Integrative structural analysis of Pseudomonas phage DEV reveals a genome ejection motor
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Supplemental Figure 1. Cryo-EM analysis of the Pseudomonas phage DEV. (A) Representative cryo-micrograph of infectious phage DEV purified using cesium chloride ultracentrifugation. The orange and blue boxes cover a fully-filled (FF) virion and a half-filled (HF) particle. (B) Representative 2D class averages reveal the existence of HF particles (blue frame) and FF virions (orange frame). Nonetheless, both HF and FF had a tail apparatus. Representative localized reconstruction of 2D classes of the neck region for (C) HF particles (blue frame) and (D) FF virions (orange frame). (E) DEV purified with chloroform: representative 2D classes (left) and cut-out view of a 3D reconstruction (right) at 3.7 Å obtained from 34,000 particles. The particle lacks both bulk DNA and a tail apparatus.
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Supplemental Figure 2. Fourier Shell Correlation (FSC) resolution curves. (A) FSC curves for all reconstructions of FF virions and HF particles. (B) FSC curves for the cryo-EM reconstruction of recombinant gp72 in the post-ejection conformation. (C) FSC curves for the cryo-EM reconstruction of the recombinant gp72:gp73 complex in the post-ejection conformation. For all curves, the resolution is indicated at 0.143 cut-off.
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Supplemental Figure 3. Atlas of all protein structures built in this paper. Except for the long-tail fiber gp53 and short-tail fiber gp56, which were AlphaFold predicted, all other proteins were built de novo in cryo-EM maps.
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Supplemental Figure 4. Densities inside DEV capsid. (A) A low-contour view of the DEV FF virion reveals a density inside the capsid assigned to the vRNAP. (A) Zoom-in view of the tail apparatus color-coded as in Fig. 2. The gray density inside the tail tube is likely dsDNA. (C) A magnified, high-resolution view of the neck region contoured at 3.5s reveals weak density surrounding the portal protein wing. (D) Extracted density for gp72 overlaid to the refined atomic model (cyan). 
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Supplemental Figure 5. Localized reconstruction of DEV cables. (A) An averaged 2D projection from I3 expanded particles aligned locally with the tail (C5-C12 symmetry aligned). (B) A 3D reconstruction from C5-C12 aligned particles showing the interior of the capsid. (C) A focused reconstruction of one capsid five-fold vertex visualized from the inside of the capsid generated using the transparent cylindrical mask shown in panel (B). The density reveals an asymmetric pattern of seven cables (labeled A-G) relative to the capsid exons (black) and penton (gray). Double-stranded DNA helices were modeled inside the cable densities that are displayed onto an electrostatic surface representation of the DEV capsid interior.
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Supplemental Figure 6. Reconstruction of DEV tail apparatus from Half-Filled particles.  Section view of an HF particle, with a magnified view of the C12, symmetrized localized reconstruction of the unique vertex colored coded by component. The 3.5 Å map is contoured at 3.5. 
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Supplemental Figure 7. DEV flexible fibers. (A) Diffused density for DEV fibers emanating from the neck collar is visible in 2D class averages from localized reconstruction (indicated by yellow arrows). A smeared signal is also visible at the distal tip of the tail tube (indicated by a red arrow). (B) The same features are visible in raw micrographs of vitrified DEV. (C-D) Low-resolution localized reconstruction (light gray) was overlaid to the AlphaFold2 models for gp53 (long-tail fiber) and gp56 (short-tail fiber).
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Supplemental Figure 8. Symmetry mismatch between DEV long tail fiber gp53 and the HT-adaptor gp83. (A) A cut-out view from inside the capsid of the DEV tail shows a glimpse of the C1 map. Gp53 exists in 15 copies (the protomer is circled in red), generating a symmetry mismatch with 12 copies of gp83. (B) Schematic diagram of the symmetry mismatch between 15 copies of gp53 (dark purple circles) and a dodecameric ring of HT-adaptor gp83 (light purple circles).
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Supplemental Figure 9. DEV gp53 mutagenesis. (A) Induction with rhamnose (rha) of cr-RNA53 and cas genes cloned in pCas3-01 and pCas3-09 prevents DEV growth on PAO1. Serial dilutions (x10) of the indicated phages were replicated on the indicated strains with (+) or without (-) rhamnose in the medium. (B) PCR analysis of gp53 locus. Plaques formed by phages able to grow on PAO1 only in the presence of pD53 plasmid were analyzed by PCR with the oligonucleotides 3806-3809. Five plaques derived from each of three replicate mutagenesis experiments, indicated as R1, R2, and R3, were analyzed. DEV, PCR performed on purified DEV DNA.
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Supplemental Figure 10. DEV ejection protein gp72. (A) Representative 2D classes of recombinant gp72. (B) 3D reconstruction of gp72 in the post-ejection conformation. The density is calculated at 3.65 Å resolution and is contoured at 3.5s. (C) Gp72 protomer structure overlaid to the experimental cryo-EM density in the pre- (left) and post-(right) ejection conformation. Ribbon diagram color coding is consistent with model completeness shown in the heat diagram under each structure. 
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Supplemental Figure 11. Transmembrane region prediction for DEV gp73. (A) The transmembrane helix propensity plot predicted by MemBrain 3.1. (B) DAS (Dense Alignment Surface method) server prediction of transmembrane helix in gp73. (C) DEV gp73 predicted transmembrane region (residues 77-91) mapped onto gp73 nonameric structure is highlighted in gray.
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Supplemental Figure 12. Lipid bilayer experiments with purified gp73. Current traces with multiple insertions when 2.6 µg (A) or 1.9 µg (B) of protein is present in the cuvette. All experiments were performed at 100 mV applied potential in diphytanoyl phosphotidylcholine (DPhPC) membranes bathed in 1 M KCl, 10 mM HEPES, pH7.4 electrolyte. The protein samples were added to the grounded cis side of the cuvette which had 100 µm SU-8 aperture. (C-F) Current-voltage curves of purified gp72. Each panel shows current-voltage curves of one gp73 pore inserted in the membrane at the voltage range of -200 to 200 mV. All experiments were performed in diphytanoyl phosphotidylcholine (DPhPC) membranes bathed in 1 M KCl, 10 mM HEPES, pH 7.4 electrolyte. The protein samples were added to the grounded cis side of the cuvette which had 100 µm SU-8 aperture. At 100 mV pores had current amplitude of 21 pA (C), 60 pA (D), 31 pA (E), and 72 pA (F), respectively.  
Supplementary Table 1. Oligonucleotides used in this study

	 Name
	Sequencea                                                                                                           
	Coordinatesb

	3697
	GAAACGTGCCCTGCATGGAGTTGAACAGCACTACCTGAGG
	31195-31229

	3698
	GCGACCTCAGGTAGTGCTGTTCAACTCCATGCAGGGCACG
	31229-31195

	3804
	CTCTCTACTGTTTCTCCATGGTACACGGTACACTGCACGCTC
	32966-32949

	3805
	GACTCTAGAGGATCCCCGGGTACTTATTTCCACCGTCCTACTGCG
	29656-29677

	3806
	CCCTCATGGTTTCATGGAC
	33450-33432

	3807
	TTATTCGATGGCCAACAAAGG
	32967-32987

	3808
	CCTTTGTTGGCCATCGAATAATGCAATTCATCCTCAAGCCTG
	32987-32967 29654-29635

	3809
	GTGAGGTCAGCTGTCTCC
	29171-29188

	3840
	CGGGGATTCCTTAAGGTACCCTCATGGTTTCATGGAC
	33450-33432

	3841
	GTTATGCAGCGGAAAGTAGTGAGGTCAGCTGTCTCC
	29171-29188

	3859
	GAAGAGGACAACTTGTGCACCGACAGCATGAAGC
	31230-31198

	3955
	AATTCGATGCAAGGGACGAAGGCGTACAACGATG
	31212-31179

	3969
	CGTCACCAGCAGCAGTCTG
	54401-54419

	3970
	TTCGGAGTCGAGTTGGATACTTC
	56827-56805

	Gp72-f
	CGCTATGGCATATGAACGAAGAACACGCTATTC
	

	Gp72-r
	CGCTATCTCGAGTTACTCTTCATCCTCCTCTTC
	

	Gp73-f
	CGCTATGGCATATGGCCTATCCGTACAGTGATATG
	

	Gp73-r
	CGCTATCTCGAGGCGAATCCGGTTCCGTTCC
	


aDEV sequences are in italics. Silent mutations in 3859 and 3955 are in yellow.
bCoordinates refer to GenBank MF490238.1


Supplementary Table 2. Residues involved in the intermolecular interactions between gp72-gp73. 

	Gp72
	Residue position (Chain)
	Gp73
	Residue position (Chain)
	Type of interaction
	Non-bonded contacts (<4Å)

	Gln44
	J
	Phe64
	A
	H bond
	56

	Gly25
	J
	Ala94
	B
	H bond
	27

	Gly25
	J
	Gln98
	B
	H bond
	

	Gly25
	K
	Ala94
	C
	H bond
	32

	Asn50
	K
	Gln73
	C
	H bond
	

	Gln44
	K
	Phe64
	I
	H bond
	56

	Gln44
	L
	Phe64
	B
	H bond
	38

	Gly25
	L
	Ala94
	D
	H bond
	31

	Gly25
	M
	Ala94
	E
	H bond
	29

	Gly25
	M
	Gln98
	E
	H bond
	

	Gln44
	M
	Phe64
	F
	H bond
	55

	Asn50
	N
	Gln73
	F
	H bond
	25

	Gly25
	N
	Gln98
	F
	H bond
	

	
	N
	
	G
	
	40

	Gly25
	O
	Ala94
	G
	H bond
	28

	Gln44
	O
	Phe64
	H
	H bond
	56

	Gly25
	P
	Ala94
	H
	H bond
	26

	Asn50
	P
	Gln73
	H
	H bond
	

	
	P
	
	C
	
	62

	Gly25
	Q
	Ala94
	I
	H bond
	29

	Gly25
	Q
	Gln98
	I
	H bond
	

	Asn50
	Q
	Gln73
	I
	H bond
	

	Gln44
	Q
	Phe64
	D
	H bond
	47

	Gly25
	R
	Gln98
	A
	H bond
	29

	Asn50
	R
	Gln73
	A
	H bond
	

	Gln44
	R
	Phe64
	E
	H bond
	57


 
Intermolecular interactions between gp72 (chains J-R) and gp73 (chains A-I). The total number of non-bonded contacts (<4Å) between the chains of the gp72 and gp73 are shown in the last column.









Supplementary Table 3. Summary of lipid bilayer experiments with purified DEV ejection proteins at 100 mV in DPhPC membranes.  

	Sample 
	Total membranes 
	Membranes with insertions 
	Comments 

	
Buffer 

	
6 
	
0 
	The buffer does not produce any insertion-like events. 

	
gp73 
	
88 
	
17 
(a total of 33 insertions) 
	Insertions observed in the range of 0.3 – 2.6 µg protein; observed pores were heterogeneous. 

	
gp72
 
	
7 
	
0 
	24 µg of protein was tested, which was 10 times greater than gp73. 

	
gp72:gp73
	
19 
	
1 
	No insertions, one membrane had 10-20 pA fluctuations of the baseline when 10 µg of protein sample was in the cuvette. 
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