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            Abstract
Most bacteriophages are tailed bacteriophages with an isometric or a prolate head attached to a long contractile, long non-contractile, or short non-contractile tail1. The tail is a complex machine that plays a central role in host cell recognition and attachment, cell wall and membrane penetration, and viral genome ejection. The mechanisms involved in the penetration of the inner host cell membrane by bacteriophage tails are not well understood. Here we describe structural and functional studies of the bacteriophage ϕ29 tail knob protein gene product 9 (gp9). The 2.0 Å crystal structure of gp9 shows that six gp9 molecules form a hexameric tube structure with six flexible hydrophobic loops blocking one end of the tube before DNA ejection. Sequence and structural analyses suggest that the loops in the tube could be membrane active. Further biochemical assays and electron microscopy structural analyses show that the six hydrophobic loops in the tube exit upon DNA ejection and form a channel that spans the lipid bilayer of the membrane and allows the release of the bacteriophage genomic DNA, suggesting that cell membrane penetration involves a pore-forming mechanism similar to that of certain non-enveloped eukaryotic viruses2,3,4. A search of other phage tail proteins identified similar hydrophobic loops, which indicates that a common mechanism might be used for membrane penetration by prokaryotic viruses. These findings suggest that although prokaryotic and eukaryotic viruses use apparently very different mechanisms for infection, they have evolved similar mechanisms for breaching the cell membrane.
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                    Figure 1: Overall structure of gp9.


Figure 2: Sequence alignment of the gp9 L loop and the HIV fusion peptide.


Figure 3: EM images of post DNA-ejection ϕ29 particles.


Figure 4: Pre- and post-DNA-ejection structures of the ϕ29 tail.
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Extended data figures and tables

Extended Data Figure 1 Mass spectrometry and sequence analysis showing the disordered region of gp9.
a, Western blotting and mass spectrometry analysis of the recombinant full-length and degraded gp9 proteins. Positions of the full-length and degraded gp9 proteins are indicated with arrows and labelled with P5–P1 in the western blotting image. Corresponding peaks in the mass spectra are labelled in the same order as in the western blot. b, Disordered region analysis of gp9 using the online tool ProDOS37. The threshold (red line) was set based on a false positive rate of 0.15. Residues with a disorder probability of more than 0.38 are considered disordered. The start and end positions of several predicted long disordered regions are indicated with red arrows. c, Diagrams showing the location of the predicted disordered region in the sequence and the fragments determined by the mass spectrometry analysis.


Extended Data Figure 2 Surface charge distribution of gp9.
a, Diagram showing the surface charge distribution of gp9Δ417–491. Negative and positive electrostatic potentials are coloured red and blue, respectively. The monomers within the hexamer interact with each other primarily through hydrogen bonds and hydrophobic interactions. The outer cylindrical surface of the tube is hydrophilic. The top and bottom surfaces of the tube have substantially different features. The top surface on the N-β-barrel domain side is largely hydrophobic, whereas the bottom surface on the tip β-domain side is rich in negatively charged residues. b, Diagram showing the surface charge distribution of the interior L loops. Negative and positive electrostatic potentials are coloured as in a. A thin central slice of the tube is shown and coloured dark grey to indicate the tube boundary.


Extended Data Figure 3 Fitted gp9 structure in a cryo-EM map of the tail.
Diagram showing the gp9 hexamer structure fitted in a cryo-EM map of the tail contoured at 4.0σ. An ~45-Å-thick cross-section is shown. The gp9 hexamer structure is shown as a ribbon representation with the L loops coloured red. The density map is shown as a solid surface representation and coloured semi-transparent grey.


Extended Data Figure 4 Electron microscopy images showing the mature ϕ29–liposome complex.
a, Cryo-EM images of mature ϕ29 particles with B. subtilis cell membrane-like liposomes at neutral pH. b, Negatively stained electron microscopy images showing the low-pH-treated, DNA-emptied ϕ29 particles aggregating around a liposome that contains lipids similar to those in the eukaryotic cell membrane. Scale bars, 200 nm.


Extended Data Figure 5 Release of calcein from liposomes induced by ϕ29.
Time-course release of calcein from liposomes induced by ϕ29 in a low- or neutral-pH buffer is shown in solid lines with blue (low pH) or red (neutral pH) triangles representing the data points. Percentages of the calcein released from the liposomes were calculated from (Fd − F0)/(Fmax − F0) where Fd is the measured fluorescence value of the low or neutral pH sample, F0 is the background fluorescence and Fmax is the maximum fluorescence value measured after adding Triton X-100 at a final concentration of 0.02% (v/v). F0 (the x axis) is generated from a linear least square fitting of the fluorescence values measured on a liposome–low-pH buffer mixture without adding the phage. The data used for the linear least square fitting of the background fluorescence are represented by green triangles. The data are expressed as the mean ± s.d. of three independent measurements.


Extended Data Figure 6 Structure models of the pre- and post-DNA-ejection L loops.
a, Post-DNA-ejection L loop structure modelled with RosettaCM using the electron microscopy map as a restraint and fitted into the post-DNA-ejection tail electron microscopy map. The gp9 structure is shown in a ribbon representation. The L loops are coloured red. The rest of the structure is coloured grey. b, Structural comparison of the pre- and post-DNA-ejection L loop structures. Left, pre-DNA-ejection gp9 structure shown in a ribbon representation with the L loops coloured red. Right, post-DNA-ejection gp9 structure shown in a ribbon representation with the modelled structure of the flexible region coloured cyan and the rest of the L loop coloured red.


Extended Data Figure 7 Sequence alignments of the gp9 L-loop-like peptides in phage tail proteins.
a, Sequence alignment of the gp9 L-loop and L-loop-like peptides from short non-contractile tails. Conserved residues are boxed and coloured red. The core hydrophobic region of the L loop is indicated by a dashed box. b, Sequence alignment of gp9 L loop, HIV fusion peptide, influenza fusion peptide and a potential hydrophobic membrane active peptide of the bacteriophage T4 tail protein gp5. Conserved residues are boxed and coloured red. Completely conserved residues are shown in white on a red background. The core region of the HIV fusion peptide is indicated by a dashed box. c, Schematic diagram showing a possible mechanism for the exposure of the potential T4 hydrophobic membrane active peptide during infection. The structure of the T4 gp27 (top β-barrels) and gp5 (bottom) complex is shown in ribbon representation. The potential hydrophobic peptide of gp5 is coloured red. The rest of the complex structure is coloured grey. The potential hydrophobic peptide is exposed after the release of the gp5 C-terminal needle. Conformational changes of the lysozyme domain trigger the insertion of the hydrophobic peptide into the membrane.


Extended Data Table 1 Primers used for the loop deletion mutants of gp9Full size table


Extended Data Table 2 Crystal data collection and refinement statisticsFull size table
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