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 934 

Supplementary Figure 10. Electrostatics of the round tip. 935 

Surfaces are coloured by electrostatic surface potential with negative residues shown in red and positive residues 936 

in blue. 937 

(A) pVII bundle in side view shown as ribbons, and surfaces in side view, side view sliced through the centre to 938 
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show the inside of the bundle, top view inside, top view outside. A single chain of pVII is shown in two views 90° 939 

apart. 940 

(B) pIX bundle in side view shown as ribbons, and surfaces in side view, side view sliced through the centre to 941 

show the inside of the bundle, top view inside, top view outside. A single chain of pIX is shown in two views 90° 942 

apart. 943 

(C) pVII / pIX bundle in side view shown as ribbons, and surfaces in side view, side view sliced through the centre 944 

to show the inside of the bundle, top view inside, top view outside.  945 

(D) pVII / pIX / pVIII bundle in side view shown as ribbons, and surfaces in side view and side view sliced through 946 

the centre to show the inside of the bundle. A single chain of pVIII is shown in two views 90° apart.  947 
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 948 

Supplementary Figure 11. Comparison of the pVIII structure to other phage filaments. 949 

(A) Sequence alignment of pVIII from f1, fd, M13 and Ike calculated with T-Coffee75. The signal sequences were 950 

removed for the alignment. The mature form of pVIII from f1 is 100 % identical to that from fd, 98 % identical to 951 

that from M13 (1 amino acid different) and 40 % identical to Ike. Conserved residues are labelled with *, strongly 952 

similar with : and weakly similar with . 953 

(B) Overlay of the f1-derived nanorod pVIII monomer (light blue) with a monomer of pVIII from fd (2C0W26, 954 

structure determined by X-ray fibre diffraction, light coral) in cartoon and showing sidechains. 955 

(C) Overlay of the nanorod pentamer on the fd (2C0W) pentamer (by aligning one monomer from the nanorod 956 

with one monomer from 2C0W) in side and top views. The helices which were aligned are marked with *. 957 

(D) Overlay of the nanorod pVIII monomer (light blue) with the Ike monomer (6A7F30, structure determined by 958 

cryoEM, tan) in cartoon and showing sidechains. 959 

(E) Overlay of the nanorod pentamer on the Ike pentamer (by aligning one monomer from the nanorod with one 960 

monomer from 6A7F) in side and top views. The helices which were aligned are marked with *. 961 
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 962 

Supplementary Figure 12. Alphafold predictions of the N1 and N2 domains with linker regions. 963 

(A) Alphafold predictions of the full-length pIII monomer coloured by confidence levels with highest confidence 964 

in blue, through cornflower blue, then yellow to the lowest confidence in orange. Numbers relate to the 965 

confidence ranking from Alphafold (0 is best, 4 is worst). The N and C-termini are labelled in model 0. 966 

(B) The top prediction of pIII from Alphafold (model 0 in (A)) shown in grey was overlaid with our structure of the 967 

C-terminal domain of pIII shown in dark orange to obtain a model for the relative positions of the N1 and N2 968 

domains. The structure of the pIII C-domain in the phage-assembled structure is shown for comparison. 969 

(C) Top prediction of pIII from Alphafold (model 0 in (A)) shown in grey overlaid with the crystal structure of the 970 

N1 and N2 domains of pIII (1G3P)31 shown in green to demonstrate a good fit (RMSD 0.762 Å between 185 pruned 971 

atom pairs). The N1-N2 Alphafold prediction was subsequently modelled onto the tip of the C-domain structure 972 

to generate the model of pIII in the assembled phage. 973 

(D) Alphafold was not able to predict a reliable model of the full-length pIII pentamer. The top Alphafold 974 

prediction of full-length pIII pentamer is shown and coloured by confidence. The N1 and N2 domains are predicted 975 

at high confidence, whereas the C domain of pIII is predicted with low confidence, as seen in (A).  976 
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 977 

Supplementary Figure 13. Composite model of the f1-derived nanorod. 978 

(A) A composite model was generated by aligning the pointy and round tips with 235 copies of the pVIII filament 979 

protein and an Alphafold model of the N1-N2 domains of pIII. WT phage contains ~2,700 copies of pVIII, so would 980 

be 11.5x longer than the structure shown. pVII is shown in pink, pIX in yellow, pIII in orange, pVI in purple and 981 

pVIII in pale blue. Right, view of the pointy tip with four of the N-terminal regions of pIII shown in orange, with 982 

one coloured differently to highlight the N1 domain (teal), N2 domain (light pink) and flexible linker regions (grey).  983 

(B) Phage coloured by electrostatic surface potential. The outer surface and a view sliced through the centre are 984 

shown, with negative residues coloured in red and positive residues in blue. Boxed areas show views rotated by 985 

90o. 986 

(C) Phage coloured by hydrophobicity. The outer surface and a view sliced through the centre are shown, with the 987 
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most hydrophilic residues coloured in cyan and the most hydrophobic in mustard yellow. Boxed areas show views 988 

rotated by 90o. 989 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 4, 2022. ; https://doi.org/10.1101/2022.11.03.514279doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.03.514279
http://creativecommons.org/licenses/by-nd/4.0/


 

55 
 

 

 990 

Supplementary Figure 14. The single stranded DNA genome. 991 
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(A) A slice through the centre of the pointy tip with density map shown in light grey and protein chains as cartoon. 992 

pIII is shown in orange, pVI in purple and pVIII in pale blue. The density for the DNA is clearly visible. 993 

(B) A slice through the centre of the round tip with density map shown in light grey and protein chains as cartoon. 994 

pVII is shown in pink, pIX in yellow and pVIII in pale blue.  The density for the DNA is clearly visible and butts up 995 

to the round protein tip. 996 

(C) Sidechains Arg 33 of pVII and Arg 26 of pIX are shown as sticks, forming a highly positively charged pocket for 997 

the DNA packaging signal hairpin to bind. 998 

(D) Lysine residues of protein pVIII are shown as brown sticks. Four lysine residues at the C-terminal end of pVIII 999 

line the virion cavity, causing it to be positively charged. Shown in side and top views rotated by 90o. 1000 

(E) Left; density at the centre of the phage (maps produced with no symmetry applied and displayed around the 1001 

central axis) and right; with a 12mer of B-DNA modelled (individual strands coloured red and blue). 1002 
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 1003 

Supplementary Figure 15.  Production of f1d3 phage containing the C domain mutants. 1004 
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(A) Domain organisation of pIII. From the N-terminus of the protein: domain N1 (N1), glycine rich linker 1 (L1), 1005 

domain N2 (N2), glycine-rich linker 2 (L2), C-terminal domain 1 (C1), linker 3 (L3), C-terminal domain 2 (C2), linker 1006 

4 (L4), β-hairpin loop (H1) and transmembrane helix (M). 1007 

(B) Diagrams of wild type pIII and nested deletion (Nd) mutants (NdC141, NdC132, NdC121, NdC111, NdC93, 1008 

NdC83)40. SS, signal sequence (grey); N1, N1 domain (light orange); N2, N2 domain (light pink); C, C-domain (dark 1009 

orange). The glycine linkers are shown as dark brown boxes, and the deleted regions as black dashed lines. 1010 

(C) Diagram showing experiment for production of phage containing nested deletion mutant proteins.  For clarity 1011 

only three pIII proteins, instead of five, are shown.  1012 

Top: input f1d3 phage stock carrying a complete deletion of gIII from the genome. Full-length pIII in the phage 1013 

coat is supplied in trans from a plasmid. This stock was produced from E. coli strain K1976, expressing WT pIII from 1014 

plasmid pJARA11276. The major coat protein pVIII is shown as blue rectangles, the tip proteins pVII / pIX as pink 1015 

and yellow respectively, and the tip proteins pIII / pVI as orange and purple respectively. The N1 and N2 domains 1016 

of pIII are shown in light orange and light pink respectively, as per panel B.  1017 

Boxed panels: host cell plasmid (bold oval) and phage combination (fine oval) used for production and the 1018 

expected composite phage particle shown underneath.  1019 

Left and centre box: WTpIII and NdC141-NdC83 mutants are expressed from plasmid pJARA200, under the control 1020 

of a lacUV5 promoter40. NdC83 is shown separately (middle box), as most of the phage particles remain attached 1021 

to the host cells, with a small fraction released into the media as very long multi-length filaments, as per the 1022 

negative control17 (right box). 1023 

Right box: non-complemented f1d3 infection (using vector pBR322 that does not supply pIII).  1024 
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 1025 

Supplementary Figure 16. Functional analysis of the C domain in infection. 1026 

(A) pIII domains, from the N-terminus of the C-domain: C-terminal domain 1 (C1), linker 3 (L3), C-terminal domain 1027 

2 (C2), linker 4 (L4), β-hairpin loop (H1) and transmembrane helix (M). The N1 and N2 domains and glycine-rich 1028 

linkers are not shown. The infection-competence segment (ICS) is coloured in pink. 1029 

(B) C-terminal deletion mutants are mapped onto the pointy tip structure in green - from left to right: wild type, 1030 

NdC141, NdC132, NdC121, NdC111, NdC93 and NdC83. 1031 

(C) Alphafold predictions of the mutation series shown as ribbons. pIII is shown in orange and pVI in purple. 1032 

(D) Alphafold predictions of the mutation series shown as surface representation and coloured by electrostatic 1033 

potential. Negative residues are shown in red and positive residues in blue. 1034 
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(E) Alphafold predictions of the mutation series shown as surface representation coloured by hydrophobicity. The 1035 

most hydrophilic residues are coloured in cyan and the most hydrophobic in mustard yellow. As more pIII is 1036 

removed, more of the hydrophobic helices of pVI are exposed, which begin to fold up in the mutants with the 1037 

largest deletions.  1038 
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 1039 

Supplementary Figure 17. Native agarose gel electrophoresis to test the stability of phage to detergents with 1040 

different properties.  1041 

Panels show migration of phage and released (free) phage ssDNA in agarose gels (A) without or (B) with pre-1042 

incubation in 0.1% sarkosyl or (C) in 0.1% SDS. The position of the virions in the gel is only visible after in situ 1043 

disassembly by soaking the gel in an alkaline solution (see Supplementary methods). 1044 

Numbered lanes: Phage containing (1) WT pIII; (2) NdC141; (3) NdC132; (4) NdC121; (5) NdC111; (6) NdC93; (7) 1045 

NdC83; (8) no pIII; (9) purified f1d3 ssDNA (free DNA standard).  1046 

Phage containing WT pIII serves as a standard for the native virions. The f1d3 phage complemented by pIII 1047 

expressed in trans have a wide distribution of length. Monophage (red asterisk) are phage particles containing a 1048 

single f1d3 genome. Oligophage are phage particles containing two to several sequentially packaged f1d3 1049 

genomes. Polyphage  are multiple-length phage particles containing sequentially packaged f1d3 genomes.  1050 

Free f1d3 DNA (red block arrow) is ssDNA released from the phage during pre-incubation with detergents, or 1051 

purified f1d3 ssDNA used as a standard. 1052 

The analysis was performed in triplicate. 1053 
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 1054 

Supplementary Figure 18. Membrane insertion of phage capsid proteins. 1055 
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(A) Transmembrane region predictions using MEMSAT-SVM41 via the PSIPRED server77. Signal sequences are 1056 

shown in grey, transmembrane helices (TMH) in green, periplasmic regions in dark blue and cytoplasmic regions 1057 

in cyan. The numbering of pIII and pVIII is for the mature proteins (excluding their signal sequences). The signal 1058 

sequence predicted for pVIII varies slightly from the Uniprot entry which shows the signal sequence to consist of 1059 

residues 1-23, hence the negative numbering for the periplasmic domain.  1060 

(B) For clarity, a version of f1 phage without the N1-N2 domains of pIII is shown with the orientation of individual 1061 

proteins in their phage-assembled conformations. The predicted transmembrane regions are coloured green.   1062 

(C) Alphafold predictions of the pVI protein coloured by confidence levels with highest confidence in blue, through 1063 

cornflower blue, then yellow to the lowest confidence in orange. Numbers relate to the confidence ranking from 1064 

Alphafold (0 is best, 4 is worst). The N and C-termini are labelled in model 0. Interestingly, Alphafold predicts that 1065 

the long N-terminal helix of pVI seen in the phage-assembled structure is folded up into two smaller helices, in 1066 

agreement with the transmembrane prediction in (A). 1067 

(D) Orientation of phage proteins in the cytoplasmic membrane according to MEMSAT-SVM prediction. The pIII 1068 

conformation was modelled by swinging the N-terminal part of the C-domain out around the β-hairpin loop (H1). 1069 

The pVI conformation is from Alphafold model 3. Proteins are coloured as above with the N and C-termini 1070 

labelled.  1071 
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 1072 

Supplementary Figure 19. The F-pilus and TolA binding sites on pIII. 1073 
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(A) Overview of the pointy tip to show the N1 and N2 domains attached via flexible linkers, based on PDB 1G3P31. 1074 

N1 is shown in teal, N2 in pink. The boxed region is shown in detail in the following panels, with the residues that 1075 

make up the F-pilus binding site on N2 shown as cyan ball-and-stick (in two views 90° apart).  1076 

(B) The N1 domain (teal) complexed with TolA (yellow), shown with N1 in the same orientations as in part A, based 1077 

on PDB 1TOL15. 1078 

(C) Overlay of the N1-N2 structure and N1-TolA complex in 2 views (overlaid on the N1 domains) to show that N2 1079 

and TolA share the same binding site on the N1 domain. 1080 

(D) The N1-N2 domains of pIII could bind to a point on the F-pilus due to flexibility in the glycine-rich linkers 1081 

between N1-N2 and the C domain of pIII. 5 copies of N2 are shown bound to the F-pilus, but it is also possible that 1082 

infection occurs after a single N2 binding event. Binding of N2 to the F-pilus likely causes a conformational change 1083 

in the N1-N2 domains, displacing N1 from N2 by movement of the hinge region between the two, and 1084 

consequently exposing the TolA binding site on N1. The open N1-N2 structure was made by manually opening the 1085 

flexible hinge region in PBD 1G3P31, guided by the position of N1 bound to TolA in PDB 1TOL15. 1086 
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 1087 

Supplementary Figure 20. f1 binding to the F-pilus. 1088 

(A) The f1-derived nanorod pointy tip and F-pilus stalk drawn to scale as cartoons, in side and top views. pIII is 1089 

shown in orange and TrwJ (7O3V)45 in wheat, with one subunit coloured green. The remainder of the stalk is 1090 

coloured in charcoal. An individual chain of pIII is shown in orange and of TrwJ in green. 1091 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 4, 2022. ; https://doi.org/10.1101/2022.11.03.514279doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.03.514279
http://creativecommons.org/licenses/by-nd/4.0/


 

67 
 

 

(B) f1 and TrwJ could interact due to opposing charge at the tip. Surface representation of both proteins, with 1092 

negative residues shown in red and positive residues in blue. The proteins are shown in side and top views, and 1093 

joined together as both a surface representation and ribbon diagram. pIII is shown in orange and TrwJ in wheat, 1094 

with one subunit coloured green. 1095 

(C) f1 phage with N1-N2 domains is drawn to scale with respect to an F-pilus (adapted from 5LER78, pastel colours) 1096 

and TrwJ at the tip (wheat, with one subunit coloured green). 1097 

(D) Left, F-pilus machinery with stalk, the tip of which is comprised of TrwJ. Outer membrane rings are shown in 1098 

yellow, the stalk in charcoal, and the inner membrane complex in blue. Right, F-pilus machinery with the f1-1099 

derived nanorod.  1100 
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1101 

Supplementary Figure 21. Alphafold predictions of the pVI pentamer, and pIII-pVI pentameric complex. 1102 

(A) Top Alphafold prediction of the pVI pentamer coloured by chain in side and top views, depicting a pore. 1103 

(B) Top Alphafold prediction (model 0) of a pentamer of the pIII C domain (orange) with a pVI pentamer (purple). 1104 

This prediction is compared to the fifth Alphafold prediction (model 4), the latter being more reminiscent of how 1105 

the complex might look when embedded in the cytoplasmic membrane, with the proteins in a folded up 1106 

conformation. The predicted transmembrane helix of pIII is coloured green. The pointy end of the tip could peel 1107 

back to allow insertion of the hydrophobic helices of pVI into the cytoplasmic membrane. A view shown looking 1108 

down the channel reveals the dimensions of the pore. The diameter of the narrowest part of the open pore is 1109 

between the C-terminal unstructured residues of pIII and measures 18 Å (horizontal dotted line). These 1110 

unstructured regions could likely move away to allow DNA to pass through the aperture between the helices of 1111 

pIII, measured at 24 Å (vertical dotted line); the diameter of a DNA double helix is 20 Å.  1112 

(C) The pIII chains in the Alphafold model from part (B) were overlaid with a modelled open form of pIII, where 1113 

the N-terminal part of the C-domain has been swung out around the β-hairpin loop (as described in 1114 

Supplementary Fig. 18D). These helices would be free in the periplasm, in accordance with the MEMSAT-SVM 1115 

predictions. 1116 
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 1117 

Supplementary Figure 22. Functional analysis of the C domain in assembly and egress. 1118 

pIII domains, from the N-terminus of the C-domain: C-terminal domain 1 (C1), linker 3 (L3), C-terminal domain 2 1119 

(C2), linker 4 (L4), β-hairpin loop (H1) and transmembrane helix (M). The N1 and N2 domains with glycine-rich 1120 

linkers are not shown for clarity. Residues necessary for efficient incorporation of pIII into the wild-type coat58 1121 

have been mapped onto our structure and shown in green. Cys 354 and Cys 371 were also shown to be essential 1122 

for assembly59 and are shown as ball-and-stick in red and labelled. The 10 amino acid long region required for 1123 

termination of assembly23 is coloured in blue and boxed. 1124 
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 1125 

Supplementary Table 1. CryoEM data collection and processing details. 1126 
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Supplementary Table 2. The infectivity of pIII C domain mutants.  1128 

aPhages were produced as described in Supplementary methods. 1129 

bTitre; the number of infectious phage particles per ml. 1130 

cQuantity of phage particles, expressed as the number of genome equivalents (ge) per ml. A genome equivalent 1131 

is a measure of particle mass and is defined as a particle containing one encapsulated genome (or the portion of 1132 

a multiple length particle that contains one genome). Thus, a virion particle containing ten genomes represents 1133 

ten genome equivalents, as do ten phage particles containing one genome each. The number of genome 1134 

equivalents was determined from agarose gel electrophoresis of phage ssDNA, released from SDS-disassembled 1135 

virions40 as described in Supplementary methods. 1136 

dInfectivity of phage, expressed as a ratio of infectious titre to quantity of phage particles. 1137 

eRelative infectivity expressed as the ratio of infectivity of phage particles relative to those produced in the cells 1138 

expressing WT pIII (positive control). Virion quantification and titration of the infectious particles was carried out 1139 

in triplicate.  1140 
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Supplementary methods 1141 

 1142 

Determination of the nanorod length from micrographs of negatively stained nanorods  1143 

Purified nanorods (10 μl of 5x1014 particles/ml) were applied onto carbon coated 400 mesh copper grids (Electron 1144 

Microscopy Sciences) for 5 min. The grid was then removed from the drop and the excess liquid was removed 1145 

with filter paper before placing the grid on top of a 10 μl drop of MilliQ water for 30 sec as a washing step. Next, 1146 

the grid was removed from the drop and the excess liquid was removed with filter paper. Finally, the grid was 1147 

placed on top of a 10 μl drop of 2% uranyl acetate for 5 min to stain the sample, followed by the removal of the 1148 

excess liquid. Images were obtained using a 120 kV Tecnai G2 Spirit BioTWIN (FEI, Czech Republic) microscope at 1149 

the Manawatu Microscopy and Imaging Centre (MMIC), Palmerston North, New Zealand. Nanorod size was 1150 

determined by measuring the length of 300 well-separated particles using the ImageJ65 measurement function.  1151 

 1152 

Production of C domain mutants 1153 

The host strains for phage production were obtained by transformation of the NdC141-NdC83 series40 or the 1154 

WTpIII-expressing plasmids into strain TG1 (supE ∆(hsdM-mcrB)5 (rk- mk- McrB-) thi ∆(lac-proAB) F' [traD36 lacIq 1155 

∆(lacZ)M15 proA+B+]).  Transformants were selected for on 2xYT plates containing 100 µg/ml Amp and were 1156 

colony-purified. Single colonies were used to inoculate overnight cultures for phage production. To produce 1157 

phages containing WT pIII or mutants with internal C domain deletions, exponentially growing cultures were 1158 

infected with phage f1d3 at a multiplicity of infection of 100 phage per cell, for 1 hour at 37 oC.  Infected cells 1159 

were then separated from unabsorbed phage by centrifugation (7000 x g for 10 minutes at 37 oC),  resuspended 1160 

in fresh medium containing 0.1 mM IPTG and incubated for a further period of 4 h to allow phage or phagemid 1161 

particle production.  Following incubation, the cells were removed by centrifugation (7000 x g for 20 min at 30 oC) 1162 

and the supernatants containing the released phage were collected for further analyses. Phage in the 1163 

supernatants was concentrated by two rounds of standard PEG precipitation [PEG8000 (5 % w/v) and NaCl (0.5 1164 

M)]. 1165 

 1166 

Infectivity of C domain mutants 1167 

Briefly, virions were disassembled by incubation in SDS-containing buffer (1% SDS, 1× TAE Buffer 5% Glycerol, 1168 

0.25% BPB) at 70oC for 20 min to release the phage ssDNA and the samples were subjected to agarose gel 1169 

electrophoresis.  On completion of electrophoresis, phage ssDNA was stained with ethidium bromide and 1170 

quantified by densitometry.  Since the amount of ssDNA in a band is not linearly proportional to the intensity of 1171 

the fluorescence, every gel contained a set of twofold serial dilutions of f1d3 ssDNA standard of known 1172 

concentration, used for calibration. Quantity of phage particles was expressed as the number of genome 1173 

equivalents (ge) per ml. A genome equivalent is a measure of particle mass and is defined as a particle containing 1174 

one encapsulated genome (or the portion of a multiple length particle that contains one genome).  Thus, a virion 1175 

particle containing ten genomes represents ten genome equivalents, as do ten phage particles containing one 1176 
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genome each.  1177 

 1178 

Infectivity of phage was expressed as a ratio of infectious titre to quantity of phage particles. Infectious titre was 1179 

determined by titration of samples on the strain TG1 as a host. For each sample the titre was determined from 1180 

counts on three plates, each containing between 100 and 300 plaques. Relative infectivity was expressed as the 1181 

ratio of infectivity of phage particles relative to those produced in the cells expressing WT pIII (positive control).  1182 

 1183 

Testing detergent sensitivity of phage  1184 

Samples were mixed with DNA loading buffer (1× TAE, 5% Glycerol, 0.25% BPB) and loaded onto 0.5% agarose 1185 

gels. Different detergents were added to the loading buffer and the sample incubated at room temperature for 1186 

ten minutes prior to loading. The phage particles were separated by electrophoresis at 1.3 V/cm overnight. After 1187 

electrophoresis, free DNA released from phage by detergent pre-treatment was detected by staining the gel in 1188 

ethidium bromide. To detect the phage, the gel was soaked in 0.2 M NaOH for 1 hour to disassemble the virions, 1189 

followed by neutralisation in 0.45 M Tris pH 7.1.  The exposed phage ssDNA was then visualised by staining the 1190 

gel again with ethidium bromide40.   1191 

 1192 

 1193 

 1194 
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