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SUMMARY

Mycobacteriophage Bxb1 is a well-characterized virus of Mycobacterium smegmatis with double-stranded
DNA and a long, flexible tail. Mycobacteriophages show considerable potential as therapies for Mycobacte-
rium infections, but little is known about the structural details of these phages or how they bind to and tra-
verse the complex Mycobacterium cell wall. Here, we report the complete structure and atomic model of
phage Bxb1, including the arrangement of immunodominant domains of both the capsid and tail tube sub-
units, as well as the assembly of the protein subunits in the tail-tip complex. The structure contains protein
assemblies with 3-, 5-, 6-, and 12-fold symmetries, which interact to satisfy several symmetry mismatches.
Cryoelectron tomography of phage particles bound to M. smegmatis reveals the structural transitions that
occur for free phage particles to bind to the cell surface and navigate through the cell wall to enable DNA

transfer into the cytoplasm.

INTRODUCTION

Mycobacteria have complex cell walls that bacteriophages must
navigate for both productive infection and efficient lysis." These
gram-positive organisms contain an unusual outer membrane
(“mycomembrane”) composed of mycolic acids, trehalose my-
colates, and other glycolipids, separated from the cytoplasmic
membrane by thick layers of peptidoglycan and arabinogalactan
(see Figure 1).> Mycobacteriophages are viruses that infect
Mycobacterium hosts and use specialized esterases for separa-
tion of the mycomembrane from the cell wall during lysis.>* But
little is known about mycobacteriophage receptors or how the vi-
rions circumvent mycobacterial cell wall barriers for entry,*®
although we recently showed that phages Muddy and BPs
require cell wall trehalose polyphleates for infection of Mycobac-
terium abscessus.” Elucidation of the determinants of phage
specificity and the mechanisms of DNA transfer to the cytoplasm
are critical for advancing the potential of mycobacteriophages
for the therapy of tuberculosis and non-tuberculous mycobacte-
rium (NTM) infections.®'®

Mycobacteriophage diversity is well-defined, and the ~2,500
sequenced genomes can be grouped according to their
genetic relationships into over 40 genome types (clusters and

singletons).”'® All mycobacteriophages discovered to date
are double-stranded DNA (dsDNA) tailed phages, and morpho-
logically most are siphophages with long flexible non-contrac-
tile tails. Two genomic groups have myophage morphologies
with contractile tails.” No Mycobacterium podophages with
short stubby tails have been identified, presumably because
these are geometrically incapable of traversing the thick myco-
bacterial cell wall." Although there is great sequence diversity
among these phages, the virion structure and assembly genes
of the siphophages are highly syntenic.’

Advances in cryoelectron microscopy (cryo-EM) have enabled
whole phage structural characterization at a near atomic
level, and virions of several other hosts have been described,
including podophages (HRP29'” and Sf6'® of Shigella, P22
of Salmonella,'® PSCSP1u of Cyanobacteria,”® SU10 of Escher-
icia,”" $29 of Bacillus,?*>*® and ®M1 of Pectobactia®*), myoph-
ages (Pam3 of Cyanobacteria,”> XM1 of Vibrio,?® and E217 of
Pseudomonas®’), and siphophages (y of Salmonelia®®*° and
DT57C,*° T5%" and x***° of Eschericia, vB_DshS-R4C, of Dinor-
oseobacter,** and 80a. of Staphylococcus®°). Likewise, develop-
ments in cryoelectron tomography (cryo-ET) have enabled sub-
tomogram averaging and direct 3D visualization of host-bound
phages.'®° Although recent cryo-EM studies have provided
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insights into the structure and evolution of mycobacteriophage
capsids,®”° the tails and the tail tips—which play critical roles
in host recognition, binding, and DNA transfer—have only been
characterized at low resolution for one phage.’® Moreover, no
cryo-ET studies of mycobacteriophages have been described.

Bxb1 is a well-characterized cluster A1 mycobacteriophage®'*?
with a ~60 nm diameter isometric icosahedral capsid containing a
50.5 kbp genome, and a ~130 nm-long flexible tail. Genome ana-
lyses showed that Bxb1 virions contain unusual sequence-related
~90 amino acid C-terminal extensions (CTEs) on both the capsid
and tail tube proteins and another three related copies of the
sequence within a putative minor tail protein.*"*> Bxb1 has been
widely exploited as a source of biotechnological tools'**** and
has been proposed as a vaccine platform in which large numbers
of epitopes can be displayed on the capsid surface.*® Here, we
report the complete structure of both free Bxb1 virions (cryo-EM)
and Bxb1 particles infecting Mycobacterium smegmatis (cryo-ET
of cryofocused ion beam [cryo-FIB] milled lamellae). These struc-
tures give insights into virus architecture and assembly, the poten-
tial for Bxb1 as a vaccine platform, and the dynamic structural re-
arrangements associated with binding to host cells and DNA
transfer. These findings will also advance mycobacteriophage
therapies for tuberculosis and NTM infections.'*'®

RESULTS

Overview of the virion structure of mycobacteriophage
Bxb1

Bxb1 was one of the first mycobacteriophages to be genomically
characterized,*” and its virion structure and assembly genes
constitute the genome left arm (Figure 1A). Like all ~800
sequenced cluster A mycobacteriophages,“° the gene organiza-
tion is unusual among siphophages in that some of the tail genes
(and the lysis cassette) are situated in the extreme left arm of the
genome, over 10 kbp away from the other tail genes (Figure 1A).
We used mass spectrometry of highly purified phage particles to
identify 18 of the 34 left arm gene products as virion components
(Figure 1A; Table 1). We then used cryo-EM and single particle
analysis (SPA) to determine the high-resolution structure of
free phage particles (Figures 1B-1D and S1; Table S1). Finally,
we employed cryo-FIB milling and cryo-ET, followed by subto-
mogram averaging (STA), to elucidate Bxb1 interactions with
the Mycobacterium cell envelope (Figures 1E-1G and S2; Video
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S1; Table S2). These methods facilitate visualization of the struc-
tural dynamics of mycobacteriophage infection.

Atomic modeling into experimental SPA maps provided struc-
tural evidence for 15 of the 18 proteins identified by mass spec-
trometry, with nearly all of the density accounted for. Three pro-
teins (gp12, gp5, and gp17) were not resolvable in the density
map (Figure 1A; Table 1). The structure reveals interesting fea-
tures of the Bxb1 virion (Figures 1B-1D), including the unusual
arrangement of CTE domains displayed on both the capsid
(gp14) and tail tube (gp19) surfaces. It also details portal (gp11)
structural variations that accommodate symmetry mismatches
in the capsid-tail connector region, which also contains the
adaptor (gp15), stopper (gp16), and tail terminator (gp18). The
tail-tip structure involves nine proteins, with some conserved
structural features like the tape measure protein (TMP) (gp22),
baseplate hub protein (gp25), and collar with fibers (gp4 and
gp6), but also structures unique to Bxb1 like the tail-tip cage
(gp23), spike protein (gp29), and wing complexes formed by
gp30, 31, and 33 (Figure 1D).

To elucidate Bxb1’s interactions with the M. smegmatis cell
envelope, we produced lamellae with cryo-FIB milling and sub-
jected them to cryo-ET followed by STA (Figures 1E and 1F;
Table S2; Video S1). M. smegmatis cells were infected with
Bxb1 at high (300) multiplicity of infection (MOI) to maximize
the number of bound phage particles for analysis, and the
mixture was vitrified 30 min after mixing phages with cells (a suf-
ficient time for efficient adsorption but early in the Iytic cycle®).
We identified and extracted 3D sub-volumes of capsids, tail
tubes, and tail tips interacting with the host membrane for subto-
mogram analysis. The maps reflect structures of both DNA-filled
and empty host-bound phage particles (Figure 1F) and provide
insights into the interaction of the Bxb1 tail tip with the mycobac-
terial cell envelope (Figure 1G).

These structures are discussed in detail in the sections below,
while workflows and specifications for cryo-EM (Figure Sf;
Table S1) and cryo-ET (Figure S2; Table S2; Video S1) are pro-
vided in the supplemental information.

The Bxb1 capsid

The Bxb1 capsid was reconstructed with SPA with icosahedral
symmetry (2.71 A resolution), and a model of the capsid protein
was built (Figures 2A and 2B). The Bxb1 capsid subunit adopts
the HK97-fold, including the N-arm, P domain, E-loop, A domain,
and G-loop (Figures 2A and 2C).*” However, the structure

Figure 1. Mycobacteriophage Bxb1

(A) The left arm of the Bxb1 genome is represented by a white ruler (tick marks indicate every 100 bp and 1 kbp) with genes shown above as boxes. Individual
genes are color-coded to structural components (the capsid protein is shown in light blue for hexon subunits and darker blue for penton subunits). Genes
detected by mass spectrometry but not in the cryo-EM density are black, and genes whose products are absent in the virion are gray.

(B) Cryo-EM micrograph of a Bxb1 particle.

(C) 2D class averages of the Bxb1 capsid, portal complex, tail tube, tail tip, and tail spike components.
(D) A composite cryo-EM map of the entire Bxb1 particle, with density segments for each structural component labeled and colored as in (A). The leftimage shows

the full volume, and the right is clipped to show a cross section.

(E) A representative tomographic slice showing an M. smegmatis cell infected with Bxb1. Mycobacterial membrane (green arrowhead), peptidoglycan/arabi-
nogalactan layer (brown), DNA-containing capsids (blue), empty capsids (pink), and tail tube (light green) are indicated, and capsids are lettered.

(F) A 3D rendering of the boxed area in (E) (rotated 90° counterclockwise) displaying Bxb1 in both DNA-filled (teal) and empty capsid (pink) states. The model is
rendered by mapping the subtomogram averages onto the tomogram (Video S1).

(G) Schematic representation of the Mycobacterium cell envelope.
See also Figures S1 and S2.
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Table 1. Virion proteins of Bxb1

Gene Protein name aa® # spectra® Modeled? Interacts with® # copies per phage® Symmetry
4 tail collar fibers 356 183 yes 4,6,23 9 C3

5 unknown 236 23 no N/A N/A N/A

6 tail collar spacer 86 27 yes 4,23 3 C3

11 portal 488 800 yes 11,14, 15 12 C12/C1
12 capsid mat. protease 294 75 no N/A N/A N/A

14 capsid 397 1679 yes 11,14 415 1/C1

15 head-to-tail adaptor 125 110 yes 11, 15, 16 12 C12
16 head-to-tail stopper 126 171 yes 15, 16, 18 6 C6

17 unknown 131 20 no N/A N/A N/A

18 tail terminator 148 72 yes 16, 18, 19 6 C6

19 tail tube 283 809 yes 18,19, 23 156° C1

22 tape measure 823 405 yes 25 3° C3

23 tail tip cage/Dit 685 285 yes 4,6,19, 23,25 6 C3

25 baseplate hub 600 170 yes 22,23, 25, 29 3 C3

29 tail spike 617 132 yes 25, 29, 30 3 C3

30 tail wing base 496 161 yes 29, 31, 33 3 C3

31 tail wing arm 106 86 yes 30, 31 6 C3

33 tail wing brush 267 71 yes 30 3 C3

#The number of amino acids in each protein subunit.
PThe total number of spectra identified by LC-MS/MS are indicated.

°Other Bxb1 gene products that this protein subunit interacts with, as determined by ChimeraX interface mapping.
“The number of protein subunits per virion particle are shown for each protein; N/A, not available.
®The numbers of tail tube subunits are estimated from the approximate length of the tail tube and ring-to-ring distance, and the number of tape measure

subunits is based on the fragments built into the cryo-EM density map.

deviates from the HK97-fold in two important ways: the P-loop
and CTE domain. The P-loop is a 14-amino acid insertion in
the P domain that forms trimeric “turrets” at the 3-fold axes
(Figures 2A and 2C).® At these axes, each P-loop trimer inter-
acts with three rings formed by hexameric E-loops to form a
crosslinked capsid chainmail structure, with isopeptide bonding
between asparagine-278 and lysine-74 in neighboring capsid
subunits (Figure 2D).*® The Bxb1 capsid CTE domains are
displayed on the capsid external surface (Figures 2A-2C)
and interact as three pairs atop capsid hexamers and as two
pairs with a single monomeric domain at the pentamers.
Resolving the CTE domain arrangement on pentons required
an asymmetric local reconstruction (3.17 A resolution) since
icosahedral averaging smears the two dimer, one monomer
configuration (Figures 2C and S3A). The CTE domains are highly
immunogenic’® and are positioned analogously to Ig-like do-
mains on the capsid of E. coli phages $29, P22, and Sf6,
although the fold is structurally distinct from these (Fig-
ure S3B).?>*°7°? Instead, the CTE folds similarly to the C-terminal
domain of a minor capsid protein of mycobacteriophage
Patience (PDB: 8GIU-1, root-mean-square deviation [RMSD]
0.940 A across 59 pruned atom pairs),*” which is otherwise un-
related to Bxb1 (Figure S3C). Although the folds are structurally
similar and both are on the capsid external surface, the Patience
domain occupies the 3-fold vertices of its capsid (Figure S3D).*’

STA maps (11.7 and 12.6 A resolution for DNA-filled and
empty capsids, respectively) show some minor differences in
the Bxb1 capsids when DNA-filled versus empty (Figures 2E-

4 Cell 188, 1-18, May 29, 2025

2H). In particular, the CTE domains on top of capsid hexamers
change position slightly in the empty capsids, with ~12 A larger
distances between adjacent pairs (Figures 2F and 2G). Addition-
ally, the 6 A pore formed at the center of the hexameric A do-
mains in the capsid floor is somewhat larger in the DNA-emptied
capsid reconstructions, suggesting potential changes in capsid
geometry following the genome ejection (Figure 2H).

The portal and head-to-tail joining assembly
The head-to-tail region has several symmetry mismatches, most
notably the association at one of the 5-fold capsid vertices of the
12-fold portal (gp11) and adaptor (gp15) complex. Below this,
the adaptor protein links to the 6-fold head-to-tail stopper
(gp16), which binds to the 6-fold tail terminator (gp18) that
caps the top of the long hexameric but 3-fold symmetric tail
tube protein (gp19). Some poorly resolved density in this region
could correspond to gp17, which is particle associated (Table 1)
but otherwise unmapped (Figure S4A). The distantly related
p143 of phage T5 was reported to be similarly challenging to
map to cryo-EM density.®">® The head-to-tail joining structures
were resolved by symmetry-expanding the SPA dataset from the
icosahedral capsid reconstruction and using two 3D classifica-
tion steps to first identify the 5-fold vertex with connector density
and then to isolate one of the five symmetry-related copies of
each particle (Figures 3A and S1). Two approaches were taken
to achieve the second step.

First, the portal vertices were classified to identify poses
with well-aligned capsid and portal densities (Figure S1). We
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extracted subparticles with these orientations and locally refined
both the entire map (3.44 A resolution) and the isolated portal re-
gion (3.31 A resolution) without symmetry (Figures 3B and S1C).
This region has five capsid hexons surrounding the dodecameric
portal complex, and modeling shows that the portal subunits
interact with the ten closest capsid subunits, which are in either
“surrounding” or “distal” orientations, as described for other
phages (Figures 3B and S5A).'%°* Two features of the model
enable the 5- to 12-fold symmetry transition. First, two portal
subunits on opposite sides of the complex form smaller inter-
faces with single capsid subunits relative to the remaining ten
(Figure 3B). This is reminiscent of the 5- to 12-fold symmetry
transition in HK97 prohead I, which is accommodated by ten
portal subunits interacting with ten capsid scaffold domains,
leaving two portal subunits free.*®> Second, each portal subunit
exists in a different local capsid environment, necessitating sub-
tle breaking of the portal’s 12-fold symmetry (Figures 3C and
S5A-S5C). For example, five of the Bxb1 portal subunits (sub-
units 2, 6, 7, 8, and 9, Figure 3C) form hydrogen bonds with a sin-
gle capsid subunit (three surrounding capsid subunits and two
distal subunits are partners in these interactions), and the other
seven bond to two capsid subunits (one surrounding and one
distal). Of those portal subunits that hydrogen bond to two
capsid subunits, three (subunits 1, 4, and 11) bind to capsid sub-
units within the same hexamer while the other four (3, 5, 10, and
12) bridge two adjacent capsid hexamers (Figures 3C and S5B).
The remodeling required to accommodate these different bind-
ing patterns occurs in the loops connecting beta strands in the
wing domain (Figure S5C; Video S2), similar to gp20 of
phage T4.%*

Second, the portal vertices were classified with a focus mask
over the area below the portal to resolve the entire connector
complex (Figure S1). The entire portal-adaptor-stopper-termi-
nator-tail tube assembly was locally refined with C3 symmetry
(8.30 A resolution), and then each symmetric piece was refined
(resolutions of 2.69 Afor C12 region, 2.68 A for C6, and 3.06 A
for C3) before these were merged to form a composite map
(Figures 3D and S1; Table S1). A complete model was built into
the composite map and shows an intricate network of interfaces
(Figure 3E), with individual protein models largely homologous
to similar previously described structures (Figures S5D-S5K;
Table 83).32‘38’56’57

Cryo-ET STA comparisons of the head-tail connection in par-
ticles that are host attached but have either DNA-filled or empty
capsids reveal several differences (Figures 3G and 3H). About
75% of the particles have DNA-filled capsids and have a portal

Cell

structure similar to that in the free virions, although the density
presumed to be the top of the TMP is absent and replaced by
a cylinder of new density that may correspond to dsDNA
(Figures 3G and 3H). The other particles have empty capsids
and have neither TMP nor dsDNA within the hollow core of the
connector complex (Figures 3G and 3H). We presume these par-
ticles have completed the process of DNA release.

The flexible tail tube

The bottom of the connector complex transitions into the first of
approximately 26 layers of the tail tube ring. The tail tube is highly
flexible, and our SPA asymmetric reconstructions (resolutions of
3.11, 2.99, and 4.88 A for consensus, local core, and local CTE
domain maps, respectively) focused on resolving two adjoining
layers at relative angles (Figure 4A). Each ring is formed by six
subunits of the tail tube protein (gp19), which has conserved el-
ements of other siphophage tail tubes, including a B-sandwich
core and three loop domains: the outer loop, buried loop, and
hinge loop (Figure 4B).>® The buried loop aids in the formation
of the ring by binding to adjacent subunits, while the hinge
loop sticks out of the bottom to bind the lower adjoining ring (Fig-
ure 4C). The hinge loop can extend to accommodate adjoining
rings at a relative tilt, mediating the tail tube’s impressive flexi-
bility (Figure 4D).%%°° The outer loop is displayed on the external
surface of the tail tube, as is the CTE domain that has sequence
similarity to the capsid CTE domains (Figure S3E). The tail tube
CTE domains interact in pairs reminiscent of the capsid hexon
CTEs, with three interacting pairs in each tail ring giving the
structure a 3-fold, rather than the typical 6-fold, symmetry
(Figures 4A and 4C). Like on the capsid, the tail CTE domains
can be readily removed without loss of phage viability, and their
function is unclear.*®

Within the ~40 A central aperture of the tail tube is a hollow cy-
lindrical density ~22 A in diameter that presumably is the TMP
(Figure 4A). However, apart from the C-terminal 22 residues sit-
uated in the tail tip (see below), the TMP cannot be readily
modeled to this density due to the need for averaging from
different parts of the tails in the reconstruction, as with other si-
phophage structures.®*>'!

Direct visualization of host-bound phages in tomographic sli-
ces revealed a darker central density in the tail tube of DNA-filled
virions, compared with the hollow tail tube density in empty vi-
rions (Figure 4E). To compare changes in the tail tube at different
stages of genome ejection, we performed STA on tail tube seg-
ments from cell-bound phages with genome-filled and emptied
capsids (7 and 22 A resolution, respectively; Figures 4F and

Figure 2. Bxb1 capsid structure

(A) The protein fold of Bxb1’s capsid subunit, colored and labeled by domain.

(B) A single subunit of gp14 in the capsid density map, with a magnified view in the upper left showing the model (oriented and colored as in A) in a transparent
density slab.

(C) Cryo-EM density maps of the capsid, with each panel showing the density contribution from a single domain in solid color with the remaining capsid density in
transparent gray.

(D) E-loop and P-loop domains are shown as in (C) to illustrate the chainmail linkage of capsomeres.

(E) Subtomogram average maps of the capsids in pre-genome (teal) and post-genome (pink) translocation states.

(F) Zoom-in views show the conformational rearrangement of the A-domain post-genome translocation.

(G and H) Rigid-body fitting of extension domain and A-domain models in the subtomogram average maps reveals a relaxed organization of the capsid post-
genome translocation.

See also Figures S1, S2, S8, and S7.
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4G). STA revealed a 20 A diameter solid cylinder of density in
the tail tubes of infection state (host-attached, genome-filled)
phages. This structure is slightly narrower than the hollow cylin-
der TMP density (22 A diameter) observed in the pre-infection
SPA structure (Figures 4F and 4G) and likely represents dsDNA.
By contrast, STA of post-infection (host attached with empty
capsids) phages showed a hollow tail tube, indicating that the
DNA ejection process had been completed. Superimposing
these two STA maps onto the SPA map of free phages reveals
that the dimensions and torsion of the tail tube remain un-
changed throughout the genome ejection process. Notably,
neither STA structure of host-attached phages exhibited a
density resembling the TMP in the pre-infection SPA map, indi-
cating the absence of ordered TMP density after host binding
(Figures 4F and 4G).

The virion tail-tip complex
At the end of the long, flexible tail tube is the tail-tip complex, for
which we used a consensus C3 SPA reconstruction (2.45 A res-
olution) and local C1 refinements (resolutions of 2.85, 3.98, and
3.65 A for tail spike, wings, and collar/fibers, respectively) to
generate a composite map with upper and lower regions (Fig-
ure 5A). Building a model into this map revealed eight separate
minor tail proteins encoded by Bxb1, in addition to the tail tube
and tape measure proteins (Figures 5B-5D and S6). Each protein
is detailed by domain and compared with its closest structural
match when such exists (Figure S6; Table S3). In the overall
structure, the tail tube is at the top of the complex and binds to
the tail-tip cage (gp23), which is surrounded at the top by a collar
and fibers made of gp4 and gp6. The extreme C terminus of the
TMP (gp22) is resolvable within the tail tube in this area and binds
to the top of the baseplate hub formed by gp25. The hub is sur-
rounded by the lower, spiraling arms of the tail-tip cage that lead
to the tail wing structures comprised of the brush (gp33), base
(gp31), and arm (gp32). At the center of the wings and connected
to the bottom of the baseplate hub is the tail spike protein (gp29).
These proteins form a complex network of interactions, with
most protein subunits in the tail tip interacting with 2—4 other pro-
teins (Figure 5E; Table 1).

The upper region of the hexameric tail-tip cage is formed by
the gp23 N-terminal domains and is structurally similar to other
distal tail (Dit) proteins (Figures S6A and S6B; Table S3).%° The
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collar that surrounds the Dit-like structure has nine subunits of
the tail collar fibers (gp4) separated into trimers by three subunits
of the tail collar spacers (gp6) (Figures 5D and S6C-S6F). Only a
small N-terminal part of the gp4 tail fiber is resolved in the density
maps, and the remaining model is predicted by AlphaFold3 to
form ~30 nm-long trimeric fibers (Figure S4B). AlphaFold3 also
suggests that the N terminus of gp5 may associate with the un-
modeled gp4 C-terminal ends, but gp5 appears too large to fit
into the region of unmodeled density in the tail-tip wings where
such a complex would likely reside (Figures S4E and S4F). The
extreme C termini of the trimeric gp4 fibers may instead interact
with the unmodeled N termini of the gp33 wing brushes, and
this model fits well into the unmodeled density (Figures S4C
and S4D).%'

The lower region of the gp23 cage protein contains three glob-
ular domains with structure and sequence similarity to the capsid
and tail tube CTE domains (Figures S3E, S3F, and S6B).*" These
three domains do not dimerize with neighboring subunits as seen
with the capsid and tail tube CTEs but instead form spiraling
arms wrapping around the baseplate hub, gp25 (Figures 5A
and 5B). The interactions between gp23 and gp25 are intimate:
(1) the top of the hub complex hydrogen bonds to all six gp23
Dit-like domains, (2) helical arms of gp25 protrude through holes
in the gp23 upper cage structure, and (3) the middle of the
hub bonds to the inside surfaces of three gp23 subunits
(Figures 5A, 5B, and S6H). Within the core of gp25 is an alpha-
helical bundle that interacts with the extreme C termini of three
chains of the TMP (gp22), although only 22 residues at the
extreme C terminus are well resolved (Figures 5A, 5B, 5D, 5E,
and S6H).

The lower end of the gp25 baseplate hub connects to the lower
tail-tip assembly, which comprises the tail spike protein, gp29,
and the wing complex made up of the tail wing base (gp30),
arm (gp31), and brush (gp33) (Figures 5A-5D and S61-S60).
The spike protein (gp29) forms an elongated structure with N-ter-
minal helices tightly bound to the lower region of the baseplate
hub and extending to form a bulb domain at the very end of
the tail-tip complex (Figures 5B, S6l, and S6J). The C-terminal
part of gp29 forms a brush domain and a short beta loop that in-
teracts intimately with the N-terminal domain of the tail wing
base, gp30 (Figures 5B and S6J). The gp30 tail wing base is a
particularly intriguing part of the tail-tip complex. Its N-terminal

Figure 3. Bxb1 portal complex structure

(A) A composite cryo-EM map of Bxb1'’s capsid, connector region, and tail tube shown in full volume (left) and clipped (right), colored and labeled as in Figure 1.
(B) An interface network (left) and the C1 cryo-EM map and model of the capsid-portal complex (right), shown from inside the capsid. The map is segmented and
shown as transparent surfaces. Portal subunits 1-12 and portal-adjacent hexons 1-5 are numbered and colored in shades of gold and blue, respectively. Capsid
subunits are labeled as either “S” (surrounding) or “D” (distal). Arrows point to portal subunits 5 and 11, which have smaller interface areas.

(C) Individual portal subunits and their hydrogen-bonded capsid subunits were extracted and aligned. The hydrogen-bonding residues of each complex are
shown individually and labeled consistently with (B).

(D) A composite cryo-EM map of the connector region, with one-third of the map removed and replaced by the model shown as a cartoon with transparent
surface.

(E) Interface network of the connector region, with color-coded circles showing each protein subunit and lines connecting subunits with interface areas >300 Az,
(F) Protein subunits for each component of the connector region, identified by gene number, structural annotation, and number of copies in the complete particle.
(G) 2D slices of subtomogram averages of the capsid-tail tube connector in the pre- (left) and post- (right) genome translocation states. Green arrows indicate
putative DNA density.

(H) Cross-sectional 3D renderings of subtomogram average maps are shown in (G). Red arrows point to the closed channel in the post-genome translocation
state map.

See also Figures S1, S2, S4, and S5.
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Figure 4. Bxb1 tail tube structure
(A) A C1 reconstruction of a segment of the Bxb1 tail tube is shown in gray from the side (left) and top (right), with the TMP density colored purple. One subunit from
each tail tube ring has been subtracted from the density map and replaced by models shown as cartoons with transparent surfaces.

(legend continued on next page)
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domain, which binds to the tail spike protein, has structural sim-
ilarity to glycan-binding FN3 domains (Figures S6K and S6L). The
C-terminal 42 residues of gp30 form an extended arm interacting
closely with a homodimer of the gp31 tail wing arm protein
(Figures 5A, 5E, and S6L). Between these N- and C-terminal do-
mains, gp30 contains a predicted D-ala-D-ala carboxypeptidase
catalytic domain, which presumably acts on a peptidoglycan
target (Figures S6K and S6L). The remaining wing components
are similarly interesting, with gp33 resembling cyanophage
Pam3 fibers®® and gp31 being structurally distinct from known
protein structures (Figures S6M-S60; Table S3).

Dynamic rearrangements of the tail-tip complex during
infection

Prior cryo-EM and cryo-ET studies have described the two-
membrane organization of the Mycobacterium envelope.®?5°
Our cryo-ET STA of the envelope structure from cryo-FIB milled
cells shows clearly defined inner and outer leaflets of both the
cytoplasmic membrane and the outer mycomembrane with un-
precedented detail (Figures 6A and 6B). Between these are
several layers of density, including an inner dense layer referred
to as the granular layer,°> which is likely composed of mem-
brane-anchored phosphatidylinositol mannosides.”®® The re-
maining layers likely correspond to the peptidoglycan-arabino-
galactan complex (Figures 1G and 6B). The overall dimension
of the wall (38 nm) is similar to that reported previously
(42.4 nm).%? The distance from the outside of the cell to the outer
layer of the cytoplasmic membrane —to which the phage tail tip
likely needs to interact—is about 31.7 nm. Without considering
further rearrangements, the full phage tail-tip structure would
extend about 27.5 nm (from the bottom of the tail tube to the bot-
tom of the tail spike; Figure 5A), positioning the bottom of the
spike protein near but not at the inner membrane.

The cryo-ET analysis of cell-bound Bxb1 particles reveals
striking conformational changes in the tail tip, which was re-
constructed at ~12 A resolution with STA (Figure 6C). Clearly
recognizable above the cell surface is the CTE-studded talil
tube, the tail collar and fibers, and the Dit-like domains of
the tail-tip cage (Figure 6C). An overlay of the collar density
from the cryo-EM and cryo-ET maps showed good agree-
ment, although the fibers pivot 45° upward in the infection
state, becoming parallel to the cell surface (Figure 6C). The
top of the baseplate hub and the lower portion of the tail-tip
cage are clearly discernible immediately adjacent to or even
within the mycobacterial outer membrane (Figures 6C and
6D). The infection-state tail-tip structure has an empty core
absent of TMP density or the lower, closed portion of the
baseplate hub seen in the cryo-EM map (Figures 6D and
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6E). The lower tail-tip cage remarkably flattens into a spiraling
disk, with the lower portion lifting up and out to occupy the
plane of the outer membrane (Figures 6C-6E; Video S3). We
note that, while these averaged sub-tomograms provide
exceptional views of the phage tail tip embedded in the myco-
bacterial cell wall, the resolution is insufficient for building
atomic models. Nonetheless, a feasible model was generated
by rigid-body fitting gp23 domains into the subtomogram
averages, with the CTE domains rationally oriented to inter-
face positively charged surfaces against the outer membrane
(Figures 6F and 6G).

We did not observe clear evidence for the tail spike or wing
structures within the cell wall, possibly because of low occu-
pancy (and release upon attachment) or disorder due to flexi-
bility or conformational heterogeneity. To investigate this, we
performed 3D classification and identified a subset of particles
with density below the baseplate hub within the cell wall. This
subset was subjected to focused refinement to yield a ~33 A
map with a weak conical density directly underneath the tail as-
sembly (Figure 6H). This density crosses the outer membrane
and penetrates into and possibly through the peptidoglycan
layer of the cell wall (Figure 6H). Although this structure is low
resolution, it likely represents the tail spike and wing proteins
after dynamic rearrangements to facilitate the translocation of
DNA from the phage into the host cytoplasm. This structure is
consistent with the tail wing components at or close to the
peptidoglycan-arabinogalactan layer (Figures 5B and 6H), sup-
porting the proposed D-ala-D-ala-carboxypeptidase activity of
gp30 (Figure S6L), the tail wing base, which may cleave the
peptidoglycan-arabinogalactan layer to promote access of
the spike tip to the inner membrane.

Given its proposed positioning within the cell wall, we tested
whether the gp30 FN3-like N-terminal domain can bind to mem-
bers of the cell wall glycome of mycobacteria (Figures 6l and
S6L; Table S4). A fusion protein of the gp30 N-terminal domain
to His-GST (glutathione S-transferase) was incubated with a pre-
viously validated array of 72 mycobacterial cell glycans®* and
showed binding to a series of arabinofuranose-containing com-
ponents of arabinomannan, lipoarabinomannan, and arabinoga-
lactan (Figure 6l; Table S4). The GST tag alone does not bind to
any array glycans (Figure 6l). These observations are consistent
with the model that the Bxb1 tail tip can maneuver close to the
inner membrane and bind to cell wall constituents. These dy-
namic rearrangements could release the gp30 N-terminal
domain from its interactions with the spike protein, allowing the
gp30 FN3 domain to serve as a carbohydrate-binding module®®
for the gp30 D-ala-D-ala-carboxypeptidase domain, thus facili-
tating peptidoglycan cleavage.

(B) Model of the tail tube protein with domains colored and labeled.

(C) One complete ring of the tail tube model from the top (left) and bottom (right), colored by domain as in (B).
(D) Density from one ring of the tail tube reconstruction is colored by domain. The variable length of the hinge loop is shown as dashed lines tracing the ring floor

and the lowest point of each domain.

(E) Representative tomographic slices of Bxb1 during infection (top) and post-genome translocation (bottom). The Bxb1 tail and mycobacterial surface are

annotated with yellow and red arrowheads, respectively.

(F and G) Vertical (F) and horizontal (G) cross-sections showing internal tail tube structures in the pre-infection SPA (left, tape measure density), infection-state
STA (middle, dsDNA density), and post-infection STA (right, hollow) maps. 2D central slices are shown as insets.

See also Figures S1, S2, and S3.
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Structural insights into Bxb1 as a phage display vaccine
platform

The capsid structures of Bxb1 and its vaccine derivative, BaDAS-
1(<2.67 A resolution; Figure S7; Table S1), offer insight into the
use of Bxb1 as a vaccine display platform.*® With prior engineer-
ing efforts, we observed that although removal of the CTE do-
mains on the capsid and tail tube does not alter viral viability,
the domains could not be simply replaced with similarly sized
segments of the SARS-CoV-2 spike protein.*> This may be a
consequence of the interactions between the CTE domains: on
both hexons and pentons of the Bxb1 capsid, pairs of CTEs
from neighboring subunits interact to form a ~180 AZ interface
(Figures S7TAand S7B). This interface contains close contacts be-
tween the backbone and sidechain of one CTE’s D351 and the
backbones of the partner domains’ D352 and V354 (Figure S7B).
Although the CTE domains can be removed without obvious loss
of viability in ideal lab conditions, it is plausible that this intimate
interface stabilizes the capsids in less favorable conditions.
Removal of the domains may also make either capsid assembly
or stability more sensitive to perturbations such as CTE replace-
ment with foreign antigens, especially if these replacements
introduce steric clashes that are destabilizing.

Although replacement of the CTE domains was not possible, a
vaccine candidate (BaDAS-1) was constructed by extending the
extreme capsid subunit C terminus situated near the capsid
floor. Only 30 amino acids could be appended, and larger pep-
tides were not tolerated, likely due to space constraints. The
C-terminal ends of adjacent Bxb1 subunits are separated by
just ~16 A, leaving only a small cavity into which additional
amino acids can be extended (Figure S7C). A volume subtraction
between BaDAS-1 and Bxb1 icosahedral SPA maps confirms
that the displayed SARS-CoV-2 antigens fill these cavities, with
excess density crowded between the CTE domains (Figure S7D).
Display of larger peptides likely disrupts capsid assembly and
stability. These structural insights should facilitate engineering
designs in which the CTE can be readily substituted with desir-
able epitopes, for example, by choosing foreign antigens that
can dimerize to provide stability like the CTEs or engineering a
stabilizing minor capsid protein into Bxb1’s genome. Alterna-
tively, adding a flexible linker between the C terminus and the
displayed peptide may reduce steric clashes from larger pep-
tides while keeping the CTEs in place.

DISCUSSION

Here, we have reported structures of mycobacteriophage Bxb1
derived from cryo-EM and cryo-ET analyses. The Bxb1 structure
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has some common features of other structurally defined siphoph-
ages (y, lambda, T5, DT57C, 80a, and vB_DshS-R4C), although
we note that only 80a infects a gram-positive bacterial
host.?8:30-32:34.35 These phages share common features of icosa-
hedral capsids, hexameric tail tubes, and symmetry mismatches
of the portal-capsid assemblies. They also share overall 3-fold
symmetries in the tail-tip complexes and a Dit-like protein con-
necting the tail tube and hub assemblies. Bxb1, T5, DT57C, and
80 also all have collar ring structures and (often disordered) fibers
attached to their Dit proteins. However, Bxb1 has numerous differ-
ences from these other phages, including an unusual cage-like
protein (gp23) that undergoes dynamic changes during mycobac-
terial infection and a bulb-ended tail tip lacking a needle-like struc-
ture. Bxb1 also possesses wing structures (formed by gp30, gp31,
and gp33), which are unique in both sequence and structure.
These include an enzymatic domain in the tail wing base (gp30),
which cryo-ET analysis suggests is positioned close to its pre-
sumed peptidoglycan target in the cell wall after dynamic changes
in interactions with other tail-tip proteins. Notably, we observed
weak density for protrusion through the cell wall during infection,
but unlike previous reports on podophage P22 and myophages
P1 and T4,"95C this density did not reach the inner membrane.

The extensive coverage of the capsid and tail with related
C-terminal globular domains is a particularly unusual feature of
the Bxb1 virion. Surprisingly, related domains are also present
in gp23, the tail-tip cage (Figure S3E). Approximately 25% of ac-
tinobacteriophages have sequence-related capsids to Bxb1, but
only ~1% of these have CTE domains.*"*? Tail tube CTEs are
only present in ~26% of related phages. The CTEs are reminis-
cent of IgG-like domains that are similarly located on many
phages,®’ including some actinobacteriophages, but may be
exclusively on the capsid®® or the tail, as in phage lambda.®®
These Ig-like domains have been proposed to enhance phage
association with mucosal surfaces® but could also be involved
in enhancing capsid and tail stability like other decoration pro-
teins.”” The Bxb1 CTE domains are highly immunogenic and
can be readily removed via genomic engineering with no apparent
defect in phage viability.*> The CTE domains cannot, however, be
readily replaced perhaps due to destabilization, and there are
constraints on extending them, likely due to crowding (Figure S7).
Phages provide potentially powerful vaccine platforms,”""? and
structural studies provide important clues as to how to better en-
gineer mycobacteriophage-based vaccine platforms.*”

Mass spectrometry of highly purified virus particles identified a
total of 18 proteins that are likely to be virion structural compo-
nents. However, gp5, gp12, and gp17 could not be modeled into
the cryo-EM density maps. Bxb1 gp12 is the protease and may

Figure 5. Bxb1 tail-tip complex structure

(A) A composite cryo-EM map of the entire Bxb1 tail tip, with density segments colored as in Figure 1 (unmodeled density is shown in gray). Full density map on the

left, clipped map on the right to show the interior organization.

(B) The complete protein model built into the density map is displayed as cartoons with atoms shown as sticks and balls. The model is in the same pose as in (A),
and ten distinct proteins are labeled and color-coded to (A). Full model on the left, clipped view on the right to show the interior organization.

(C) Gene products present in the tail-tip complex are shown as monomers. Each subunit is labeled, and its copy number per phage particle is indicated.

(D) The tail-tip complex is viewed from the bottom and displayed piece by piece, starting from the tail tube and moving toward the tail spike, as labeled.
Segmented cryo-EM densities are shown as transparent surfaces, and protein models are shown as cartoons for each component.

(E) A color-coded interface map of the tail-tip complex. The circles represent individual protein subunits, and the lines connect subunits with interface areas

>300 A2,
See also Figures S1, S2, S3, S4, and S6.
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be associated with a small subset of incompletely assembled par-
ticles in the phage preparation (~3% of capsids were empty and
may belong to this subset). Bxb1 gp5 and gp17 are virion compo-
nents but could not be resolved in the density (Figure S4F). The
products of six genes (24, 26, 27, 28, 32, and 34) embedded within
the structural gene operon are not present in Bxb1 virions (Fig-
ure 1A), and three of these (gp27, gp28, and gp34) are predicted
to harbor transmembrane domains and may be associated with
the host cell envelope. In general, these genes are as well
conserved as their flanking tail genes among the 215 sequenced
cluster A1 phages and may play a role in phage-phage or phage-
host dynamics (such as defense or counter-defense),”® although
Bxb1 lacks encapsidated anti-defense proteins.”*"®

Combining cryo-EM and cryo-ET provides structural insights
into phage-host interactions. Bound phages with empty capsids
lack density within the tail tube and have presumably completed
DNA injection, whereas the tail tubes of host-attached phages
with DNA-filled capsids appear to be filled with DNA rather than
the TMP. With the absence of a distinct inner membrane channel,
this may represent an infection intermediate, where DNA transfer
is paused during the infection process. Even more strikingly,
cryo-ET analysis suggests that the tail-tip cage rotates and flattens
to form a disc in the plane of the outer membrane upon host bind-
ing. This dramatic conformational change is associated with aloss
of ordered density from the lower tail tip, suggesting the tail spike
protein and wing structures undergo dynamic rearrangements.
Indeed, a subset of particles was found to have density beneath
the tail that spans the outer membrane and punctures through
the cell wall, possibly reflecting tail spike rearrangements that
facilitate DNA translocation into the cytoplasm.

These structural analyses suggest that several Bxb1 proteins
likely contribute to host specificity, including the baseplate hub
(gp25) and tail-tip cage (gp23), which are closely associated
with the mycomembrane during infection. The gp4 protein is pre-
dicted to form a long, fiber-like structure but appears somewhat
flexible and poorly resolved, although it is positioned to interact
with the outer cell surface. A domain on the tail spike protein
(9p29; residues 1217-D408) is at the extreme “bottom” of the
Bxb1 particle and is likely near the inner membrane during infec-
tion and may also confer host specificity. Interestingly, host range

Cell

mutants with amino acid substitutions within phage tail spike pro-
teins have been isolated in other mycobacteriophages,’ but the
substitutions map in an upper part of the spike protein where re-
arrangements of Bxb1 are needed to provide an opening for TMP
and DNA ejection. This raises the possibility that host range is
also dependent on the dynamic rearrangements of the tail tip
observed by cryo-ET.

Mycobacteriophages are highly diverse, and it is unclear what
parts of the Bxb1 structure—especially the tail tip—are likely
shared within the broader group of phages. We note that several
Bxb1 virion proteins are only found within cluster A phages (e.g.,
the gp4 tail collar fiber, gp6 collar spacer, gp19 tail tube, gp23
tail-tip cage, and gp31 tail wing arm), whereas others are broadly
distributed among the actinobacteriophages (including the gp14
capsid subunit, gp25 baseplate hub, and gp30 tail wing base).
Curiously, gp30—which contains an arabinan-binding FN3-like
domain and a D-ala-D-ala carboxypeptidase domain and is likely
important for infection—is not universally present among myco-
bacteriophages. It is present in only two of the 21 subclusters
within cluster A and in some representatives of seven other clus-
ters. Phages lacking a gp30-like protein do not appear to have an
alternative protein with equivalent enzymatic activity that could
facilitate the infection process.

Amajor limitation to the therapeutic use of mycobacteriophages
is their relatively narrow specificity for clinical Mycobacterium iso-
lates.'* Specificity could be engineered through the swapping of
tail proteins among different phages, potentially combining the
epitope presentation potential of the Bxb1 capsid and tail tube
proteins with the tail-tip proteins of therapeutically useful phages
such as BPs and Muddy.®? The Bxb1 structure illustrates the
complexity of this by mapping the intricate network of protein in-
teractions in the tail tip. However, the structures also provide a
framework for such engineering. Structural characterization of
additional mycobacteriophages will be needed, but the swapping
oftail parts, including substitutions of the tail spike, baseplate hub,
cage, and wing proteins, can now be contemplated.

Cryo-EM and cryo-ET along with recently developed bio-
informatic tools provide powerful approaches for complete
structural analyses of bacteriophages. There are numerous my-
cobacteriophages that warrant similar investigation, including

Figure 6. Remodeling of the tail tip upon attachment
(A) A representative tomogram slice of Bxb1 infecting M. smegmatis.

(B) Subtomogram averaged density section of the M. smegmatis cell envelope. Outer mycomembrane (OM) with outer leaflets 1 and 2 (OL1 and OL2), cell wall,
granular layer (GL), and inner membrane (IM) with inner leaflets 1 and 2 (IL1 and IL2) are indicated. The M. smegmatis cell envelope is approximately 38 nm thick.
(C) Comparison of the pre-infection (SPA, left) and infection (subtomogram average, right) state structures of the tail-tip complex, colored as in Figure 5.
Components in gray in the pre-infection state are not resolved in the infection-state structure. The upper right inset shows a 2D density section of the sub-
tomogram average map. At the lower right, the pre-infection collar density is overlaid with the infection-state map and shown from the top.

(D) Clipped maps showing tape measure density, a closed baseplate hub for the pre-infection map (left), and an open tail-tip core in the infection state (right).
(E) Clipped maps of the isolated tail-tip cage and baseplate hub densities in the pre-infection (left) and infection (right) state, shown from the top. A 2D section is
shown at the upper right.

(F) Side views of tail-tip cage models in the pre-infection and infection states, shown as cartoons with transparent surfaces.

(G) Bottom views of the tail-tip cage models are shown as electrostatic surfaces, and a key indicates the surface potential.

(H) A subset of particles (1,143/3,153) with density below the baseplate hub were subjected to focused refinement, revealing weak density within the cell wall
(2D section, left). This density was segmented and tentatively assigned as the tail spike protein (cyan in the 3D map, right). Layers of the mycobacterial wall are
labeled as in (B).

(I) Binding of Bxb1 gp30-GST and GST alone to a glycan array (top), with structures (below) for fragments with the highest gp30-GST signal intensity (see
Table S4).

See also Figure S2.
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those proposed for therapeutic use against tuberculosis and
NTM infections.'*'5"® The comparative structural analyses of
these phages are expected to provide further insights into host
range and infection structural dynamics and advance the use
of mycobacteriophages for therapeutic and biotechnological
applications.

Limitations of the study

There are some limitations to the structures described here, most
notably the resolution of the cryo-ET structures relative to those
determined by cryo-EM. Although the ~12 A resolution of the
cryo-ET structures represents an improvement over previous
phage tail-tip subtomogram average structures,'®*%® protein
structures could still only be modeled with rigid-body fitting of do-
mains from the cryo-EM structure. Technological advances will
undoubtedly improve the resolution of cryo-ET analysis, enabling
detailed molecular-level analysis of all tail proteins and their dispo-
sition during infection. Furthermore, despite significant efforts, the
structural complexity of the Mycobacterium cell wall and its gly-
come remains incompletely understood; its further definition will
assist in understanding phage-Mycobacterium interactions.
Finally, Bxb1 is the first mycobacteriophage to be structurally
defined, and the genomes of the >2,600 sequenced mycobacter-
iophages reveal enormous sequence diversity among their virion
structure and assembly genes that remain to be explored. The
structural characterization of representatives of these phages
promises rapid and productive advances that will guide phage
engineering.
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Bacterial and virus strains

Mycobacterium smegmatis mc?155 Snapper et al.”” Genbank: NC_008596
Mycobacteriophage Bxb1 Mediavilla et al.* Genbank: AF271693.1
Mycobacteriophage BaDAS-1 Freeman et al.*® N/A

Chemicals, peptides, and recombinant proteins

Recombinant GST-gp30 Protein This study N/A

Deposited data

Cryo-EM Bxb1 Capsid Composite Map This study EMDB: EMD-46685
Cryo-EM Bxb1 Capsid - Icosahedral Consensus Map This study EMDB: EMD-46682
Cryo-EM Bxb1 Capsid - Penton C1 Local Refinement This study EMDB: EMD-46684
Cryo-EM Bxb1 C1 Capsid and Portal Composite Map This study EMDB: EMD-46681
Cryo-EM Bxb1 C1 Capsid and Portal - C1 Consensus Map This study EMDB: EMD-46678
Cryo-EM Bxb1 C1 Capsid and Portal - This study EMDB: EMD-46679
Portal C1 Local Refinement

Cryo-EM Bxb1 Portal and Connector This study EMDB: EMD-46669
Complex Composite Map

Cryo-EM Bxb1 Portal and Connector This study EMDB: EMD-46663
Complex — C3 Consensus Map

Cryo-EM Bxb1 Portal and Connector Complex — This study EMDB: EMD-46666
Portal and Adaptor C12 Local Refinement

Cryo-EM Bxb1 Portal and Connector Complex — This study EMDB: EMD-46667
Stopper and Tail Terminator C6 Local Refinement

Cryo-EM Bxb1 Portal and Connector Complex — This study EMDB: EMD-46668
Tail Tube C3 Local Refinement

Cryo-EM Bxb1 Tail Tube Segment Composite Map This study EMDB: EMD-46676
Cryo-EM Bxb1 Tail Tube Segment — C1 Consensus Map This study EMDB: EMD-46673
Cryo-EM Bxb1 Tail Tube Segment - This study EMDB: EMD-46674
Core C1 Local Refinement

Cryo-EM Bxb1 Tail Tube Segment — This study EMDB: EMD-46675
CTE Domains C1 Local Refinement

Cryo-EM Bxb1 Tail Tip Complex Composite Map This study EMDB: EMD-46661
Cryo-EM Bxb1 Tail Tip Complex — C3 Consensus Map This study EMDB: EMD-46656
Cryo-EM Tail Tip Complex — Tail Spike This study EMDB: EMD-46657
C1 Local Refinement

Cryo-EM Tail Tip Complex — Tail Wings This study EMDB: EMD-46658
C1 Local Refinement

Cryo-EM Tail Tip Complex — Tail Collar and This study EMDB: EMD-46659
Fibers C1 Local Refinement

Cryo-EM BaDAS-1 Capsid Icosahedral Map This study EMDB: EMD-46687
Cryo-EM Bxb1 Capsid Hexon and Penton Model This study PDB: 9D9X
Cryo-EM Bxb1 C1 Capsid and Portal Model This study PDB: 9D9W
Cryo-EM Bxb1 Portal and Head-to-Tail Connector Model This study PDB: 9D94
Cryo-EM Bxb1 Tail Tube Segment Model This study PDB: 9D9L
Cryo-EM Bxb1 Tail Tip Complex Model This study PDB: 9D93
Cryo-EM Raw Micrographs for BaDAS-1 This study EMPIAR: EMPIAR-12291
Cryo-EM Raw Micrographs for Bxb1 This study EMPIAR: EMPIAR-12280
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Subtomogram averaging of Bxb1 phage capsid This study EMDB: EMD-46702
(DNA-filled) during the infection state

Subtomogram averaging of Bxb1 phage capsid This study EMDB: EMD-46704
(emptied) during the infection state

Subtomogram averaging of Bxb1 phage tail tube This study EMDB: EMD-46703
(DNA-filled) during the infection state

Subtomogram averaging of Bxb1 phage tail tube This study EMDB: EMD-46705
(emptied) during the infection state

Subtomogram averaging of Bxb1 phage portal This study EMDB: EMD-46706
(DNA-filled) during the infection state

Subtomogram averaging of Bxb1 phage portal This study EMDB: EMD-46707
(emptied) during the infection state

Subtomogram averaging of Bxb1 phage This study EMDB: EMD-48066
tail tip (infection state)

Subtomogram averaging of Bxb1 phage tail tip This study EMDB: EMD-48067
(infection state, extra density within cell wall)

Cryo-ET raw tilt-series This study EMPIAR: EMPIAR-12238
Mass spectrometry of Bxb1 particles This study PRIDE: PXD056154

Software and algorithms

CryoSPARC Punjani et al.”® https://cryosparc.com/

Phenix Afonine et al.”® https://phenix-online.org/

Model Angelo Jamali et al.®° https://github.com/3dem/model-angelo

Alphafold2 Jumper et al.?’ https://github.com/google-deepmind/
alphafold

Alphafold3 Abramson et al.® https://alphafoldserver.com/

Coot Emsley and Cowtan®’ https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

ChimeraX Pettersen et al.?%; https://www.cgl.ucsf.edu/chimerax/

Goddard et al.®

Isolde Croll®® https://tristanic.github.io/isolde/static/
isolde/doc/tools/gui/getting_started.html

EMAN2 Chen et al.®® https://blake.bcm.edu/emanwiki/EMAN2

SerialEM Mastronarde®” https://bio3d.colorado.edu/SerialEM/

PACEtomo Eisenstein et al.®® https://github.com/eisfabian/PACEtomo

13 Winkler®® https://electrontomography.org/

PyMol DelLano™ http://www.pymol.org/pymol

IMOD Kremer et al.”" https://bio3d.colorado.edu/imod/

AreTomo Zheng et al.*? https://msg.ucsf.edu/software

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and phages

Bxb1 is a mycobacteriophage infecting the bacterial strain M. smegmatis mc2155.”” BaDAS-1 is a previously described derivative of
Bxb1 with peptides of 30 amino acids from the SARS-CoV-2 receptor binding motif appended to the C-terminal end of gp14. M.
smegmatis mc?155 was used to amplify the phages used in these studies. M. smegmatis mc?155 was grown on Middlebrook
7H10 (Difco) solid medium and a single colony was cultured in Middlebrook 7H9 liquid medium supplemented with albumin dextrose
complex (ADC) and 0.05% Tween 80; all growth steps occur at 37 °C. This initial culture was sub-cultured in 7H10 supplemented with
0.2% glucose and 0.05% Tween 80 and grown to saturation (2 — 4 days). To amplify phages, cafeteria-style trays were used as very
large petri dishes and filled with 2 L each of Middlebrook 7H10 supplemented with 0.5% glycerol, 0.2% glucose, and 1 mM CaCl,. On
top of this medium was poured a mixture of ~1-5 x 10° pfu of phage, 20 mL of the saturated M. smegmatis sub-culture, and 200 mL of
Middlebrook Top Agar (MBTA; Middlebrook 7H9, 3.5 g/L BactoAgar, 1 mM CaCl,). The trays were incubated at 37 °C for 24 hours
before the top agar was harvested and centrifuged to pellet agar and bacteria (8,000 rpm for 15 minutes). The clarified supernatant
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was cleared of DNA (via addition of DNase | to10 pg/mL, MgSO,4 to 5 mM, and CaCl, to 5 mM and incubation at room temperature for
30 minutes) then filtered through a 0.2 um membrane. The lysates were then centrifuged at 100,000 x g for 1 hour to pellet the phages,
which were then resuspended into a total of 10 mL of phage buffer (10 mM Tris, pH 7.5, 10 mM MgSO,, 68 mM NaCl) supplemented
with 1 mM CaCl,. Cesium chloride was added to the sample to 850 g/L and the sample was centrifuged at 38,000 rpm for 16 hours; a
bright band of phage formed in the gradient during centrifugation and was extracted through side puncture. This band was resus-
pended into phage buffer with cesium chloride (850 g/L) and put through a second round of centrifugation, and the resulting band
was removed via side puncture as the final sample. Before cryo-EM or cryo-ET, the phage was extensively dialyzed against a modi-
fied phage buffer (10 mM Tris, pH 7.5, 1 mM MgSQO,, 68 mM NaCl) supplemented with 1 mM CaCl,. Phages were stored at 4 °C during
and after dialysis.

METHOD DETAILS

Proteomics

Approximately 10"" pfu of highly purified phage samples (as described in the Experimental Models section) were pelleted by centri-
fugation at 13,000 rpm for 20 minutes. The supernatant was removed and the pellets were flash frozen on a dry ice / ethanol bath
before freezing at -80 °C and transferring to the University of Pittsburgh Mass Spectrometry Core (https://www.msc.pitt.edu/). There,
pellets were resuspended in 50 pl lysis buffer (5% SDS in 50 mM TEAB), probe sonicated and centrifuged at 13,000 x g for 10 minutes
at room temperature prior to quantification of total protein by micro-BCA assay (Thermo Scientific #23235). Protein digestion was
carried out on 10 pg of protein from each sample according to the S-trap (Protifi) protocol. Samples were subject to reduction
with 20 mM dithiothreitol, heated to 95 °C for 10 min, cooled to room temperature, and alkylated by incubation with 40 mM iodoa-
cetamide in darkness for 30 min at room temperature. Samples were centrifuged at 13,000 x g for 8 min, acidified with 12% phos-
phoric acid at 1:10 concentration, and diluted six-fold in binding buffer containing 90% methanol and 100 mM TEAB at pH 7.1. Sam-
ples were dispensed onto S-trap columns which were washed with binding buffer, centrifuged at 4, 000 x g for 1 minute, and
transferred to clean tubes for incubation at 47 °C in 50 mM TEAB for trypsin digestion at 1:20 enzyme/substrate. Samples were eluted
with a series of solutions including 50 mM TEAB, 0.2% formic acid, and 50% acetonitrile with 0.2% formic acid, and underwent
centrifugation at 1,000 x g for 1 min after each eluent was added. Samples were then dried in a speedvac and resuspended in a so-
lution of 3% acetonitrile and 0.1% TFA and desalted using Pierce Peptide Desalting Spin Columns (Thermo Scientific # 89851). El-
uants were dried in a speedvac and resusupended in a solution of 3% acetonitrile and 0.1% formic acid to a final concentration of
0.2 pg/ulL.

Mass spectrometry analysis was conducted on a Bruker timsTOF Pro2 coupled to a NanoElute 2. Approximately 200 ng of peptide
was loaded onto an Aurora Ultimate C18 column (1.7 um, 25 cm x 75 um, lonOpticks) and eluted at 300 nl/min over a 60-minute
gradient. The timsTOF Pro2 was set to PASEF scan mode and DDA with a scan range of 100-1700 m/z with 10 PASEF ramps.
The TIMS was set to a 100 ms ramp and accumulation time (100% duty cycle) with a ramp rate of 9.43 Hz. Linear precursor repetitions
were set to a target intensity of 20,000 and a target threshold of 2500 and active exclusion was set to 0.40 min. Collision energy was
set to a base of 1.60 1/Kq [V-s/cm?] at 59 eV and 0.60 1/ Kq [V-s/cm?] at 20 eV. An isolation width was set to 2 m/z for <700 m/z and
3 m/z for >800 m/z.

The collected MS data were analyzed using FragPipe v22.0 and searched against a database of the Bxb1 six-frame translation plus
the M. smegmatis (RefSeq NC_008596) CDS regions (missed cleavages = 2; minimum peptide length = 5; precursor mass tolerance =
20 ppm; fragment mass tolerance = 20 ppm; variable modifications: Oxidation / + 15.9949 Da, N-terminal acetylation / + 41.0106 Da;
fixed modifications: carbamidomethylation / +57.02146 Da). Peptide spectral matches were filtered with a FDR of 1%.

Cryo-electron micrograph collection

The highly purified phage samples described above in the “Experimental Models” section were pelleted by centrifugation at
18,000 rpm for 30 minutes and the pellets were resuspended in 1/10" of the initial volume to yield a sample of ~10'® pfu/mL. For
Bxb1, 3 pL of such a sample was deposited onto a freshly glow-discharged Quantifoil R2/1 grid (Quantifoil Micro Tools GmbH,
GroBloébicha, Germany) and plunge-frozen with a Vitrobot Mk IV (Thermo Fisher Scientific, Waltham, Massachusetts, USA) into a
50:50 mixture of liquid ethane:propane.®® For BaDAS-1, 5 pL of phage was deposited onto Au-flat 2/2 grid using a Vitrobot Mk IV.
Grids were blotted for 5 s with a force of 5 before being plunged into liquid ethane. Data were collected on 300 keV Titan Krios mi-
croscopes (Thermo Fisher Scientific, Waltham, Massachusetts, USA) at either the University of Pittsburgh (Bxb1) or the Pacific North-
west Center for Cryo-EM (BaDAS-1) using either a Falcon 3 direct electron detector or a Gatan K3 direct electron detector, respec-
tively. Table S1 details data collection parameters for each phage.

Cryo-EM reconstructions and model building

The workflows for cryo-EM reconstructions are described in detail in Figures S1 and S3. In general, we used motion correction and
single particle analysis (SPA) in CryoSPARC’® to reconstruct phage virion structures. The capsids structures of Bxb1 and BaDAS-1
were readily reconstructed to < 2.7 A resolution using icosahedral symmetry, and the 5-fold vertex of Bxb1 was separately refined
without symmetry to resolve the flexible CTE domains (Figures 2, S3, and S7; Table S1). The head-to-tail connector region was
resolved from the BaDAS-1 dataset using a symmetry-expanded capsid particle dataset which was subjected to rounds of masked
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3D classification to identify the portal vertex, isolate the best of the five symmetry-related portal classes, and isolate complete portal-
to-tail tube connector complexes. These structures were further refined with particle subtraction and local refinements both in C1 and
with appropriate symmetry imposed (Figures 3 and S1; Table S1). To reconstruct the tail tube, particles of 200 A (containing ~4 rings
of the tail tube hexamer) were extracted and subjected to extensive 2D classifications, then refined in C1 with non-uniform refine-
ment, 3D classification, reference-based motion correction, particle subtraction, and separate local refinements of the core and
CTE domains (Figures 4 and S1; Table S1). Finally, the tail tip was reconstructed by picking and isolating tail tip particles with exhaus-
tive 2D and 3D classifications and performing non-uniform refinements of the entire complex in C3 followed by reference-based mo-
tion correction. To resolve the tail spike, tail tip wings, and tail collar structures, we symmetry expanded the dataset of the tail tip
complex and performed particle subtraction and asymmetric local refinements (Figures 5 and S1; Table S1). For each map, the
gold-standard method was used to estimate the resolution with an FSC (Fourier Shell Correlation) cutoff of 0.143. ChimeraX®®
was used to create composite maps of all the local reconstructions and these regional maps were assembled together into a com-
posite density map of the complete Bxb1 particle (Figure 1D). Each local map was autosharpened with Phenix’® and then
ModelAngelo,?° Alphafold2,®’ Coot,°' and Isolde®® facilitated model building into the cryo-EM density maps. Specifically,
ModelAngelo was used to make primary assignments of protein subunits into the density and to establish stoichiometry. For frag-
mented chain segments that were not built well by ModelAngleo, Alphafold-predicted models were aligned to help assign model seg-
ments to appropriate chains. These segments were manually stitched together in Coot to form rough models, which were then refined
using Coot to build missing residues and improve fit, Phenix to improve geometry and clash scores, and Isolde to relax the refined
models into the density and polish geometry and clash metrics. Finally, Phenix was used to validate the models and map-model
correlation.

Cryo-electron tomograph collection

The M. smegmatis mc? 155 strain was grown to an ODgqg Of ~1 in liquid 7H9 medium with 1 mM CaCl, at 37 °C with shaking at
225 rpm. An appropriate volume of highly purified Bxb1 phages, sufficient to infect M. smegmatis cells at an MOI of 300, was added
to the bacterial culture. The mixture was incubated on ice for 10 minutes to enhance phage binding, followed by 30 minutes of incu-
bation at 37 °C with shaking at 200 rpm. The infection culture was concentrated to an ODggg Of 6. 5 pl of the concentrated samples
were deposited onto freshly glow-discharged (Pelco easiGlow; 25 seconds glow at 15 mA) Quantifoil R2/1 copper 200 mesh grids for
1 minute. The grids were then back-side blotted with Whatman Grade 1 filter paper and frozen in a liquid ethane and propane mixture
using a gravity-driven homemade plunger apparatus at room temperature (Figure S2A). The vitrified grids were later clipped with
cryo-FIB autogrids (Thermo Fisher Scientific) prior to milling.

Cryo-FIB milling was performed using the Aquilos 2 cryo-FIB/SEM (Thermo Fisher Scientific). The surface of the grid was sputtered
with metallic platinum (20 mA, 10 pA, 10-15 seconds), followed by a coat of organo-platinum using a gas injection system (GIS)
(40-45 seconds), and finally, a last layer of metallic platinum (20 mA, 10 pA, 10-15 seconds). After selecting milling positions in
MAPS software (Thermo Fisher Scientific), the automated cryo-FIB milling software AutoTEM (Thermo Fisher Scientific) was used
to mill multiple sites at a target milling angle of 8°. First, stress relief cuts (1 um x 10 um X 6 um) were made 4 um away from the
lamella, which is ~11 um wide, using a milling current of 0.3 nA. Rough milling then reduced the lamella to 1 um thick using a rect-
angular pattern on both sides simultaneously with a milling current of 0.3 nA. Medium milling further reduced the lamella to 500 nm
using the cleaning cross-section pattern on each side alternately with a milling current of 0.1 nA. Fine milling thinned the lamella to
300 nm using the same pattern as medium milling with a milling current of 50 pA. Each lamella was then manually polished to less than
200 nm using a rectangular pattern and a milling current of 30 pA (Figure S2A). Post-milling, the lamellae were sputtered with metallic
platinum to create small beads for tilt-series alignment (10 mA, 10 pA, 20-25 seconds).

The lamellae were imaged using a 300 keV TEM microscope, Titan Krios (Thermo Fisher Scientific), equipped with a field emission
gun, an energy filter (slit width of 20 eV), and a direct detection device (Gatan K3). Tilt-series data were collected using the SerialEM®”
data collection package with PACEtomo®® scripts, with 35 image stacks from +51° to —51° (3° increments) using a dose-symmetric
scheme, resulting in a total electron dose of ~100 e /A2 (Figure S2A). Data were collected at a magnification yielding a pixel size of
1.665 A/pixel and a nominal defocus of ~-5 pum. Image stacks were motion-corrected using MotionCor2 and assembled into drift-
corrected stacks using IMOD.®" The drift-corrected stacks were aligned using both marker-dependent alignment in IMOD®* (for im-
ages with sufficient beads) and patch-track alignment in AreTomo2°? (for images with insufficient beads).

Cryo-ET subtomogram averaging

Subtomogram averaging of the capsid, portal, and tail filament was performed using the EMAN2% data processing pipeline. Both full
and empty capsids were selected in bin 4 tomograms using the convolutional neural network (CNN)-based particle picker module.
Initial classification without alignment was performed to separate full and empty capsid particles. Bin 4 particles were first aligned in
C1 until icosahedral features emerged, and they were further refined with icosahedral symmetry applied. The aligned bin 4 particles
were then re-extracted in bin 1 for further refinement with icosahedral symmetry applied. DNA-filled and empty tail filaments were
picked separately in a semi-manual manner using the filament tracing module, and particles were extracted with a curve overlap
of 0.75. Bin 4 particles were aligned in C1. The resolution of the tail filament maps was gradually improved by reducing the binning
factor from 4 to 2 to 1. To average the portal, DNA-filled and empty capsids that clearly showed the capsid-to-bacterial membrane
connection were manually selected. Bin 4 particles were aligned in C1 until C3 symmetry features emerged. The center of the
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particles was then shifted to the center of the portal and further refined using bin 2, followed by bin 1 particles, with C3 symmetry
applied. The gold-standard method was used to estimate the resolution with an FSC cutoff of 0.143 (Figure S2D).

To acquire the structure of the tail-tip complex, CTF estimation of tilt images was performed using gCTF,*° and CTF correction was
done using IMOD ctfphaseflip prior to reconstructing tomograms. Phage tails that directly interact with the bacterial membrane were
manually selected with pre-defined orientation using TomoPick.?® Subtomograms were averaged using i3 (0.9.9.3)%° software.

Bin 4 particles were initially aligned in C1, and C3 symmetry was applied once it emerged. Final refinement was performed using bin
2 particles due to the limited number of particles and to maximize contrast. Even/odd particles were aligned against the same refer-
ence, and the resolution was estimated. To minimize potential overfitting, we low-pass filtered our reference and estimated the res-
olution in a moderate way based on an FSC cutoff of 0.5 (Figure S2D).

Subtomogram average maps were visualized and segmented using ChimeraX.®* Rigid body fitting of the capsid and gp23 models
to the corresponding subtomogram average maps was done using ChimeraX and PyMol.%°

Cloning, expression, and purification of Bxb1 gp30 FN3 domain

The FN3 domain of Bxb1 gp30 (amino acids 1-57), fused with an N-terminal His-GST tag was cloned into a modified pET28 vector
with a TEV cutting site between the tag and desired protein domain. The plasmid was subsequently transformed into Escherichia coli
BL21 (DE3) cells, which were grown at 37 °C in LB medium supplemented with 50 mg/L Kanamycin until the ODggg reached ~0.8. The
protein was overexpressed by the addition of IPTG to a final concentration of 0.5 mM. Post induction incubation overnight at 16 °C,
the culture was harvested by centrifugation at 6,000 rpm for 30 min. Cell pellets were re-suspended in lysis buffer (50 mM Tris-HCI,
500 mM NaCl, 10 mM imidazole, 10 mM B-mercaptoethanol, 10 % glycerol, pH 7.4). The suspension was lysed by sonication and
centrifuged at 15,000 rpm at 4 °C for 1 hour. The supernatant was loaded onto a nickel-affinity column pre-equilibrated with wash
buffer (50 mM Tris at pH 7.4 and 500 mM NaCl). The protein was washed with wash buffer with various concentrations of imidazole
and finally eluted with the wash buffer in the range of 50-500 mM imidazole. The eluted protein was further purified by size-exclusion
chromatography using the buffer (50 mM Tris-HCI, 200 mM NaCl, 2% glycerol, pH 7.4). The protein was concentrated to 10 mg/ml
and stored under -80 °C for further use.

Glycan binding using the glycan microarray

Glycan microarray slides®* were pre-hydrated with TMST buffer [20 mM Tris-base (pH 7.4), 0.15 mM NaCl, 2 mM CaCl,, 2 mM MgCl,,
0.05% Tween 20] for 5 min at room temperature, then blocked with TMST-BSA buffer [20 mM Tris-base (pH 7.4), 0.15 mM NaCl,
2 mM CaCly, 2 mM MgCl,, 0.05% Tween 20, 1% BSA] at 37 °C for 30 min. After blocking, the Bxb1 gp30 FN3 domain sample
(100 pL, 100 pg/mL in TMST-BSA buffer) was loaded into the wells of the slide. The wells were covered with aluminum adhesive
seal and incubated for 2 h at room temperature with shaking at 150 rpm to allow for protein binding. The protein sample were pipetted
out, and the slides were washed three times with TMST buffer. The primary antibody (100 uL of anti-6X his epitope tag mouse mono-
clonal IgG1 (kappa) antibody) was loaded into the wells. Wells were then sealed with adhesive tape then incubated for 45 min at room
temperature with shaking at 150 rpm. The antibody was pipetted out, and the slides were washed three times with TMST buffer. The
secondary antibody (100 uL of Cy3-conjugated rabbit anti-mouse IgG1 (Gamma 1 chain) antibody) was then loaded into the wells.
The wells were then sealed with adhesive tape then incubated for 45 min at room temperature with shaking at 150 rpm. The antibody
was pipetted out, and the slides were washed sequentially with TMST buffer, followed by TMS buffer [20 mM Tris-base (pH 7.4),
0.15 mM NaCl, 2 mM CaCl,, 2 mM MgCl,]. Prior to scanning, slides were dried by centrifugation.

Microarray Scan and Data Analysis

Glycan microarrays were scanned at 10 uM pixel size using GenePix® 4000B Molecular Devices Scanner. The fluorescent signal
from the Cy3 dye was detected at 532 nm. Laser power was set at 100% and photomultiplier tube gain was set at 500. Pixel density
(intensity) of each spot was quantified using GenePix® Pro 7 Software. The fluorescence intensities for each spot and the local back-
ground were calculated. Relative fluorescence units were computed by subtracting the local background signal from the signal of
each spot. The mean of triplicate readings was calculated using Microsoft Excel.
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Figure S1. Workflow of cryo-EM reconstructions, related to Figures 1, 2, 3, 4, and 5

(A) Bxb1 and BaDAS-1 micrographs were imported into CryoSPARC,”® where they were motion corrected, and the contrast transfer function was estimated.

(B) Bxb1 and BaDAS-1 capsids were isolated with blob picker and 2D classification, then reconstructed with homogeneous refinement with icosahedral
symmetry imposed. The gold-standard Fourier shell correlation (GSFSC) curve is shown for the Bxb1 capsid reonstruction. A zoomed-in map segment is

(legend continued on next page)
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displayed, with a model showing regions of helices (teal), beta sheets (yellow), and loops (red). This format is preserved throughout the figure for each
reconstruction.

(C) The head-to-tail region was reconstructed from symmetry-expanded BaDAS-1 capsid particles. These were subjected to iterative 3D classifications to find
the portal vertex, isolate the capsid-portal complex in C1, and isolate the portal-adaptor-stopper-tail-terminator-tail tube complex in C3. These particle classes
were homogeneously reconstructed and then locally refined in C1 (capsid-portal region) or C3 (connector region). Further masked local refinements of isolated
regions followed the global refinements with no symmetry (capsid-portal regions) or C12, C6, or C3 symmetry (connector region) imposed, as shown.

(D) Tail tube particles were isolated with filament tracer to generate initial 2D classes and then template picker to isolate higher quality particles. These were
refined with extensive 2D classification and 3D non-uniform refinements, followed by reference-based motion correction and local refinement of the tail tube core
and tail tube CTE domain regions.

(E) Tail tips were isolated from the same template picker job as tail tubes but from a different set of 2D classes. These were refined in 3D with non-uniform
refinement in C3 followed by reference-based motion correction. The resulting particles were symmetry expanded and subjected to three separate particle
subtraction jobs to isolate the tail spike, tail collar and fibers, and tail-tip wing densities, then each region was locally refined in C1.
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Figure S2. Cryo-ET pipeline for imaging Bxb1-M. smegmatis interactions, related to Figures 1, 2, 3, 4, 5, and 6

(A) Cartoon model depicting the workflow. M. smegmatis is infected with Bxb1 at an MOI of 300 for 30 min, then applied to cryo-EM grids for vitrification. The
frozen hydrated samples are milled to <200 nm thickness using a cryofocused ion beam (cryo-FIB) milling machine. Tilt series are collected, and cryo-lamellae are
imaged under a 300 keV electron microscope. Images are reconstructed into 3D tomograms and analyzed computationally.

(B) Low magnification (3,600 %) of the lamella showing multiple M. smegmatis cells infected with Bxb1. White arrows point to representative Bxb1 particles.
(C) Representative high magnification (51,000 x) tomogram showing Bxb1 infecting M. smegmatis. Pink and teal arrowheads point to representative empty and
full capsids, respectively. White circles highlight areas where the phage tail is inserted into the bacterial outer membrane.

(D) FSC curves of all the subtomogram averages. The gold-standard method (FSC = 0.143) was used to estimate the resolutions of volumes aligned with EMAN2
software (EMD-46702, EMD-46703, EMD-46704, EMD-46705, EMD-46706, and EMD-46707). The reference supplementary method (FSC = 0.5) was used to
estimate the resolutions of volumes aligned with i3 software (EMD-48066 and EMD-48067).
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Figure S3. The CTE domains on Bxb1’s capsid, tail, and tail-tip cage, related to Figures 2, 4, and 5

(A) Workflow for Bxb1 penton asymmetric reconstruction and refinement. The GSFSC is shown for the final map, along with a zoomed-in view of the penton.
(B) Bxb1 capsid in gray with a blow-up of the Bxb1 gp14 model in the density. The capsid floor domains are colored gray and the CTE domain is colored red.
Around the capsid and inset are capsid subunits from other viruses with domains positioned analogously to the Bxb1 CTE.

(C) Alignment of the CTE domain (red) of Bxb1 g14 (gray) with the minor capsid protein from mycobacteriophage Patience (blue).

(D) Position of Bxb1’s CTE domain (gray and red, left) and the related minor capsid protein in Patience (gray and blue, right).

(E) The CTE domains of the Bxb1 capsid, tail tube, and tail-tip cage aligned.

(F) Bxb1 gp23 subunit colored in rainbow from N to C termini, with boxes around the CTE-like domains (left). The boxed domains are shown color-coded and
aligned to the right.®>°”
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Figure S4. Alphafold models for gp5 and gp17 and their fit into density, related to Figures 3 and 5
(A) Alphafold3 predicted models of gp17 as a monomer or trimer, or as a trimer folded with a hexamer of the N-terminal end of the TMP, gp22, as labeled. Although
we also used Alphafold3 to predict the model of gp17 with a gp22 N-terminal trimer, this structure looked very different and did not fit into the unmodeled cryo-EM

(legend continued on next page)
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density at all; thus, we show the gp17-TMP hexamer model. This is not entirely unconventional, as other studies have reported six copies of the TMP at the
N-terminal end near the portal but resolved just three copies of the TMP C terminus within the tail-tip complex.?” To the right, the 3Xgp17-6Xgp22 multimer
complex is shown in the density of the head-tail connector region, indicating that the dimensions are approximately correct for gp17 to be potentially enclosed
within the connector tube.

(B) Alphafold3-predicted model of the gp4 trimeric fiber structure (left) and this 29 nm model aligned to the built model of gp4 in the tail-tip model (right).

(C) Alphafold3-predicted model of gp33 interacting with the C-terminal segment of the gp4 trimeric fibers.

(D) Fit of the multimer model shown in (C) into the unmodeled density of the tail wings.

(E) Monomer of Bxb1 gp5, as predicted by Alphafold3.

(F) An Alphafold3-predicted multimer complex of gp4 trimeric fibers bound to gp5 is shown fit into the unmodeled density of the Bxb1 tail wings. The view is shown
from the top and from the side, showing that gp5 is not the same shape as the unmodeled density.
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Figure S5. Further details on the 5- to 12-fold transition and connector assembly proteins, related to Figure 3
(A) The C1 capsid-portal map shown from the outside (looking up toward the capsid from the tail tube), with “surrounding” and “distal” capsid subunits indicated
with labels and arrows.

(legend continued on next page)
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(B) Portal-adjacent hexons and their hydrogen-bonded portal subunits were extracted and aligned. Each complex is shown individually and labeled consistently
with Figure 3B.

(C) The 12 portal subunits aligned and shown in different colors, and the area of remodeling in the wing domain is circled.
(D) The portal protein, gp11, is shown in rainbow from N to C termini and aligned with its Foldseek®® hit 7z4w in gray.
(E) The gp11 model is colored and labeled according to domains.

(F) The adaptor protein, gp15, is shown in rainbow from N to C termini and aligned with its Foldseek hit 8k38 in gray.
(G) The gp15 model is colored and labeled according to domains.

(H) The stopper protein, gp16, is shown in yellow and aligned with its Foldseek hit 7z4w in gray.

(I) The gp16 model is colored in rainbow from N to C termini with all secondary structure features labeled.

(J) The tail terminator protein, gp18, is shown in pink and aligned with its Foldseek hit 7z4w in gray.

(K) The gp18 model is colored in rainbow from N to C termini with all secondary structure features labeled.
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Figure S6. Further details on the tail-tip proteins, related to Figure 5

(A) The tail-tip cage protein, gp23, is shown in rainbow from N to C termini and aligned with its Foldseek hit 2x8k in gray.
(B) The gp23 model is colored and labeled according to domains.

(C) The tail collar spacer, gp6, is shown in yellow-green and aligned with its Foldseek hit 7kjk in gray.

(D) The gp6 model is colored in rainbow from N to C termini with all secondary structure features labeled.

(E) The tail collar fiber, gp4, is shown in yellow-green and aligned with its Foldseek hit 7kjk in gray.

(F) The gp4 model is colored in rainbow from N to C termini with all secondary structure features labeled.

(G) The base plate hub protein, gp25, is shown in rainbow from N to C termini and aligned with its Foldseek hit 5iv5 in gray.
(H) The gp25 model is colored and labeled according to domains.

(I) The tail spike protein, gp29, is shown in rainbow from N to C termini and aligned with its Foldseek hit 7yfw in gray.

(J) The gp29 model is colored and labeled according to domains.

(K) The tail wing base protein, gp30, is shown in rainbow from N to C termini and aligned with its Foldseek hit 3pdd in gray.
(L) The gp30 model is colored and labeled according to domains.

(M) The tail wing brush, gp33, is shown in lavender and aligned with its Foldseek hit 7yfw in gray.

(N) The gp33 model is colored in rainbow from N to C termini with all secondary structure features labeled.

(O) The tail wing arm protein, gp33, model is colored in rainbow from N to C termini with all secondary structure features labeled.
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Figure S7. Structural limitations of the Bxb1 capsid as a vaccine platform, related to Figure 2

(A) An overview of the Bxb1 hexon, with cryo-EM density shown as a blue mesh and six capsid protein subunits represented as colored cartoons. Solid and
dashed boxes indicate viewpoints for (B) and (C), respectively.

(B) A side view of the interface between two interacting extension domains. The area within the interior box is shown zoomed in (top right) to illustrate close
contacts between neighboring chains.

(C) The view from above two neighboring, non-interacting subunits, with the terminal residue G396 shown for each chain.

(D) The Bxb1 capsid icosahedral SPA map in gray (left), the BaDAS-1 capsid icosahedral SPA map in red (middle), and an overlay (right) of the Bxb1 capsid (gray)
with the excess density (generated via map subtraction in ChimeraX®) from BaDAS-1 icosahedral capsid (red).
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