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Architecture and self-assembly of the jumbo bacteriophage nuclear shell
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Bacteria encode myriad defenses that target the genomes of infecting bacteriophage,
including restriction-modification and CRISPR-Cas systems'. In response, one family of
large bacteriophages employs a nucleus-like compartment to protect their replicating
genomes by excluding host defense factors>*. However, the principal composition and
structure of this compartment remain unknown. Here, we find that the bacteriophage
nuclear shell assembles primarily from one protein, termed chimallin. Combining cryo-
electron tomography of nuclear shells in bacteriophage-infected cells and cryo-electron
microscopy of a minimal chimallin compartment in vitro, we show that chimallin self-
assembles as a flexible sheet into closed micron-scale compartments. The architecture and
assembly dynamics of the chimallin shell suggest mechanisms for its nucleation and growth,
and its role as a scaffold for phage-encoded factors mediating macromolecular transport,

cytoskeletal interactions, and viral maturation.
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Over billions of years of conflict with bacteriophages (phages), plasmids, and other mobile genetic
elements, bacteria have evolved an array of defensive systems to target and destroy foreign nucleic
acids'. Phages have in turn evolved mechanisms, including anti-restriction and anti-CRISPR
proteins, that counter specific bacterial defense systems®’. We recently showed that a family of
“jumbo phages” — named for their large genomes (typically >200 kb) and large virion size (~145
nm capsids, ~200 nm contractile tails) — assemble a selectively-permeable, protein-based shell that
encloses the replicating viral genome and is associated with a unique phage life cycle, represented
in (Fig. 1a)>%. This micron-scale nucleus-like compartment, termed the “phage nucleus”, forms de
novo upon infection and grows with the replicating viral DNA. Meanwhile, phage proteins are
synthesized in the host cell cytoplasm. These include PhuZ, a phage-encoded tubulin homolog that
assembles into filaments that treadmill to transport empty capsids from their assembly sites at the
host cell membrane to the surface of the phage nucleus. Capsids dock to the phage nucleus shell
and are filled with viral DNA before detaching and completing assembly with phage tails. Mature
particles are released by host cell lysis. In contrast to other characterized anti-restriction systems,
the phage nuclear shell renders jumbo phages broadly immune to DNA-targeting host restriction
systems, including CRISPR-Cas, throughout infection by serving as a physical barrier between the

viral DNA and host nucleases>*.

While we previously showed that the phage nuclear shell incorporates at least one abundant phage-
encoded protein®®, the overall composition and architecture of this structure are still largely
unknown. Also unclear is how these phages address the challenges arising from the separation of
transcription and translation, specifically the need for directional transport of mRNA out of the
phage nucleus and transport of DNA processing enzymes into the phage nucleus®. Finally, how
genomic DNA produced in the phage nucleus is packaged into capsids assembled in the cytosol is

also unknown”.

Architecture of the phage nuclear shell

To gain insight into the native architecture of the phage nuclear shell, we performed focused ion-
beam milling coupled with cryo-electron tomography (cryoFIB-ET) of Pseudomonas chlororaphis
200-B cells (henceforth, P. chlororaphis) infected with jumbo phage 201phi2-1 (317 kb genome)
at 50-60 minutes post infection (mpi, typical time to lysis is around 90 mpi) (Fig. 1, Extended

Data Fig. 1a-i). The observed phage nuclei were pleomorphic compartments devoid of ribosomes,
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bounded by a ~6 nm thick proteinaceous shell (Fig. 1b-d, Extended Data Fig. 1). Close inspection
of the compartment perimeter revealed repeating doublets of globular densities with ~11.5 nm
spacing, suggesting that the shell consists of a single layer of proteins in a repeating array (Fig. 1e,
Extended Data Fig. 1j). Furthermore, we occasionally captured face-on views that exhibit a
square lattice of densities with the same repeat spacing, reinforcing the idea of a repeating array

of protomers (Extended Data Fig. 1k).

Using subtomogram analysis to average over low-curvature regions from eight separate 201phi2-
1 nuclei, we obtained a ~24 A resolution reconstruction of the phage nuclear shell (Fig. 1f,g,
Extended Data Fig. 1h-o & SI Table 1). The reconstruction reveals the shell as a quasi-p4, or
square, lattice (quasi because of variable curvature). The repeating unitis an 11.5 x 11.5 nm square
tetramer approximately 6 nm thick, with internal four-fold rotational symmetry. These units form
a square lattice with a second 4-fold rotational symmetry axis at the corner of each square unit and
2-fold axes on each side (the p442 wallpaper group; Fig. 1h, Extended Data Fig. 1m,0). The four
individual protomer densities within each 11.5 x 11.5 nm unit measure ~6 x 6 x 7.5 nm, dimensions
consistent with a ~70 kDa protein. Thus, the phage nuclear shell appears to be predominantly

composed of a single protein component arranged in a square lattice.

Chimallin is the principal shell protein

We previously showed that the abundant and early-expressed 201phi2-1 protein gp105 becomes
integrated into the nuclear shell’. Furthermore, 201phi2-1 gp105 has a molecular weight of 69.5
kDa (631 amino acids), consistent with the size of an individual protomer density from our in situ
cryo-ET map. Along with the high apparent compositional homogeneity of the shell as observed
by cryo-ET, these data support 201phi2-1 gp105 as the principal component of the phage nuclear
shell. Homologs of 201phi2-1 gp105 are encoded by a large set of jumbo phage that infect diverse
bacteria including Pseudomonas, Vibrio, Salmonella, and Escherichia coli, but these proteins bear
no detectable sequence homology to any other proteins. Because of its role in protecting the phage
genome against host defenses, we term this protein chimallin (ChmA) after the chimalli, a shield

carried by ancient Aztec warriors'.
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To understand the structure and assembly mechanisms of chimallin, we expressed and purified
201phi2-1 chimallin from E. coli. Size-exclusion chromatography and multi-angle light scattering
(SEC-MALS) of purified chimallin indicated a mixture of oligomeric states including monomers,
well-defined assemblies of approximately 1.2 MDa, and larger heterogeneous species ranging
from 4 to 13 MDa (mean=6.9 MDa; Fig. 2a). Cryo-ET of the largest species revealed pleomorphic,
closed compartments with near-identical morphology to the phage nuclear shell we observe in situ
(Fig. 2b, Extended Data Fig. 2). Analysis of the smaller, more defined assemblies by cryo-ET
revealed a near-homogeneous population of cubic assemblies with a diameter of ~22 nm, and a

minor population of rectangular assemblies with dimensions ~22 x 33.5 nm (Fig 2c¢).

We next acquired cryo-electron microscopy (cryo-EM) data and performed single-particle analysis
(SPA) of the defined chimallin assemblies (Extended Data Fig. 3). Two-dimensional class
averages revealed that each cubic particle consists of six chimallin tetramers (24 protomers, 1.67
MDa) arranged to form a minimal closed compartment with apparent octahedral (O, 432)
symmetry (Extended Data Fig. 3a). Similarly, the minor population of ~22 x 33.5 nm rectangular
particles are assemblies of ten chimallin tetramers (40 protomers, 2.78 MDa) with apparent D4
symmetry (Extended Data Fig. 3g). Each tetrameric unit in these assembliesisan 11.5x 11.5 nm
square, in line with our in situ subtomogram analysis of the phage nuclear shell. Three-dimensional
reconstruction of the cubic particles with enforced O symmetry resulted in a ~4.4 A density map
with distorted features (Fig. 2d), likely arising from inherent plasticity of these assemblies
breaking symmetry. Localized reconstruction of the square faces from each particle with C4
symmetry resulted in an improved density map at ~3.4 A. Further reduction of the structure to
focus on an individual protomer resulted in the highest quality map at ~3.1 A, enabling atomic

modelling of the chimallin protomer (Fig. 2e,f, Video 1, SI Tables 2-4).

Chimallin folds into a compact two-domain core with extended N- and C-terminal segments (Fig.
2f,g). The N-terminal domain (residues 62-228) shows little structural homology to any
characterized protein, adopting an a+f fold that is topologically similar only to an uncharacterized
protein from Enterococcus faecalis (Extended Data Fig. 4a,b). The C-terminal domain (residues
229-581) adopts a GCNS5-related N-acetyltransferase fold most similar to that of E. coli AtaT and
related tRNA acetylating toxins (PDB: 6AJM, RMSD 4.2 A for 269 aligned Ca atom pairs)
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(Extended Data Fig. 4c-e)!!. While chimallin lacks the acetyltransferase active site residues of
AtaT and related toxins, this structural similarity suggests that the jumbo phage nuclear shell may

have evolved from a bacterial toxin-antitoxin system.

Atomic models of the C4-symmetric chimallin tetramer and quasi-O symmetric cubic assemblies
reveal the molecular basis for chimallin self-assembly. The chimallin protomer map contains three
interacting peptide segments from the N- and C-termini of neighboring protomers (Fig. 2d-f,
Video 1). Using the maps for the tetrameric face and full cubic assembly, we built models for the
higher-order chimallin oligomers to understand the subunit interconnectivity. The N-terminal
interacting segment (NTS, residues 48-61) of each protomer extends counterclockwise (as viewed
from outside the cube) and docks against a neighboring protomer’s N-terminal domain within a
given face of the cubic assembly, thus establishing intra-tetramer connections. Meanwhile, two
extended segments of the C-terminus (CTSI: residues 590-611, and CTS2: residues 622-631)
establish inter-tetramer interactions. While the linkers between the C-terminal domain and CTS1
(residues 582-589) and between CTS1 and CTS2 (residues 612-621) are unresolved in our maps,
we could confidently infer the path of each protomer’s C-terminus within the cubic assembly.
CTSI1 extends from one protomer to a neighboring protomer positioned counter-clockwise around
the three-fold symmetry axis of the cube, and CTS2 further extends counterclockwise to the third
subunit around the same axis (Fig. 2d). Notably, the binding of CTS1 to the chimallin C-terminal
domain resembles the interaction of the antitoxin AtaR with the AtaT acetyltransferase toxin
(Extended Data Fig. 4e)'!, further hinting that the phage nuclear shell could have evolved from a
bacterial toxin-antitoxin system. Compared to the tightly-packed chimallin tetramers mediated by
the well-ordered NTS region, the length and flexibility of the linkers between the chimallin C-
terminal domain, CTS1, and CTS2 suggest that flexible inter-tetramer packing enables chimallin

to assemble into structures ranging from a flat sheet to the observed cubic assembly.

Chimallin self-assembly and dynamics

To investigate the interconnectivity of chimallin protomers in the context of the phage nucleus, we
docked copies of the high-resolution chimallin tetramer model into the in situ cryo-ET map. The
chimallin tetramers fit well into our ~24 A resolution cryo-ET map of the shell without clashes

and with an overall map-model correlation coefficient (CC) of 0.56 (Extended Data Fig. 5a). To
6
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accommodate a flat sheet structure, the three-fold symmetry axis at each corner of the cubic
assembly must be “unfolded” into a four-fold symmetry axis (Fig. 3a, Video 1). Since CTS1 and
CTS2 mediate interactions across this symmetry axis in the cubic assembly, this change requires
that CTS1 rotate ~55° relative to the chimallin protomer core, and that CTS2 rotate the same
amount relative to CTS1 (Fig. 3b). In the resulting sheet, each chimallin C-terminus extends
counterclockwise to contact the two neighboring subunits in the new four-fold symmetry axis at
the corners of the tetrameric units. The distances spanned by each disordered linker are similar in
the flat sheet and the cubic assembly (Fig. 3b). Thus, both N- and C-terminal interacting segments
contribute to shell self-assembly, with the C-terminus in particular likely imparting significant

structural plasticity to the phage shell while maintaining its overall integrity.

We next assessed the importance of the NTS and CTS regions for chimallin self-assembly both in
vitro and in vivo. In vitro, deletion of either the NTS or CTS (CTS2 alone or CTSI1+CTS2)
completely disrupted self-assembly as measured by SEC-MALS (Fig. 3¢, Extended Data Fig. 6).
We expressed the same truncations in phage 201phi2-1-infected P. chlororaphis cells, and
measured incorporation of GFP-chimallin into the nuclear shell assembled by the phage-encoded
full-length chimallin. We observed shell assembly in all cases, and found that deletion of the NTS,
CTS, or both partially compromised incorporation into the shell (Fig. 3d, Extended Data Fig. 7a).
Consistent with this finding, expression of truncated chimallin did not strongly affect propagation
of phage 201phi2-1 as measured by bacterial growth curves (Extended Data Fig. 7b). Overall,
these data support the idea that chimallin NTS and CTS regions are important for efficient self-
assembly of the chimallin shell, and show that self-assembly of full-length chimallin is robust even

in the presence of chimallin protomers lacking these regions.

Flexibility of the chimallin shell

The phage nucleus shields the viral genome in a manner similar to a viral capsid. However, unlike
viral capsids, chimallin does not tightly interact with the encapsulated DNA. Indeed, estimation of
the electrostatics of chimallin indicate that both cytosolic and lumenal faces are negatively charged
(Fig. 4a,b). The negative character of the phage nuclear shell likely mitigates interactions with the
enclosed DNA, thereby keeping the genetic material accessible for transcription, replication, and

capsid packaging.
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Again, in contrast to viral capsids and other protein-based organelles such as bacterial
microcompartments, which form regular assemblies with defined facets, the phage nuclear shell
adopts a highly irregular morphology (Fig. 1¢, Extended Data Fig. 1b-i). To identify the forms
of conformational heterogeneity within the chimallin lattice, we performed an elastic network
model analysis of a 3x3 tetramer chimallin sheet. This analysis not only indicated hinging along
tetramer boundaries, which would lead to the cubic arrangement observed in vitro, but also hinging
within a given tetramer (Extended Data Fig. 8a-f, Videos 2 & 3). Prompted by this analysis, we
performed focused classification with our in sifu data which revealed three distinct classes of the
central chimallin tetramer (Extended Data Fig. 1n,p & 8j). The predominant class shows a flat
sheet, while two minor classes show the central unit raised (convex) or lowered (concave) by ~1
nm compared to surrounding units. Docking the tetramer model into maps representing concave,
flat, and convex subpopulations indicated that the best fit is to the convex class (model-map CC =
0.64), and the worst fit is to the concave class (model-map CC = 0.51). Moreover, close inspection
of the density representing a chimallin protomer in the different classes revealed that each protomer
rotates ~25° between the concave and convex classes, with the inner side of the tetramer pinching
inward in the convex class (Extended Data Fig. 8i,j). The tetramer model derived from the cubic
assembly, which represents a highly convex state, shows a further ~25° inward tilt of each
protomer. These observations suggest that the chimallin tetramer itself is flexible, with the C-
terminal domains on the shell’s inner face rotating inward in convex regions of the shell, and
outward in concave regions. Thus, the morphology and flexibility of the phage nuclear shell likely

derives from both intra- and inter-tetramer motions.

To analyze the inter-tetramer motions in the in sifu data beyond the subtomograms that we
extracted from relatively flat regions of the nuclear shell, we examined the flexibility between
chimallin tetramers in in sifu nuclear shells by calculating the curvature of an annotated surface in
a tomogram and estimating the angle between tetramers. Our analysis showed that chimallin inter-
tetramer conformations can range from slightly concave, i.e., -35° between neighboring tetramers,
to highly convex, i.e., up to 80° between neighboring tetramers, close to the maximum bend of 90°
observed in the purified sample (Extended Data Fig. 8k,l). This enables the contorted shape
observed in the cryo-ET data that presumably stems from addition of chimallin protomers to the
lattice at multiple random locations, without distributing the strain throughout the lattice, rather

than at a single privileged site.
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Narrow pores in the chimallin shell

Like the eukaryotic nucleus, the phage nucleus separates transcription and translation?. Thus, the
phage nuclear shell must accommodate trafficking of mRNA out of the nucleus, and that of specific
proteins into the nucleus. To determine whether the pores at the two four-fold symmetry axes of
the chimallin lattice could serve as conduits for macromolecule transport, we used all-atom
molecular dynamics to simulate the motions of a 3x3 flat sheet of chimallin tetramers (Fig. 4,
Videos 4 & 5). Assessing the variability in these pores through five separate 300 ns simulations,
we found that the restrictive diameters of both the center and corner four-fold pores are ~1.4 nm
on average, varying throughout the simulations from ~0 nm (i.e., closed) to as wide as 2.3 nm
(Extended Data Fig. 9 & SI Table 6). These data strongly suggest that the pores are too small to
accommodate most folded proteins. However, this pore size is sufficient to enable exchange of
metabolites, nucleotides, and amino acids, and potentially large enough to support export of single-
stranded mRNA molecules. An intriguing model for mRNA export is suggested by prior findings
on viral capsid-resident RNA polymerases, which physically dock onto the inner face of the capsid
and extrude mRNA co-transcriptionally through ~1.2-nm wide pores'>!3. Notably, chimallin-
encoding jumbo phages have been shown to encode distinctive multi-subunit RNA polymerases,
suggesting co-evolution of chimallin and transcriptional machinery in this family'#. Further study
will be required to determine the protein(s) and sites responsible for protein import, as well as

whether mRNA is directly extruded through the chimallin lattice pores.

Nuclear shell architecture is conserved

We recently discovered that the E. coli jumbo bacteriophage Goslar (237 kb genome) assembles a
nuclear shell morphologically similar to those observed in the Pseudomonas phages 201phi2-1,
PhiPA3, and PhiKZ'">. Goslar encodes a divergent homolog of 201phi2-1 chimallin (gp189, 631
amino acids), with 19.3% overall sequence identity between the two proteins (Fig. 5a). We
performed cryoFIB-ET on E. coli cells infected with Goslar at mid-infection (see Methods),
followed by subtomogram analysis of phage nuclei (Extended Data Fig. 10). The resulting ~30
A resolution reconstruction showed striking overall similarity to the structure of the 201phi2-1

nuclear shell, with a square grid of 11.5 x 11.5 nm units (Fig. Sb, Extended Data Fig. 10h,i).
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We next purified Goslar chimallin and characterized its self-assembly by SEC-MALS. Like
201phi2-1 chimallin, Goslar chimallin forms a mixture of monomers, defined assemblies of ~1.75
MDa, and large aggregates of ~10 MDa (Extended Data Fig. 11a). Cryo-EM analysis of the 1.75
MDa assemblies revealed cubic particles ~22 nm in diameter, paralleling those formed by 201phi2-
1 chimallin (Fig. 5¢, Extended Data Fig. 11b). We obtained a 4.2 A resolution structure of the
overall Goslar chimallin assembly, and used a similar localized reconstruction procedure as for the
201phi2-1 chimallin to obtain a 2.6 A resolution structure of the Goslar chimallin tetramer, and a
2.3 A resolution structure of a single protomer (Fig. Sc¢,d, Extended Data Fig. 11c-g). Overall,
Goslar chimallin shows high structural homology to 201phi2-1 chimallin despite the low overall
sequence identity, with a Ca RMSD of 1.8 A within a protomer, and 4.8 A over an entire C4-
symmetric tetramer (Fig. Se,f). The NTS, CTS1, and CTS2 segments of Goslar chimallin show
near-identical interactions to neighboring protomers compared to 201phi2-1 chimallin with the
exception of CTS2, which is shorter in Goslar than in 201phi2-1 and shows a distinct set of
interactions (Extended Data Fig. Se-g, SI Tables 8 & 9).

Recently, transmission electron micrographs of cryo-preserved lysates from Salmonella cells
infected with the jumbo phage SPN3US revealed an unidentified square lattice structure with a
13.5 nm periodicity'®. We identified a diverged chimallin homolog (gp244) in SPN3US that shares
only 10% identity with 201phi2-1 chimallin (Fig. 5a). The similar dimensions and overall
morphology of the SPN3US lattice compared to the 201phi2-1 and Goslar nuclear shells strongly
suggest that these structures are composed of chimallin. Further, during revision of this
manuscript, a preprint reported a cryo-EM map of a chimallin sheet reconstituted in vitro from
Pseudomonas jumbo phage PhiPA3 (gp53, 52.2% sequence identity to 201ph2-1 gp105)!7. The
PhiPA3 chimallin possesses a similar overall structure to 201phi2-1 and Goslar at the protomer
level, but predominantly assembled in vitro as an oblique (p2) lattice in contrast to the
predominantly square (p4) lattice observed in cells!’. Thus, together with our findings on 201phi2-
1 and Goslar, these data show that despite extremely low sequence conservation, chimallin proteins
from diverged jumbo phages exhibit high structural conservation at both the level of an individual

protomer and overall nuclear shell architecture.

10
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Discussion

Here, we detail the molecular architecture of the jumbo phage nuclear shell, a self-assembling,
micron-scale proteinaceous compartment that segregates transcription and translation, largely
excluding protein transport yet allowing selective protein import and mRNA export. We find that
the shell is primarily composed of a single protein, termed chimallin, which self-assembles through
its extended N- and C-termini into a closed compartment. The nuclear shell is a square quasi-lattice
that effectively balances integrity and flexibility, erecting a physical barrier between the replicating

phage genome and host defenses including restriction enzymes and CRISPR-Cas nucleases.

Chimallin is the first and most abundant protein produced upon phage 201phi2-1 infection of a
host cell’>. A key question is how chimallin specifically nucleates around the injected phage
genome. While it does self-assemble in vitro at high concentration, chimallin does not form a
phage nucleus by itself when overexpressed in uninfected cells>®, suggesting that the phage
encodes nucleation factor(s) that promote assembly of the shell around its own genome. These
factors may be produced alongside chimallin in the infected cell, or alternatively may be injected
along with the phage DNA upon initial infection. Thus, there is likely a window of time during the
initial infection in which the phage genome is not protected by the nuclear shell. How does the
phage protect itself during that time? We have consistently observed unidentified spherical bodies
(USBs) in cells infected with either 201phi2-1 or Goslar, with internal density consistent with
tightly packed DNA (Extended Data Fig. 12). In 201phi2-1-infected cells, USBs average 201 nm
in diameter (internal volume ~4.25x10 um?), while in Goslar-infected cells, they average 182 nm
in diameter (internal volume ~3.16x10 pm?). The internal volume of USBs in 201phi2-1-infected
cells is 1.34x that of Goslar-infected cells, closely matching the 1.33x ratio between the genome
sizes of two phages (317 kb for 201phi2-1 vs. 237 kb for Goslar). For both 201phi2-1 and Goslar,
the internal volume of USBs is ~3.3-4.4 times that of their capsids, suggesting that if each USB
contains one phage genome, the DNA is less densely packed in USBs compared to the capsid.
Using subtomogram analysis, we did not find USBs to have the same surface as the nuclear shell
made of a single layer of chimallin; rather, the boundary’s density is most consistent with a lipid
bilayer (Extended Data Fig. 12f-1). Notably, similarly sized compartments have been observed
by thin-section TEM of jumbo phage PhiKZ and SPN3US infecting P. aeruginosa and Salmonella,

respectively!'®!°. Further work will be required to determine whether USBs represent unproductive

11
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infections that failed to pierce the inner membrane of the host, or instead represent a mechanism
to protect a phage’s genome early in infection, prior to chimallin production and nuclear shell

assembly.

Another unresolved question is how the phage nuclear shell grows concomitantly with phage
genome replication. We propose that shell growth is accomplished by incorporating soluble
chimallin subunits into the lattice through a presumably isoenthalpic transfer of the N- and C-
terminal segments that bind the chimallin interfaces on the lattice to the new chimallin subunits,
effectively breaking and subsequently resealing the existing lattice. The high propensity of
chimallin to self-assemble, and the protein’s abundance in infected cells, likely ensures that host

defense factors have little opportunity to access the replicating phage genome during its growth.

We and others have shown that specific phage proteins are actively imported into the phage
nucleus, while other proteins — including host defense nucleases — are excluded®*. Given that the
pores of the chimallin lattice are not large enough to allow passage of most folded proteins, these
data suggest that the phage encodes minor shell components that mediate specific, directional
transport of proteins and potentially phage-encoded mRNAs through the protein barrier. Similarly,
specific proteins either associated with or integrated into the shell likely mediate interactions with
the phage-encoded tubulin homolog PhuZ to position the phage nucleus? and enable phage capsids
to dock on the shell surface for genome packaging’. Intriguingly, the prohead protease of the jumbo
phage PhiKZ has been shown to cleave chimallin (gp54) between its C-terminal domain and CTS1
(Supplementary Fig. 1)*°, suggesting that proteolytic processing of chimallin may contribute to

capsid docking and filling by locally disrupting lattice integrity.

The jumbo phage nucleus is a striking example of convergent evolution to solve a problem —
isolation of a genome from the surrounding cell contents — previously thought to have evolved
only once in the history of life. Here, we have shown how the phage-encoded chimallin protein
(ChmA) self-assembles into an effective nuclear-cytosolic barrier. This work sets the stage for
future identification of minor shell components (ChmB, ChmC, etc.) that manage shell nucleation
and growth, mediate nuclear-cytoplasmic transport, and direct key steps in the phage life cycle

including cytoskeletal interactions and genome packaging. Finally, the structural elucidation of the

12
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principal component of the phage nuclear shell opens the possibility to the design of engineered

protein-based compartments with sophisticated functions that span nanometer to micron scales.
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