly. Myoviridae tail cannot attach to the capsid without terminator proteins. Second, the tail
is finished with the head completion protein gpl3 and/or gpl4, which form the head-tail binding
interface (Petr G Leiman et al. 2010).

Infection process of Myoviridae phage starts with the attachment of the tail fibers to the host cell,
which triggers the conformational change of the baseplate. The baseplate conformational change
causes the sheath contraction, and drives the tail tube with the cell-puncturing tip through the
center of the baseplate to penetrate the outer membrane. After penetration the tail tube creates a
channel for DNA ejection from the capsid into the host cell (Kostyuchenko et al. 2005; Petr G
Leiman et al. 2004; P. G. Leiman et al. 2003). After contraction the T4 sheath changes its



dimensions to 420 A x 330 A. The 6-start helical structure is preserved but with the helical rise of
16.4 A and twist of 32.9°. Each sheath monomer gp18 moves about 50 A radially outwards and
rotates roughly 45° clockwise (Petr G Leiman et al. 2004).

While the contractile sheath and the tube are responsible for DNA delivery into the already found
pray cell, the baseplate is the control center coordinating the host attachment process, as well as
priming the tail assembly. The baseplates varies in size and complexity in different tailed phages
(P. G. Leiman et al. 2003; Sciara et al. 2010). Very complex baseplates of bacteriophages CBA120
and AR9 have been described by us.

The T4 hexameric baseplate is composed of at least 16 different proteins, which are in the main
oligomeric. The baseplate core is the trimeric central hub which contains proteins gp5 and gp27.
The gp27-like proteins also present in non-contractile Siphoviridae tails, the fact indicating a
common baseplate hub structure in phages (Sciara et al. 2010). The gp27 protein ends with a
trimeric central spike protein gp5. Myoviridae phages, as well as T6SS, have been proposed to use
these central spikes to create an opening in the host cell membrane during infection. They share a
common modular structure, where the N-terminal domain contains the oligosaccharide/
oligonucleotide-binding (OB) fold, the central domain has a lysozyme-like fold, and the C-terminal
domain is a long intertwined B-helical structure. The T4 trimeric gp5 tip is sharpened by recently
identified gp5.4 protein (Shneider et al. 2013).

Ortholog of the T4 cell-puncturing device was found in the T6SS, which is responsible for toxic
effector (VgrG protein) translocation across the membrane of predatory bacteria directly into the
cytoplasm of the eukaryotic prey cells (Pukatzki et al. 2007). The central cell-puncturing devices of
myophages P2 and @92 (see ¢92 project), gpV and gpl38, form the membrane-piercing
components similar to that of gp5 of T4, but without the lysozyme domain and the tip. Instead,
they have a sharp C-terminal extension coordinated by an iron ion (Browning et al. 2012).

The T4 central hub is surrounded by six copies of wedges, each made of 7 proteins: gp6, 7, 8, 10,
11, 25, 53. Also, there are copies of the long tail fiber-connecting protein (gp9), the short tail fiber
protein (gpl2), and gp48 and gp54 proteins, which are necessary for initiation of the tail tube and
the tail sheath assembly (Kostyuchenko et al. 2005; Kostyuchenko et al. 2003).

Finally, there are long tail fibers attached to the baseplate. Each long tail fiber is a kinked stiff
structure ~1450-A-long, composed of gp34, 35, 36, 37 proteins (Petr G Leiman et al. 2010). The
long tail fibers can bind reversibly to the LPS or the outer membrane protein (OmpC) of the E.Coli
host cell (Bartual et al. 2010; Henning and Hashemolhosseini 1994). In solution the T4 particle has
the long tail fibers extended without any fixed orientation, which point towards the head or move
due to the thermal motion (Simon 1972).

Probably, the initial attachment to the susceptible host cell receptors is reversible and is



accomplished by one or two fibers. If the reversible adsorption is sufficiently weak, it allows the
phage particle to recognize the correct host cell type and rapidly find the secondary receptors
(Karam and Drake 1994, 4). Initial attachment increases the probability for the other fibers to find
the host cell receptors. However, the host cell is constantly moves in solution, thus attached phage
is under the influence of the various sorts of solvent movements. To stabilize the attached virion on
the cell surface the other tail fibers are bind to the host cell receptors, which is possible only when
all the fibers point towards the host cell surface. Thus, the phage orients perpendicular to the host
cell membrane. Such configuration of fibers switches the baseplate from the high energy
metastable hexagonal state to a lower energy state. Since the T4 long tail fibers are stiff
structures, they transmit the conformational changes from the periphery of the baseplate through
their length to the baseplate central hub. The central hub then unlocks and initiates sheath
contraction. The energy of the sheath contraction moves the tail tube with the cell-puncturing
device at the end to penetrate the outer host cell membrane. The contraction induced tail tube
movement also includes rotation, which helps to drill rather than pierces the outer membrane (Petr
G Leiman et al. 2010).

A reasonable questions arises, why the spontaneous tail contraction does not occur when the
phage is free in solution? One of the explanations is the significant energies difference between
extended and contracted tail states. This difference is likely higher than the average kinetic energy
of molecules in solvent, and only the fibers fixation on the cell surface and the phage virion
shaking by the solvent provide enough energy to overcome the barrier (Petr G Leiman et al. 2004).
Another explanation, which possibly elaborates the first one, is the observed presence of divalent
cations, needed for phage infections. The cations concentrations near the cell surfaces usually is
very high and can cause the tail fibers extension and attachment to the host cell receptors, which
further triggers the sheath contraction. Similar mechanism was proposed for the Gram-positive
Lactococcus lactis bacteriophage p2 (Sciara et al. 2010).

Remarkably, that the energy stored in the densely packaged DNA is not used in membrane drilling.
More importantly, tail sheath contraction does not triggers the DNA ejection and stable phages
with DNA and contracted tails have been observed (Petr G Leiman and Shneider 2012a). This fact
probably indicates the presence of unknown additional receptors on the inner membrane which
triggers the DNA translocation into the host cell cytoplasm.

While for E.Coli phage T4 and other myophages the contraction process is well-studied (Petr G
Leiman et al. 2004), for dsDNA bacteriophages without a contractile sheath and a tail tube the life
cycle has not yet been studied in detail. Podophages, despite their smaller dimensions, genome
sizes and simpler overall morphology, have an obscure DNA ejection mechanism. Short non-
contractile tails of podophages are too short to pierce the host cell envelope. In case of Gram-
positive host cells Podoviridae phages can digest the thick cell wall and approach to the



cytoplasmic membrane without additional transit machinery. However, Gram-negative infecting
podophages must somehow extend their tails to create a trans-envelope channel used for DNA
transport (S. R. Casjens and Molineux 2012).



1.2. Electron cryo-microscopy

The structure of biological objects, or three-dimensional (3D) spatial arrangement of constituent
molecules is necessary for complete understanding of biological processes. Since biological objects
are assembled in a hierarchical manner, from macromolecules to the organisms, physical
dimensions of constituent blocks range over a several orders of magnitude. The dimensions of
viruses, and among them bacterial viruses, limit the methods of choice for studying them. To
image objects as small as viruses we need to resolve features in the range from ~10 nanometers
to several angstroms (Fig. 4).
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Figure 4: Resolving power of light and electron microscopy. Source: The Center for Cellular
Imaging and NanoAnalytics, C-CINA.org.

From one side, X-ray crystallography is the most powerful tool for protein structural analysis and
provides atomic-resolution structural description of many viral components (Anastasia A. Aksyuk et
al. 2009; Browning et al. 2012; Helgstrand et al. 2003, 97; Olia et al. 2011). However,
crystallization itself may be difficult or even impossible for “large” objects such as viruses (Michael
G. Rossmann et al. 2005). From the other side, super-resolution microscopy reveals structural
information at cellular level and breaks the diffraction limit for conventional optical microscopy
(Huang, Babcock, and Zhuang 2010), but the resolution limit is ~50 nm and comparable to the
average dimension of tailed phage virions (T. S. Baker, Olson, and Fuller 1999).

Fortunately, transmission electron microscopy (TEM) and specifically electron cryo-microscopy
(cryo-EM) combined with three-dimensional (3D) image processing bridges the gap of several
orders of magnitude, from near-atomic to cellular level (Hu et al. 2013; J. Liu et al. 2011). Several
high-resolution “near-atomic” structures have been reported (Brown et al. 2014; B. Wu et al. 2014).



Cryo-EM combined with X-ray and optical fluorescence data provide the most complete structural
description of biological specimens like viruses (Schorb and Briggs 2014). Remarkably enough, the
bacteriophages were one of the first biological objects visualized by TEM (Kruger, Schneck, and
Gelderblom 2000).

So, why use electrons? Electrons show both particle and wave characteristics. Particle-wave
dualism was theorized by Louis de Broigle in 1925, and further proved by classical electron-
diffraction experiment in 1926 by George Tompson. Since electrons, unlike X-rays, are negatively
charged, they can be focused by electromagnetic/electrostatic lenses, which was discovered in
1926 by Hans Busch. After a short while, the first electron microscope was proposed in 1931 by
Max Knoll and Ernst Ruska (Haguenau et al. 2003).

Electron with mass m and charge e accelerated through a potential difference V, has a
wavelength:

A=h/\2m,V,=1.22639/{V, , where h is a Planck constant (Eq. 1).

By increasing the the accelerating voltage we can decrease the electron wavelength. At high
energies, 100keV or more, the electron velocity becomes higher than half of the speed of light c,
and the relativistically corrected electron mass has to be considered:

ev, (Eg. 2) (Spence 2013).
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Imaging with electrons provides the advantage of high resolution due to their short wavelength,
where resolution is the ability of two closely spaced features in the object to be distinguished. For
example, for a 100 kV acceleration voltage the electron wavelength is A ~0.004nm (4pm), which is
much smaller than than diameter of an atom. But currently it is nowhere near to approach this
wavelength limit of resolution due to the electron lenses imperfections. Without aberrations (see

below) the resolution of any lens defines by the classical Rayleigh criterion: r;=0.61Af/D , where
A is the electron wavelength, f is the lens focal length, D is the lens aperture diameter. R,
determines the radius of the Airy disk, which results from the electrons diffraction on the aperture.

A single point source will not be imaged as a point even if no aberrations or astigmatism present.
The Airy Disc contains 84% of the total intensity. In reality, in the presence of spherical aberration

C; of objective lens the practical resolution is:

r~0.91yC A’



Electrons are strongly interacted with the sample, the scattering cross section is ~10° higher than
for X-rays. The nature of this interaction depends on the electron energy and sample composition.
One advantage of that is the wide range of secondary signals from the specimen which are used in
analytical electron microscopy (D. B. Williams and Carter 2009). But strong interaction also causes
radiation damage of the sample by transferring some of the electron's energy to individuals atoms
in the specimen. This level of damage comparable to that produced by an atomic explosion
(Glaeser and Taylor 1978).

The incident electron beam passes through the specimen and individual electrons are either
unscattered (direct beam, ~80%) or scattered by the atoms of the specimen. Some of the
electrons are scattered elastically (~5%) over relatively large angles and without energy loss. They
deflected by the electron cloud of the sample atom. While others scattered inelastically (~15%)
over relatively narrow angles with consequent energy loss, and transfer their energy (tens of eV's)
to the specimen and damage it (E. V. Orlova and Saibil 2011).

The scattered and unscattered beams are interfered and create the interference pattern, the
image. The electron microscope then becomes an interferometer (Spence 2013). Only elastically
scattered electrons contain all the high-resolution information of the specimen structure and
contribute to the theoretical image intensity. The out-of-focus inelastically scattered or energy-loss
electrons produce an unwanted uniform background. This is one of the principal limitation to high
resolution structure determination.

When the specimen becomes relatively thick, most of the electrons will scattered inelastically, and
damage the sample by breaking the bonds. The average energy transferred to the secondary
electrons is ~ 20eV which is ~5-10 times greater than the valence bond energies. Thus, biological
samples to be imaged by electrons must be very thin, a few hundreds of A (Thach and Thach
1971).

Biological samples are extremely sensitive to the radiation damage. For example, dose of 10°
electrons per A2 (e/A?) causes death of E.Coli, 10 e/A? inactivates enzymes, dose of 1 e/A% - 10 e/A?
causes bond breakage in amino acids, dose of 100 e/A? causes the destruction of nucleic acids
(Reimer 1997). The solution to preserve biological samples from radiation damage is to image
them at low temperature, usually at near liquid-nitrogen temperature (-170 °C). In addition, the
amount of electron dose must be minimize, usually to 1-20 e/A? (T. S. Baker and Henderson 2006;
B. and E. 2012). To enhance the low-resolution features the dose may be exceeded, but high
resolution features are affected at the dose of ~10 A (Knapek and Dubochet 1980). Unfortunately,
low dose sample exposure comes at price and results in a poor signal-to-noise ratio (SNR) in the
image. The compromise must be found between acceptable electron dose and the image contrast.



Low SNR strongly limits the amount of information even in a single image of biological
macromolecule. Thus, it becomes necessary to average the information from ~10° low-contrast
noisy images, or even more (Rosenthal and Henderson 2003). Things are becoming more serious
since organic samples made of low atomic number atoms such as hydrogen, carbon, nitrogen and
oxygen, which scatter electrons weakly. The average protein density is only 1.35 times higher than
that of vitrified solvent (Fischer, Polikarpov, and Craievich 2009). Due to the weak scattering the
biological samples do not modulate the intensity or amplitude of the incident electrons, but shift
the phases of elastically scattered electrons instead. The unscattered and elastically scattered
electrons interfere, and produce the phase contrast, which is not visible in the image. Amplitude
contrast may be increased by the objective lens aperture which eliminates elastically scattered
electrons outside the aperture. This is relatively low resolution contrast, since the aperture
eliminates portion of elastically scattered electrons containing high-resolution information of the
sample.

1.2.1. Transmission electron microscope

Typical modern transmission electron microscope is composed of the illumination system, the
objective lens/stage and the imaging system. All of the systems are located in the electron column
operating at high vacuum created by the vacuum system (Fig. 5). The role of the illumination
system is to create the accelerated electron beam and transfer it to the specimen through the set
of 2 (or 3) condenser lenses with the apertures and the stigmator. It allows to regulate the
diameter of the illuminated area on the sample according to the selected magnification.

The electron beam creates by the electron source or “gun”, thermionic or field emission gun (FEG).
FEG usually has a ~10° higher source brightness than thermionic guns, but requires a very high
vacuum ~107° Torr. FEG creates very parallel (divergence of ~102 mrad) electron beam, with high
spatial coherency and small energy spread, the conditions necessary for high-resolution imaging.
Condenser lens 1 (short-focus) creates the electron source image, condenser lens 2 (long-focus)
transfers this image into the sample plane, which is the front focal plane of the objective lens.
Condenser apertures exclude electrons from the periphery of the beam which improves beam
monochromaticity and increases the interference effects (phase contrast). Condenser stigmator
corrects the beam astigmatism in the object plane.

The objective lens is the heart of the microscope. It creates the first magnified image of the
specimen and focalize it. Objective lens strongly suffers from astigmatism and aberrations, the
most important of which are the spherical and chromatic aberrations, C;and C., which all together
determines the maximal obtainable resolution of TEM image. To reduce the aberrations the
specimen is usually introduced into the objective lens field (immersion lens), and the focal length
of objective lens is reduced (1.5-2mm). In addition, complex Cs-correctors can be used.
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Figure 5: A schematic representation of a modern transmission electron microscope (TEM) with
main components highlighted.

The objective aperture is used to improve aperture or scattering contrast in the image. Smaller
aperture improves resolution limited by spherical and chromatic aberrations but reduces resolution
limited by interference effects (acts as low-pass filter). Thus, an optimum aperture size must be
used. Objective lens forms a diffraction pattern in the back focal plane, and the image in the image
plane. Depending on which TEM mode is used, the imaging or diffraction mode, the image or the
diffraction pattern will be further magnified and projected on the screen by the imaging system,
which is usually the set of several lenses. The intermediate lens (usually block of 2 lenses) changes
the magnification in the wide range without changing the focalization of the objective lens. If the



diffraction mode is selected the strength of intermediate (diffraction) lens below the objective is
decreased, so that it is now focused on the back focal plane of the objective lens, instead of the
objective lens image plane. Projective lenses 1 and 2 further magnifies the image (or diffraction
pattern), and also creates big depth of focus which keeps the image in focus on the fluorescent
viewing screen, on the conventional film ~10 cm below or above the viewing screen, or on the

CCD or TV cameras.

TEM image of three-dimensional (3D) specimen is a two-dimensional (2D) projection in the
direction of the incident beam (optical axis of the microscope). Usually small objective lens
apertures are used which creates depth of field of more than 1 micron, where depth of field is the
distance along the axis on both sides of the object plane within which one can move the object
without detectable loss of focus in image. All of the specimen than is in focus, without depth-
sensitivity which may creates confusing overlaps along z-axis. Thus, to provide relevant
interpretation of structural features the 3D reconstruction from many 2D projections of the sample
is required.

1.2.2. Image formation in TEM

Let's describe in more details the projection image formation in TEM. The thin (<100 nm) biological
sample is illuminated with the incident electron beam. Let us set the incident wave function as W,,
and W.as the exit wave, or the object transmitted wave function. Exit wave function can be written
as

v (F)=%,exp™" (Eq. 3),
where 0227Tme}\/h21 m. and A are the relativistically corrected electron mass and wavelength, h is

t/2

the Planck’s constant, and ¢, (7 )= f o(7,z)dz is the projected specimen potential along the z
—t/2

axis (optical axis of the microscope), T is the radius-vector in the image plane, t is the sample
thickness (Spence 2013). As mentioned above, a thin biological specimen is almost the pure phase
object and the weak-phase object approximation (WPOA) is valid:

lPe (F)N lFo { 1+i0(pproj(F)}:q]o+ iq]oa(pproj(;:) (Eq 4)
The first term corresponds to the central unscattered electrons, and second to the scattered ones.

The image intensities can be written as:

I(F)=¥.(F)¥.(F)~ P+ W5 (00, ()] (Eq.5),



where ¥.(7)is the complex conjugate of ¥.(F). In the weak-phase approximation the image

intensity is dominated by the first term, and the imaging mode is called the bright-filed TEM. The
most important consequence of this approximation is the linear dependence of the image
intensities to the projected electron potential which describes density variations in the specimen
(Spence 2013). However, due to the domination of the first term in Eq. 5 the resultant wave will be
almost the same as the incident wave, resulting in the contrast absence in the image.

To increase the image contrast the phase contrast has to be converted into recordable amplitude

contrast by shifting the phases of the scattered electrons by a quarter wave, +7/2 radians. This
results in constructive/destructive interference of scattered and unscattered electrons, and
noticeable contrast increase/decrease relative to the unscattered wave. In light microscopy the
annular phase plate is placed in the diffraction plane of the objective lens. The TEM phase plates
become available recently (Murata et al. 2010).

However, usually the image contrast of thin biological samples is increased by adding heavy atoms
to the specimen (negative staining), which increase electron scattering and also preserves the
sample from the high vacuum of the electron microscope. Another option, which is more common
in cryo-EM field is to utilize phase shifts provided by the microscope imperfections, namely by the
spherical aberration of the objective lens and defocus, which is focusing the electron beam under
the image plane (under-focus) of the objective lens (Nagayama 2014). Image defocus and
spherical aberration impose a phase shift (Scherzer formula):

Y(§)=2n{%CSA3§4—%AZA§2} (Eq. 6),

where S is the spatial frequency (A1), Cgis the spherical aberration coefficient (mm), A is the
wavelength of the electron beam (nm), AZ s the defocus value (nm), which is the distance from
the true focal plane to the image plane. The bigger the AZ the stronger the contrast of the thin

biological sample.

However, as usual, contrast enhancement comes at price. In addition to phase shift, defocalization
creates artifacts described by so-called contrast transfer function (CTF) of the microscope
(Scherzer 1949). CTF can be described conveniently in reciprocal (Fourier) space as:

CTE (3)={ Acos(y(3))—(1—A%)sin(y(3)) }ece"® (Eq. 7),

where A is the fraction of the amplitude contrast, and depends on the microscope voltage and
specimen fixation method (negative staining or cryo-fixation). Usually for 200 keV images the
amplitude contrast is ~7-10%, for 300 KeV images ~4% (Toyoshima and Unwin 1988). Usually the



CTF(S) is modulated by envelope function E(S)
CTF(S)E(3) ,

where E(_S) is the compound envelope function, and describes dampening of the signal due to
the partially coherent illumination and energy spread of the beam (Chiu and Glaeser 1977). The
first term in Eq. 7 corresponds to the amplitude contrast, while second describes the phase
contrast and has the major influence on phase objects. Interestingly, that since there is small
fraction of amplitude contrast generated, the object is not a pure phase object (weak-phase
approximation is valid) and the CTF starts off with a nonzero term A. The CTF is oscillating function,
which results in the information lost in the zero transitions, reverse of the phase and damping of
the high-resolution signal by the envelope function (Erickson and Klug 1971). The CTF relates to
the microscope image of small point object, point spread function (PSF), through a Fourier

transform:
F{PSF(7)}=CTF(S) (Eq.8).

CTF of the microscope usually is observed as the Thon rings in Fourier transform of carbon film
(Thuman-Commike and Chiu 2000).

1.2.3. Sample preparation methods

As mentioned above, the sample must be imaged in a high vacuum. In addition, electron beam
sources, such as FEG, are also required a high vacuum. Since biological are samples mainly consist
of water, they must be preserved to stay in the high vacuum of TEM column without significant
structural changes compare to their native state. One of the simplest preparation methods is the
negative staining (James R. Harris and Royal Microscopical Society (Great Britain) 1997). The small
amount of specimen (~3ul) is mixed with the electron-dense heavy metal salt solution, like
uranium, molybdenum, tungsten etc. (J. Robin Harris and Scheffler 2002), spread on special EM
grid, blotted and dried (Fig. 6). Heavy metal salt coats the sample and preserves it from high
vacuum of TEM column, and also increases electron scattering, which gives a higher contrast.
However, staining procedure introduces artifacts and distortions to the sample molecules, like
flattening or collapse of the 3D structure of the sample. Another limitation comes from the ability
of the electrons to penetrate the heavy salt coat, which usually limits the resolution to ~20 A due
to the salt grain size. Thus, only solvent-excluded surface shape and size of the specimen molecule
is available. However, this simple and quick procedure provides very high contrast, and mainly
used for the initial sample screening. The advanced negative staining procedure is the cryo-
negative staining (M. Adrian et al. 1998).



The preferable method of obtaining the high-resolution structural details is the electron cryo-
microscopy (cryo-EM). The revolutionized sample fixation and preservation method was proposed
by Marc Adrian and Jacques Dubochet in 1984 (Marc Adrian et al. 1984; Dubochet et al. 1988). The
idea is to preserve the unstained biological sample in its native hydrated or near-native state,
minimizing the distortions or artifacts. This can be achieved by rapid cooling of the sample at high
rate (~10° K/s), preventing the formation of cubic or hexagonal ice, which disrupts the biological
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Figure 6: Biological sample preparation protocols: negative staining with heavy metal stain (a),
and cryo-fixation (vitrification) by fast plunge freezing in liquid ethane (b). Source: (Orlova and
Saibil, 2011).



sample. Instead, the process of vitrification occurs and the stable layer of amorphous, also called
vitreous, glass-like ice is formed with the embedded sample molecules (Fig. 6). Vitreous ice is
relatively transparent to electrons, however, vitrified sample not preserved from radiation damage,
thus a special low-dose operational mode of the microscope is required (Fig. 7).

Typical cryo-EM sample preparation and image acquisition protocol is as follows. A small aliquot
(~3-5 ul) of a purified sample is applied on a small holey carbon support film. The grid is
discharged to reduce the hydrophobicity of the carbon and spread the sample uniformly. Next, the
grid is fixed with the pairs of forceps and blotted with a filter paper. As a result, a very thin layer of
sample solution is formed on the grid (~0.2mm). The grid is rapidly plunged into pre-cooled cryo
agent, usually ethane or propane (-183°C). If the plunging is fast, the ice vitrification occurs in less
than 103 s (Berriman and Unwin 1994).

Focus 1

0:

Focus 2

Figure 7: Low dose data collection mode. Search mode - locating the good sample at low
magnification (3,000x, dose ~0.05 e/A? ); Focus mode - focusing, astigmatism correction and
defocalization at high magnification (100,000x, dose ~15-20 e/A?) ~1-2 um apart from the sample
area; Exposure mode - sample area is exposed at magnification ~50,000x and total dose of <20
e/A2. Source: (Grassucci et al., 2008).

The vitreous ice is a very metastable state and the frozen grid has to be handle in liquid nitrogen



during transfer to specimen cryo-holder (Cavalier, Spehner, and Humbel 2009). The cryo-holder is
then inserted into the microscope. After the specimen stage stabilization (~30 min) to minimize
thermal induced motion, the data collection is started. Standard low-dose dose protocol is used for
the data collection (Fig. 7) (Grassucci, Taylor, and Frank 2008). Grid areas with good sample
distribution and thin ice are located at low magnification (3,100x on FEI F20 TEM) under very low
dose exposure (~0.05 e/A? or less) in Search mode. Next, to preserve the sample from radiation
damage the focusing and astigmatism correction is performed at high magnification (100,000x) in
Focus mode ~1-2 pm apart from the sample area (Fig. 7). After focalization the defocus applied to
generate contrast. The defocus level is determined by the sample size and contrast, desired
resolution, and usually ranges from less than 1 um to ~5 um. The higher the defocus the better
the low-resolution contrast, but at price of loosing high-resolution features. Several defocus groups
of images required to cover a large defocus range without major gaps (Fig. 8). The sample than is
exposed at magnification 25,000-50,000x in Exposure mode. The total dose is ~20 e/A? or less,

and image is recorded on film, CCD camera or direct detection device (DDD).

1.2.4. CTF estimation and correction

The collected and CTF-corrected images of the thin specimen are the true 2D projections of the 3D
specimen density due to the large depth of field. Initial CTF estimation usually fulfills by inspecting
calculated power spectrum (diffraction pattern, diffraction intensity) of the image, which also helps
to assess the image quality (Ferndndez, Li, and Crowther 2006; Mindell and Grigorieff 2003). In
cryo-EM the power spectrum of the image is its squared Fourier intensities:

F{I*(r)}=M*(s)=®*(s)CTF*(s) E*(s)+N°(s) (Eq. 6),

Mz(s) is the computed diffraction pattern of the collected image, q§(§) is the structure factor
function (2D slice of 3D Fourier transform of the imaged specimen), CTF(?) is a contrast transfer
function, E(_s') is an amplitude decay (envelope) function, N(E) is an additive incoherent (with

the signal) noise term. In other words, M(E) Is the measured data, and CD(S) represents the
true structure factor of the imaged molecule, which we want to retrieve (Saad et al. 2001). CTF of
the images is usually determined by cross-correlation between calculated and predicted CTF
functions (Mindell and Grigorieff 2003). The most obvious and simplest CTF correction is the phase
flipping, which inverts the phases of the negative regions of CTF (Fig. 8). More complex correction,
both phases and amplitudes decays at high-resolution spatial frequencies of CTF - is the well-
known Wiener filtration (Russ 2011). To extract signal loss near the zero crossings of CTF, many
images with different defoci are averaged (Fig. 8).
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The Wiener-corrected image is as follows:

M

. . CTF (s Eq. 7),
()M () — ) (.7
CTF*(5)+1/SNR(3)

where the first multiplier M(§) is a measure data (computed diffraction pattern of the measured

image), second multiplier CTF (5) is a Wiener filter, SNR(S) is a spectral signal-
CTF’(3)+1/SNR(3)
to-noise ratio:
PgalS .
SNR(E): 51gnul(s) (Eq 8):

where PS,-g,m,(E) and Pnoise(g) are the power spectra of the object and noise. The numerator of
the Wiener filter corrects the phases of the image, while the denominator corrects the amplitudes.
The second term in denominator prevents division by near-zero values of CTF(E) , Viz excessive

noise amplification (Frank, 2006). One can readily see that combination of multiple defocus groups
or series of N images helps to avoid signal gaps in the neighborhood of the CTF zeros:

CTF,(3)SNR,(3) (Eq. 9),

=t > CTF;(3)SNR,(3)+1

k=1
where index k states for k-th image. Thus, with proper choice of defoci none of the zeros of
CTFk(E) coincide, preventing signal gaps. In addition, the dampening of the signal at high spatial

frequencies E(S) has to be corrected (Fernandez et al. 2008).

1.2.5. Averaging

After the phase and amplitude correction the images are true 2D projections of the 3D specimen.
However, several pre-processing steps are required before averaging of noisy and low-contrast
images of the specimen to increase the signal-to-noise ratio. Usually, only the best images (or
micrographs) are selected based on power spectra inspection. Micrographs with the presence of
astigmatism, drift in their power spectra, with poor or strange contrast or excessive contrast
gradients should be excluded

Next, since each recorded micrograph usually contains many views, called “particles”, of the same
specimen in different orientations, the best single particles should be selected. In case of the large
or elongated samples like tailed bacteriophages, the “divide-and-conquer” approach could be



used, when different parts of the same particle are selected and further processed separately. The
selection process is called particle picking, and manual, automated or semi-automated picking is
available in the majority of the cryo-EM software packages. Finally, after creation of the stack of
picked particles, they should be normalized, that is to set the mean density and the standard
deviation of all particle images to the same level.

On Fig. 9 there is a Guinier plot of a protein, which shows the natural logarithm of the average

structure factor amplitudes InF as a function of resolution 1/d> (Rosenthal and Henderson
2003). The plot is consisted of two main regions, d>10 A low-resolution region and d<10 A high-
resolution region. Above the 10 A the amplitudes are determined by protein shape and solvent
contrast and decreased strongly with the resolution. Below 10 A the amplitudes are determined by
the random position of atoms constituent protein molecule, and to some extent by the fold-specific
features. The a-helices are produced stronger amplitudes around 10 A resolution, while pB-
structures around 4.5 A. The average noise amplitude of one particle is shown on the right as
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Figure 9: Guinier plot of a protein - natural logarithm of the average structure factor

amplitudes InF as a function of resolution 1/d?. Source: (Rosenthal and Henderson, 2003).



The possible achievable resolution for given number of images is the point where the structure
factor curve intersects with the average noise level. The additional contrast lost due to the both

imperfect images and incoherent averaging is shown as the dashed line with slope Boeran, the

sum of temperature factors B and B ,puaion - Larger temperature factors requires a larger

overall

number of particles to achieve desired resolution. The effect of B may be shown as a

overall
e*Bwﬂ’“dz fall-off. The amplitudes decay at high spatial frequencies can be corrected by simply

applying a negative temperature factor (sharpening), or more complex weighted sharpening
according to the signal-to-noise ration of the 3D map at given resolution.

The particle mass limitation shown as a continuous thin line. Possible lower mass threshold is ~50
kDa, where the low-resolution amplitude is below the noise level even for the single image. In case
of tomography, the maximum possible resolution is the intersection of the amplitude with the
noise level for the single image recorded with the tomographic total dose ~(20-25 e/A?). As in
single-particle cryo-EM, the averaging of the volumes extracted from reconstructed tomograms
(sub-tomograms, or sub-volumes) will improve the possible achievable resolution (Schur et al.
2014).

1.2.6. Classification

For the 2D averaging to be reliable, the particles relative positions and orientations has to be
known, and the particles can be aligned. Usually particles alignment (rotational and translational)
is based on the maximum cross-correlation between each particle and some initial guess about the
structure (projections of initial model) (Saxton and Frank 1976). After initial alignment, the
particles can be averaged and resulting 2D average (class average) is used as the new initial
guess (reference image) about the specimen structure, and the process is then iterated. This is so-
called reference-base alignment method (Frank, 2006; Joyeux and Penczek, 2002).

However, even without initial guess about the structure the reference images can be generated by
reference-free alignment. Also, reference-free alignment is served to avoid reference model bias
problem, where noise correlated to the reference image (R. Henderson 2013; Stewart and
Grigorieff 2004). During 2D alignment particles with similar orientations are grouped together and
averaged within each group to produce the class average. To determine the unknown orientations
and classify particles based on these orientations, a range of statistical approaches are available
(Harauz, Boekema, and van Heel 1988; Joyeux and Penczek 2002). In case of sample heterogeneity
a multi-reference approaches can be used (Scheres et al. 2005). An alternative approach to
maximum cross-correlation method, especially in case of low SNR and sample heterogeneity, is a
maximum likelihood (ML) alignment and classification (Scheres et al. 2005; Sigworth et al. 2010).
The main idea is to find the most likely model given the observed data. This likelihood is measured



by the probability that the observations would be made, given the current model.

To determine the relative particles orientations different angle assignment methods are used. The
projection matching requires an initial 3D model from which different reference projections can be
generated, and compared with particles to find one with the best cross-correlation coefficient (Fig.
10) (P. A. Penczek, Grassucci, and Frank 1994).
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Figure 10: Generalized schematic for single-particle reconstruction (a)-(d). (Bottom) Projection
matching approach for particles alignment. Source: (Chang et al., 2012).

Another approach is utilized the relationships between the projections in Fourier space. Since the
2D images are projections of the original 3D structure in certain orientation, the Fourier transform
of this projection image is a central section of the 3D Fourier transform of the original 3D structure
(Central section theorem). Two projections in Fourier space are intersected on so-called common
line (Fig. 11). The presence of internal symmetries of the object results in multiple common lines,
self-common lines and cross-common lines (Crowther 1971; Pawel A. Penczek, Zhu, and Frank
1996; Thuman-Commike and Chiu 2000; Van Heel 1987).



1.2.7. 3D real-space and Fourier reconstruction methods
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Figure 11: Implication of the central section theorem to 3D reconstruction from 2D projections
(left). Common lines method for particles alignment (right). Source: (Baker and Henderson, 2006).

Finally, after the particles orientations has been determined the 3D reconstruction can be
calculated from the 2D projections with known relative orientations.

The problem of 3D reconstruction from projections belongs to the class of incomplete, inverse, ill-
posed problems. Inverse problems are more difficult to solve and usually only the approximation of
the solution can be found (Pawel A. Penczek 2010a). Incompleteness comes from that part of the
data was not observed experimentally, that is only a finite number of projections was observed. It
was shown that the original 3D object cannot be recovered uniquely (Pawel A. Penczek 2010a). llI-

posedness means that the experimental data alone is not enough to determine a unique solution.

The reconstruction methods are divided into two main groups, namely algebraic and transform
methods, both real and Fourier space. The real space methods include back-projection, or filtered
back-projection methods (Frank 2006a; Herman 2009). Another part of real-space methods are
algebraic iterative methods like algebraic reconstruction technique (ART), or simultaneous iterative
reconstruction (SIRT), or others (Pawel A. Penczek 2010a). Algebraic methods lead a reconstruction
problem into a system of linear equations, which are usually overdetermined. Algebraic methods



are applicable to different data collection geometry, and uneven distribution of projections.

Fourier methods include direct Fourier inversion, and its derivatives, like gridding-based direct
Fourier reconstruction algorithm (Bracewell 2003; Pawel A. Penczek 2010a; Pawel A. Penczek,
Renka, and Schomberg 2004). Objects with high symmetry, such as helical filaments, or
icosahedral viral capsids usually reconstructed with modified versions of Fourier inversion. For

example, Fourier-Bessel reconstruction is used for specimens with rotational or helical symmetry.

All reconstruction algorithms have to deal with several EM specific constraints. The projection
distribution is random and uneven and cannot be approximated by an analytical function, which
results in gaps in Fourier space. This makes the reconstruction problem not invertible, and
introduces reconstruction artifacts. Also, presence of CTF artifacts and uneven distribution of
spectral signal-to-noise ratio should be taken in account. Uneven data distribution should be
reconstructed on evenly sampled 3D grid, thus interpolation and proper data sampling is required
to prevent interpolation artifacts. Usually, the pixel size is selected ~1/3 of the desired resolution.
Presence of the random and systematic errors from the orientations assignment requires an
iterative refinement of 3D reconstruction.

1.2.8. Electron cryo-tomography (cryo-ET)

Single-particle analysis represents one of the two different approaches to 3D imaging of biological
specimens. If the specimen is structurally homogeneous, than different 2D images represent
different particle orientation in vitrified solution. Many particles can be average to enhance signal-
to-noise ratio, and high resolution 3D representation of original specimen may be retrieved.
However, for highly heterogeneous specimens like cells or their organelles, unique structural
heterogeneity and flexibility are averaged out. For example, single-particle analysis is not suitable
to study viruses without uniform structures, like non-icosahedral envelopes or decoration proteins
of icosahedral capsids. Viruses infecting bacterial hosts are perfect examples of dynamic system
with nonuniform properties since each viral particle is in different stage of infection process (Hu et
al. 2013; J. Liu et al. 2011). Electron cryo-tomography (cryo-ET) is the leading method to study
such unique biological specimens. Instead of collecting and averaging of many particles with
various views in solution, we collecting entire projection set (tilt series) of one particle by tilting the
stage of the microscope around a single-tilt axis at different angles (Luci¢, Forster, and Baumeister
2005)). Typically angular semi-sphere is reduced to +/- 70° or even 60° due to the specimen holder
limitation and ice thickness at higher tilt angles, with a constant 1°- 2° increment (linear tilt
scheme), or with an increment proportional to the cosine of the current tilt angle (Saxton scheme)
((Saxton, Baumeister, and Hahn 1984). However, there is no escape from radiation damage
limitation, now for the whole tilt series. Biological specimen can sustain limited dose, usually 20-25
e/A? for single-particle cryo-EM, which must be distributed over the tilt series by less than 1 e/A?



per image. Collected images are extremely noisy with a very low contrast, and are difficult to align.
Translational alignment of tilt series compensates the small specimen movement within the image
during tilting. Noisy, low-contrast images are not suited for typical cross correlation-based or
common lines-based alignment (Guckenberger 1982; Y. Liu et al. 1995)Another approach is to use
a high-density markers (fiducials), usually a colloidal gold particles 10-20 nm wide mixed with
specimen before freezing (D. N. Mastronarde 1997). Since the positions of the fiducial markers are
fixed relative to the specimen, the individual images are aligned by least-squares procedures
(Frank 2006b). However, marker-free alignment algorithms are currently developing (Castafio-Diez
et al. 2010; Castafo-Diez et al. 2007). CTF estimation and correction in cryo-ET is difficult and not
clearly defined (Fernadndez, Li, and Crowther 2006).

Limited tilt range results in 3D reconstruction degradation by the artifact called missing wedge
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Figure 12: Generalized schematic for a tomographic reconstruction (a)-(d) and sub-tomogram
averaging technique (e). Missing wedge artifacts for different tilting geometries (bottom).
Source: (Chang etal., 2012; Palmer and Léwe, 2014).



(Fig. 12), which is a wedge-shaped region in the Fourier space, empty of information. Missing
wedge causes non-isotropic resolution, and reconstructed specimen appears elongated. To
compensate for the missing wedge and low signal-to-noise ratio of reconstructed tomograms, the
sub-tomogram averaging technique is widely used. The idea is the same as for single-particle cryo-
EM, that is to detect identical compounds, align, classify and average them (Hrabe and Foérster
2011; Schmid 2011). Architecture of different biological specimens has been studied by sub-
tomogram averaging (Bui et al. 2008; Schur et al. 2014)

Most popular software packages for tilt series alignment, tomography reconstruction and sub-
tomogram averaging include the IMOD package with PEET utility (Kremer, Mastronarde, and
Mcintosh 1996; Nicastro et al. 2006), Bsoft (Bernard Heymann et al. 2008), EMAN2 (Tang et al.
2007, 2), SPIDER (Renken et al. 2009). Maximum-likelihood approach now available in XMIPP
package (Scheres et al. 2009). Dynamo package is dedicated completely to the sub-tomogram
averaging (Castafo-Diez et al. 2012). The aligned tilt series, possibly CTF corrected, are then
reconstructed into a tomogram to recover a three-dimensional information of the specimen (Fig.
12). The reconstruction methods include the most popular real-space weighted back-projection
(WBP), or Fourier-space methods based on the Radon projection theorem (Frank 2006b). More
robust iterative algebraic reconstruction algorithms, ART and SIRT, are getting increasing interest.
However, they are computationally expensive (Gilbert 1972).

1.2.9. Resolution estimation in cryo-EM

Resolution estimation in single-particle EM is not straightforward, and currently is actively debated
(Richard Henderson et al. 2012). Subjective description of the resolution is the level of reliable
details which are detectable in the final reconstruction (Pawel A. Penczek 2010b). The most
commonly used method is the Fourier shell correlation (FSC), a function of resolution between two
independent maps, each calculated from the half of the data (Pawel A. Penczek 2010b; Rosenthal
and Henderson 2003; van Heel and Schatz 2005). However, it is still debated which threshold
value of the FSC should be used. The most common criteria is the spatial frequency where FSC
function falls to 0.5, however other SNR-based criteria, FSC=0.143, has been proposed (Rosenthal
and Henderson 2003). Another criteria, is the spectral signal-to-noise ratio (SSNR) (Pawel A.
Penczek 2010b). This approach does not require calculation of two independent maps, instead it
calculates the correlation between the signal and the noise of the map. It is useful approach in
case of small number of picked particles, for example, large bacteriophages. Regardless of the
threshold used, a-helices become visible at <8 A resolution range, and their grooves at <5 A
resolution range.



2. Bacteriophages ¢Eco32 and 7-11

2.1. Summary

Bacteriophage ¢@Eco32 is a novel, lytic virus isolated in 2004 as a phage that infects 95% of
mastitis-causing strains of Escherichia coli. It is a member of the Podoviridae family with the rare
C3 morphotype, characterized by unusually long heads (capsids). The mature @Eco32 virion
contains at least 16 different proteins and consists of a capsid, containing the genome and short
non-contractile tail of remarkable complexity with two types of multicomponent fibers attached.
The elongated capsid and bow tie-like arrangement of fibers around the tail give the phage particle
the appearance of a torpedo. Bacteriophae 7-11 is a virus from Podoviridae family that infects
Salmonella strains. It has the same as ¢Eco32 C3 morphotype and overall morphology resembles
phage @Eco32. The 7-11 virion contains at least 14 different proteins, which builds the elongated
capsid and short non-contractile tail with two types of radially protruding fibers. However, the
capsid is more elongated, and the tail has simple topology compare to that of pEco32. Such capsid
elongation of @Eco32 and 7-11 phages and their tail topologies raise the question about DNA
packaging, and virus-host cell interaction.

Here we report the first detailed three-dimensional structural organizations of a E.Coli and
Salmonella C3 podophages.

2.2. Introduction

Bacteriophages or phages are bacterial viruses. There are the most diverse and abundant form of
life on our planet (Hendrix et al. 1999; Wommack and Colwell 2000). Bacteriophages have
developed various strategies to infect a bacterial host (H-W Ackermann 2003; T. S. Baker, Olson,
and Fuller 1999).

Phages from Caudovirales family have a special multi-functional organelle, 'tail', which have been
defined as the complex of proteins in phage virions involved in bacterial host recognition,
attachment and genome delivery into the cell (H-W Ackermann 2003). These tailed phages are
subdivided into Myoviridae phages with a long contractile tails (e.g. bacteriophage T4) (Browning
et al. 2012; Petr G. Leiman and Shneider 2012b) Siphoviridae phages with a long but non-
contractile tails (e.g. bacteriophage A), and Podoviridae phages with a short tails (e.g.
bacteriophages K1-5, and ¢29) (H-W Ackermann 2003; Petr G Leiman et al. 2007). For E.Coli phage
T4 and other myoviruses with contracted tails, the contraction process is well-studied (Petr G
Leiman et al. 2004). The majority of the studied tailed bacteriophages believed to have two stages
of the infection mechanism: initial binding to a cell surface primary receptor by phage tail spikes or
fibers, and then, interaction with a host receptor protein integral to the outer membrane.



For dsDNA bacteriophages without a contractile tail and tail tube, such as podophages and
siphophages, their life cycles have not yet been studied in detail. Interestingly, the DNA transport
mechanism (DNA “ejection”) for such a phages has been obscure.

Bacteriophage @Eco32 was isolated in Thilisi, Georgia, in 2004. It infects more than 95% of bovine
mastitis-causing strains of E.Coli (Savalia et al. 2008). It is a member of the Podoviridae family with
a rare C3 morphotype, which occurs in <1% of phage virions (H.-W. Ackermann 2006; Savalia et al.
2008, 5555). Bacteriophages of the C3 morphotype characterized by elongated capsids with an
elongation (length-to-width) ratio more than 2.5. ¢Eco32 virion consists of a prolate capsid, 1360 A
x 460 A (elongation ratio is 3.22), lacking distinct faces (Fig. 13, 12), containing viral DNA and
short non-contractile tail to which two types of multi-component fibers are attached. Prolate capsid
architecture observed in about 15% of studied bacteriophages (H. W. Ackermann 1998). The
genome is double-stranded DNA (dsDNA) of 77,554 base pairs. Less than 40% of encoded proteins
display sequence homology to known proteins, point to the discover of the truly novel E.Coli phage
(Savalia et al. 2008). The short non-contractile Eco32 tail is 300 A long and 460 A wide with a
complex topology (Fig. 13, 16, 17). Two different types of kinked tail fibers are folded in an
intertwined manner around the periphery of a central stub-like structure. Each fiber is likely to be
composed of 2 to 3 proteins. There is a prominent needle, protruding from the center of the tail.

Bacteriophage 7-11 was isolated in Quebec, Canada, with its host Salmonella entericac serovar
Newport (Kropinski, Lingohr, and Ackermann 2011). It is a C3 podovirus, which mature virion
consists of a prolate capsid 1650 A x 460 A (elongation ratio is 3.57), also lacking distinct faces
(Fig. 13). The capsid encapsulates a double-stranded DNA genome of 89 916 base pairs. Only
~15% of encoded 151 ORFs showed homology predominantly to @Eco32 proteins (Kropinski,
Lingohr, and Ackermann 2011). There are two types of straight tail fibers protruding radially from
the short tail structure. The tips of the fibers are disordered pointing to the high level of flexibility
compared to ¢Eco32 fibers. Tail ends with a very short tail needle (Fig. 16, 17). In this report, we
demonstrate the detailed three-dimensional organization of ¢Eco32 virion and 7-11 tail by cryo-
EM.

2.3. Results and discussion

2.3.1. Cryo-EM reconstruction of the ¢Eco32 and 7-11 virions

Enormous capsid elongation of gEco32 and 7-11 virions forced us to use the “divide-and-conquer”
approach for image processing of cryo-EM micrographs. @Eco32 capsid and tail reconstructions
and 7-11 tail reconstruction were calculated separately, assuming the most appropriate symmetry
for each part (Fig. 13). The resolution of the pEco32 capsid and the tail (FSC 0.143 cutoff) is 20 A
and 15 A, and of the 7-11 tail is 18 A. Asymmetrical reconstruction of the Eco32 tail region with a



part of the capsid was calculated to establish their relative orientations. Absolute hand of the
reconstructed @Eco32 tail was determined by comparing with the hand of the portal X-ray model,
and further proved with Tilt pair validation server (Wasilewski and Rosenthal 2014). Sub-volumes
containing empty @Eco32 virions were extracted from cryo-EM tomograms, aligned and averaged
to highlight the internal organization of empty capsid (Fig. 14E(blue), 15B(6)).

2.3.2. Structure of the capsid and genomic DNA

2.3.2.1. ¢Eco32

The ¢Eco32 capsid shell is a prolate icosahedron elongated along 5-fold axis, 1360 A long from one
5-fold to the opposite 5-fold vertex, and 460 A wide, without distinct faces (Fig. 13, 14 A,B). Such
prolate organization of a phage capsid rarely occurs among studied bacteriophages (H. W.
Ackermann 1998) and raises the questions of dsDNA packaging, as well as a phage-host cell
interaction.

@Eco32 prolate head consists of two icosahedral caps follow T=4 triangulation symmetry. The
equatorial midsection is ~1100 A long and has Q=20 symmetry. The total number of major capside
protein (MCP) gpll monomers forming the capsid, N, is given by N = 30(T + Q) - 5 (Aebi et al.
1974) . The first term corresponds to the total number of protein subunits of phage capsid, and the
last term accounts for one vertex that is occupied by the connector. Thus, the total number of the
gpll monomers in the @Eco32 capsid is 715 (Fig. 14 A, B). The equatorial midsection consists of
540 copies of MCP, organizing in 9 horizontal layers of 10 hexamers each. Consequently, the top
and the bottom icosahedral caps are composed of 90 and 85 copies of MCP.

HK97 capsid protein hexamers can account for a majority of the @Eco32 capsid shell density,
showing that the structures of the HK97 and ¢@Eco32 capsid hexamers are similar. However,
@Eco32 capsid pentamers are more convex than HK97 pentamers. HHpred search indicates the
HK97 MCP (PDB ID 10HG) as a closest ortholog of the ¢Eco32 MCP. However, the gEco32 MCP
gpll length is 352 residues compared to HK97 MCP 285 residues, which probably indicates the
domain which is not presented in HK97 MCP.

The HK97 capsid protein structure was fitted into the @Eco32 capsid shell electron density using
“rigid body"” fitting (Fig. 14 B). The capsid shell density easily accommodates the respective
oligomers of HK97 capsid protein. The distance between hexamer centers in electron density is
~127 A, which, on average, was observed in HK97 (132 A) and many others dsDNA tailed phage
(Aebi et al. 1974; Petr G Leiman et al. 2007; X. Liu et al. 2010; Morais et al. 2005; Thuman-
Commike and Chiu 2000; Wikoff et al. 2000), and that between equivalent positions in pentamers
and adjacent hexamers is ~132 A.



Figure 13: Cryo-EM structures of pEco32 and 7-11. (Top) A raw cryo-EM image of ¢Eco32. Two
separate reconstructions (“divide-and-conquer” approach) were calculated for areas highlighted
with boxes colored in red. (Bottom) A raw cryo-EM image of 7-11. Tail reconstruction was
calculated for area highlighted with box colored in red. All models colored according to the
distance to the symmetry axis.



The major capsid protein of phiEco32 is gpll (39 kDa). About 20% of gpll is likely to carry an
extension IG-like domain at the C terminus, which is encoded by gene 12 and is translated because
of a programmed frame shifting (Savalia et al. 2008). Similar domains are found in structural
proteins of many phages (Fraser et al. 2006). However, the additional capsid decoration densities,
which might corresponds to the outer capsid protein gpl2, are not visible in our cryo-EM
reconstruction.

Central section of cryo-EM reconstruction shows that the gEco32 capsid shell is ~30 A thick on
average, in a map contoured at 1.5 standard deviations (o) from the mean, and all of the capsid is
required to accommodate the genomic DNA (Fig. 14 C, D). There are clearly visible 18 layers of
altering high and low density and the central straight lengthwise high density, which terminates in
the portal complex corresponding density. Those densities corresponds to the 9 layers of densely
packed dsDNA (Fig. 14 E(red)). They are arranged in concentric layers separated on average by 24
A, which is common for many other Caudovirales phages (Cerritelli et al. 1997; Fokine,
Kostyuchenko, et al. 2005).

Examination of cryo-EM reconstruction and raw micrographs reveals the layers of high density
from the inner side of gEco32 empty capsid shell, ~26-30 A thick and separated by ~111 A
distance (Fig. 15 A, B). These layers are organized like hoops in a barrel, banding the inner shell
surface, with a contrast similar to viral DNA (Fig. 15 A(4,5), 15 B(3,4,5)), and are likely to be the
first packaged DNA rings. The majority of ¢Eco32 empty virions were found having 10 internal
layers space-filling the horizontal concavities forming by the MCP hexamers, connecting the
imaginary hexamers centers (Fig. 15 A(4,5), 15 B(3,4,5)). However, different conformations of DNA
layers were found. As an example, the partially DNA filled capsid with more frequent vertical
distribution of internal layers of DNA (Fig. 15 A(1,2)), capsid with layers filling the diagonal MCP
hexamers concavities (left- and right-handed) (Fig. 15 A(3,4)), capsids with less than 10 internal
layers and loose hanging DNA (Fig. 15 A(5)), and completely empty phage capsids (Fig. 15 A(6)).
These conformations likely correspond to distinct sequential states in DNA leakage process, from
hexagonal (Molineux and Panja 2013) arrangement of the DNA domains (Fig. 13, 15 A(1), 15 B(5)),
through the less ordered cholesteric state (Fig. 15 A(2)) to the isotropic DNA arrangement (Fig. 15
A(3,4,5)), and finally to the empty capsid (Fig. 15 A(6)).

Figures 15B overview all found ¢Eco32 capsid shell internal conformations, as well the damaged
capsid shells with the DNA came out. Averaged sub-volumes of @Eco32 empty capsids also
indicate the presence of outer DNA rings following the concavities of MCP hexamers (Fig. 15 B(6),
20 A). The diameter of the external ring of packaged DNA is ~375 A, and compared to DNA
persistence length ~500 A, indicates the mechanically stressed DNA conformation.

Such DNA arrangement highlights a possible inverse spool-like structure with the spool axis along
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Figure 14: Cryo-EM structure of pEco32 capsid. (A) The structure of pEco32 capsid with the imposed
C5 symmetry, and smeared density of the tail region. (B) Pseudo atomic capsid model with the HK97
capsid protein structure fitted. (C) Section of the capsid shell cryo-EM density with HK97 structure
fitted. (D) Sections of the capsid cryo-EM density with DNA layers visible. (E) Radial profiles of the
central sections of the cryo-EM structures of pEco32 (red), empty pEco32 (blue) and 7-11 (yellow)
capsids.



Figure 15: A raw cryo-EM images of pEco32 and 7-11, DNA layers highlighted with lines colored in
red (scale bar - 460 A). (A)-(B) Cryo-EM micrographs showing the structure of pEco32 DNA as it
leaves the capsid. Slice of the cryo-ET structure (sub-volumes averaging) of empty ¢Eco32 capsid

with horizontal DNA layers highlighted. (C) Cryo-EM micrographs showing the structure of 7-11
DNA as it leaves the capsid



the capsid elongation axis, with DNA is wrapped axially in concentric shells, with a short segment
of terminal DNA passing through the axis of the core and portal (Fig. 15 A(4,5)).

The density corresponding to internal core structure probably extends toward the whole capsid
elongation axis, which may help orient the DNA spool (Fig. 14 D), but not visible in the cryo-EM
reconstruction. The core structure built in portal complex (12 copies of gp8, see Tab. 1), with the
central channel diameter of 35 A. Portal complexes of all dsDNA viruses are dodecamers (12-fold
symmetry) and have a similar cone-like shape, and are probably homologous to that of ¢29 phage
(Fokine et al. 2004; Simpson et al. 2000)Simpson et al., 2000). Portal complex is essential for
phage assembly, genome packaging and DNA ejection. The ¢Eco32 portal is a dodecamer which
seems to be complexed with the core, and sits in one of the distal ends of prolate capsid. The 12-
fold symmetry of the wing domains of the portal is clearly visible in the tail map, although only
sixfold symmetry was imposed during reconstruction (Fig. 16 A). The narrow end of the portal
protrudes from the @Eco32 capsid and binds to the upper part of gatekeeper and possibly interacts
with the long tail fibers. The portal complex is encompasses by a few rings of density, possibly
corresponds to external DNA strands (Fig. 16 A). The gp8 orthologous full length P22 phage portal
complex (PDB ID 3LJ5) was fitted into ¢Eco32 cryo-EM density (Fig. 16 B). The left-handed twist of
the cryo-EM density of the portal barrel domain coincides the twist P22 orthologous crystal
structure twist, indicating the absolute hand of cryo-EM reconstruction (Fig. 22 C). To confirm the
absolute hand the Tilt Pair validation server was used, which shows hand coincidence with the P22
portal crystal structure (Fig. 22C). Remarkably, that the averaged sub-volumes of empty virions
has the same tail twist visible on cryo-ET reconstruction (Fig. 15 B(6)).

The DNA translocation channel diameters in the cryo-EM density of mature gEco32 particle and the
channel in the crystal structure of isolated P22 full connector both are 35 A in diameter. Averaged
sub-volumes of gEco32 empty capsids shows the presence of portal core, but without the portal
barrel structure (Fig. 15 B(6)).

The relative orientation between fivefold capsid and sixfold tail was determined by asymmetrical
reconstruction. The symmetry relaxation and absence of the ¢Eco32 top views results in preferred
orientation artifacts and lower resolution structure, compare to the tail structure described below.
However, the resulting density clearly indicates a fixed orientation between the fivefold capsid and
the sixfold symmetric tail (Fig. 22 A, B, D), the situation observed in many tailed phages.

2.3.2.2. 7-11

The 7-11 capsid shell is a prolate icosahedron elongated along 5-fold axis, 1650 A long from one 5-
fold to the opposite 5-fold vertex, and 460A wide, also without distinct faces (Fig. 13, 15C, 20C). 7-
11 prolate head consists of two icosahedral caps and the equatorial midsection, which is about
1300 A long. Contrary to @Eco32 bacteriophage 7-11 capsid composed of two distinct capsid



Figure 16: Cryo-EM structures of ¢Eco32 and 7-11 tails. (A) Top views of the sections of the
cryo-EM structures of Eco32 and 7-11 tails with dodecameric portals visible. (B) Side views of

the sections of the cryo-EM structures of 9pEco32 and 7-11 tails with P22 portal protein structure
fitted.



proteins, the MCP gp8 and minor capsid protein gp9 containing IG-like domain. The MCP gp8 length
is 312 residues, and its closest ortholog is HK97 capsid protein, which length is 285 residues. The
second 7-11 capsid protein gp9 (585 residues) contains 1G-like domain, and probably corresponds
to the decoration protein at the 5-fold vertexes.

The section through the capsid part of the 6-fold tail reconstruction shows that the there are
clearly visible 16 layers of altering high and low density corresponding to the 8 concentric layers o
densely packed dsDNA, separated by 24 A (Fig. 14E (yellow)), different from 9 layers of
encapsulated ¢Eco32 dsNA.

Raw micrographs of 7-11 reveals similar states of the DNA leakage process, from hexagonal DNA
organization, through cholesteric and than through isotropic to the empty capsid (Fig. 15 C(1-7)).
However, there are no empty virions with horizontal internal layers from the inner side of 7-11
capsid shell, organized like hoops in a barrel in ¢Eco32. Only capsids with layers filling the
diagonal MCP hexamers concavities (left- and right-handed) (Fig. 15 C(4-5), 15C(5)), which
indicates different from ¢Eco32 organization of 7-11 outer DNA layers.

2.3.3. Structure of the tail

2.3.3.1. ¢Eco32

The reconstruction of the whole @Eco32 virion including the tail region using only 5-fold averaging
results in a smeared tail density of the tail due to the symmetry mismatch between the phage
capsid and the tail (Fig. 13 A). Many structural studies of tailed bacteriophages show the presence
of the 6-fold rotational symmetry of the tails (Savalia et al. 2008; Simpson et al. 2000; Steven et
al. 2005). We use “divide-and-conquer” approach to reconstruct tail density. The tail corresponding
area was cutting out from the same micrographs and processing these images with 6-fold
symmetry up to the resolution of 15 A.

The tail is associated with the one of the distal ends of ¢Eco32 prolate capsid, breaking the 5-2
symmetry of a true prolate icosahedron. There are two different types of kinked tail fibers (long
and short), 6 copies of each are folded in an intertwined manner around the periphery of a tail
central structure, forming a bow tie-like complex (Fig. 17, 18). The cylindrical tail structure consists
of central stub-like density 175 A long, with a wider collar region (gatekeeper), to which the long
fibers are connected. This gatekeeper tapers from 140 A, starting at the capsid, to 83 A narrow
middle tube (nozzle), which then extends to 127 A wide hexameric terminal knob, (Fig. 17 A).

Each copy of a long tail fiber, 620 A long and with a mass of 528 kDa, starts from the gatekeeper,
and forms a 45° bendie-like structure roughly at one third of its length. There is a large trimeric
knob density, 45 A and 65 A in diameter respectively (Fig. 18 A, C, 19 D). This trimeric density has
been assigned to the tail fiber component protein gpl18, whose closest ortholog is the baseplate



structural protein gp10 from T4 phage. The 68 kDa trimeric C-terminal fragment of the T4 gpl0
was used in the docking procedure to ¢Eco32 gpl8 assigned electron density (Fig. 19 B). The gpl8
trimer estimated mass from the LC/MS/MS is 87 kDa (Savalia et al. 2008), and the corresponding
@Eco32 cryo-EM density volume is 111 kDa. Each long tail fiber ends with a warhead-like density,
~38 A in diameter. The long fiber is likely to be composed from 2 or 3 proteins, probably gp18,
gpl9 and gp21.

Short tail fiber has a length of 440 A and a mass of 534 kDa, and emanates from the hexameric tail
terminal knob of the nozzle with a 30° kink at approximately half of fiber length (Fig. 18 E). The
short fiber is likely to be composed from 2 proteins, gpl4 and gpl5, which estimated masses from
the LC/MS/MS are 93 kDa and 77 kDa (Savalia et al. 2008) and from the corresponding cryo-EM
densities mass estimations are 115 kDa and 60 kDa respectively. There is a possible binding site
for the tail spike, 117 A apart from the kink, which has been assigned to ¢Eco32 gp15 tail spike
protein. The observed 3-fold symmetry and the volume of the gpl5 electron density suggests that
gpl5 is a trimeric spike (Fig. 18 E). There is an additional disordered electron density above the
gpl5 tail spike assigned density at map contoured at low o value (Fig. 17 A, 18 E). The density is
weaker relative to rest of the tail density, suggesting its flexible. As in other Podoviridae phages,
the terminal domain of the tail spike probably has an enzymatic activity, and is involved in binding
and/or digesting the cell wall during infection.

The @Eco32 tail ends with a prominent needle, resembling P22 tail needle, protruding from the
center of the tail terminal knob. The needle density ~105 kDa, is 220 A long and only 32 A wide,
with a discrete wide globular C-terminal knob, and has been assigned to the @Eco32 gp20 tail
needle protein (Fig. 17 C, 18 A, C, E). It was shown that all characterized tail needles consists of
trimeric fibers 220-320 A in length (Bhardwaj et al. 2009). The trimeric features of the tail needle
were smeared due to the 6-fold symmetry enforcement of the tail reconstruction. The closest
orthologous structure of the P22 tail-needle gp26 protein was tentatively fitted into gEco32 needle
density with good agreement (Fig. 19 A). However, the C-terminal knob absent in phage P22 but
present in other P22-like phages. Identification of pEco32 gp20 protein (322 residues) in PSYPRED
indicates the presence of the alpha-helix reach region, corresponding the tail needle helical core
structure, followed by the C-terminal beta-strands reach region, starting from the 164 residue. The
C-terminal knob easily accommodate Sf6 phage tail needle knob (Fig. 19A). This knob represents
protruding tip of the pEco32 that contacts the host cell surface.

On a raw micrographs and tomograms we observed the ¢Eco32 empty and DNA filled virions with
unfolded long (Fig. 20 A(1-4),) and short tail fibers (Fig. 20 B(1-4)). ¢Eco32 particle likely to
perform initial attachment to E.Coli cell outer lipid membrane primary receptors with a long tail
fibers, containing gpl9 protein with 1G-like domain. After initial binding, probably reversible, the
short tail fibers, are likely to irreversibly anchor the phage to the host cell surface. The potential
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Figure 17: Cryo-EM structures of @Eco32 and 7-11 tails. (A)-(B) Side views of the cryo-EM
structures of @Eco32 and 7-11 tails, the maps are interpreted and colored in terms of the
component proteins that were known. (C)-(D) Cutaway views of the cryo-EM structures of pEco32
and 7-11 tails with main components highlighted.



Figure 18: Cryo-EM structures of pEco32 and 7-11 tails, the maps are interpreted and colored in
terms of the component proteins that were known. (A)-(B) Bottom views of the cryo-EM structures
of pEco32 and 7-11 tails. (C), (E) Tilted and top views of @Eco32 tail cryo-EM structure without
capsid and DNA densities, and with 1 copy of each tail fiber shown. (D), (F) same for 7-11 phage.



Figure 19: Cryo-EM structures of pEco32 and 7-11 tails with orthologous protein structures fitted.
(A) Side view of the 7-11 tail cryo-EM structure with 6 copies of 992 tail spike orthologus protein
gpl4?2 fitted. (C) Enlarged side view of the orthologus protein gp142 structure fitted into 7-11 tail
cryo-EM structure. (B), (D) Cutaway views of pEco32 tail cryo-EM structure with known orthologus
protein structures fitted: P22 portal protein structure (red), C-terminal fragment of T4 gp10 (blue)
and P22-5f6 tail needle composite structure (green).



mechanism of tail fibers unfolding might include the stage of long tail fibers turn around the kink,
and extension of the short tail fibers along the tail tube. This extension is visible only on an empty
capsids. Figure 9.D represents empty ¢Eco32 capsid during DNA leakage process. External DNA
layers are organized in characteristic pattern, with a DNA terminus passed through the portal
complex. The barrel region, however, is not visible except for the connector density, which is also
present on averaged cryo-ET reconstruction (Fig. 3B(6)). The tail complex shows the elongation of
the central hub, probably a passage formed for the DNA to pass through the cell envelope (Fig. 20
A(1, 3, 4), 20 B(1-4)).

2.3.3.2. 7-11

The same “divide-and-conquer” approach was used to reconstruct 7-11 tail density. The tail
corresponding area was cutting out from the micrographs and processed with 6-fold symmetry up
to the resolution of 18 A (Fig. 13). The 7-11 short tail locates at the distal end of the 7-11 prolate
capsid. It is 190 A long and ~460 A wide, with a simple topology, resembles that of phage T7.
However, there are two different types of intertwined tail fibers (top and bottom), 6 copies of each
are protrude outward from the central tail hub (Fig. 13, 17 B, 18 B, D). The disordered density of
the fibers terminal domain points to the their flexibility (Fig. 17 B, 18 F, 20 C(1)). Those domains
likely have enzymatic activity and involved in binding/digesting the cell wall. Phage 7-11 tail
structure consists of a dodecameric portal complex 135 A wide, a cylindrical dodecameric
gatekeeper 80 A in diameter, with a tail fibers attached (Fig. 17 D, 18 B, D, F), and a hexameric
nozzle, which tapers from 77 A to 62 A wide middle tube, and extends to 99 A wide terminal knob.
Another type of tail fibers and small 20 A long tail needle are attached to the terminal knob. There
are at least 3 possible core proteins gp23, gp24 and gp27 (Tab. 2), which are not visible in the
cryo-EM reconstruction and probably are disordered. The cryo-EM tail reconstruction clearly shows
the 12-fold symmetry of the portal wing domains and the gatekeeper (Fig. 16 A). The 7-11 portal
barrel encompassed with a few rings of density (probably, the DNA strands), similar to @Eco32.
Also, as in gEco32, the closest ortholog of 7-11 gp5 portal is P22 phage portal complex, which was
fitted into 7-11 tail density (Fig. 16 B). Since the 7-11 and @Eco32 are from Podoviridae family,
belong to the same genus “@Eco32-like viruses” (Kropinski, Lingohr, and Ackermann 2011) and has
the similar morphology, the absolute hand of the 7-11 tail was selected to be the same as for the
@Eco32 tail. The characteristic twist of the 7-11 and @Eco32 nozzles coincides with that of other
podophages, like K1E, K1-5, T7, epsilon15 (S. R. Casjens and Molineux 2012; Jiang et al. 2006; Petr
G Leiman et al. 2007). Each copy of a top tail fiber, ~230 A long and with a mass of 180 kDa,
protrudes almost radially from the gatekeeper with ~80 degrees inclination to the vertical 6-fold
axis (Fig. 17 B, D, 18 B, D). Bottom tail fiber, ~ 240 A long and with a mass of 250 kDa, starts from
the hexameric terminal knob of the nozzle, and protrudes outward with ~60 degrees inclination to
the 6-fold axis, and with the twist of ~45 degrees (Fig. 17 B, D, 18 B, F). Bottom tail fiber starts



with a density that has been assigned to the tail fiber component protein gpl4, closest ortholog of
the 103 kDa tail spike structural protein gpl4l from @92 phage, which was used in the docking
procedure (Fig. 19 C). The corresponding cryo-EM density mass is ~100 kDa.

Two copies of both fibers intertwines at ~2/3 of bottom fiber length and ~1/2 of top fiber length, at
the level of the gatekeeper (Fig. 17 B, 18 B). The 7-11 tail ends with a short needle, protruding
from the center of the tail terminal knob. The needle density ~13 kDa, is 20 A long and has been
assigned to the 7-11 gpl9 tail needle protein (8kDa) (Fig. 4, 5). The 7-11 phage images shows
empty and partially empty virions with unfolded fibers (Fig. 20 C), which started from the nozzle
(bottom tail fibers) and extended along the tail tube. Fixed position of the nozzle fibers presents in
all observed empty particles, indicating possible mechanism of host cell attachment. This
mechanism might include initial reversible binding of gatekeeper tail fibers to the Salmonella outer
lipid membrane, and anchoring the phage virion on the surface with nozzle tail fibers, which
stayed fixed (Fig. 8) during the DNA ejection process.

2.3.4. Putative infection mechanism

Podoviridae bacteriophages with short, non-contractile tails are believed to have two stages
infection process. First, initial reversible binding to the primary receptors (LPS) on the host cell
surface by the tail spikes or fibers. This weak binding most probably is accomplished by one or two
fibers, and does not usually cause the DNA release from the phage virion. However, it moves the
virion close to the cell surface, and changes the orientation of the other tail fibers relative to the
tail hub. Initially attached phage is performed random walk before finding a site for the irreversible
binding to the secondary receptors. This type of binding orients the phage perpendicular to the cell
membrane, and is thought to trigger the conformational changes and rearrangement of the tail
structure and DNA ejection into the cell. However, Podoviridae phage tails are too short to create a
channel through an outer membrane, peptidoglycan layer, and inner membrane for DNA release.
Channel formation for DNA passage is a poorly understood process. However it is thought that
podophages are utilized the internal core proteins, which are ejected through the rearranged
portal-tail hub complex and extends the tail, forming a trans-membrane channel.

Podophage @Eco32 probably performs initial reversible attachment to the E.Coli outer membrane
with an elongated capsid. Due to the presence of the IG-like domain of gpl2 protein, the capsid
surface is “sticky”, and helps to bring the compact short tail with the intertwined tail fibers near
the cell surface (Fig. 21 A).

We found that overwhelming majority of mature ¢Eco32 virions have their fibers folded around the
tail hub. However, we also found small fraction of virions with extended tail fibers. Interestingly,
extended long tail fibers which probably moves freely around the fiber flex, are present in both free
virions with packaged DNA and spontaneously emptied virions (FIG. 20 A (1-4)). While short tail
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Figure 20: Raw cryo-EM images and cryo-ET slices of ¢Eco32 and 7-11 (scale bar - 4.5 nm). (A) Slices
through tomographic reconstruction of pEco32 virions with reoriented long and short tail fibers. DNA and tail
fibers are highlighted. (B) Raw cryo-EM images of @Eco32 virions with reoriented short tail fibers. (C) Raw
cryo-EM images of 7-11 virions with reoriented short tail fibers. Flexible terminal domain of long tail fiber is
highlighted with red arrow.



fibers appear extended only in empty virions, closely-spaced and parallel to the tail hub sixfold
axis and pot towards the host cell surface (FIG. 20 B (1-4)). Extended fibers are clearly visible only
in cryo-ET slices, but not in cryo-EM images (FIG. 20 A (1-4)). However, it is possible that observed
long tail fibers are folded around the tail hub due to the cryo-EM imaging condition, such as a low
salt buffer and high concentration of phages. In native conditions they are unfolded and moves
slightly around the tail hub.

¢Eco32 has the tail needle, resembling that of P22 phage but with the Sf6-like C-terminal knob
which is absent in phage P22. Distal end of the tail needle protrudes 176 A beyond the bottom of
the tail nozzle, compare to ~140 A and ~120 A in P22 and Sf6 phages. Most likely the gp20
trimeric needle first interacts with the outer membrane. However, no putative secondary receptor
protein has been identified for gEco32.

It was shown for P22 and hypothesized for the Sf6 phages, that tail needle does not interacts with
a receptor and just mechanically ejected into the cell, serving as “pressure sensor”. In this model
the tail needle pierces the outer LPS, and when contacting the LPS inner core or lipids triggers
conformational changes of the tail, followed by the DNA ejection.

At all events, the tail needle has to be ejected to open the channel for the DNA passage. ¢Eco32
averaged sub-volumes does not show presence of the tail needle and any internal core proteins
inside emptied virions (Fig. 15 B6), suggesting they have been ejected during the infection.
However, we have not observed any tail hub extensions in free emptied virions, or virions attached
to the vesicles. Most likely that interaction with the LPS or lipids triggers only tail needle ejection
and DNA release, but not the tail extension (Fig. 21 G).

A @Eco32 infection mechanisms can be hypothesized:

1) Free swimming phage virion first weakly interacts with a outer LPS by a “sticky” capsid surface,
and brings the tail complex near the LPS (Fig. 21 A).

2) Slightly protruding above the capsid diameter kinked long tail fibers reversibly binds to LPS.
Phage virion is constantly shaken by the host cell movement and starts to “walk” around initial
binding point (Fig. 21 B). This random walk causes the large turn of the long tail fiber, and similar
binding and rotation of the other long fibers. Long tail fibers rearrangement due to the geometry of
the @Eco32 tail results in the turn and unfolding of the short tail fibers (Fig. 21 C).

Another possibility is the initial mechanical interaction of the tail needle with the outer cell surface,
which triggers the conformational changes of the nozzle with the short tail fibers attached.
Extended short tail fibers push and turn the long tail fibers, which start reversibly bind to the outer
LPS and orient the phage virion. Most likely that both schemes are valid.

Attachment of the three or more long tail fibers is possible only when pointing towards the cell



surface, similar to myophages interaction with the cell surface (see T4 infection mechanism).

3) Extended short tail fibers are point toward the cell surface, and search for the putative
secondary receptors (Fig. 21 D). The tail hub with attached needle protrudes 382 A from the
connector, while extended short tail fibers, closely-spaced and aligned parallel to the tail hub
protrudes 468 A below the capsid connector. As a result, the needle hides in the 6 short tail fiber
copies cluster, and cannot interact with the membrane. However, we observed that unfolded short
tail fibers have the same length as the tail hub with attached tail needle (Fig. 20 B1, FIG. 21 H-J). It
may be possible, that the distal domain of the short tail fiber is detached or flatted along the cell
surface. The resulting modified tail fiber has the length ~374 A, similar to the tail hub-needle
complex length.

To pierce the host cell membrane the short tail fibers, probably, together with the long tail fibers,
move the tail hub towards the cell surface by at least the length of the protruding distal end of the
needle, ~180 A. With that, the proximal short tail half-fiber orients upward ~108° relative to the
tail hub sixfold axis, situation observed for phage virions with packaged DNA (Fig. 20 A (1-4), 10 B).

4) Last step is the formation of the trans-membrane channel and DNA and the proteins ejection
into the host cell cytoplasm. We have not observed formation of any tubular density for
spontaneously emptied virions. However, presence of the gp26 internal protein with similarity to
T7 gpl5 internal core protein indicates, that @Eco32internal core is used for creation of the DNA
passage. ®Eco32 probably does not require polymerase for DNA ejection completion, since it can
eject its DNA into the vesicles (Fig. 21 G).

For bacteriophage 7-11 the infection mechanism most likely is the same.

2.4. Concluding remarks

In this present report we described the detailed cryo-EM structure of the two novel bacteriophages
from the genus “@Eco32-like viruses”: E.Coli phage @Eco32 and Salmonella phage 7-11. Both
phages are members of the Podoviridae family, and share the same unusual and rare C3
morphotype, characterized by the short non-contractile tails and enormously elongated capsids.
The mature virion of @Eco32 contains at least 16 different proteins, compare to 14 different
proteins of the 7-11 phage. Despite the unusual capsid elongation (elongation ratios are 3.22 and
3.57 for ¢Eco32 and 7-11), both bacteriophages share a very common HK-97 fold. ¢Eco32 and 7-
11 packaged dsDNA likely form inverse spool-like structure. However, more complex DNA
organization is possible. pEco32 external DNA layers forming characteristic pattern, resembling
hoops inside capsid shell. This pattern is clearly visible on empty capsids images and cryo-EM
reconstruction of gEco32.

Since both bacteriophages show very low level of structural homology to known proteins (~ 40 %



Figure 21: Hypothesized adsorption mechanism of bacteriophage @Eco32. (A) Free pEco32 virion
close to the host cell outer membrane, (B) initial reversible attachment with long tail fiber, (C)
random walk on the outer membrane surface and searching for secondary receptors, (D) vertical
orientation of the pEco32 virion and irreversible binding to the secondary receptors with short tail
fibers, (E) piercing the host cell membrane with tail needle and formation of the trans-membrane
channel from internal core proteins, and (F) DNA ejection process. (G-J) Raw cryo-EM images of
@Eco32 virions attached to the pieces of E.Coli membrane.

for pEco32, and ~15 % for 7-11), it becomes difficult to annotate all structural proteins from the
@Eco32 and 7-11 tails. However, structural components such as the dodecameric portals and
gatekeepers, hexameric nozzles are identified. Also, the mass, position and the morphology of the
tail fibers, as well as the proteins constitution are clearly evident from the current cryo-EM
reconstructions. Both bacteriophages have short non-contractile tails of similar dimensions, which
consist of the same components: portal complex, gatekeeper and nozzle with a needle proteins
attached. The are two types of tail fibers attached to the tails of gEco32 and 7-11. Each fiber is
likely to be composed from 2 to 3 proteins. However, ¢Eco32 tail has more complex topology,
compare to 7-11 and other podophages. eEco32 posses long protruding needle, resembles that of
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Figure 22: Symmetry-free (C1) cryo-EM reconstruction of @Eco32 tail and absolute hand

determination. (A) Rotational power spectra of the cross sections perpendicular to the central
fivefold axis through the capsid and the tail regions of symmetry-free reconstruction, (B) cross
sections through the capsid and the tail regions, (C) cryo-EM structure of @Eco32 tail with
orthologous P22 portal protein fitted, twist of the portal barrel coincides with the twist of cryo-EM
structure. Average phase residual landscape from Tilt pair validation server shows the absolute
hand of the cryo-EM structure, (D) side view of the symmetry-free pEco32 cryo-EM structure.



phage P22, which helps to pierce the E.Coli membrane, while 7-11 phage has very short (20 A)

needle protein attached.
2.5. Materials and methods

2.5.1. Cryo-EM and cryo-ET

Low-dose cryo-EM was performed as described elsewhere (T. S. Baker and Henderson 2006). 100
micrographs of @Eco32 were collected on JEOL JEM 2200FS electron microscope using 4k CCD
camera with a nominal pixel size 2.34 A with a radiation dose of ~20 e-/ A2, 150 micrographs and
22 single-tilt tomograms of @Eco32 were recorder on Eagle 4K CCD camera using a FEI Tecnai F20
200KV microscope with a nominal pixel size 2.26 A with a radiation dose of ~20 e-/ A The defocus
range varies from 0.6 to 3 um. The images were binned to give a pixel size of 4.68 A for JEOL data
and 4.42 A for F20 data. JEOL magnification calibration was performed using the MAG**CAL®
calibration reference standard, and F20 pixel size was calibrated to the JEOL micrographs pixel
size. 200 micrographs of ¢Eco32 were collected using a K2 Summit detector and 100 micrographs
of 7-11 phage with nominal pixel size 1.7 A. The contrast transfer function (CTF) of each

micrograph was estimated using CTFFIND3 (Mindell and Grigorieff 2003) and further corrected with
Bsoft (Bernard Heymann et al. 2008). The quality of micrographs was checked by inspecting the
averaged power spectra generated by CTFFIND3. Best images were selected based on CTFFIND3
correlation coefficient estimation.

The prolate @Eco32 capsids were manually extracted from preprocessed micrographs using
helixbacthboxer routine from EMAN (Ludtke, Baldwin, and Chiu 1999). The rectangular boxes were
selected to include the whole @Eco32 virion with the tail region, and further clipped to produce
square boxes. The initial model was constructed with a small subset of initial data using EMAN
routines. The model was then refined until convergence applying fivefold rotational symmetry. We
boxed the whole particle including the tail region, which served as an anchor and helped during
model refinement. The smeared density of the tail region due to the symmetry mismatches in a
phage particle cut out from the capsid reconstruction, low-pass filtered and used in the ¢Eco32 tail
model refinement. The squared tail corresponding areas including small part of the capsid of
@Eco32 and 7-11 were manually extracted from preprocessed micrographs by batchboxer routine
from EMAN.

@Eco32 model was refined with EMAN, and 7-11 model refinement was refined with SPIDER (Shaikh
et al. 2008) and with FREALIGN (Grigorieff 2007). sixfold rotational symmetry was applied to both
reconstructions. Despite the large number of collected micrographs, the outcome from each
micrograph was relatively small, maximum up to 10 particles at best due to the prolate shape of
@Eco32 and 7-11 virions. We also avoided particles with a high tilt angle, which usually caused



misalignment between capsid top and bottom caps.

Asymmetrical reconstruction of @Eco32 was calculated with SPIDER, initially assuming sixfold

rotational symmetry. Using already found orientations, each image was compared to six possible

orientations around the sixfold tail axis. Best orientation was determined by the highest correlation

coefficient. Images with refined orientations were forward to reconstruction step, assuming no

symmetry, and all procedure was iteratively repeated.

The cryo-EM tomograms were collected on FEI Tecnai F20 microscope and reconstructed with IMOD

package using gold fiducial markers (Kremer, Mastronarde, and Mclntosh 1996). To compensate for

the missing wedge due to the data collected from a limited angular tilt range (from -70° to + 70°)

30 gEco32 empty capsid sub-volumes were extracted from reconstructed tomograms, aligned and

averaged using PEET routine from IMOD package (Nicastro et al. 2006). “Rigid-body” fitting in

UCSF Chimera (Pettersen et al. 2004) was used for docking procedure.

Gene product

Possible function and position

Mass of the monomer

Mass estimated from cryo-EM

number in the virion predicted by sequence, kDa density, kDa

11 Major head protein 39 30

MCP extension (frame shift), capsid )
12 surface 16
8 Portal protein 85 80

Internal DNA injection protein, P22
25 gp20-like protein 60 )

Internal structural protein, similarity
26 with T7 gp15 protein 163 )
13 Tail fiber component, T7 gpll-like 29

protein
14 Tail fiber component 88
15 Tail spike 77
18 Tail fiber component, T4 gp10-like 29
protein
trimers 439%* 385
19 Tail fiber component 110
21 Possible tail fiber component, T1- 37
like fiber specific component
23 Tail fiber component 36
24 Tail fiber component, similar to 33
gp23

20 Tail needle protein 35 41

Table 1. pEco32 identified structural proteins (*including chaperons).




Gene product

Possible function and

Mass predicted by sequence, kDa

Mass estimated from

number position in the virion cryo-EM density, kDa
8 Major head protein 34 -
9 Outer capsid protein, possible 62 R
decoration protein
5 Portal protein 89 91
23 Internal protein, E22 gp20-like 61 )
protein
24 Tubular protein, Ff22 gpl6-like 69 )
protein
27 Internal structural protein 46 -
12 Tail protein, T7 gpl1l-like protein 26
13 Tail fiber component 28
Tail fiber component, 992
14 gpl41-like protein 110
Tail fiber component, similar to "
15 gp13 16 430
e 570
17 Tail fiber component, T4 gp10- 32
like protein
18 Tail fiber component 64 trimers
20 Tail fiber component 42
19 Possible tail needle protein 9 13

Table 2. 7-11 identified structural proteins (*not including disordered fiber tip).




3. Bacteriophage ¢92

Bacteriophage ¢92 is a large, lytic myovirus isolated in 1983 from pathogenic Escherichia coli
strains that carry a polysialic acid capsule. Here we report the genome organization of 992, the
cryoelectron microscopy reconstruction of its virion, and the reinvestigation of its host specificity.
The genome consists of a linear, double-stranded 148,612-bp DNA sequence containing 248
potential open reading frames and 11 putative tRNA genes. Orthologs were found for 130 of the
predicted proteins. Most of the virion proteins showed significant sequence similarities to proteins
of myoviruses rv5 and PVP-SE1, indicating that ¢92 is a new member of the novel genus of rv5-like
phages. Reinvestigation of @92 host specificity showed that the host range is not limited to
polysialic acid-encapsulated Escherichia coli but includes most laboratory strains of Escherichia
coli and many Salmonella strains. Structure analysis of the 992 virion demonstrated the presence
of four different types of tail fibers and/or tailspikes, which enable the phage to use attachment
sites on encapsulated and non-encapsulated bacteria. With this report, we provide the first
detailed description of a multivalent, multispecies phage armed with a host cell adsorption
apparatus resembling a nanosized Swiss army knife. The genome, structure, and, in particular, the
organization of the baseplate of ¢92 demonstrate how a bacteriophage can evolve into a multi-
pathogen-killing agent.

3.1. Introduction

Among Gram-negative bacteria, a huge variety of cell-surface polysaccharides is found (Whitfield
2006). These sugar polymers can form thick coats, which mask underlying surface structures,
protect the bacterium from the host immune system, and create an efficient barrier against
bacteriophage infection (Cross 1990; Taylor and Roberts 2004). However, the protective sugar
coats can also serve as attachment sites for specialized phages that possess polysaccharide
depolymerases as tailspike proteins, enabling these phages to penetrate the coat and to gain
access to cell surface receptors (Stirm et al. 1971).

Well-studied examples of tailspike proteins with polysaccharide depolymerase activity are
endosialidases or endo-N-acyl-neuraminidases (endoN) (Buchan et al. 2010; Buchan et al. 2010;
Jakobsson et al. 2012; MUhlenhoff et al. 2003; Eike Christian Schulz et al. 2010; David Schwarzer et
al. 2007; Stummeyer et al. 2005). Endosialidases specifically degrade a2,8-linked polysialic acid
(polySia), the capsular polysaccharide of Escherichia coli K1 (E.Coli K1) (Barry and Goebel 1957).
K1-specific phages are mainly small bacteriophages of the Podoviridae family (podoviruses) with
short non-contractile tails ((Petr G Leiman et al. 2007); for an overview, see reference (Jakobsson
et al. 2012)). The size of podoviruses allows the incorporation of only one or two different tailspike



proteins (Petr G Leiman et al. 2007), resulting in a very limited host range. K1-specific podoviruses
evolved from different progenitor types and gained their new host specificity by horizontal uptake
of an endosialidase gene (Stummeyer et al. 2006). For example, the genomes and virion structures
of K1F and T7 are similar except for the part responsible for host cell binding. The T7 fiber is
replaced by an endoN tailspike in K1F, and this fully commits K1F to encapsulated K1 strains
(Stummeyer et al. 2006). Whereas the K1 capsule is absolutely required for K1F infection (Scholl
and Merril 2005), it blocks infection by T7, which infects only nonencapsulated E.Coli (Scholl,
Adhya, and Merril 2005).

The larger genomes of Myoviridae—phages with long, contractile tails—give rise to higher
complexity in structural organization and infection, mechanism as extensively studied for
coliphage T4 (for an overview, see reference (Petr G. Leiman and Shneider 2012b)). The only anti-
K1 myovirus described so far is 992 (or ¢92). It was isolated in 1983 (Kwiatkowski et al. 1983) from

E.Coli K92 (Bosl2 [serogroup 016:K92:H™]), which is encapsulated by polySia with alternating
a2,8/a2,9 linkages (Egan et al. 1977; Furowicz and Orskov 1972). It has been further demonstrated
that @92 also degrades the a2,8-linked polySia of (Kwiatkowski et al. 1983; Kwiatkowski and Stirm
1987), suggesting the presence of an a2,8-specific endosialidase tailspike. To date, no further
studies of 992, including the genome, structure, or host range, have been described.

In the present report, we demonstrate that ¢92 infects not only encapsulated but also non-
encapsulated E.Coli as well as clinically important Salmonella strains. Sequencing of the 148-kb
genome of 992 revealed several putative tail fiber and tailspike genes. Cryo-electron microscopy
(cryo-EM) reconstruction of 992 phage particles highlighted the presence of a multivalent host
adsorption apparatus providing the phage with broad host specificity.

3.2. Cryo-EM reconstruction of the ¢92 virion

Due to the limited size of the cryo-EM dataset, we used the divide-and-conquer image-processing
approach and the reconstructions of the @92 capsid, tail, and baseplate were calculated
separately, assuming the most appropriate symmetry for each part. Most particles were imaged
with their long axis parallel to the imaging plane, thus aiding the image-processing procedure (Fig.
23 A).

3.2.1. Structure of the ¢92 capsid

Neglecting the unique portal vertex of the capsid (the tail attachment vertex [gpl120]), the @92
capsid shell obeyed icosahedral symmetry, and its structure, reconstructed as such, was obtained
at a resolution of 19 A (Fig. 23 A). The capsid dimensions were found to be ~930 A, ~795 A, and
~810 A along one 5-fold axis, one 3-fold axis, and one 2-fold axis, respectively. The thickness of
the capsid shell ranged between 23 and 43 A in a map contoured at a level of 1.5 standard



Figure 23: Cryo-EM structure of phi92. (A) A raw cryo-EM image of phi92. Three separate

reconstructions were calculated for areas highlighted with boxes colored in yellow, blue, and red.
(B) The structure of phi92 capsid with the imposed icosahedral symmetry. On one face of the
icosahedron, the HK97 capsid protein structure is fitted into the cryo-EM density. (C) The location
of the decoration protein gpl23 (gold) on the capsid shell formed by gpl24 (moss green). The
magenta triangle highlights one face of the icosahedron. (D) Interpretation of the capsid cryo-EM
density with the help of the crystal structure of the HK97 capsid protein. In panels B, C, and D, the
cryo-EM map is contoured at 1.5 o from the mean.



deviations (o) from the mean. Interestingly, even at this low contour level, the shell is permeated
with holes of 13 by 21 A (D. Schwarzer et al. 2012).

The large body of existing structural data shows that the major capsid proteins (MCPs) of all known
dsDNA tailed phages have a HK97 fold and that the capsid shell is composed of flat hexamers and
wide-based cone-shaped pentamers formed by the MCP (Wikoff et al. 2000). In agreement with
this, the ¢92 capsid electron density could be segmented into hexamers and pentamers (Fig. 23B),
easily accommodating the respective oligomers of the HK97 capsid protein (PDB ID 10HG). The
hand of the cryo-EM map was determined by comparing the original and mirrored maps with the
structure of the HK97 capsid (Kostyuchenko et al. 2003). Due to the limited resolution of the map,
we used an automated fitting procedure that maximizes the number of atoms fitted into the
density of the data as implemented in UCSF Chimera (Pettersen et al. 2004). The HK97 asymmetric
unit comprising one full hexamer plus one subunit of the pentamer was fitted into the original and
mirrored maps. Of 15,070 Ca atoms, the original and mirrored maps contoured at 1.5 o do not
account for 2,891 and 3,767 atoms, respectively. The positions of the hexamer autofitted with or
without the pentamer subunit into the original hand map were virtually identical. The results of the
autofit procedure involving the hexamer without the pentamer subunit fitted into the mirrored
map did not converge to a unique solution. As a result of these calculations, the triangulation
number of the ¢92 icosahedron was found to be T = 13 dextro (h = 3, k = 1), resulting in 775
copies of the MCP per capsid. Interestingly, the capsids of the isometric T4 phage mutant and
phage T5 were reported to have a mirrored icosahedral lattice with T = 13 /laevo (Effantin et al.
2006). Apparently, the HK97 fold has enough plasticity to accommodate both arrangements of the
capsid subunits, which have the same T number.

The cryo-EM map of the @92 capsid displays prominent protrusions on the periphery of the
capsomers near the local 3-fold axes (Fig. 23 C). These protrusions represent either a domain
which is not present in the HK97 capsid protein or an extra capsid decoration protein (Fig. 23 D).
The volume of the electron density suggests that each protrusion is formed by a polypeptide chain
with a length of ~110 residues. As the 92 MCP (gp124) is only ~50 residues longer than the HK97
capsid protein, the number of additional amino acids is not sufficient to account for the density of
all these protrusions. Furthermore, as identified with HHpred, the closest ortholog of the 992 MCP
with known structure is the MCP of a prophage from E.Coli CTFO73 (PDB ID 3BQW). This capsid
protein attains an HK97 fold with a short insertion formed by residues 230 to 250. Hexamers and
pentamers created by superimposing the 3BQW structure onto the HK97 capsomers showed that
these extra residues were at the centers of the capsomers and faced inward. The ¢92 cryo-EM
density can accommodate this insertion. Therefore, a separate decoration protein that is not part
of the MCP must form the 992 capsid protrusions (Fig. 23 D).

The density corresponding to the decoration protein in the cryo-EM map is as great as that of the



MCP, suggesting that the ratio of the two proteins in the virion is close to 1.0. As there are 775
copies of the MCP in each virus particle, the decoration protein must form a prominent band on the
1-DE gel similar to those seen with other phages carrying capsid decoration proteins. The 1-DE
analysis of the @92 particle is, however, somewhat less clear in this respect (D. Schwarzer et al.
2012). The protein corresponding best to the estimated molecular mass of 13.8 kDa was identified
as gpl23 of the 1-DE gel in band 19 but also in eight other bands (bands 1, 6, 7, 9, 12, 13, 14, and
17; (Schwarzer et al., 2012)). The apparent molecular mass of gpl23 is 13.8 kDa, which is 12%
greater than the molecular mass calculated from the cryo-EM density. The observed difference can
be attributed to the disorder and “averaging-out” effects, which are common to surface-exposed
features in cryo-EM reconstructions (Fokine et al. 2004). The determination that the predicted
secondary structure of gpl23 is dominated by B-strands can be asserted with a high degree of
confidence. Although the evidence is indirect, this observation supports the assignment of gp123
as the capsid decoration protein, since all known capsid decoration proteins and additional
domains of MCPs are B-structural elements (Bateman, Eddy, and Mesyanzhinov 1997; Morais et al.
2005; Parent, Khayat, et al. 2010; Qin et al. 2010; Yang et al. 2000).

Orthologs of 92 decoration protein gpl23 are found in phages rv5 and PVP-SE1 and are encoded
by genes 61 and 72, respectively. In the absence of any additional evidence, gp72 of PVP-SE1 was
annotated as a capsid decoration protein solely due to its abundance on the gel (Santos et al.
2011). The structure of the 992 capsid obtained in this study confirms the function of the
¢92 _gpl23 homolog PVP-SE1 _gp72 and in addition strongly suggests that gp61 of phage rv5 is a
capsid decoration protein. As the capsids of rv5-like phages are fairly large, the conservation of the
decoration protein must represent a functional requirement, because decoration proteins are
known to increase the stability of virus capsids (lwasaki et al. 2000).

Capsid scaffolding proteins of most phages have two common features: they are rich in a-helical
content and the genes encoding these proteins are found immediately upstream of the MCP genes
in the genome (Prevelige and Fane 2012). Both criteria apply to 92 gpl22, suggesting that it is
the scaffolding protein. In phages rv5 and PVP-SE1, the equivalent genome positions are occupied
by genes 62 and 73, respectively. These genes are annotated as scaffolding protein genes, albeit
the reasons behind this annotation are unpublished. Neither displayed significant sequence
similarity to @92 gp122, but they are of similar sizes and have predominantly a-helical structures.

The structure of the head-to-tail region was investigated by calculating the 5-fold symmetric
reconstruction of the capsid and at the same time increasing the reconstructed volume to include
a proximal part of the tail. Compared to the icosahedrally averaged reconstruction, the 5-fold
symmetric map of the capsid did not show any new features and was of lower quality.
Nevertheless, the 5-fold averaged reconstruction demonstrated that, unlike the extensive neck
and whiskers structures found in bacteriophage T4, the @92 particle carries no collar (Petr G



Leiman et al. 2010). Genes located between the capsid and tail gene clusters are likely to
participate in the attachment of the tail to the capsid by expressing either a structural protein of
the neck or a chaperone. One such gene is gene 126, and gpl126 was found in the phage particle
by MS (Schwarzer et al., 2012). The genome location, secondary structure, and molecular mass of
gpl26 suggest that it is a tail-capping protein (Fig. 24) and most likely an ortholog of T4 gp15 (Petr
G Leiman et al. 2010)).

3.2.2. Structure of the tail

The contractile sheath and the central tube are two major components of the phage tail. The
sheath has an external diameter of 220 A and is 840 A long (Fig. 24). The sheath is a six-start
superhelix, with each helical strand containing 24 copies of the gp130 sheath protein, resulting in
a total of 144 gp130 subunits per tail. The helical rise is 38.9 A, and the twist is 26.0 degrees. In
comparison, the T4 sheath is also a six-start superhelix with 23 subunits per strand, but the
parameters of the helix are slightly different: the rise is 40.6 A and the twist is 17.2 degrees
(Kostyuchenko et al. 2005). This gives the two tails almost the same length and most probably
results in the two sheaths contracting and extruding the tail tube from the plane of the baseplate
upon attachment to the host cell surface by the same amount. Again, similar to the observations of
the T4 tail, the symmetry of the tail tube is not apparent in the reconstruction and its density
partially overlaps that of the sheath (Kostyuchenko et al. 2005). Nevertheless, the @92 tail tube is
in all likelihood also a six-start helix assembled of hexamers of the gp131 tube protein, as is found
in all related contractile tail-like systems (Petr G. Leiman and Shneider 2012b; Veesler and
Cambillau 2011).

Similar to phage capsid proteins, contractile sheath proteins have a common ancestor and appear
to be built using a common conserved structure consisting of three domains with a total molecular
mass of ~45 kDa (Petr G. Leiman and Shneider 2012b). Some sheath proteins such as those of T4
and its close relatives contain an additional surface-exposed domain and have a greater molecular
mass. The 52-kDa ¢92 sheath protein gpl30 is likely to have the conserved three-domain
organization, which also characterizes the sheath proteins of phages Mu and P2 (Petr G. Leiman
and Shneider 2012b). None of the available crystal structures of sheath proteins shows a
satisfactory fit into the 992 tail cryo-EM map. The relative orientations of the three constituent
domains are likely different from those found in the crystal structures. The resolution of the cryo-
EM map is insufficient to fit the domains separately.

The length of the tail is determined by the size of the “tape measure” protein, which is thought to
form an alpha-helical structure which extends through the entire central channel of the tail tube
(Davidson et al. 2012). The tape measure proteins of ¢92 (gpl134) and T4 (gp29) are 659 and 590
residues long, respectively, which agrees with the similar lengths of the tails. In the two related
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Figure 24: Structure of phi92 tail and baseplate. (A and B) Side and cutaway views,
respectively, of the phi92 tail structure. A composite map, which includes two overlapping maps
(tail sheath and the baseplate) produced separately, is shown. The map is interpreted in terms of
the component proteins that were known. (C) A tilted view of the tail colored identically to the
views in panels A and B. (D) The structure of phage phi92 produced by combining three
reconstructions (the 5-fold-averaged capsid, the 6-fold-averaged tail, and the 6-fold-averaged
baseplate). In panels A, B, and C, the cryo-EM maps are contoured at 1.5 o from the mean.



phages rv5 and PVP-SE1, the proposed tape measure proteins (gp49 and gp57) are significantly
longer (778 aa and 795 aa, respectively) than gpl134 of 92 (659 aa), suggesting that the tails of
the rv5 and PVP-SE1 phages might be longer than that of ¢92.

3.2.3. Structure of the ¢92 baseplate

The @92 baseplate with emanating fibers and tailspikes has a complex structure and resembles an
open Swiss army knife (Fig. 24). The bioinformatic analysis outlined above shows that the genes
comprising the core part of the 92 baseplate—139, 145, and 146—are orthologous to those of
phages Mu and P2, although slightly larger (e.g., 992 gpl45 is 54 kDa compared to P2 gp)'s 34
kDa).

092 gpl38 and gpl37 are orthologs of the gp5-gp27 cell-puncturing complex of phage T4
(Kanamaru et al. 2002; Petr G. Leiman and Shneider 2012b) and thus must form the “cell-
puncturing device” or the central hub of the baseplate (Kanamaru et al. 2002). Although not
identified by MS, gpl38 is part of the phage particle and constitutes the baseplate central spike
protein that is essential for breaching the host's outer membrane during infection (Browning et al.
2012). There are only 3 copies of gpl138 polypeptides per particle, and they form a densely folded
structure resistant to SDS and proteases, which might have prevented its identification in the MS
analysis. gpl37 forms a stable trimer in solution which is likely to have the same fold and donut-
like shape as Mu gp44, T4 gp27, and many other central hub proteins, including those from non-
contractile tail phages (Davidson et al. 2012; Petr G. Leiman and Shneider 2012b). Therefore, the
ring-shaped density immediately on top of gp138 in the cryo-EM map can be attributed to gp137.
Unlike T5 gp5 and gp27 (Kanamaru et al. 2002), the trimers of 992 gp137 and gpl138 form a weak
complex in solution.

A combination of bioinformatics, MS, and cryo-EM analyses showed that each ¢92 particle carries
at least five different tailspike and tail fiber proteins (or receptor binding proteins [RBPs]), gpl141,
gpl42, gpl4d3, gpl50, and gpl51, which are located at the 3" end of the tail operon. Three sets of
RBPs emanating from the baseplate can be distinguished in the cryo-EM map. They are directed
downward, sideward, and upward (fibers 1, 2, and 3 in Fig. 24). The downward-pointing fibers have
the strongest cryo-EM density, whereas those pointing upward have the weakest. The cryo-EM
map is a representation of all particle images that were included in the 3D reconstruction
procedure. As a consequence, the RBPs pointing downward are likely to have the most similar
orientations in all particles whereas those pointing upward are likely to have the most dissimilar
and thus are “averaged out” in the final 3D maps. It is also possible that each particle carries a full
complement of the downward-pointing RBPs but only a few of those pointing sideward and even
fewer of those pointing upward. The latter hypothesis is less likely, as it has never been reported
for any other virus or phage. The quality of the cryo-EM map does not allow reliable identification



of the gps comprising these RBPs. Nevertheless, the genome of ¢92 contains enough gps to
account for all the RBPs, with each having a full occupancy per particle .

The RBP regions of the 992, PVP-SE1, and rv5 genomes show the highest degree of mosaicism
compared to the rest of the structural operon (Fig. 2A), a feature common to all groups or families
of phages (S. R. Casjens and Molineux 2012). All known RBPs have a modular architecture and
consist of up to three different parts: (i) a small N-terminal domain or peptide for attachment of the
RBP to the baseplate or tail region; (ii) a large central part that forms an extended trimeric
structure with a coiled coil or beta-helical fold and is the key factor for host specificity; and (iii) a
small C-terminal domain that usually functions as an intramolecular chaperone. The three parts of
an RBP might be encoded by different ORFs or belong to a single polypeptide chain. In the three
rv5-like phages, the N-terminal and C-terminal parts of several RBPs are significantly better
conserved than their central parts. For example, the N-terminal regions of @92 gp150 and gpl51
show similarity to those of rv5 gp28 and gp41, respectively, and the C-terminal parts of rv5 gp28
and ¢92 gpl51 are also similar at the amino acid level (see Fig. 2A; see also Table S1 in the
supplemental material (D. Schwarzer et al. 2012)). Phages are able to exchange the host-specific
modules, while maintaining the N-terminal tail attachment domain unchanged, to increase their
host range or to adapt to a new environment (Stummeyer et al. 2006). The C-terminal
intramolecular chaperones of some RBPs are known to facilitate folding of foreign RBPs
(MUhlenhoff et al. 2003; Eike C. Schulz et al. 2010; David Schwarzer et al. 2007; Xiang et al. 2009).

092 infects K1 and K92 strains of E.Coli (Kwiatkowski et al. 1983), which are encapsulated by
polySia with a2,8- or alternating a2,8/a2,9-linkages, respectively (Barry and Goebel 1957; Furowicz
and Orskov 1972; Mcguire and Binkley 1964). The polySia capsule-digesting tailspike of the ¢92
particle is likely to be encoded by gene 143. It displays 54% sequence identity to the well-studied
endosialidase of coliphage K1F (endoNF) through the whole length of the protein, suggesting that
gpl43 has the same structure as the mushroom-shaped endoNF (Muhlenhoff et al. 2003;
Stummeyer et al. 2005). By analogy with other endosialidases (endoNF, endoNE, etc.), we refer to
it as endoN92. It is located at the distal end of the downward-pointing fibers in the cryo-EM map
(Fig. 24). This fiber ends in a bulge that corresponds to the sialidase domain of endoN92. The
narrow stalk domain of endoNF forms the tip of the 650 A-long fiber and thus is disordered (Fig.
24).

At present, the other putative fibrous proteins (e.g., gpl141, gpl42, and gpl51) cannot be located
in the cryo-EM map without additional information regarding their structure or interactions with
other proteins (fibers 1 to 3 in Fig. 24 A). However, gene 150 of @92 is likely to encode a tailspike
protein and the cryo-EM map contains a density that might correspond to gp150. HHpred analysis
shows that gp150 is likely to have the trimeric B-helical fold that characterizes many other phage
tailspikes (e.g., 29, P22, Sf6, HK620, or K5A), and therefore is likely to have a similar compact



and trimeric shape (Petr G. Leiman and Molineux 2008). The cryo-EM map contains a tailspike-like
density with a clear 3-fold symmetry and a volume sufficient to account for three polypeptide
chains of gp150 (Fig. 24).

The sequence of gpl50 shows similarity to that of a colanic acid-degrading enzyme and, in
analogy to other glycosidases, can be referred to as “colanidase.” The 992 host strain E.Coli K92
produces colanic acid at lower temperatures than the K92 polySia (Navasa et al. 2009), and one of
the possible functions of gp150 is likely that of breaching the colanic acid layer. Interestingly, the
catalytic domain of gp49 from phage PVP-SE1 has a significant sequence similarity to that of
gpl50, whereas its N-terminal region is related to the N-terminal part of 992 gp151, suggesting
that the colanidase might be attached to the PVP-SE1 baseplate at a site different from that of ¢92
gpl50. It is possible that the ¢92 colanidase attachment site in PVP-SE1 is occupied by gp41, since
their N-terminal domains share high sequence similarity (64.2%).

3.3. Concluding remarks

This report describes the genome, structure, and host range of the Enterobacteria phage ¢92. The
¢92 genome displays mosaicism similar to that of other phages and was found to be closely
related to the genomes of phages rv5 and PVP-SE1, favoring suggestions to group them into the
new genus of rv5-like phages. The structural operons are well conserved, strongly suggesting that
the structures of the capsid (including the location of the decoration protein) and the tail and the
organization of the major part of the baseplate are conserved. The baseplates of rv5 and PVP-SE1
are likely to have a similar Swiss army knife-like structure, although the numbers of tail fibers and
tailspikes emanating from the baseplate and their exact attachment sites on the baseplate might
differ. This report illustrates that phages display an enormous potential to change host recognition
proteins by intra- and interspecies recombination and by mutations, resulting in their ability to
recognize new host receptors. This phenomenon plays an important role in the natural ecology of
phage-host interactions and can be exploited in the selection of therapeutic phages having desired
“target ranges.”

3.4. Materials and methods

3.4.1. Phage propagation

E.Coli strain Bos12 (016:K92:H™) was used for propagation of coliphage ¢92 (Kwiatkowski et al.
1983). Enterobacteria phage K1F was grown on E.Coli U9/41 (02:K1:H4) (Gerardy-Schahn et al.
1995; Gross, Cheasty, and Rowe 1977). Purification of phage particles and isolation of phage DNA
were performed as described previously (Gerardy-Schahn et al. 1995). The protein content of
phage particles was estimated using the Bio-Rad protein assay following the manufacturer's



guidelines.

3.4.2. Cryo-electron microscopy and reconstruction of ¢92

Low-dose cryo-EM was performed as described previously (T. S. Baker and Henderson 2006). The
images were recorded on Kodak SO-163 film using a Philips CM300 FEG microscope at a

magnification of x33,000 with a radiation dose of ~20 e—/A2 and a defocus of —3.5 to —2.0 um.
The images were scanned using a Zeiss SCAI scanner with a 7-um step size and were binned to
obtain a pixel size of 2.108 A. The tail and baseplate images were binned further to give a pixel
size of 4.216 A, whereas the final capsid reconstruction was calculated with a pixel size of 2.811 A.
The capsid and baseplate/tail datasets contained 1,137 and 985 boxed images, respectively, which
were picked from 38 micrographs. The contrast transfer function (CTF) was calculated and then
corrected with either EMAN (Ludtke, Baldwin, and Chiu 1999) or CTFFIND3 (Mindell and Grigorieff
2003) software.

The icosahedral reconstruction of the @92 capsid was calculated with EMAN from scratch. The
initial model was constructed with a small subset of initial data using EMAN routines. This model
was then subjected to several rounds of refinement until convergence. The reconstruction of the
¢92 tail was obtained in two steps. Initially, the structure of the distal part of the tail containing the
baseplate and about one-third of the sheath was calculated. Then, the reconstructed volume was
increased to include the entire sheath, excluding the fibers emanating from the baseplate.

The T4 baseplate-tail tube complex (EMDB-1048) was used as the initial model for the baseplate
reconstruction. The SPIDER (Shaikh et al. 2008) and EMAN software suites were employed in image
processing. The reconstruction was initiated with EMAN, but due to the large discrepancy between
the initial model and the ¢92 images, the refinement procedure was quickly trapped in a local
minimum, with tail fibers being aligned to the central spike and the tail sheath layers incorrectly
cross-correlated with each other. This problem was overcome by modifying this “ensemble”
structure with a threshold-based Gaussian-filtered mask and limiting the search angles to a region
of in-plane orientations. The search angles for the tilt were restricted to between 40 and 90
degrees, as most phage particles had their long axes roughly parallel to the imaging plane. These
operations and subsequent refinement were performed with SPIDER. The resolution of the
reconstruction was found to be 26 A using the Fourier shell correlation coefficient method,
assuming the limit of resolution to be at the point where the correlation coefficient drops to below
0.5 (van Heel and Schatz 2005).

The tail reconstruction was calculated by increasing the box size of the baseplate map to include
the sheath in its entirety. The center of this box was then shifted to roughly coincide with the
sheath's center. The reconstruction was refined with FREALIGN (Grigorieff 2007). sixfold symmetry
was used for all orientation searches and reconstructions of the baseplate and the tail. As the final



maps had shown the features expected to be seen at their medium resolutions, the 6-fold
symmetry assumption was correct. The left-right structural orientation (“hand”) of the
reconstruction was confirmed with atomic force microscopy (AFM) analysis as described in
reference (Browning et al. 2012). Fitting of the HK97 capsid structure into the ¢92 cryo-EM map
was performed with UCSF, Chimera (Pettersen et al. 2004).



4. Bacteriophage CBA120

4.1. Summary

Escherichia phage CBA120, which belongs to a newly described genus “Viunalikevirus” within the
family Myoviridae, is morphologically very similar to the classic phage Vil of Salmonella enterica
serovar Typhi. Recently, such phages, related to Salmonella Typhi phage Vil, have been discovered
infecting a variety of different Enterobacteriaceae. CBA120 specifically infects E.Coli strain 0157,
an important food-borne pathogen. The mature CBA120 virion contains at least 37 different
proteins, 11 of which show structural homology to coliphage T4. The baseplate and method of
adhesion to the host are, however, very different from those of either T4 or the cyanophages. At
recent, CBA120 is the most host specific phage that has observed. It is a dsDNA myovirus with a
genome size 157.3kb. The baseplate is very complex with numerous protruding tail spikes and
fibers. At present and to our knowledge, it is the most complex tail structure investigated by
anyone in the world. One of the CBA120 tailspikes is a candidate for biofilm-forming bacterial
infections therapy.

Here we report the first detailed three-dimensional structural organizations of E.Coli Myoviridae
bacteriophage CBA120, the first structural insight into the “Viunalikeviruses” genus.

4.2. Introduction

Bacteriophages are the most abundant form of life in the biosphere. Tailed phages, or
Caudovirales, represent the overwhelming majority of bacteriophages population, and are
traditionally divided into three families: Myo-, Sipho- and Podoviridae. Among them, the
myophages with long contractile tails have the most complex tail structures, composed of
hundreds copies of tens of different proteins. Myoviridae phage tails are complex molecular
machines, generally consisting of a baseplate with tail fibers and a long, non-contractible tube
surrounded by a contractile sheath. However, current morphology-based classification of
bacteriophages requires clarification, since unusual Myoviridae bacteriophages have been
observed.

Bacteriophage vb_EcoM_CBA120 (CBA120) was isolated from a cattle feedlot in a systematic
search for the group of phages targeting important f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>