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“Giant” phages - also known as “jumbo” phages - have genomes in excess of >200 kbp dsDNA and 

correspondingly complex assembly pathways (Hendrix, 2009). One such, the Salmonella phage SPN3US, 

packages a 240 kbp dsDNA genome into a capsid ~1500 Å in diameter (vertex-to-vertex), followed by 

attachment of a contractile tail. The head is composed of ~50 proteins, but only three are highly abundant: 

the major capsid protein, gp75, and the two ejection proteins, gp53 and gp54 (Ali, et al., 2017). Collective 

phage lore suggests that assembly should commence with formation of a procapsid guided by interactions 

between the growing surface shell and morphogenic scaffold. This is followed by activation of the 

protease, leading to expulsion of scaffold and major structural transformation (expansion) of the surface 

shell. We have used a protease-deficient mutant to probe earlier steps of the SPN3US head assembly 

pathway by cryo-EM. 

Cells infected with an amber mutant in the prohead protease were harvested  and lysed (Ali, et al., 2017) 

and capsids extracted by differential centrifugation followed by sucrose density centrifugation. SDS-

PAGE of this material showed three major bands which mass spectrometric analyses confirmed 

represented the precursor or uncleaved forms of the major capsid protein and the two ejection proteins 

(Figure 1B). We vitrified the specimens by standard techniques and imaged them in a Krios electron 

microscope (Thermo Fisher) at 300 kV equipped with a K2 Summit direct detector and energy filter 

(Gatan). We performed reconstructions with Bsoft (Heymann, 2018). 

The majority of these capsids projected a distinctive “mottled” pattern, quite different from that of the 

mature DNA-filled head (cf. Figure 1A). Reconstruction of the mottled capsid revealed that it is organized 

into three layers (Figure 1C). The outer shell has T=27 icosahedral geometry (Figure 2A) as in some other 

giant phages, such as φKZ (Wu, et al., 2012) and PBS1 (Hua, et al., 2017). Underlying this shell is a 

second thicker inner shell that makes contact with a subset of symmetry-related sites on the outer shell 

that correspond to a T=1 lattice. However, this lattice has an unusual - to our knowledge, unprecedented 

- organization. In particular, it is markedly different from the "inner body" of phage φKZ thought to be 

composed of ejection proteins (Wu, et al., 2012). Additional density is present inside the inner shell but is 

smeared into a continuum by averaging. Local resolution analysis (Figure 2) confirms that the structure is 

well defined for the outer capsid shell and inner shell but is much less so in the interior. Previous work on 

phage assembly suggests two possibilities for the role of the inner shell, a structure that is not present in 

the mature head. It may represent the morphogenic scaffold which would be expected to exit from a 

maturing procapsid but in this case - in the absence of proteolysis - may have been retained. Alternatively, 

it may represent an assembly of ejection proteins, retained in a disordered state in the DNA-packaged 

capsid, and destined for delivery into a host cell in the next cycle of infection. These options are not 

mutually exclusive. 
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Figure 1. (A) A cryo-micrograph of a SPN3US virion with a DNA-packed head and tail (V) and a mottled 

capsid (M). (B) SDS-PAGE gel of empty (E) and mottled (M) capsids, showing bands for the major capsid 

protein (mcp) and the ejection proteins (ep). (C) Reconstruction of the ~1500 Å mottled capsid from 3000 

particle images with a resolution of ~14 Å. The mottled capsid has a thin outer shell and a complicated 

inner shell composed of an open network of densities. 

 
Figure 2. Isosurfaces of the mottled capsid reconstruction colored by local resolution estimates. (A) 

Outside view, showing the T=27 icosahedral outer shell. (B) Cut through to show the T=1 icosahedral 

inner shell, decreasing in local resolution towards the middle. Many hook-like densities are evident, likely 

many copies of the ejection proteins. 
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