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Bacteriophages offer a promising alternative to drug-based treatments due to
their effectiveness and host specificity. This is particularly important in agri-
culture as a biocontrol agent of plant diseases. Phage engineering is facilitated
by structural knowledge. However, structural information regarding bacter-
iophages infecting plant pathogens is limited. Here, we present the cryo-EM
structure of bacteriophage @TE that infects plant pathogen Pectobacterium
atrosepticum. The structure reveals a distinct neck topology compared with
other myophages, where tail terminator proteins compensate for reduced
connectivity between sheath subunits. A contact network between tail fibers,
the sheath initiator, and baseplate wedge proteins provides insights into trig-
gers that transduce conformational changes from the baseplate to the sheath
to orchestrate contraction. We observe two distinct oligomeric states of the
tape measure protein (TMP), which is six-fold in regions proximal to the
N-terminus and throughout most of the tail, while three-fold at the C-terminus,
indicating that the TMP may be proteolytically cleaved. Our results provide a
structural atlas of the model bacteriophage @TE, enhancing future interpreta-
tion of phage host interactions in pectobacteria. We anticipate that our struc-
ture will inform rational design of biocontrol agents against plant pathogens
that cause diseases such as soft rot and blackleg disease in potatoes.

Bacteriophages of the class Caudoviricetes represent the most prolific
group of viruses in the biosphere*”. These highly abundant tailed
bacteriophages are found in nearly every environmental niche. They
are essential for the stability of their ecosystems, contributing to
genetic diversity, promoting bacterial evolution, and influencing
microbial-induced biogeochemical cycling’. In addition, several of
their structural and genetic properties have gained much interest in

medical, biotechnological, and agricultural settings as therapeutics
and biotechnology scaffolds* . Bacteriophages also serve as vital tools
in studying bacterial biology, providing valuable insights into bacterial
evolution, genetic exchange, and defense mechanisms.

One of the most promising applications of bacteriophages is their
use to control diseases of bacterial origin as an alternative therapy to
antibiotics®’. However, it is often the case that bacteriophages display
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suboptimal properties for applications of interest, such as modest
infectivity, limited stability under the required conditions, or inade-
quate host range. While phage engineering is a promising approach to
overcome these shortcomings and expand the scope of phage-based
disease control, its application remains limited due to the lack of
knowledge on phage architecture and mechanisms of infection.

Recent studies have determined the full-virion structure for var-
ious long-tailed phages, providing valuable information for rational
phage engineering projects®”. These include both siphophages
(DT57C, T5,)JBD30, lambda, R4C) and myophages (Pam3, E217, Milano,
Pal193, XM1, A-1(L)). Despite these advancements, the detailed mole-
cular architecture of bacteriophages remains a fertile ground for
exploration. For instance, there is limited information regarding the
role of individual proteins in signal transduction from lateral fibers
governing tail contraction or the functional role of the tape measure
protein in this process.

The phage @TE, first isolated in 2012, is a lytic flagellotropic phage
that infects Pectobacterium atrosepticum. The phage @TE belongs to
the Certrevirus genus of the Vequintavirinae subfamily and has a rela-
tively large genome consisting of ~142 kb. The Pectobacterium host of
@TE is of significant economic importance due to its role in causing
soft rot and blackleg disease in potatoes, leading to substantial annual
financial losses'®". A variety of phages infecting Pectobacterium atro-
septicum have been discovered, including siphophages, myophages,
and podophages, and have been analyzed from a biochemical and
microbiological perspective’® . Nevertheless, among these phages,
only $M1 (a podophage lacking a long tail) has been studied at a
structural level*. Furthermore, no other vequintaviruses have been
explored structurally. Phage @TE has been well characterized regard-
ing phage-host interactions, especially concerning bacterial defense
systems. @TE has demonstrated a remarkable ability to evolve or
acquire RNA antitoxins to counteract toxin-antitoxin (TA) system
defenses'®. In addition, @TE was used to study CRISPR-Cas spacer
acquisition and CRISPR escape, wherein large deletions in structural
proteins permitted primed CRISPR escape while also inducing mor-
phological changes to virions”. More recently, @TE was used as a
model phage in a landmark study that described the presence and
function of RNA-based anti-CRISPR (Racr) elements®. Thus, @TE has
become an excellent model for the study of phage-bacterial interac-
tions with both innate (TA) and adaptive (CRISPR-Cas) defense
systems.

In this study, we used electron cryo-microscopy (cryo-EM) to
reveal the atomic structure of the entire TE virion. Our structural
atlas obtained through a comprehensive analysis of the various virion
sub-structures reveals the particle in its native state. Since we could
obtain near-atomic resolution throughout most parts of the structure,
we were able to build and refine atomic models corresponding to 5
composite structures, cumulatively containing 19 genetically distinct
protein chains, some of which assume multiple heterogeneous con-
formations. AlphaFold models were fit to regions of poor local map
resolution to speculate further on these structures. We reconstructed
the entire phage particle from single particle images at 12.7 A resolu-
tion, enabling the deposition of a merged atomic model of the com-
plete @TE myophage based on our high-resolution sub-maps together
with a single cryo-EM envelope in the protein data bank (PDB). Our
structures reveal insights into general principles of phage architecture,
such as the presence of a proteolytically processed tape measure
protein (TMP) in myophages with two distinct oligomerization states.
The reconstruction of the native state particle clearly resolves the TMP
as six long alpha helices in the central part of the tail.

Results

We used cryo-EM to reconstruct the complete @TE particle. In its
native state, the particle is composed of a large T=13d icosahedral
capsid adjoined to a narrow connector region, a helical rigid sheathed

tail -1020 A in length, and a baseplate module (Fig. 1a, b, Supplemen-
tary Movie 1). Each structure was reconstructed separately to take
advantage of its local symmetry. Candidate gene products were then
identified using a combination of mass spectrometry abundance,
AlphaFold2 and AlphaFold3 predictions, and Dali structural homology
searches.

The @TE capsid

The capsid of the mature @TE virion was reconstructed at 3.6 A reso-
lution thanks to its icosahedral symmetry. The mature @TE capsid has
adiameter of ~1050 A (vertex to vertex). Each asymmetric unit (ASU) is
composed of 13 copies of the major capsid protein (MCP), 13 copies of
minor capsid protein (DEC, Fig. 2a, b), and up to 2 copies of the
hexamer-centric decoration protein we describe as the Pagoda protein
based on its morphology (Fig. 2b, purple). Twelve MCPs in the ASU
form two hexameric capsomers referred to as P-Hexamer (pentamer-
adjacent hexamer) and H-Hexamer (hexamer-adjacent hexamer). The
13" MCP is dedicated to forming part of the pentamer at the icosa-
hedral five-fold axis. The ASU is then decorated by DEC proteins that
form trimers at three-fold and quasi-three-fold axes, establishing
reciprocal contacts along the two-fold axis. While the Pagoda protein
could not be modeled, a disparity in Pagoda density was observed
between H-hexamers and P-hexamers, with the latter showing reduced
density. Furthermore, density corresponding to the interaction region
between the Pagoda protein and MCPs lacks symmetry and order,
indicating that the Pagoda protein may bind in several quasi-
equivalent rotated positions. The putative Pagoda protein was
assigned as pTE217 based on very strong mass spectrometry abun-
dance; the abundance of pTE217 was the fifth highest after MCP, DEC,
Sheath and tube, and was significantly higher than the next uni-
dentified peptide in mass spectrometry data (exponentially modified
peptide abundance index: pTE217 = 79,432, next highest pTE203 = 533)
(Fig. 1b, Supplementary Table 2). AlphaFold predictions of pTE217
resulted in low confidence predictions with no detectable homology to
other well-described hexamer centric decoration proteins.

The major capsid protein shows a canonical HK97 fold*, a
strongly conserved protein fold that forms the main capsid protein of
all tailed bacteriophages, herpesviruses, and some archaeal viruses
(Fig. 2c); each MCP is found in a range of quasi-equivalent conforma-
tions (Fig. 2¢c, d)**¥. The trimeric decoration protein was found to
belong to the B-tulip family through DALI homology analysis (Fig. 2e).
Unlike other B-tulip proteins, the DEC features a C-terminal extension
that wraps over a conserved intercapsomeric 3-sheet, making contacts
with all strands of the B-sheet (Fig. 2g). The topological contributions
of B-strands in the ap-domain of DEC are also different from those
observed in other known PB-tulips®*2. Each DEC protein forms a
binding interface through these motifs, contacting eight MCPs with a
combined surface area of 3056 A%>*>. Mapping the calculated hydro-
phobic surface properties of DEC proteins reveals a concentration of
non-polar residues at the MCP binding interface indicative of pre-
dominant hydrophobic interactions (Fig. 2f).

The phage @TE capsid constitutes the fifth atomic model of a
T=13 bacteriophage capsid with HK97 fold, including the mutated
isometric T4 capsid'®****". To investigate variations in capsid geometry
among reported similar architectures (bacteriophages Micl, TS, and
T4, these are HK97 fold phage capsids with the same triangulation
number T, i.e., the same number of capsid monomers per asymmetric
unit), structures with a resolution better than 4 A were used to gen-
erate whole particle protein point arrays. These arrays were con-
structed by placing markers at the center of mass of all protein chains
throughout the capsid, allowing precise, relative measurements of
geometric properties such as particle radius, surface area, volume, and
sphericity (Fig. 3a). Assuming properly calibrated pixel sizes of those
published datasets, analysis of the T=13 bacteriophage capsids
revealed that the @TE capsid has a radius -8% greater than other 7=13
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Asymmetric unit

Pagoda

Fig. 2 | Structure of the @TE capsid. a The phage @TE T=13 capsid symmetrized
model. Twofold axes are shown in blue ellipses. The three-fold axis is shown as a
green triangle. Five-fold axes are shown as cyan pentagons. b Schematic of the
capsid ASU. H-Hex = hexamer adjacent hexamer, P-Hex = pentamer adjacent hex-
amer. MCPs are shown in various shades of blue depending on the environment.
DEC proteins are shown in light green. Density corresponding to the Pagoda

Peripheral capsomer
stabilizing B-sheet

non-polar

protein is shown in purple. Map: EMD-45937 (3.6 A) threshold 0.77 (3.2 o).

¢ Annotated structure of the @TE MCP. d Structural alignment of all ASU MCPs.
Regions of greatest change are indicated with arrows. e Annotated structure of the
DEC protein. f Hydrophobic representation of the capsid binding surface of the
DEC protein. g The DEC-MCP Binding interface. MCP rendered as white surface, and
interactions shown as dark blue cartoons.

phages and -7% greater than the next largest capsid analyzed (Fig. 3b).
This expanded radius results in an average surface area ~15% larger and
a~-27% volume increase (Fig. 3d, e). Thus, relative to structurally
categorized phages, the @TE capsid represents an oversized T=13
architecture. Interestingly, @TE contains no insertion domains. The
pairwise alignment of MCP chains demonstrated that the @TE MCP is
similar in mass and physical size to other T=13 phage capsids
(Fig. 3¢, g). This indicates that similar to the domain packing in thermo
phage P74-26, the oversized @TE capsid is likely due to planar A pro-
tein domain packing that increases hexamer diameter, not due to
insertion of domains (Fig. 3f)*.

The @TE tail
The @TE tail comprises a helical tube encased in a sheath, with struc-
turally distinct ends designed to interface with the phage head and
baseplate. It is assumed that the assembly of the @TE head and tail
structures occurs independently and are then joined at the interface
between the head completion protein and the tail terminator protein—
similar to other myophages®*. In this section, we first describe the
helical tail component so that the reader can better understand
interactions between connector proteins and tail proteins.

The @TE tail follows the typical architecture of myovirus mor-
photype bacteriophages, consisting of a rigid inner tube and an
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Fig. 3 | Geometric analysis of the @TE capsid. a Schematic diagram of geometry
analysis methods. b Capsid radius measurements of all 7=13 capsid models used
for geometric analysis. Radius measurements are calculated as the distance
between centroids of pentamers (vertex-vertex), or between centroids of 3-fold
axes MCPs (face-face). ¢ Molecular weights of all 7=13 capsid models used for
geometric analysis. d Surface area of all T=13 capsid models used for geometric
analysis. e Internal volume of all T=13 capsid models used for geometric analysis. f)

Diameter measurements of 7 =13 hexamers (images are to scale). All genome sizes
are listed except for T4 as this model represents an aberrant 7=13 architecture
(indicated by *). g Structural alignment and to scale depictions of all MCP’s used in
geometric analysis to show relative MCP size. The A-domains of each model were
aligned pairwise to the equivalently positioned ASU chain in phage T5 (TS chain A).
PDBs of models analyzed: @TE =9CUL, Micl = 6)3Q, T5=60MC, T4 = 5VF3. Source
data are provided as a Source Data file.
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external contractile sheath assembly. Each helical assembly is com-
posed of a series of hexameric rings. The inner tube is formed by tube
protein subunits consisting of a primary eight-stranded (3-sandwich,
flanked at one side with a large a-helix (a-1, Supplementary Fig. 2a).
The luminal component of each tube proteins (3-sandwich also inter-
calate with adjacent tube proteins in the hexameric disk, augmenting
one another to form a continuous 24-stranded p-barrel on the internal
surface of each ring (Supplementary Fig. 2a). Inspection of the elec-
trostatic surface potential at the inner tube lumen reveals a strong
negative charge distribution, typical of bacteriophage DNA conduits
(Supplementary Fig. 2b)"***, An extended [B-hairpin motif extends
between strands 2 and 5 of the B-sandwich. This motif wraps around
the tube in the head distal direction, making contacts with loops
between strands of B-sandwiches from several head distal tube sub-
units, forming a significant part of the tube inter-ring interface. An 18
amino acid N-terminal extension wraps similarly around the B-hairpin
in the head proximal direction, wrapping over the (-hairpin of the
closest tube subunit in the adjacent head proximal ring, providing
stability to the inter-ring interface. The C-terminal arm of the rigid
inner tail tube protein features a second a-helix (a-2); a similar helix
was observed in the phage 80a gp53. However, the relative position of
each helix differs*2. The a-2 helix in tube protein wraps laterally around
the a-1 helix of an adjacent intra-ring tube subunit, contacting the -
sandwich of the same subunit while also forming strong hydrophobic
contacts with helices from the sheath D1 domain (described below).

The outer helix, composed of the tail sheath protein, was
observed in both a native and contracted conformation (Fig. 4a, b).
Structurally, the sheath assumes a type 2 tail sheath protein fold, fea-
turing a central conserved core composed of three domains: D1, D2,
D4, and an external domain referred to as D3 (Fig. 4d)*. Subunits of the
sheath protein contact virtually every adjacent subunit in the sheath
lattice; however, a primary and significant point of contact occurs by
forming a four-stranded B-sheet referred to here as the hinge sheet
(Fig. 5i). The hinge sheet is formed by three sheath monomers utilizing
strands S1-4, formed by the D1 and D4 domains (Fig. 4d). Strands in the
hinge sheet were found to be the most prominent point of con-
formational change during contraction (Fig. 4e). It appears that
through the rotation of strands in the hinge sheet, sheath subunits can
undergo rigid body rotation during contraction while maintaining
lattice connectivity.

The D1 domain creates the inner surface of the sheath and most of
the hinge sheet. Firstly, the C-terminus of D1 forms the S3 strand (Y443-
V451) of the hinge sheet; the strand continues to nestle between the D1
and D4 domains of the adjacent sheath that provides the S4 strand to
the same hinge sheet. The D1 component of the sheath then forms two
helices (helices a-9, a-10, Fig. 4d) and two strands; the strands estab-
lish S1 and S2 of the hinge sheet (S1: D407-P413, S2:1427-V436) and are
separated by a short loop that features a small helix. Helices a-9 and
«-10 then make extensive contacts with tube proteins, particularly in
the outward face of the tube pB-sandwich motif and the C-terminal a-
helix. The only sheath-tube contacts not mediated by these helices are
constituted by a loop extending from D1 (I1394-P408) found immedi-
ately upstream of S1. As such, the meta-stable adherence of the sheath
monomers to tube proteins appears entirely mediated by D1. While
strands S1-3 are all part of D1, these strands appear to undergo minimal
structural reorganization during contraction, which is primarily facili-
tated by rotations in the S4 pivot point, situated in D4 (discussed
further below). The D2 domain is globular and rich in helices, featuring
a six-stranded f-sheet at its center, where D4 contributes three
strands. The D3 domain is not present in all described myophages and
is composed of a seven-stranded -sandwich, flanked with an a-helix
connecting strands 3 and 4 of the B-sandwich. D3 is positioned laterally
relative to the sheath-core domain in both native and contracted
states. Since D3 doesn’t contact adjacent subunits in either con-
formation, it is unlikely D3 plays a role in sheath in @TE contraction.

Homologous domains were also observed in phages A-1(L), Milano,
XM1, E217 and Pal193 (Supplementary Fig. 3a). Amongst these phages,
the D3 domain appears to come in two topologically linked classes
(class I: @TE, Milano, A-1(L), class II: Pa193, XML, E217) (Supplementary
Fig. 3b). The relative position of D3 domains is found in a range of
orientations, including a capsid proximal direction (XM1), a lateral
position (A-1(L)), and a capsid distal position (Milano) (Supplementary
Fig. 3a)9,ll,l471(),44.

Finally, the D4 domain is conserved in many structurally descri-
bed myophage tails®***'%**, The N-terminal strand of D4 forms the
S4 strand of the hinge sheet (E3-L15), which undergoes significant
rotation during contraction (Fig. 4e). It is this rotation that allows the
pivoting of whole sheath subunits, making this strand essential for
sheath contraction. The remainder of D4 is globular and is nestled
against D2 in the native conformation.

Sheath subunits undergo a significant multi-axial rotation during
contraction and are radially shifted away from the helical axis by
22 A. The result of this rotation and translation is a substantial change
in helical parameters, resulting in a change in helical twist and rise
from 24.67° and 37.77 A in the native state to 32.67° and 15.93 A in
the contracted state (Fig. 4c). Accompanied by these changes is a
substantial increase in contact surface area between sheath units by
36%, a more than doubling of predicted H-bonds, and a substantial
net decrease in Gibbs free energy (extended=-66.1 AG kcal/mol,
contracted=-94 AG kcal/mol) indicative of a stronger binding
interface®.

The @TE connector

The @TE connector is structurally formed as a quaternary structure
consisting of a portal protein ring, an adapter protein ring, a head
completion protein (HC) ring, a tail terminator protein (TT), and sev-
eral disks of conformationally distinct sheath and tube proteins
(Fig. 5b, c).

The dodecameric portal assembly is integrated into one vertex on
the @TE capsid. The portal protein features the typical crown, wing,
stem, and clip domains found in myophage portals®”. An interesting
interaction occurs with the second C12 ring of adapter proteins. The
adapter protein contains an N-terminal domain closely resembling the
core adapter domains observed in other phages. The globular
N-terminal domain is rich in helices. It features a [3-hairpin motif that
extends in the head distal direction, forming a 24-stranded (-barrel
that inserts into the head completion protein, facilitating the transition
from 12-fold to 6-fold symmetry. The N-terminal portion of the adapter
protein intercalates between the clip domains of two adjacent portal
proteins. This pocket is highly hydrophobic and is predicted to form a
strong interaction interface. Unlike other described myophages, the
@TE adapter extends through this pocket, forming first a short a-helix
that coils in a z-plane around the portal, followed by a series of looping
structures. Accordingly, each adapter protein contacts five portal
subunits (Figs. 5b, P1-5). This structure twists around the stem loops of
the portal, taking on the character of a continuous helical ring, which
we call the “bouquet motif” as it forms a sinch around portal stem
helices.

The HC comprises an eight-stranded [-sandwich, similar in
structure to tube proteins. The HC N-terminus forms a continuous
loop around the adapter B-barrel facilitating adaption. The protein
features two B-hairpins that appear significant in function; the inner 3-
hairpin (P57-Y81) seems to be conserved in myophage connectors,
facing the inward DNA channel. The @TE HC also features an additional
loop extending from this hairpin into the DNA channel (aperture loop),
narrowing the constriction point to 24 A (Supplementary Fig. 2d).
Electrostatic inspection of the entire internal HC interface shows a
strong positive charge distribution, with three positively charged
residues extending off the aperture loop (Fig. 5d-f). The outer f3-
hairpin extends over a loop in the lower head distal TT disk; this TT
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Outer tube: 92 A

Fig. 4 | @TE tail assembly in extended and contracted states. a Depiction of
extended tail reconstruction with sheath subunits shown in pale cyan and tube
subunits shown in yellow. Map: EMD-45419 (3.5 A), threshold = 0.72 (5.5 o).

b Depiction of contracted tail reconstruction with sheath subunits shown in blue.
Map: EMD-45420 (3.5 A), threshold = 0.611 (5.2 6). ¢ Top-down view of native and

rotation: ~ 95°

Contracted

contracted tail reconstructions showing expansion in sheath radius during con-
traction. d Domain organization of sheath protein. Strands marked with “S”
describe various strands that participate in the formation of B-strands found in the
hinge B-sheet. e Overlay of extended and contracted sheath proteins, with con-
formational shifts annotated.

loop (E38-G45) appears then to be clamped between both B-hairpins.
This constitutes the primary interface between the HC and TT.

The tail is terminated at the distal end by addition of the TT
protein. While the overall protein core fold is similar to other
myophage TT’s, the @TE TT features an additional C-terminal exten-
sion that mimics interactions made by sheath proteins in lower sheath
disks. This extension contributes two strands to the first head proximal
hinge sheet, replacing S3 and S4, usually provided by two head-
proximal sheath proteins (Fig. 5g). The extension then extends further
head distal, replacing the S4 strand in the hinge sheet between sheath
rings 1 and 2 (Fig. 5h). All subsequent sheath rings then assume a
regular hinge sheet topology (Fig. 5i). In the @TE connector, the
N-terminal arm of sheath proteins in the first sheath ring that would

normally provide the S4 strand to the hinge sheet between sheath
rings 1 and 2 is pinned in an alternate conformation, rendering it
sterically incapable of augmenting this hinge sheet. This alternate
topology significantly disrupts direct sheath lattice connectivity in the
@TE connector (Supplementary Fig. 2c).

Finally, inspection of the luminal space of the head proximal tail
segments revealed a clearly defined six-fold helical structure (Fig. 5a).
The positioning of this structure is indicative of the TMP. While a clear
«-helical secondary structure was evident, side chains could not be
resolved clearly, leading us to believe that TMP N-terminal strands
form aloose helical bundle that is not firmly anchored to adjacent tube
proteins. To confirm that the 6-fold symmetry observed here was not a
symmetry artifact, we reconstructed a local map of the entire tail with

Nature Communications | (2025)16:3257


https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-45419
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-45420
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58514-x

a b
P1

Bouquet \
motif @l )

PR
Head >
completion ¢
Tail }
Terminator

Adaptor
(inward
facing)

Adaptor
strand

C3 symmetry, using correctly aligned baseplate particles with restric-
ted rotational searches. In this reconstruction, six strands can be
observed clearly at the N-terminus and several other locations along
the tail, though the helical clarity was reduced in C3 reconstructions
(Supplementary Fig. 7). Based on this observation, we propose that the
@TE TMP features a six-stranded stoichiometry at its N-terminus.
Assuming a predominantly a-helical fold of the TMP along the tail

tube, the predicted length of the TMP correlates favorably with the
observed length. The six-fold structure of the TMP in the connector
region would roughly map to residues 60-180.

The @TE baseplate
The TE baseplate was modeled as a composite reconstruction com-
prising four local reconstructions due to baseplate mobility. The @TE
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Fig. 5 | @TE connector assembly. a N-terminal tape measure protein densities
shown in 6 colors for visual separation. Map: EMD-45435 (C6 map component
3.3 A), threshold = 4.32 (3.9 0) (b) Portal assembly with alternating portal mono-
mers shown in red and adapters shown in blue. Portal monomers shown in cartoons
contact the single adapter protein shown in cartoons. Map density is shown as an
iso-surface. Map: EMD-45435 (C12 component map 3.1 A), cyan adapter region
threshold = 7.04 (6.3 0), red portal region threshold 3.48 (3.1 0). Adapter internal
hydrophobic surface is shown to the right. ¢ Consensus structure of connector

region with sheath and tail terminator proteins shown in cartoons. Colored boxes
relate to panels below (g-i), depicting various conformations of the hinge-sheet.
d Head completion protein positively charged residues shown facing the connecter
lumen. e Cross section of head completion proteins shown with electrostatic sur-
face representation. f Side view of HC positively charged residues. g Hinge-sheet
formed between TT and first head proximal sheath ring. h Hinge-sheet formed
between first and second head proximal sheath rings. i Prototypical hinge-sheet
formed by all other sheath rings in the tail.

baseplate is a large molecular compound composed of nine structu-
rally distinct proteins, with 81 chains per complex totaling 4 MDa
molecular weight (Supplementary Movie 2). The @TE baseplate follows
the modular organization observed in phages T4, XM1, Pam3, $CD508,
E217, Milano, A-1(L) and Pal93 with three major components: the
central hub, which forms the baseplate core; six wedge protomers
(sometimes referred to as the nut), which form the base and sidewalls
of the baseplate; and the fiber network, which is attached to the outer
radius of the wedge (Fig. 6a).

The wedge complex comprises six lobed protomeric units. Each
protomer contains four protein chains: a single copy of wedge 1 pro-
tein, two copies of wedge 2 protein in alternate conformations, and a
singular IG-like protein we refer to here as the spacer (Fig. 6b). The
wedge 1 and wedge 2 proteins form the bulk of the wedge, constituting
the canonical trifurcation unit and helical bundle described in previous
work (Fig. 6¢)*. The trifurcation unit acts as a coordination platform
that adheres wedge 1 and 2 proteins into a continuous ring while the
helical bundle contacts the sheath initiator.

The @TE inner hub shows C3 symmetry and comprises four pro-
teins (Fig. 7b). The first ring of the hub is a six-fold ring of tube initiator
(TI) proteins. Despite a six-fold stoichiometry, TI proteins adopt sig-
nificant deviations in loops that contact the hub to enable the transi-
tion from C6 to C3 symmetry. As such, they are best described using
C3 symmetry. The core of TI shares the fold of the tube protein
described above, with additional large insertions at the N and C termini
that pervade much of the baseplate, forming contacts with adjacent TI,
sheath, sheath initiator (SI), spacer, wedge 2, and hub proteins (Sup-
plementary Fig. 4). The trimeric hub ring is located head-distal from
the TI protein, composed of a large -sandwich and a head-distal o-3
domain that forms the interface for 1:1 binding with the puncture
apparatus (PA) trimer below. The PA itself shows close structural
homology to the PAM3 homolog gp20, composed of an N-terminal tri-
helical bundle (formed by three monomers), a putative oligonucleo-
tide/oligosaccharide binding site, and a C-terminal B-helical structure
terminated by an a-helical domain®. While modest local resolution at
the C-terminal tip prevented modeling, the PA AlphaFold-predicted
structure could be well accommodated in the density, indicating that
its tip structure is similar to PAM3 gp20. The spacer protein sits
between hub proteins and the outer wedge, acting as an adapter
between the outer C6 and inner C3 environments (Fig. 7a)

Also, within the hub module, we identified three helical densities
we assigned as the C-terminus of the TMP, observed to intercalate with
the PA helical bundle (Fig. 7c). Due to the high map quality of our C3
baseplate reconstructions, we were able to model this TMP fragment
and inspect its interactions with hub and PA rings. Contact analysis
showed that each TMP fragment is deeply buried within the hub,
contacting all three PA subunits and two of three hub subunits in each
baseplate, with a total buried surface area of 1,440 A2 per monomer.
The helical portion of the TMP fragment forms a strong hydrophobic
core with the reciprocal PA helical bundle via a network of phenyla-
lanine, tyrosine, and leucine residues, many likely forming t-stacking
interactions while also forming strong hydrophobic and stacking
interactions with isoleucines and tyrosines on the hub protein inner
surface (Fig. 7e). The very C-terminal tip of the TMP is then buried
deeper between the hub and PA subunits (Fig. 7d).

Finally, @TE features an intricate fiber network composed of a
short-tail fiber (STF), a long-tail fiber (LTF), and a third putative fiber
candidate previously annotated in the @TE genome (Fig. 5d, e, Sup-
plementary Fig. 5c). Both STF and LTF had sufficient density for
modeling most N-terminal residues (STF: residues 3-92, LTF: residues
14-171), except for some N-terminal loops in the LTF (Supplementary
Fig. 5b). AlphaFold3 multimer predictions produced extended models
with structural features that fit map regions with low local resolution
(Supplementary Fig. 5d). Predicted structures are indicated in all
figures.

The short tail fiber shows a trimeric configuration predicted to
extend ~300 A. Its N-terminus contains two loops (L1, L2) that wrap in
an anticlockwise direction around one another, forming a globular
joint that attaches to wedge 1 monomers through electrostatic and
hydrophobic interactions (Fig. 6f). The AlphaFold model of STF pre-
dicts a long a-helical coiled-coil terminated with a large globular
region rich in Ig-like domains; these features could not be modeled but
are supported by low-pass filtered experimental reconstructions
(Supplementary Fig. 5d).

The LTF has a predicted total length of 512 A and forms trimers
(Fig. 6e). Each trimer features an N-terminal a-helical bundle, a glob-
ular domain, and a short (3-helix followed by a short a-helical bundle.
The AlphaFold model of LTF then predicts a highly extended f-helix
with several flexible regions (Supplementary Fig. 5d). It is unclear
exactly how the C-terminal half of the LTF is organized. Still, based on
predictions and low-pass filtered baseplate maps, we hypothesize it
first contacts the STF before bending toward the capsid and contacting
the 3" putative fiber (Supplementary Fig. 5d).

The modeled N-terminal region of LTF shows some interesting
features; most notably, the N-terminal helical bundle is augmented
with a 4™ helix derived from the SI C-terminus (Fig. 6g). We refer to this
feature as the rip-chord bundle. Finally, we identified a putative dis-
ulfide bond between the wedge monomer wedge 1 and the SI, imme-
diately N-terminal relative to the rip-chord bundle (GP7:C143, SI:C143)
(Fig. 6h). The putative covalent bond is proximal to the attachment site
of STF on wedge 1.

Discussion

In the present work, we have applied cryo-EM analysis with a set of
focused data-processing strategies to obtain a structural atlas of the
entire TE virion. Surprisingly, the @TE capsid has a larger volume
than other T=13 phages despite no increase in triangulation and
minimal changes to MCP size and topology. The larger volume is likely
required to package the phage genome, which is larger than the 7=13
phages compared here (genome sizes in Fig. 3f). A similar phenom-
enon has been observed in phage P74-26, where it was proposed that
increased capsid volume was caused by increased hexamer size to
avoid the transition to a larger triangulation number associated with
greater capsid weakness?. However, changes in triangulation may
sometimes provide fitness advantages in headful packaging phages
through increasing redundant DNA, permitting the insertion of novel
genes without disrupting the current functioning genome*. Our
results support a combination of these mechanisms by which capsid
volume can be evolutionarily fine-tuned across a range of sizes and
volumes, highlighting the plasticity of the HK97 fold.
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Fig. 6 | The @TE baseplate composite model, wedge and fibers. a Summary side
view depiction of the ¢ TE baseplate with individual peptides annotated. Structures
in white represent unmodelled AlphaFold predictions rigid body-fit to density.
Translucent colored densities represent SASA representations of peptide chains.
b Top view of the wedge module fitted to composite density used for modeling.
White cartoons show AlphaFold predicted unmodelled domains of Wedge 2B rigid
body-fit to density. Map: EMD-45953 (C6 map component 3.3 A), threshold 6.51
(6.0 0). c Side view of wedge module showing the trifurcation unit and contact

between the wedge helical bundle and sheath initiator proteins. d Schematic of STF
with modeled residues shown in color and predicted domains shown in white.

e Schematic of LTF with modeled residues shown in color and predicted domains
shown in white (does not represent extended conformation). f Binding site of STF
to outer wedge via Wedge 1 proteins. g Binding site of LTF to outer wedge via
Wedge 2 A and sheath initiator proteins. h Putative di-sulfide bond between sheath
initiator C143 and Wedge 1 C143.

The @TE extended sheath displays an intricate mesh structure
primarily held together by a four-stranded hinging 3-sheet. Examining
the contracted sheath subunits shows that rotations in the S4 sheet
strand predominantly mediate sheath contraction and that the func-
tion of the sheath proteins is primarily to maintain the shape and
connectivity between strands of the hinge sheet. We found that the
four-stranded hinge sheath is maintained in every sheath ring of the
tail, with strands donated by the tail terminator in the two head

proximal sheath rings and by the sheath initiator in the baseplate
proximal sheath ring. Though a similar phenomenon has been
observed in other phages, the tail terminator generally contributes a
single strand to hinge sheets, while @TE contributes three®*'***, This
may be necessary in the case of @TE, as the steric blocking of the head
proximal sheath ring S4 strand results in reduced connectivity
between the first and second sheath rings (Fig. 5g-i). This seems likely,
as stated above; the S4 strand allows sheath subunit rotation while
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Fig. 7 | The @TE baseplate hub complex and tape measure protein binding.

a Top-down view of the hub module showing spacer mediated adaption of wedge
protomers to the hub. b Consensus image of the hub module. White translucent
density represents the composite map used for modeling. Map: EMD-45953,

threshold 6.51 (6.0 o). ¢ TMP shown fitted to its respective density. d TMP
C-terminal residues interacting with two PA monomers (blue mesh shows com-
posite density map). Map for (c, d): EMD-45953, threshold 2.69 (2.5 ¢). e TMP
interactions with PA tri-helical bundle and hub side walls.

maintaining connectivity during contraction. Thus, the extended tail
terminator C-terminus may cement the top two sheath rings to facil-
itate complete contraction. The fact that this four-stranded [-sheet is
maintained along the whole length of the tail suggests that the for-
mation of strong hinge [3-sheets is important for stability and proper
function.

The presence of the non-conserved D3 domain represents
another point of interest in the sheath. These domains have now been
observed in bacteriophages infecting Vibrio parahaemolyticus (XM1),
Agrobacterium tumefaciens (Milano), Pseudomonas aeruginosa (E217,
Pa193), Anabaena sp. PCC 7120 (A-1(L)), Pectobacterium atrosepticum
(@TE)>*'%** Phages amongst this group utilize a range of receptors
(LPS, flagella) and infect hosts that occupy a range of dynamic envir-
onments (plant tissue, mammal gut, freshwater). Despite the apparent
common presence of the D3 domain in bacteriophage sheaths, cya-
nophage Pam3 and most described contractile ejection systems (AFP,
R2 pyocin, Diffocin, PVC) lack this domain**~', While in the @ TE sheath,
D3 domains do not appear to contact adjacent sheath monomersin the
extended or contracted conformations, the equivalent domain in
phage Milano encodes disulfide bonds that bind the sheath into a
locked state that must undergo reduction prior to contraction'. Thus,
it appears that in some circumstances, the D3 domains play a sig-
nificant role in contraction, while in other cases, they do not. In several
described instances, D3 domains are also found to facilitate interac-
tions with tail fibers, such as in @TE, A-1(L), and Bas63 (Bas63 unpub-
lished data: Hodgkinson-Bean, J. Ayala, R. McJarrow-Keller, K. Cassin,

L. Rutter, G.L. Crowe, A. Wolf, M. and Bostina, M). It is unclear if these
domains provide some broadly conserved function, however it does
appear that D3 domains can be co-opted for non-conserved functions
in individual species.

The connector plays an essential role in acting as a conduit during
DNA entry and exit; however, this process is complicated by the
independent assembly of the capsid and tail, requiring that DNA is
constrained in the capsid prior to tail attachment. In the @TE con-
nector, we observed strong positive charge distribution in the head
completion protein and a narrow aperture, approximately ~ 24 A dia-
meter, created by inward-facing loops. Similar loops were described in
phage XMl1, forming a larger aperture (Supplementary Fig. 2d)*. The
combined effect of channel constriction and positive charge dis-
tribution may aid in arresting DNA in the connector before the con-
nection of the head and tail complexes and subsequent plugging by
the TMP. Due to the disorder of the TMP N-terminus and DNA disorder,
it is hard to identify the point at which the DNA is extended in the
native connector complex; this constriction point may confine the
DNA until genome ejection occurs.

An important element required for the assembly and function of
the phage tail is the TMP. The TMP determines the tail morphology and
likely participates in the injection of the genome across the host
membrane®”>*; however, in most myophage reconstructions to date,
the TMP remains disordered, preventing analysis of TMP stoichio-
metry and structure. Interestingly, we observed the TMP in two dis-
tinct oligomerization states along the tail. For the region of the tail
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extending from the neck region to just above the baseplate, six copies
of the TMP are present, adopting in parts a clear helical bundle
arrangement consistent with prior hypotheses® (Fig. 5a). On the other
hand, only three copies of the TMP were present in the inner cavity
enclosed by the baseplate. These fragments, showing no clear density
connecting them to the six copies present along the rest of the tail
tube, were identified as a C-terminal fragment of the TMP based on a
predicted tri-helical structure from AlphaFold and quality of map fit.
The different number of copies of the bulk of the TMP and its
C-terminal fragment suggests that proteolytic cleavage takes place
on the full-length TMP peptide, leading to the formation of large
and small fragments that can be integrated differently in the virion.
Proteolytic cleavage of the TMP has indeed been confirmed for
siphophages®” and was recently theorized to occur in
myophages>*?**5%°_Qur findings suggest that TMP cleavage might be
a conserved feature between major groups of bacteriophages that
utilize highly variable mechanisms of infection. Whether or not TMP
cleavage serves the same purpose in relation to cellular infection
requires further investigation.

The myophage baseplate is thought to recognize host receptors
via its fiber network. Upon binding of the fibers to cellular receptors, a
conformational change is thought to transduce signals to the tail
sheath and baseplate structures to initiate contraction and re-
arrangements required for injection of the phage genome. Our study
revealed an intricate network of contacts between fiber proteins and
core baseplate components that would partly explain how these sig-
nals are transduced. Firstly, the direct contact observed between the
LTF and the STF ensures that these two fibers move concertedly,
possibly linking the receptor binding process and the conformational
changes triggered by it. Secondly, the rip-cord motif formed by the
N-terminal helical bundle of the LTF and the C-terminal helix of the SI
directly links the fiber network to the @TE sheath (Fig. 6g). As a result,
any rotation of the rip-cord motif (triggered, for example, by receptor
binding or baseplate re-arrangement) would be directly transmitted to
the sheath, possibly initiating tail contraction. Thirdly, the putative
disulfide bond between the SI and wedge 1, located near the rip-chord
bundle, could provide a pivoting point that transduces signals asso-
ciated with receptor binding between the LTF and STF, enabling
cooperativity of the effects triggered by the binding of each of them to
their receptor (Fig. 6h). Finally, both the STF and LTF are directly
bound to the periphery of baseplate wedge lobes and are thus capable
of transducing binding signals directly to the baseplate, which must
also undergo rearrangement during contraction to release the base-
plate hub. The additional unmodelled fiber may also play arole in these
processes.

Our findings regarding the @TE virion, in conjunction with pre-
vious studies focused on contractile systems, allow us to create a
hypothesis regarding the initiation of tail contraction in ¢@TE (sum-
marized in Supplementary Fig. 8). Firstly, STFs and LTFs interact with
host receptors. The binding order is unclear, but must involve adhe-
sion to flagella as @TE is flagellotropic and lipopolysaccharide
independent®. Following receptor binding, the movement of fibers is
transmitted to the baseplate wedge through the site of fiber attach-
ment, inducing baseplate reorganization as observed in other
systems®**! releasing the internal baseplate hub from the external
baseplate wedge. Hub release uncouples the tip of the tube from the
baseplate. The mechanical motion of fibers directly destabilizes the
rip-cord bundle. This destabilization exerts a force on the C-terminal
helix of the SI protein, which is transmitted to the first sheath ring via
the hinge sheet, resulting in the contraction of the first baseplate
proximal sheath ring. Destabilization of this sheath ring is propagated
along the sheath, leading to sheath collapse. The SI protein destabili-
zation is likely affected by baseplate reorganization, and multiple
fibers must be activated in concert. At the capsid end, the conforma-
tion change in the sheath is applied directly to the strands of the TT

protein that form part of the two head proximal hinge sheets. This
would allow a conformational signal to be transmitted from the TT to
the HC protein, facilitating dsDNA release, possibly through con-
formational change in aperture loops widening the central channel as
was observed in the transition from extended to contracted T4 phage
connectors®. It is unclear whether ejection of the TMP represents a
secondary gating mechanism.

As a final point, our @TE baseplate reconstruction constitutes the
second flagellotropic myophage baseplate described (the first being
phage Milano'). Despite recent surges in bacteriophage research, little
is known about the process of host surface recruitment of flagello-
tropic myophages. These must somehow migrate from their initial site
of flagella binding (in most cases in the flagellin filament), to the host
surface, followed by re-alignment of the virion perpendicular to the
host surface, primed for contraction®. These constraints are not
imposed on primarily LPS-dependent myophages like T4, which bind
directly to the surface through LTF mediated random receptor sear-
ches that result in LTF binding, inducing STF deployment and tight
binding to secondary surface receptors, resulting in perpendicular
alignment to the host surface®™.

The core baseplate components of our @TE structure show strong
structural similarity to both phages Milano and T4, and essentially all
known contractile systems, suggesting that the core mechanism of
baseplate reorganization and sheath contraction is conserved in con-
tractile ejection systems®**1¢*+4551 However, a point of divergence
between the ®TE and Milano baseplates relative to T4 is found in the
structure and orientation of tail fibers. Both ¢ TE and Milano have short
tail fibers that face in a head distal direction (referred to from here as
downward-facing), unlike the retracted fibers observed in phage T4,
and several other LPS dependent phages***°. Similar observations have
been made for flagellotropic phages F341 and 7-7-1, which were both
observed to adhere to their respective host flagella via short
downward-facing tail fibers that bind perpendicular to the flagellar
filament®*“°. This would suggest that perhaps flagellotropic phages
often initiate host binding not through random receptor searches, but
through direct binding of pre-deployed short tail fibers to flagella. In
such a scenario, it is not clear what initiates the deployment of addi-
tional tail fibers or the triggering of base plate rearrangement. Thus, it
seems very plausible that flagellotropic myophages may deviate in the
sequential nature of tail contraction relative to LPS dependent phages.
This paradigm makes sense in the context of phage @TE for several
reasons. Firstly, @TE STFs are downward facing, primed and ready for
perpendicular attachment to the flagellar filament. Secondly, a STF
first binding scenario better suits our rip-cord bundle hypothesis, as
transient disassociation of @TE LTFs for receptor binding would be
expected to exert force on the SI C-terminal helix leading to sheath
contraction and would thus be expected to occur as a secondary event.
For these reasons, we deem it likely that initial ( TE receptor binding is
mediated by STFs. This theory can be tested further through EM ana-
lysis between phage @TE and flagella filaments.

To conclude, our comprehensive model provides a solid struc-
tural basis for performing studies of the phage infection mechanism.

Methods

Sample purification

For lysate preparation, 6 ml of Pectobacterium atrosepticum overnight
culture was added to 200 mL low-NaCl LB (10 g/ml tryptone, 5g/mL
yeast extract, 5g/mL NaCl). It was incubated for 1.5 hours at 25 °C.
400 ml of high titer @TE sample was added to the culture, followed by
incubation at 25 °C for 17 hours for phage growth and cell lysis. Crude
lysates were centrifuged at 10,000 x g for 20 minutes (Thermo Fisher
Scientific (TFS) LYNX 6000, Fiberlite F12-6 x 500 LEX rotor) at 20 °C;
then the supernatant was decanted into an autoclaved Schott bottle.
The supernatant containing phage was filtered using a 0.45 um filter.
The sample was then loaded into polypropylene thin-walled 38.5 mL
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ultracentrifuge tubes (ref 326823) undelayed with 3 mL of 20% w/v
sucrose. Tubes were filled to the top and topped with @TE buffer
(10 mM Tris - HCI pH 7.4, 10 mM MgSO4, and 0.01% w v21 gelatin).
Tubes were loaded into SW32 swing buckets. The sucrose cushion was
spun at 50,000 x g for 1 hour 30 minutes at 20 °C (TFS Sorvall™ WX+,
Beckman SW32 TI rotor). The sample supernatant was decanted, and
the residual buffer was tapped out of tubes. All six pellets were
resuspended in 500 ml @TE buffer overnight at 4 °C. Pellets were
pooled into a fresh 50 mL falcon (without any up and down pipetting)
and were diluted with @TE buffer to a total volume of 22.5 mL.

Two CsCl gradients were prepared; each gradient contained 1.5 ml
of CsCl at densities of 1.33, 1.45, 1.6 and 1.7 g/cm’. Gradients were
prepared in thin wall 17 mL polypropylene ultracentrifuge tubes (ref
337986). To both gradients, 11 mL of the sample was decanted. Gra-
dients were transferred into Beckman SW32.1 swing buckets and were
centrifuged at 100,000 x g for 4 hours at 20 °C. Thick bands were
visible post-centrifugation at the interface between 1.45 and 1.6 g/cm’.
Bands were carefully harvested using a filtered p1000 pipette. Samples
were initially diluted 1:2 with @TE buffer and were then concentrated
and fully buffer exchanged into @TE buffer using Amicon 100 kDa
cutoff 500 mL concentrators centrifuged at 14,000 x g at room tem-
perature. Samples were stored at 4 °C for later use.

Cryo-EM data collection

Samples for cryo-EM were prepared by depositing 3.5 pL of purified
phage solution onto Quantifoil R2/1 gold grids previously plasma
cleaned with a 20% hydrogen, 80% oxygen plasma using a Gatan
Solarus (Gatan Inc, USA) for 30 s. Samples were then blotted at 4 °C
and 100% humidity with a FEI Vitrobot Mark IV (waiting time 30s,
blotting time 65, blotting force 0) before flash-freezing in liquid
ethane-propane (50:50).

A set of 52,662 movies were collected on a Titan Krios cryo elec-
tron microscope (TFS) operating at an acceleration voltage of 300 kV.
Images were recorded semi-automatically with EPU software (TFS)
with a Falcon 3EC direct electron detector (TFS) in linear mode at a
nominal magnification of 78,000, resulting in a pixel size of 1.387 A/
pixel. A defocus range from -0.5 pum to -3.5 um was applied. The total
dose of 50 e”/A? was fractionated evenly over 42 frames.

Image processing

All @TE reconstructions were performed in cryoSPARC V4.4.1°. All
52,662 micrographs were subjected to patch-based motion correction
and patch CTF correction using default parameters (Supplementary
Fig. 9a). Downstream workflows were performed as follows.

For the capsid reconstruction, a subset of 5000 micrographs were
picked using a Gaussian blob as a reference. The resulting picks were
extracted using a box size of 1000 pixels, binned to 100 pixels and
subjected to 2D classification. This resulted in 2D class averages of
both full and empty capsids, which were then used as templates for
two additional, separate picking rounds. Particles were then extracted
in both cases using a box size of 1000 pixels and subjected to 2D
classification. Particles corresponding to class averages showing high-
resolution features were selected for 3D reconstruction (Supplemen-
tary Fig. 9b).

For the full capsids, an initial homogeneous refinement using
12 symmetry was performed. The resulting reconstruction was used to
perform local CTF refinement for its particles, after which they were
cropped to a box size of 900 pixels and downsampled to 808 pixels.
The resulting particles were used to perform a final non-uniform
refinement with 12 symmetry.

The WALC (Walking ALignment and Classification) procedure was
applied to extract particles of the connector and baseplate regions.
The WALC workflow consists of iterative cycles of helical reconstruc-
tion, shifting of the resulting map along the Z-axis and re-extraction
of particles with the applied shift in 3D coordinates, together with

2D classification after each re-extraction. This workflow was applied
to a starting stack of tube helical segments. In each round, the
helical reconstruction is performed against a reconstruction of the
tail tube, using the appropriate helical parameters. A total of seven
iterations with both positive and negative Z-axis shifts were per-
formed, each iteration resulting in a shift of 230 A along the tail. Par-
ticles showing features corresponding to either the baseplate or the
connector were selected from each 2D classification round. After
pooling together the baseplate and connector particles obtained
from each WALC round (without combining particles corresponding
to the two different parts), duplicates were removed with a proximity
threshold of 300 A. This concept is briefly outlined in Supplementary
Fig. 10a.

We reconstructed the baseplate using four separate reconstruc-
tions to improve the local resolution of various components since
alternating symmetries were present in the baseplate and baseplate
mobility was observed through 3D variability analysis:

-C6 upper reconstruction - The C6 upper base plate reconstruction
was generated using homogenous refinement, followed by local CTF
refinement and non-uniform refinement with Cé6 point group sym-
metry. This structure was used for modeling the tube, sheath seg-
ments, and the SI and Spacer proteins.

-C6 lower reconstruction - The C6 lower reconstruction utilized a
focused local alignment applied to particles subjected to density
subtraction of all regions outside of the baseplate wedge; a focus mask
covering the wedge module was utilized in this local alignment. The
local reconstruction was then submitted to cryoSPARC deep EM
enhancer. This map was used to model the Wedge 1 and Wedge 2
proteins.

-C3 reconstruction - The C3 reconstruction was performed using
the same methods and focused on the same region as the C6 upper
reconstruction but with C3 point group symmetry. This map was used
to model the TI, TMP, hub, and PA structures.

-C6 fiber reconstruction - The C6 fiber reconstruction was per-
formed using the same methods as the C6 upper reconstruction, but
with a box shift implemented that centered the fiber region more
central in the box.

A summary of baseplate maps used for modeling is shown in
Supplementary Fig. 6. We then used the Phenix combine_focu-
sed_maps tool to create the composite map used for the deposition of
the baseplate composite model (Supplementary Fig. 10b).

For the connector region, additional particles were picked
through the following separate procedure. Firstly, previously aligned
capsid reconstructions were symmetry expanded by 12 symmetry,
followed by box re-centering and re-extraction on an arbitrary vertex
using the volume alignment tools job in cryoSPARC. New Box center
coordinates were set -20 A outward from vertices as we found this
improved downstream results. The 3D Vertex coordinates were
established using the capsid_vertex_finder.py script in ChimeraX,
available on GitHub (https://github.com/JimHBean/capsid_vertex_
finder)®”. Particles were re-extracted with a box size of 336 and were
submitted to a delete duplicate particles job. Particles were then
submitted to 3D classification, resulting in a class of pooled connector
particles with a stack size approximately equal to the initial capsid
particle stack size. These particles were combined with those obtained
through the WALC procedure, and an additional job to remove
duplicate particles was performed. We found the combination of these
methods yielded the largest number of usable particles. The connector
assembly was then reconstructed as two separate maps depending on
the local symmetry and environment. The lower portion of the con-
nector was reconstructed first with C6 point group symmetry imposed
via a homogenous refinement job, followed by local CTF correction
and non-uniform refinement, yielding a 3.3 A reconstruction. These
aligned particles were then submitted to a volume alignment tools job
to shift particle images in Z such that the portal and adapter proteins
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were centered. We then performed homogenous reconstruction
without alignment to identify the approximate portal/adapter com-
plex position, followed by local CTF estimation and masked local
refinement with C12 point group symmetry, yielding a map with a
resolution of 3.1 A. We then used the Phenix combine focused_maps
tool to create the composite map used for the refinement®® and
deposition of connector models (Supplementary Fig. 10a).

Both the native and contracted conformations of the TE tail
were reconstructed using the cryoSPARC helical reconstruction
workflow. Particles were picked using the template-free filament tracer
tool with particle dimensions measured from raw micrographs. For
both structures, initial helical parameters were estimated from low-
resolution C6 connector/baseplate reconstructions that included
several rings of sheath proteins. Helical parameters were then auto-
matically refined and implemented using cryoSPARC helical recon-
struction with C6 point group symmetry imposed and otherwise
default parameters (Supplementary Fig. 9c).

In order to obtain a reconstruction covering the entire length of
the tails in the extended state, a total shift of 510 A was applied to the
particles used for the reconstruction of the baseplate along the Z axis
and towards the capsid, which placed the resulting particle
coordinates in the center of the extended tail. Particles were then
extracted with a box size of 860 pixels, subjected to local CTF
refinement and used to perform an homogeneous refinement with
C3 symmetry only.

To obtain the entire phage reconstruction, an additional shift of
580 A along the Z axis towards the capsid was applied to the particles
used for the entire tail reconstruction. Particles were then extracted
using a box size of 2000 pixels and binned to a box size of 500 pixels.
An initial reconstruction was then obtained by backprojecting the
particles with the alignment parameters determined during the entire
tail reconstruction, without applying any symmetry. This first recon-
struction was then used to perform an homogeneous refinement
without symmetry. The particles were then subjected to 2D classifi-
cation, and 12,638 particles corresponding to class averages contain-
ing density for both the capsid and the entire tail were selected for
further processing.

A non-uniform refinement was then performed against the pre-
viously obtained first reconstruction of the entire phage, without
imposing any symmetry. The resulting reconstruction and its corre-
sponding particles were then used to train a 3D-flex model using a
training box size of 200 pixels. Finally, a reconstruction taking into
account the flexible motions learnt by the model was performed with
particles downsampled to a box size of 440 pixels.

Local resolutions, FSC curves and angular distribution plots for all
deposited maps are shown in Supplementary Figs. 11, 12 and 13
respectively.

Mass spectrometry

For mass spectrometry, the gel lanes from three independent gels of
separated @TE proteins were fractionated each into five molecular
weight fractions and in-gel trypsin digested using a robotic work-
station for automated protein digestion (DigestPro Msi, Intavis AG).
Tryptic peptides were extracted and concentrated using a centrifugal
vacuum concentrator. The peptides of each fraction were recon-
stituted in water containing 5% acetonitrile and 0.2% formic acid and
injected into an Ultimate 3000 nano-flow UHPLC-System that was
inline-coupled to a LTQ Orbitrap XL mass spectrometer (Thermo
Scientific, San Jose, CA). The obtained raw data were processed and
searched against a combined phage and bacterial amino acid
sequence database containing 484 @TE and 4739 Pectobacterium
atrosepticum sequence entries respectively'®, using Proteome Dis-
coverer 2.1 (Thermo Scientific, San Jose, CA). Peptide hits were fil-
tered for a strict FDR (false discovery rate) of ¢<0.01 using the
Percolator algorithm® and only proteins that were identified by two

or more peptides at a FDR of g < 0.01 were considered as significant
identifications. The abundance of the proteins and peptides was
quantified using two methods: Exponentially modified protein
abundance index (emPAI)’° and Top3”. The major difference
between these two abundance values is that emPAl is based on the
number of observed peptide spectrum matches as a fraction of the
theoretical number of observable peptides in the sample while Top3
is based on the measured chromatographic peak area of the three
strongest peptides hits from a given protein.

A table summarizing highly abundant peptides determined by
mass spectrometry can be found in Supplementary Table 2.

Model building, refinement and validation

Initial models were generated using AlphaFold-2 via the Google Colab
platform”” and more recently AlphaFold-3 via the AlphaFold-3
server’* (Supplementary Data 1). Plots of pLDDT and PAE for each
initial model can be found in Supplementary Figs. 14 and 15 respec-
tively. The initial model generated for the TMP was truncated to keep
only the region for which clear, unequivocal density was observed in
the baseplate reconstructions (Supplementary Fig. 16). Models were
rigid body fit into density using ChimeraX Fit-To-Map. Manual model
refinement was performed in Coot and ISOLDE for all protein chains,
followed by refinement in Phenix_real_space refine®®”>’¢, All individual
chains were refined in their respective maps zoned around each
model. Map zoning was implemented with a padding factor of -8 A
around the density associated with the model being refined. Models
were also padded at their periphery with additional symmetry-related
models to constrain the side chains at the periphery of models being
refined. No specific routine for atomic B-factor was performed beyond
the automatic refinement performed by Phenix real space refinement
(AlphaFold pLDDT values were used as initial B-factor values).
B-factors were not interpreted or analyzed in any manner. Individual
refined models were then combined into their respective composite
ASU models which were subsequently submitted to comprehensive
validation by Phenix to test for accurate model geometry, peptide
orientation, alpha carbon placement and model-map fit. Validation
results are summarized in Supplementary Table 1.

Capsid volume calculations

For each T=13 capsid analyzed, a protein center of mass coordinate array
was constructed using Chimera X. These arrays represent the outer sur-
face of the capsid as defined by the center of mass of each MCP. Delaunay
triangulation was performed by generating a Python script that acts on
input coordinate arrays, grouping coordinates into a continuous array of
simplices that describe particle geometry. The script utilized the SciPy
Delaunay module to calculate Delaunay triangulation”.

Internal volume measurements were calculated as the sum of
internal volumes of all irregular tetrahedra in each model. The surface
area was calculated as the sum of surface area measurements for only
externally facing simplex facets.

Rv and Rf were calculated using ChimeraX. Rv was calculated as
double the distance from the particle center to the center of mass of
pentamers. Rf was calculated as double the distance from the particle
center to the center of mass of true 3-fold axes.

Sphericity was calculated as a ratio of surface area to volume using
Eq. (1):

) W

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The atomic models used in this study have been deposited in the
Protein Data Bank (PDB) under accession codes 9CUL (capsid), 9CC7
(connector), 9CB9 (extended tail), 9CBA (contracted tail), 9CUY
(baseplate), 9MJN (full virion), 6)3Q (Micl siphophage capsid), 60MC
(TS5 siphophage capsid) and 5VF3 (T4 myophage capsid). Electron
density maps have been deposited in the Electron Microscopy Data
Bank (EMDB) under accession codes EMD-45937 (capsid map), EMD-
45435 (connector composite map), EMD-45436 (connector C6 map),
EMD-45439 (connector C12 map), EMD-45419 (extended tail helical
map), EMD-45420 (contracted tail helical map), EMD-45953 (baseplate
composite map), EMD-45486 (baseplate C6 upper map), EMD-45488
(baseplate C6 lower map), EMD-45487 (baseplate C3 map), EMD-45491
(baseplate Cé6 fiber map), EMD-45613 (entire tail C3 map), and EMD-
48317 (entire virion composite map). Mass spectrometry data have
been deposited in the MassiVE repository under accession code
MSV000097283 [https://doi.org/10.25345/C5VM43895]. Source data
are provided as a Source Data file. Source data are provided with
this paper.

Code availability

Two Python scripts used in this study have been uploaded and are
available via GitHub. Script 1: A Python script executable in ChimeraX.
Generates a marker set that corresponds to the center of mass coor-
dinates of icosahedral symmetrized capsid proteins. This marker set
can be saved as a.cmm file which contains marker coordinates. Script 1
and instructions for use can be found at: https://doi.org/10.5281/
zenodo.15062753. Script 2: A Python script that takes.cmm files gen-
erated from Script 1 and performs Delaunay triangulation for capsid
volume and surface area measurement. Script 2 and instructions for
use can be found at: https://doi.org/10.5281/zenodo.15062882.
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