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Abstract 15 

 16 

A growing number of jumbo bacteriophages, with genomes exceeding 200 kb, have been found 17 

to establish a Phage Nucleus—a micron-scale, proteinaceous structure encompassing the 18 

replicating phage DNA. Bacteriophage and host proteins associated with replication and 19 

transcription are concentrated inside the Phage Nucleus while nucleotide synthesis, translation, 20 

and numerous other host and exogenous proteins are effectively excluded, including CRISPR-21 

Cas and restriction endonuclease host defense systems. Here, we show that fragments of the 22 

Phage Nucleus isolated from ϕPA3 infected Pseudomonas aeruginosa cells form a square 23 

lattice and demonstrate that the recombinantly purified primary Phage Nuclear Enclosure 24 

(PhuN) protein spontaneously assembles into sheets also constructed from a square lattice 25 

which we resolve to 3.9 Å by cryo-EM. Our structure reveals that the flexible termini and large 26 

loops mediate adaptable inter-tetramer contacts that drive shell assembly into a C2-symmetric 27 

lattice. While the interfaces between subunits are mostly well packed, two of the interfaces are 28 

open, forming clear channels that likely have important functional implications for the transport 29 

of proteins, mRNA, and small molecules. 30 

 31 

Introduction  32 

 33 

There is a constant evolutionary pressure for bacteria to develop defense mechanisms 34 

against invading bacteriophages and for the phages to develop effective countermeasures.1 To 35 

that end, restriction-modification and numerous CRISPR systems are widespread amongst 36 

bacterial hosts while phages have developed their own DNA modification and anti-CRISPR 37 

systems.2 A subset of so-called jumbo bacteriophages, defined by having genomes exceeding 38 

200 kb, have recently been shown to encode an elaborate system for sequestering the phage 39 

genome away from host nucleolytic attack, conveying broad resistance to targeting by the host.3 40 

This is accomplished via the assembly of a selectively permeable protein shell that 41 

encompasses the phage genome.4,5 The shell with its contents is referred to as the Phage 42 

Nucleus for its remarkable functional similarity to the eukaryotic nucleus: this structure forms a 43 

selectively permeable compartment that is centered within the host bacteria by a dynamic 44 

bipolar spindle formed from a phage encoded, divergent tubulin called PhuZ.4,6–8 The 45 

bacteriophage and host proteins involved in phage replication and transcription are 46 

concentrated within the Phage Nucleus shell while translation and nucleotide synthesis 47 

machinery, the aforementioned CRISPR-Cas and restriction endonucleases, as well as other 48 



 

 

host or exogenous proteins are effectively excluded.3,4 Unlike other proteinaceous prokaryotic 49 

compartments, such as carboxysomes or viral capsids, this shell can grow significantly 50 

throughout infection to reach nearly micron-scale, a process likely driven by genome 51 

replication.4,9–11 In contrast to some other membraneless compartment forming systems, such 52 

as protein condensates, subunits do not diffuse throughout the shell of the Phage Nucleus, 53 

indicative of unique assembly properties.4,12 54 

While the total protein composition of the Phage Nucleus shell is unknown for any jumbo 55 

phage, Gp105 from the ϕKZ family phage 201ϕ2-1 was shown to be a marker for the shell.4 It is 56 

the most highly expressed protein that is not part of the mature phage particle.4 Here we 57 

formally introduce this protein and its related family members as phage nucleus enclosure or 58 

PhuN proteins. The PhuN family currently includes Gp53 (ϕPA3), Gp54 (ϕKZ), Gp105 (201ϕ2-59 

1), Gp202 (PCH45), and numerous putative homologous proteins from newly sequenced jumbo 60 

bacteriophages.4,5,13,14 Beyond these other phage proteins, PhuN has no clear previously 61 

characterized homologous relatives. This unique assortment of biophysical and biological 62 

properties combined with the mystery about the tertiary structure of PhuN established it as an 63 

exciting target for structural and biochemical analysis. 64 

In this work, we demonstrate that Phage Nucleus fragments isolated from ϕPA3 infected 65 

P. aeruginosa cells form a square lattice. We further show that Gp53, the PhuN family member 66 

from bacteriophage ϕPA3, readily assembles into large 2D lattices in vitro. We utilized a limited 67 

tilt, cryo-electron microscopy data collection scheme paired with single particle processing to 68 

determine a 3.9 Å map of PhuN assemblies. Assisted by RoseTTAFold15 and AlphaFold,16 we 69 

present a model and analysis of the assembly enclosing the Phage Nucleus. The structure 70 

reveals that the flexible termini and large loops mediate adaptable inter-tetramer contacts that 71 

drive shell assembly into a C2 symmetric lattice. While the interfaces between subunits are 72 

mostly well packed, two of the interfaces are open, forming clear channels that likely have 73 

important functional implications. Despite the lack of detectable sequence homology, analysis of 74 

the atomic structure reveals that the basic architecture is derived from a fusion of 75 

acetyltransferase and carbon monoxide dehydrogenases/nuclease domains. 76 

 77 

Results 78 

 79 

Isolation of Phage Nucleus Fragments 80 

 P. aeruginosa expressing maltose-binding protein (MBP)-PhuN fusions were infected 81 

with ϕPA3 and lysed after 60 minutes of infection. While the MBP tag was intended to aid affinity 82 

purification, differential centrifugation of the lysates proved more successful at shell isolation, 83 

likely due to the large assemblies hindering efficient interaction with amylose beads. The 84 

resulting isolates resemble fragmented shells and have a clearly defined lattice structure 85 

(Fig.1a). Two-dimensional averaging of the isolated fragments further reveals a lattice with clear 86 

deviations from C4 symmetry but not enough detail to assign C2 or C1 symmetry (Fig.1a). The 87 

subunits forming the lattice appear to be a single, approximately 60 by 40 Å protein species. 88 

Recent low resolution in situ tomography of Phage Nuclear Shells from phages 201ϕ2-1 and 89 

Goslar reports C4 symmetry but is otherwise consistent with this observation, demonstrating a 90 

square lattice with similarly sized subunits.17 The isolated shell fragments often appear folded 91 

over and the lattice can vary in directionality, suggestive of both structural plasticity and 92 

imperfections or locally altered symmetry within the lattice of endogenous mature Phage 93 

Nuclear Shells (Fig. 1a; S1a,b). 94 

 95 

PhuN Self-Assembles During Purification 96 

 ϕPA3 PhuN is a 66.6 kDa protein with marginal solubility upon expression in E. coli, a 97 

problem surmounted by the addition of an N-terminal maltose-binding protein (MBP) solubility 98 

tag. Importantly, the addition of MBP does not prevent PhuN from incorporating into the Phage 99 



 

 

Nuclear Shell during ϕPA3 infection in P. aeruginosa (Fig. S1c). All in vitro data presented here 100 

utilize the MBP-PhuN fusion and, for simplicity, will be referred to as PhuN unless otherwise 101 

specified. 102 

 During purification, exposure to an anion exchange column induced the formation of a 103 

broad spectrum of PhuN assemblies observed upon elution (Fig. 1b). While the exact reason 104 

for this preferential on-column assembly is not known, it likely occurs as a result of increased 105 

local PhuN concentration during sample application, binding, and elution. Exposure to the high 106 

surface charge density of the column resin may also play a role.  107 

 These assemblies were grouped into three broad classes based on their appearance in 108 

negative stain election microscopy. Class I primarily contains monomeric PhuN (Fig. 1b). Class 109 

II includes rounder species approximately 25 nm in diameter with distinct edges. Despite efforts 110 

to optimize the production of these for structure analysis, they proved to be an elusive species, 111 

often outnumbered by more irregular assemblies like those found in Class III (Fig. 1b). Class III 112 

consists of highly variable 50-130 nm long, elongated assemblies (Fig. 1b). The Class III 113 

species revealed a striated organization highlighting the striking diversity in both the shape and 114 

size of PhuN assemblies. In cryoEM, although heterogeneously shaped, Class III assemblies 115 

appear to have a more regular, lattice-like organization and showed a density around the 116 

exterior consistent with the presence of the N-terminally fused MBP (Fig S1d, top). 117 

  118 

Growing and Imaging PhuN 2D Lattices 119 

 We initially set out to determine conditions that would allow us to control the assembly 120 

rate and state of PhuN. Using the anion exchange column as an assay to monitor shifts in 121 

assembly states, we instead found that at a pH of 6.5 monomeric PhuN forms large, 2D 122 

polycrystalline assemblies when applied to negatively charged grids for negative stain EM (Fig 123 

S2b). The low pH was also necessary to maintain the integrity of shell fragments isolated from 124 

infected cells, suggesting that pH may be an important factor to consider in shell assembly in 125 

vivo. Stress induced by antibiotic exposure has been observed to decrease the cytosolic pH to 126 

6.7 in P. aeruginosa and other bacteria.18 Perhaps phage infection may act as a similar 127 

metabolic stressor and have an analogous impact on pH. 128 

 These 2-dimensional crystals were further optimized using a 2D surface crystallization 129 

method as often used in 2D electron crystallography.19 Purified His-tagged PhuN was diluted 130 

into a buffer droplet in Teflon wells that had a pre-formed lipid monolayer containing 21% Ni-131 

NTA modified lipids (Fig. S3). This approach yielded larger, better ordered crystalline 132 

assemblies than both those observed in negative stain and those isolated from infected cells. 133 

These arrays were then prepared for and imaged by cryo-EM. Despite optimizing lattice 134 

formation, the 2D sheets generally included many local regions of distinct lattice orientation as 135 

well as numerous bends and waves (Fig. 1c, S4). Consequently, we chose a predominantly 136 

real-space approach, analogous to single particle analysis,20 instead of the more common 2D 137 

electron crystallography strategy (Fig. S5). To obtain the necessary views, data were collected 138 

at multiple tilt angles: 0°, 15°, 30°, 35°, 40°, 45°, 50°, 60° (Fig. S4). In order to compensate for 139 

the high degree of beam induced motion and lower image quality resulting from increased 140 

sample thickness in our tilted samples, data were collected at a high frame rate and processed 141 

using a tilt-optimized version of MotionCor2.21 On conventional grids, few lattice patches could 142 

be found and those that did adsorb were only visible in very thick ice. We overcame this 143 

challenge by utilizing amino functionalized graphene oxide grid supports 22 for the bulk of our 144 

data acquisition as they stabilized the lattices in somewhat thinner ice and greatly increased the 145 

number of lattice patches adsorbed. Using this approach, we were able to resolve PhuN 146 

assemblies in 2D arrays to ~3.9 Å and build an atomic model starting with predictions from 147 

RoseTTAFold15 and AlphaFold16 (Fig. 2b-d, S5) . 148 

 149 

PhuN Lattices: 4 Unique Interfaces 150 



 

 

 The ϕPA3 PhuN monomer is comprised of two connected domains. Despite the lack of 151 

convincing sequence homology to other proteins, structural comparison of our model with 152 

coordinates in the PDB using the Dali Structure Comparison Server23 revealed that the large 153 

domain is structurally homologous to acetyltransferases while the smaller domain has a less 154 

clear fold homology, sharing similarities with proteins including carbon monoxide 155 

dehydrogenases/Acetyl-CoA Synthases as well as several restriction endonucleases (Fig. S10). 156 

As other proteins forming nanocompartments or encapsulins often share structural similarities 157 

with capsids,24 the PhuN homologies suggest a unique evolutionary origin. As no related binding 158 

sites or catalytic residues could be identified in PhuN, it is unlikely that either domain has 159 

retained any ancestral catalytic activity. It remains to be seen whether these homologies have 160 

functional implications beyond a purely structural role. 161 

 PhuN assembles into a tetrameric lattice with a dimeric asymmetric unit, giving rise to 162 

C2 symmetry (Fig 2a). Alignment of the asymmetric subunit models using the acetyltransferase-163 

like domain results in an RMSD of ~2 Å. The bulk of the differences between the structured 164 

domains of asymmetric subunits appear to arise from small shifts in various helices as well as 165 

interconnecting loops. Each core tetramer is held together by tight packing of four monomers 166 

with both domains contributing, while interactions between the tetramers are looser and 167 

predominantly coupled via highly flexible elements (loops, termini, etc.). In keeping with the C2 168 

symmetry, each PhuN tetramer forms four unique interfaces, two of which form channels: a 169 

Diamond channel at the center of the core tetramer, an Open Hairpin channel and Closed 170 

Hairpin interface forming the lateral contacts between core tetramers, and a Loop interface 171 

where the outer corners of four tetramers meet (Fig.  2a,e). 172 

 The central Diamond channel is lined by the four smaller PhuN domains of the core 173 

tetramer. The resulting diamond-shaped opening has a highly negative charge (Fig. 3b) and 174 

measures 32 Å by 33 Å across the corners. In an elegant domain swap that holds the subunits 175 

tightly packed around the channel, a small positively charged helix within the N-terminal 37 176 

residues of the nuclease domain threads into the neighboring subunit, nestling at the top within 177 

a negatively charged pocket (Fig3a). 178 

 The Open Hairpin channel and Closed Hairpin interface are located at the lateral 179 

interface of two core tetramers. These lateral interactions are established by the same β-180 

hairpins making contacts with different residues of the neighboring tetramers, approximately 20 181 

Å apart (Fig. 3c, S7a). At the Open interface, the tips of opposing β-hairpins (residues 111-126) 182 

interact with a positively charged region near where the C-terminus leaves the structured 183 

acetyltransferase-like domain of the neighbors (Fig. S6a,b). Keeping these hairpins apart 184 

creates a somewhat narrow channel, measuring 31 Å by 41 Å across the corners of the 185 

channel. At the Closed interface, these opposing β-hairpins form direct lateral interactions that 186 

close the channel and move the tips of the β-hairpins closer to a structured loop (residues 245-187 

258) (Fig. 3c, S6c). As we do not observe any large conformational changes between the 188 

asymmetric subunits, this suggests that the 20 Å shift between the β-hairpin positioning at the 189 

Open versus Closed Hairpin interfaces arises from a largely rigid motion of the entire core 190 

tetramer and thus, as a result, introduces the 10° skew in the lattice network (Fig 2a; S7b,c). 191 

One conjecture is that perhaps these are not fixed interfaces, but rather represent Open and 192 

Closed states that the lattice can adopt for a functional purpose such as relieving tension in the 193 

nearly micron-scale assemblies or adjusting the channel created at the Open interface (Fig. S7, 194 

Movie1). Going forward, we will refer to the asymmetric subunits by the positioning of their β-195 

hairpins such that the β-hairpin from PhuN-O forms the Open channel while the PhuN-C β-196 

hairpin forms the Closed interface. 197 

 The Loop interface appears to be, in part, held together by interactions between the 198 

large flexible loops (residues 275-289) from at least two different subunits. While the full 199 

densities of these loops remain unresolved in our 3D map, they are clearly visible in 2D classes 200 



 

 

(Fig. 2a). The loops from two PhuN-O subunits from opposing core tetramers interact laterally 201 

(Fig. 2a). The loops belonging to the PhuN-C subunits at those interfaces are not visible 202 

suggesting they are unstructured or in an alternative, less visible conformation in the 2D class. 203 

These loops account for the largest conformational differences we observed between 204 

asymmetric partners as the core domains of the proteins do not experience sizable 205 

conformational changes.  206 

 The final 12 residues of the C-terminal tail reside in a groove between the two domains 207 

of PhuN, right over the β-hairpin (Fig. 2e,3a). We also see strong densities in our high-208 

resolution map for what is likely the C-terminal strands at the back of the acetyltransferase-like 209 

domain (Fig. 2e). These densities differ in the two asymmetric subunits. Unfortunately there was 210 

insufficient local resolution to trace how the C-terminus crosses-over between tetramers. This 211 

leaves some ambiguity as to which exact paths the long termini take to cross the Open Hairpin 212 

channel and Closed Hairpin interface before resting their final 12 residues in the positively 213 

charged groove (Fig. 4). An interesting possibility is that these regions may be free and 214 

unstructured to allow some flexibility for the tetramers to accommodate alternating between 215 

Open and Closed Hairpin states, shell curvature, or different lattice orientations.  216 

 While we do not observe the N-terminal MBP tag in our maps, the MBP appears on the 217 

exterior of our small in vitro assemblies (Fig. S1d). From this, we suggest that the lattice surface 218 

with the exposed N-terminus faces the cytosol. Thus, the exterior of the Phage Nuclear Shell is 219 

sporadically positively charged while the interior surface is quite negatively charged (Fig. 3b). 220 

This could be an elegant strategy for keeping the DNA away from the surface, preventing it from 221 

inadvertently leaving the protection of the lattice network.  222 

 223 

Discussion 224 

 225 

 Once thought to be a defining feature of eukaryotic organisms, the Phage Nucleus 226 

proves to be a protein-based, membrane-free structure accomplishing a similar task. In this 227 

work we describe the novel self-assembly of the 66.6 kDa PhuN protein from bacteriophage 228 

ϕPA3 into a C2 symmetric lattice that closely matches fragments of the endogenous Phage 229 

Nucleus isolated from ϕPA3 infected P. aeruginosa. This tetrameric lattice features four distinct 230 

interfaces, two of which form clear channels (Diamond, Open Hairpin) that may allow the 231 

passage of small molecules, unfolded proteins, or nucleotides. We further show that the lattice 232 

assembles through interactions between flexible loops and establishes a negatively charged 233 

interior surface for the Phage Nucleus. 234 

 These lattices and channels provide a novel framework with which to approach further 235 

mechanistic questions in this system ranging from growth and adaptability of the lattice, to DNA 236 

protection and packaging, to selective translocation in and out of the Phage Nucleus. The 237 

channels we identify may allow for diffusion of small molecules as is or perhaps can 238 

accommodate larger molecules following conformational changes induced at specific sites or in 239 

response to binding of other phage factors. The different interactions of the large flexible loops 240 

and possibility for varied C-terminal tail binding observed here could help accommodate such 241 

changes. This idea is supported by a recent report of C4 symmetric lattices created by phage 242 

201ϕ2-1.17 We also observed a minor C4 population in our 2D classes, suggesting that this 243 

symmetry may also be accessible in ϕPA3 PhuN assemblies (Fig. S8a). The fact that the same 244 

monomer can readily form distinct PhuN symmetry states implies an unexpectedly flexible, 245 

dynamic assembly far different from the highly stereotyped, rigid lattices found in phage heads 246 

or compartments like the carboxysome.10,11,25,26 In vivo, scattered throughout this remarkable 247 

lattice may be other protein-based channels to allow for capsid docking, efficient DNA extrusion 248 

and packaging into empty capsids, as well as the passage of other large molecules.  249 

 In many other protein-based assemblies, such as eukaryotic and prokaryotic viral 250 

capsids and bacterial microcompartments, space is enclosed through combinations of triangular 251 



 

 

or hexametric units forming flat faces and pentameric units providing curvature.10,11,26 At the 252 

molecular level, the ability of the same proteins to pack in these different modes arises from 253 

quasi-equivalent interactions amongst flexible domains.26 Long tails are often used around the 254 

symmetry points to stabilize the assemblies.26 The observations reported here suggest that 255 

quasi-equivalence may also be mediated directly by flexible tails and loops, not only forming 256 

quasi-symmetric tetramers but also flexibly linking adjacent tetramers together.  257 

 Given the extensive interactions between tetramers mediated by these long tails and 258 

loops, adding new subunits during growth while maintaining a permeability barrier may require 259 

the transient formation of dislocations or perhaps the aid of helper host proteins, such as 260 

chaperones, as with clathrin lattices.27 The observation of small assemblies, similar to those 261 

found in vitro, attached to an isolated shell (Fig. S1a) also raises the possibility of a Phage 262 

Nuclear shell growth mechanism driven by the incorporation of small, pre-formed assemblies 263 

rather than individual monomers. The regular spacing and close proximity of these assemblies 264 

may also point to the existence of specialized regions along the Phage Nucleus where subunit 265 

addition occurs. This could allow for rapid and efficient growth while minimizing the number of 266 

disruptions made to the Phage Nuclear Shell lattice. Alternatively, these small assemblies may 267 

correspond to distinct protein complexes with quite different functional roles. 268 

 The flexibility of the C-terminal tail, availability of some variation in its binding to 269 

neighboring subunits, and potential for toggling between symmetric states is perhaps what 270 

enables the astounding diversity in both shape and size of the bacteriophage nuclei,4 especially 271 

considering they appear to be largely constructed from a single ~70 kDa protein across various 272 

jumbo phages.5 Notably, PhuN proteins from different species do not appear to interact during 273 

co-infections,28 suggesting that diversity in the tails may contribute to phage speciation. As 274 

differing N- and C-terminal tail lengths account for the primary structural differences between 275 

AlphaFold predictions of known PhuN proteins (Fig. S9), a closer and careful analysis of PhuN 276 

evolution from diverse jumbo bacteriophages will be instrumental in delineating mechanistic 277 

similarities and differences that underly the ability of PhuN proteins to assemble into the micron-278 

scale Phage Nuclei observed in vivo. Honing in on these questions will provide a more thorough 279 

understanding of where these structures came from, how they nucleate and grow, as well as 280 

how we can co-opt them for both experimental and practical applications going forward. 281 
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Methods 317 

 318 

6XHisMBPGP53 Construct and Expression  319 

An N-terminal maltose binding protein (MBP) tag and E. coli codon optimized ϕPA3 gp53 gene 320 

were inserted into a pET15 backbone to create pESN6. pESN6 was transformed into 321 

BL21(DE3) Star cells for expression. 20 mL of an overnight in LB was grown with carbenicillin 322 

and chloramphenicol. 1L of Terrific Broth (TB) growth media was inoculated with around 2% of 323 

the overnight or until the starting OD600 reached 0.001. Cells were grown with 250 rpm nutation 324 

at 37°C until an OD600 of 0.5. Cells and the incubator were then cooled to 16°C. Expression was 325 

induced with 1 mM IPTG and proceeded overnight at 16°C with 250 rpm nutation. Cells were 326 

spun down the following morning at 3,000 rcf for 8 minutes and pellets were transferred to 50 327 

mL conical tubes. These were flash frozen and stored at -80°C or used immediately for 328 

purification. 329 

 330 

Phage Shell Isolation 331 

P. aeruginosa PA01 expressing MBP-gp53 were lysed at 60 min post ϕPA3 infection in NP40 332 

Lysis Buffer (50 mM Bis-Tris, 150 mM NaCl, 0.5% NP40, 5% glycerol, 5 mM DTT, 20 ng/µl 333 

Lysozyme, 1 mM EDTA, 1mM EGTA – pH 6.5) by dounce homogenizer. The lysate was 334 

clarified at 16000xg for 5 min and the insoluble fraction resuspended in Wash/Shell buffer (20 335 

mM Bis-Tris, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 2 mM MgCl2 – pH 6.5). This was subject 336 

to further 500xg (5 min) and 15000xg (10 min) centrifugation with the insoluble fraction isolated 337 

and resuspended in Wash/shell buffer each time. The final 15000xg pellet resuspension was 338 

used directly for downstream analysis by negative stain or cryoEM.  339 

 340 

Immunofluorescence Microscopy 341 

Immunofluorescence microscopy samples were prepared as previously published.3 342 

 343 

6XHisMBPGP53 Purification 344 

A cell pellet from 1 L of culture was resuspended in 12 mL of Lysis Buffer pH 7.42 (20 mM 345 

HEPES, 500 mM NaCl, 0.2% TritonX100, 1 mM DTT, 5% Glycerol, 5 mM MgCl2) per each gram 346 

of pellet with 1 cOmplete Protease Inhibitor Tablet and benzonase. This mixture was 347 

homogenized using a manual glass homogenizer and lysed using an Avestin EmulsiflexC3. The 348 

sample was clarified with a 20 minute spin at 18,500 rcf. The soluble fraction was nutated with 349 

equilibrated NiNTA resin for 1-2 hours in the cold room. The sample was transferred to a gravity 350 

column and washed 2X with the ATP Wash Buffer pH 7.42 (5 mM ATP, 5 mM MgCl2, 20 mM 351 

HEPES, 500 mM NaCl, 20 mM Imidazole, 1 mM DTT, 5% Glycerol) and 2X with Wash Buffer 352 

pH 7.42 (20 mM HEPES, 500 mM NaCl, 20 mM Imidazole, 1 mM DTT, 5% Glycerol). Finally, 353 

the sample was eluted and collected in the Elution Buffer pH 7.42 (20 mM HEPES, 150 mM 354 

NaCl, 600 mM Imidazole, 1 mM DTT, 5% Glycerol). The eluate was aliquoted and flash frozen 355 

the same day and stored at -80°C. 356 

 357 

Anion Exchange 358 

The sample (thawed or fresh) was buffer exchanged into MonoQ Binding Buffer (pH 7.65, 20 359 

mM Tris, 50 mM NaCl, 1 mM DTT, 0.5 cOmplete Protease Inhibitor Tablet; pH 6.5, 20 mM Bis-360 

TrisPropane, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 0.5 cOmplete Protease Inhibitor Tablet) 361 

using 3.5K MWCO Snakeskin dialysis tubing or 7K MWCO Zeba Spin Desalting Column. The 362 

sample was loaded on the 10/100 or 5/50 GL MonoQ Anion Exchange Column, washed, and 363 

eluted over a linear gradient from 0 to 65% over 13 mL (5/50 gL) using the Elution Buffer (pH 364 

7.65, 20 mM Tris, 1 M NaCl, 1 mM DTT, 0.5 cOmplete Protease Inhibitor Tablet; pH 6.5, 20 mM 365 

Bis-TrisPropane, 1 M NaCl, 1 mM DTT, 1 mM EDTA, 0.5 cOmplete Protease Inhibitor Tablet) 366 



 

 

 367 

Negative Stain Electron Microscopy Preparation and Imaging 368 

3 µL of sample were applied to a glow discharged carbon coated grid (30 seconds, 20 mA). 369 

After 30 seconds, this was flushed away with deionized water followed by 30 µL Uranyl Formate 370 

(UF). ~5 µL UF were left on the grid to stain for 30 seconds. This stain wash and incubation was 371 

repeated 2 more times. The grid was finally dried by filter paper side-blotting and gentle wafting 372 

through the air. The grids were imaged using a 120 kV FEI Tecnai T12 (LaB6 filament, Gatan 373 

UltraScan 895 4k CCD) or 200 kV FEI Tecnai T20 (FEG electron source, TVIPS 8K x 8K 374 

camera). Images were collected at 62 kx (defocus ~ -0.981 nm) or 145 kx (defocus ~ -0.295 375 

nm). 376 

 377 

CryoEM Imaging of Isolated Shell Fragments 378 

Isolated shell fragments were imaged using the 200 kV Glacios microscope. 34 micrographs 379 

were collected manually, 6 of which were used to pick and extract 9,568 particles. After 3 380 

rounds of classification, 376 particles remained in the class shown in the Fig. 1A inset. 381 

 382 

2D Crystal Preparation and Sample Freezing 383 

The most concentrated monomeric fraction was selected from the Anion Exchange purification. 384 

The concentration was used to calculate the volume of buffer and sample needed to reach a 385 

working concentration of 0.01 mg/mL 6XHisMBPgp53 in a 30 uL crystallization drop. A humidity 386 

chamber was made by wetting filter paper inside of a petri dish. A teflon block with 387 

approximately 5 mm wide and 13 mm deep wells was placed in this chamber. The calculated 388 

volume of 2D Crystallization Buffer (pH 6.5, 20 mM BisTrisPropane, 150 mM NaCl, 1 mM DTT, 389 

1 mM EDTA, 2 mM MgCl2, 1 mM ATP, 0.25 cOmplete Protease Inhibitor Tablet) was pipetted 390 

into each well. 1 µL of Lipid Mix (0.73 mg/mL EGG PC, 0.27 mg/mL  DGS-NTA(Ni)) was 391 

dispensed onto each buffer droplet. The volume of concentrated protein was then gently added 392 

to each droplet. After a 1 hour incubation at room temperature, the lattices were adsorbed to 393 

amino-functionalized graphene oxide22 or QUANTIFOIL R1.2/1.3 400-mesh copper holes 394 

carbon grids without glow-discharging. These were then plunge-frozen using a Vitrobot Mark IV 395 

(FEI) at 10℃ with 100% humidity using a 4 second blot time, 0 second wait time, and blot force 396 

of 0 for the functionalized grids and a 6 second blot time, 0 second wait time, and blot force of 3 397 

for the QUANTIFOIL grids. 398 

 399 

Acquisition of Cryo-Electron Microscopy Data 400 

As the data is composed of 15 collections varying tilt, grid type, and frame rates, the below 401 

description summarizes the ranges of settings for all of the collections combined. 402 

The micrographs were collected using two 300 kV FEI Titan Krios electron microscopes 403 

equipped with K3 direct electron cameras (Gatan) and operated using SerialEM software. A 404 

nominal defocus range of 0.8-2.5 µm under focus was used for collection. A nominal 405 

magnification of 105 kx, corresponding to a physical pixel size of 0.835 Å or 0.834 Å, was used. 406 

A total dose of 66 or 67 e-/Å2 was maintained for each collection. The samples were tilted from 407 

0° to 60° for static dataset collection to obtain side-views of the 2D crystalline sample. To 408 

mitigate beam-induced motion, we utilized GO/NH2 coated R1.2/1.3 300 mesh gold grids and 409 

collected data using a higher frame rate to obtain a finer sampling of the beam-induced motion.  410 

 411 

Collected Datasets by Grid Type, Tilt, and Frame Rate 

Grid Type Quantifoil GO/NH2 GO/NH2 GO/NH2 UltrAuFoil 
UltrAuFoil 

GO/NH2 



 

 

Tilt Angle 
0°, 40°, 

50° 
0°, 60° 0°, 15° 

0°, 30°, 45°, 

60° 
0°, 60° 35° 

Frames 120 118 246 444 444 444 

Magnification 105,000 105,000 105,000 105,000 105,000 105,000 

Voltage (kV) 300 300 300 300 300 300 

Electron 

Dose (e-/Å
2
)  

66 67 67 67 67 67 

Defocus 

Range (µm)  
1.5-2.5 0.8-1.6 0.8-1.6 0.8-1.6 0.8-1.6 0.8-1.6 

Pixel Size (Å)  0.834 0.835 0.835 0.835 0.835 0.835 

Combined Dataset Particle Processing  

Symmetry 

Imposed 
C2 

Number of 

Final 

Particles 

29,303 

Map 

resolution (Å) 
3.9 

FSC 

Threshold 
0.143 

 412 

 413 

Processing Cryo-Electron Microscopy Data 414 

All micrographs were motion corrected using UCSF MotionCor221 with a 9 by 7 patch. Each tilt, 415 

frame rate, and grid type was imported and processed separately through 2D classification. 416 

The first datasets, collected on Quantifoil grids, were used to generate the first 3D model. After 417 

importing the motion corrected micrographs into cryoSPARC,29 CTF estimation was done using 418 

cryoSPARC Patch CTF estimation (multi). cryoSPARC Blob Picker was then used to initially 419 

select particles. Two rounds of 2D classification were used to clean up picks. The selected 420 

particles from each tilt (0° 2,123 ptcls, 40° 308,891 ptcls, 50° 194,876 ptcls) were merged in a 421 

cryoSPARC Ab-Initio Reconstruction with C1 symmetry. A 176,652 particle class from the Ab-422 

Initio Reconstruction gave a clear lattice volume with an apparent C2 symmetry. This volume 423 

was further used as a template for cryoSPARC Heterogenous Refinement.  424 

Additional datasets underwent the same processing through 2D classification. Selected particles 425 

were added to the best particle subset for cryoSPARC Heterogenous Refinements with the best 426 

resolved volume as a template. The template was ultimately recentered on the diamond shaped 427 

channel at which point C2 symmetry was also imposed going forward. The centered template 428 

was also used to create a particle picking template for each tilted dataset. The template was 429 

generated using the relion project feature in RELION v.3.0.8,38 saving a projection ±5° from the 430 

tilt at data collection every 3° and repeating this every 3° around the z axis from 0-180°. This 431 

yielded 244 templates for each tilted dataset. These templates were imported into cryoSPARC 432 



 

 

and all datasets were repicked using their respective template set. The picks were cleaned up 433 

with two rounds of 2D Classification resulting in ~600,000 particles. These better centered 434 

particles were classified using cryoSPARC Heterogenous Refinement and the resulting best 435 

class was processed using cryoSPARC Non-Uniform Refinement30 to a reported 4.11 Å. These 436 

particles were exported for further processing in cisTEM.39 In cisTEM, a mask was applied to the 437 

central tetramer for several rounds of Manual 3D Refinement.39 The reported resolution 438 

estimates did not always correspond to changes in map quality, thus each map was visually 439 

inspected for improvement. The particles were further classified in 3D using cisTEM, resulting in 440 

a final class containing 29,303 particles.39 This final volume was deconvolved to mitigate 441 

stretching along the z-axis due to the missing cone of information resulting from tilted data 442 

collection. 443 

 444 

Deconvolution of a map with preferred orientation 445 

Deconvolution was performed using ER-Decon II, which was initially developed to deconvolve 446 

4D wide-field light microscopy volume with extremely low signal-to-noise ratio.31 ER-Decon II is 447 

implemented in program PRIISM.32 To apply ER-Decon II on a cryo-EM density map, an optical 448 

transfer function (OTF) that characterizes effects of preferred orientation and is equivalent to the 449 

point spread function (PSF) is generated from the directional FSC of the cryo-EM map.33 And 450 

the dFSC was used as a representation of preferred orientation. The smoothing and nonlinearity 451 

parameter for deconvolution was 0.5 and 10000, respectively. The detailed procedure and full 452 

evaluation of volume deconvolution will be described separately. 453 

 454 

Model Building 455 

RoseTTAFold15 and AlphaFold,16 were utilized to generate initial models. RoseTTAFold 456 

provided us with a first look at PhuN Gp53 while AlphaFold ultimately gave us a model which fit 457 

into the density slightly better, particularly after processing with RosettaRelax.34 The N-terminus 458 

was positioned manually in ChimeraX Isolde35 and further refined using RosettaRefine.34 459 

Residues 1-18, 276-287, and 556-602 did not have corresponding densities and were deleted 460 

for fitting. The model fitting was done using our deconvolved map, fitting each subunit within the 461 

tetramer separately. The best fitting asymmetric subunits from RosettaRefine34 were selected 462 

and used to create a C2 symmetric tetrameric model. Invading C-terminal tails were similarly 463 

placed using Chimera, relaxed using ChimeraX Isolde,35 and refined using RosettaRefine.34 464 

Structure validation was done using Phenix MolProbity.40,41 465 

 466 

Data Analysis and Figure Preparation 467 

Figures were created using UCSF Chimera36 and ChimeraX.37 Anion exchange traces plotted 468 

using MatLab (MATLAB. (2021). version 9.11.0. (R2021b). Natick, Massachusetts: The 469 

MathWorks Inc. 470 

 471 
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Fig. 1 | PhuN forms a broad range of assemblies. a, Phage Nuclear Shell fragments isolated from ɸPA3 infected
Pseudomonas aeruginosa. Folds and differences in lattice orientation can be observed. The inset shows a 2D class
average from processing the fragments. The symmetry does not appear C4, but rather C2 or C1. b, Anion exchange
trace showing extended elution profile and corresponding negative stain EM micrographs. Class I (blue) shows
concentrated monomeric species. Class II (turquoise) shows medium sized assemblies in the 25 nm range. Class III
(green) reveals assemblies with elongated shapes and striated texture. c, in vitro assembled 2D crystalline arrays at 0°
tilt showing three main patches with distinct lattice orientations and gentle curvature. Boarders between different crystal
patch orientations appear smooth.
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Fig. 2 | PhuN assembles into a C2 Symmetric Lattice. a, Example 2D class average highlighting the C2 symmetry
and resulting four unique interfaces. The lattice is skewed to an approximately 100° angle. The positioning of the flexible
loops that are difficult to resolve in 3D is visible. b, Highest resolution map of the core tetramer centered on the Diamond
interface as viewed from different angles. c, The final Phun-C subunit model (blue) overlaid with the AlphaFold prediction
used as our starting model (grey). Residues 1-18, 276-287, 556-602 had no corresponding density in our map and were
deleted from the model. d, The tetrameric model of PhuN-C and PhuN-O fit into the map in b. e, The map from b
segmented and positioned to recreate the channels observed in 2D classes (left) paired alongside the corresponding
16mer-model (right). In both the segmented maps and models, PhuN-O is represented in green while PhuN-C subunits
are represented in blue. Unresolved and unmodeled loops are represented with dashed lines to reflect the 2D class while
the C-terminal tails are excluded.
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NTD
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Phage Nucleus Exterior Surface Phage Nucleus Interior Surface

Fig. 3 | A closer look at PhuN interactions and electrostatic potential. a, Surfaces of PhuN-C (top) and
Phun-O (bottom) colored by electrostatic potential with their corresponding models on the left. Within the models reside
the surfaces of the C-terminal tails colored by electrostatic potential. b, Electrostatic potential coloration of the interior
and exterior Phage Nucleus surfaces created by PhuN assemblies. c, Direct comparison of PhuN-C and PhuN-O. The
asymmetric subunits in the tetramer are overlaid showing minor differences (light and dark grey) while the interaction with
the neighboring β-hairpins differs dramatically, shifting by approximately 20 Å from near the C-terminus (PhuN-O) towards
a flexible loop (PhuN-C).
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Fig. 4 | PhuN assembles through a series of complex and likely adaptive C-terminal tail exchanges. a, Cartoon
showing core tetramer with N- and C-terminal tail interactions as well as the loops visible clearly in 2D classes.
b, Cartoon model tracing the N- and C-terminal tail interactions at all four unique interfaces.
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Extended Data Fig. 1 | ɸPA3 PhuN assemblies. a, Negative Stain micrograph of isolated Phage Nuclear Shell fragment
about the size expected for an intact compartment. Lattice texture is visible as well as many wrinkles and folds. Smaller,
round species are visible on the surface (blue arrows), similar in appearance to Class II assemblies in vitro. b, Full
micrograph from Figure 1a showing many shell fragments with a lattice texture. c, Immunofluorescence microscopy of
P. aeruginosa cells expressing the 6XHisMBPGp53 fusion. The fusion protein integrates into the shell and localizes at the
cell center around the phage DNA 60 minutes post infection. d, CryoEM images of in vitro PhuN assemblies. MBP is
visible on the exterior (green arrow, top image). The assemblies show a lattice like surface (bottom).
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Extended Data Fig. 2 | PhuN Crystalizes at pH 6.5. a. Anion exchange purification using a 1 mL
GE MonoQ column at pH 6.5. Highlighted fractions correspond to micrographs b-d. b, Monomeric
species in Class I form 2D polycrystalline assemblies when applied to negatively charged grids for
negative stain EM. c, 25 nm mid-sized species present in Class II. d, Assemblies 25 nm and larger
present in later elution in Class III.
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Extended Data Fig. 3 | in vitro 2D Crystal Preparation. a, 6XHisMBP-PhuN is injected into a
buffer droplet with a pre-formed 21% Ni·NTA Lipid Monolayer. b-c, After incubation to allow for assembly,
the assembled arrays are adsorbed on a grid and plunge frozen for CryoEM. d, Data is collected at fixed
tilts ranging from 0-60°. e, 0° image from Fig. 1c with the diffraction pattern corresponding the region denoted
with the magenta rectangle.
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Extended Data Fig. 4 | Example micrographs collected at the specified tilt angle. Tilt angle is listed alongside the grid
support used in each micrograph: Traditional Quantifoil (QF), Amino-functionalized graphene-oxide (GO/NH2), UltrAuFoil
(AuAu). The lattices often appear with bends and breaks as seen throughout these micrographs.
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Extended Data Fig. 5 | Processing pipeline.*Maps inspected manually as resolution did not always reflect map quality



Diamond Channel

Open Hairpin Channel

Loop

Closed Hairpin

180°

180°a
b

c

Extended Data Fig. 6 | Closer look at the positioning of the β-Hairpin at the Open Channel and Closed Interface. a, 16-mer model as
in Fig. 2e. The two channels and two interfaces are labeled. b, The Open Channel is shown as viewed from the cytosol (left) and inside the Phage Nucleus (right).
c, The Closed interface is similarly represented with the Phage Nucleus exterior on the left and interior on the right. The surfaces of two of the four subunits at each
interface are shown and colored by electrostatic potential.



Extended Data Fig. 7 | Comparison of the Open and Closed β-Hairpin Interfaces. a, Two tetramers aligned on the
asymmetric subunits with a neighboring PhuN-O and PhuN-C subunit. The β-hairpin of Phun-O is near the C-terminus of its
neighbor while the PhuN-C β-hairpin is closer to a structured loop. b, 2D class, as shown in figure 2a,
compared to a 90° rotation of the same 2D class after alignment on the highlighted asymmetric PhuN-O (green) and
PhuN-C (blue) subunits. The centers of two Diamond Channels are shown with a light and dark pink cross (left) and are
kept in the same position in the rotated image (right) to show the ~20 Å lattice shift. See Movie1 for a morph between the
aligned subunits. c, Cartoon depiction of panel (a) with a direct overlay of the rotated lattice showing the new positioning
of the shifted subunits. The alignment was done using the bolded PhuN-O (green) and PhuN-C (blue) as in panel (b).
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Extended Data Fig. 8 | Comparison of C2 and C4 lattice symmetries. a, A small population with C4 symmetry (left) is
observed in 2D classification. The flexible loops at the Loop interface appear to all face the center while the remaining two
interfaces are replaced by one that is most similar to the Open Hairpin interface in our C2 classes (right, full view of the
class shown in Fig. 2a). b, Cartoon depiction of how the C4 and C2 lattices may compare
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Extended Data Fig. 9 | AlphaFold PhuN predictions compared to the final ɸPA3 PhuN model. Final model of ɸPA3
gp53 (dark blue) overlaid with a, the starting ɸPA3 AlphaFold Prediction (grey), b, ɸKZ AlphaFold prediction (orange),
and c, the 201ɸ2-1 AlphaFold prediction (green). In (b) and (c), the C-terminal tails are positioned across the back of the
large, acetyltransferase-like domain. d, A summary of differing N- and C-terminal tail lengths as measured to the start of
the helix lining the Diamond channel (pink arrow in panel a) for the N-term and from the end of the β-strand for the C-term
(turquoise arrow in panel a).

ɸPA3 ɸKZ 201ɸ2-1

N-terminal
Residues 36 53 64

C-terminal
Residues 50 69 50

d



PhuN NTD

N-term

3I01

to PhuN CTDNTD
PDB ID-Chain Z rmsd lali nres %ID PDB Description

3i01-C 5.8 3.8 103 673 3 CARBON MONOXIDE DEHYDROGENASE/ACETYL-COA SYNTHASE

3i39-X 5.7 3.9 99 635 9 CARBON MONOXIDE DEHYDROGENASE 2

1su6-A 5.7 4.0 102 633 8 CARBON MONOXIDE DEHYDROGENASE 2

6x5k-C 5.7 3.8 102 672 3 CARBON MONOXIDE DEHYDROGENASE/ACETYL-COA SYNTHASE

3nat-A 5.6 3.1 93 156 17 UNCHARACTERIZED PROTEIN

2z8y-A 5.6 3.5 99 673 3 CARBON MONOXIDE DEHYDROGENASE/ACETYL COA SYNTHASE

7b70-J 5.6 4.5 111 614 6 TRAFFICKING PROTEIN PARTICLE COMPLEX SUBUNIT

3s1s-A 5.5 3.6 100 871 7 RESTRICTION ENDONUCLEASE BPUSI

1su7-A 5.5 3.7 99 633 10 CARBON MONOXIDE DEHYDROGENASE 2

2yiv-X 5.5 3.9 98 635 8 CARBON MONOXIDEDEHYDROGENASE 2

5hci-F 5.5 3.5 96 249 4 GPN-LOOP GTPASE1

7b6z-A 5.5 4.5 111 614 6 TRAFFICKING PROTEIN PARTICLE COMPLEX SUBUNIT 11

3hrl-A 5.4 3.3 90 94 4 ENDONUCLEASE-LIKE PROTEIN

7p2q-C 5.4 3.7 85 174 11 SIGNAL PEPTIDASE COMPLEX CATALYTIC SUBUNIT SEC11C

4udy-X 5.4 3.9 100 633 7 CARBON MONOXIDE DEHYDROGENASE 2

1mjg-B 5.4 3.8 102 672 3 CARBON MONOXIDE DEHYDROGENASE BETA SUBUNIT

3i01-A 5.3 3.5 101 673 3 CARBON MONOXIDE DEHYDROGENASE/ACETYL-COA SYNTHASE

1oao-B 5.3 3.8 102 673 3 CARBON MONOXIDE DEHYDROGENASE/ACETYL-COASYNTHASE

5hci-E 5.3 3.7 101 259 6 GPN-LOOP GTPASE 1

1oao-A 5.2 3.9 103 673 3 CARBON MONOXIDE DEHYDROGENASE/ACETYL-COA SYNTHASE

CTD
PDB ID-Chain Dali Z-score rmsd lali nres %id PDB Description

7byy-A 6.0 3.9 130 180 10 ACETYLTRANSFERASE

7ak9-B 5.9 3.7 126 163 11 ACETYLTRANSFERASE

7ak9-A 5.8 3.7 125 162 10 ACETYLTRANSFERASE

7byy-C 5.8 4.0 129 176 9 ACETYLTRANSFERASE

6g96-B 5.7 4.1 129 174 10 ACETYLTRANSFERASE

6g96-A 5.6 3.9 125 175 10 ACETYLTRANSFERASE

7chd-C 5.6 4.0 130 179 12 N-ACETYLTRANSFERASE DOMAIN-CONTAINING PROTEIN

7byy-D 5.5 4.1 124 173 9 ACETYLTRANSFERASE

7byy-B 5.5 4.2 128 179 9 ACETYLTRANSFERASE

6cw2-D 5.4 3.7 129 241 7 HISTONE ACETYLTRANSFERASE GCN5

3f5b-A 5.4 3.2 122 172 5 AMINOGLYCOSIDE N(6')ACETYLTRANSFERASE

2qml-A 5.4 3.3 126 193 10 BH2621 PROTEIN

1y9k-B 5.4 3.7 120 154 8 IAA ACETYLTRANSFERASE

6ajm-A 5.4 4.2 127 172 10 N-ACETYLTRANSFERASE

6ajn-A 5.4 4.3 126 172 10 N-ACETYLTRANSFERASE

7chd-B 5.3 4.1 128 180 11 N-ACETYLTRANSFERASE DOMAIN-CONTAINING PROTEIN

6gtq-A 5.3 4.0 122 160 11 N-ACETYLTRANSFERASE

6ajm-B 5.3 3.6 118 157 10 N-ACETYLTRANSFERASE

5w8e-A 5.2 3.5 127 214 4 AUTOINDUCER SYNTHASE

6gtr-A 5.2 4.2 121 160 12 N-ACETYLTRANSFERASE

7byy
PhuN CTD

C-term

to PhuN NTD

Extended Data Fig. 10 | Dali Server searches of the PhuN NTD and CTD. 20 highest scoring Dali Server outputs with the NTD (top) and CTD (bottom) as the
input. The highest scoring structural homologue is shown to the right of the corresponding table.
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