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Supplementary Figure 10. Electrostatics of the round tip.
Surfaces are coloured by electrostatic surface potential with negative residues shown in red and positive residues
in blue.

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

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

(C) pVIl / pIX bundle in side view shown as ribbons, and surfaces in side view, side view sliced through the centre
to show the inside of the bundle, top view inside, top view outside.

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

the centre to show the inside of the bundle. A single chain of pVIIl is shown in two views 90° apart.
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A f1 AEGD---DPAKAAFDSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS
fd AEGD---DPAKAAFDSLQOASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS
M13 AEGD---DPAKAAFNSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS
Ike AEPNAATNYATEAMDSLKTQAIDLISQTWPVVTTVVVAGLVIRLFKKEFSSKAV

* Kk . T keokkeo * o * ek ek ek ko kekhkhkhkk o kkk

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

(A) Sequence alignment of pVIII from f1, fd, M13 and Ike calculated with T-Coffee’. The signal sequences were
removed for the alignment. The mature form of pVIIl from f1 is 100 % identical to that from fd, 98 % identical to
that from M13 (1 amino acid different) and 40 % identical to Ike. Conserved residues are labelled with *, strongly
similar with : and weakly similar with .

(B) Overlay of the fl-derived nanorod pVIlIl monomer (light blue) with a monomer of pVIIl from fd (2COW?,
structure determined by X-ray fibre diffraction, light coral) in cartoon and showing sidechains.

(C) Overlay of the nanorod pentamer on the fd (2COW) pentamer (by aligning one monomer from the nanorod
with one monomer from 2COW) in side and top views. The helices which were aligned are marked with *.

(D) Overlay of the nanorod pVIII monomer (light blue) with the lke monomer (6A7F3°, structure determined by
cryoEM, tan) in cartoon and showing sidechains.

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

monomer from 6A7F) in side and top views. The helices which were aligned are marked with *.
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Supplementary Figure 12. Alphafold predictions of the N1 and N2 domains with linker regions.
(A) Alphafold predictions of the full-length plll monomer coloured by confidence levels with highest confidence
in blue, through cornflower blue, then yellow to the lowest confidence in orange. Numbers relate to the
confidence ranking from Alphafold (0 is best, 4 is worst). The N and C-termini are labelled in model 0.
(B) The top prediction of plll from Alphafold (model 0 in (A)) shown in grey was overlaid with our structure of the
C-terminal domain of plll shown in dark orange to obtain a model for the relative positions of the N1 and N2
domains. The structure of the plll C-domain in the phage-assembled structure is shown for comparison.
(C) Top prediction of plll from Alphafold (model 0 in (A)) shown in grey overlaid with the crystal structure of the
N1 and N2 domains of plll (1G3P)3! shown in green to demonstrate a good fit (RMSD 0.762 A between 185 pruned
atom pairs). The N1-N2 Alphafold prediction was subsequently modelled onto the tip of the C-domain structure
to generate the model of plll in the assembled phage.
(D) Alphafold was not able to predict a reliable model of the full-length plll pentamer. The top Alphafold
prediction of full-length plll pentamer is shown and coloured by confidence. The N1 and N2 domains are predicted

at high confidence, whereas the C domain of plll is predicted with low confidence, as seen in (A).
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n = 235 pVIIl, compared to 2,700 pVIil in WT
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e

g ld o
Fastak
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Supplementary Figure 13. Composite model of the f1-derived nanorod.

(A) A composite model was generated by aligning the pointy and round tips with 235 copies of the pVIlI filament
protein and an Alphafold model of the N1-N2 domains of plll. WT phage contains ~2,700 copies of pVIIl, so would
be 11.5x longer than the structure shown. pVIl is shown in pink, pIX in yellow, plll in orange, pVI in purple and
pVIll in pale blue. Right, view of the pointy tip with four of the N-terminal regions of plll shown in orange, with
one coloured differently to highlight the N1 domain (teal), N2 domain (light pink) and flexible linker regions (grey).
(B) Phage coloured by electrostatic surface potential. The outer surface and a view sliced through the centre are
shown, with negative residues coloured in red and positive residues in blue. Boxed areas show views rotated by
90°.

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

989 rotated by 90°.
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Supplementary Figure 14. The single stranded DNA genome.
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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.
plll'is shown in orange, pVl in purple and pVIll in pale blue. The density for the DNA is clearly visible.
(B) A slice through the centre of the round tip with density map shown in light grey and protein chains as cartoon.
pVIl is shown in pink, pIX in yellow and pVIIl in pale blue. The density for the DNA is clearly visible and butts up
to the round protein tip.
(C) Sidechains Arg 33 of pVIl and Arg 26 of pIX are shown as sticks, forming a highly positively charged pocket for
the DNA packaging signal hairpin to bind.
(D) Lysine residues of protein pVIll are shown as brown sticks. Four lysine residues at the C-terminal end of pVIII
line the virion cavity, causing it to be positively charged. Shown in side and top views rotated by 90°.
(E) Left; density at the centre of the phage (maps produced with no symmetry applied and displayed around the

central axis) and right; with a 12mer of B-DNA modelled (individual strands coloured red and blue).
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Testing for susceptibility to detergents SDS and Sarkosyl

Supplementary Figure 15. Production of f1d3 phage containing the C domain mutants.
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(A) Domain organisation of plll. From the N-terminus of the protein: domain N1 (N1), glycine rich linker 1 (L1),
domain N2 (N2), glycine-rich linker 2 (L2), C-terminal domain 1 (C1), linker 3 (L3), C-terminal domain 2 (C2), linker
4 (L4), B-hairpin loop (H1) and transmembrane helix (M).
(B) Diagrams of wild type plll and nested deletion (Nd) mutants (NdC141, NdC132, NdC121, NdC111, NdC93,
NdC83)%. SS, signal sequence (grey); N1, N1 domain (light orange); N2, N2 domain (light pink); C, C-domain (dark
orange). The glycine linkers are shown as dark brown boxes, and the deleted regions as black dashed lines.
(C) Diagram showing experiment for production of phage containing nested deletion mutant proteins. For clarity
only three plll proteins, instead of five, are shown.
Top: input f1d3 phage stock carrying a complete deletion of glll from the genome. Full-length plll in the phage
coat is supplied in trans from a plasmid. This stock was produced from E. coli strain K1976, expressing WT plll from
plasmid pJARA11276. The major coat protein pVIll is shown as blue rectangles, the tip proteins pVII / pIX as pink
and yellow respectively, and the tip proteins plll / pVI as orange and purple respectively. The N1 and N2 domains
of plll are shown in light orange and light pink respectively, as per panel B
Boxed panels: host cell plasmid (bold oval) and phage combination (fine oval) used for production and the
expected composite phage particle shown underneath.
Left and centre box: WTplll and NdC141-NdC83 mutants are expressed from plasmid pJARA200, under the control
of a lacUV5 promoter®, NdC83 is shown separately (middle box), as most of the phage particles remain attached
to the host cells, with a small fraction released into the media as very long multi-length filaments, as per the
negative control'’ (right box).

Right box: non-complemented f1d3 infection (using vector pBR322 that does not supply plll).
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1026  Supplementary Figure 16. Functional analysis of the C domain in infection.

1027  (A) plll domains, from the N-terminus of the C-domain: C-terminal domain 1 (C1), linker 3 (L3), C-terminal domain
1028 2 (C2), linker 4 (L4), B-hairpin loop (H1) and transmembrane helix (M). The N1 and N2 domains and glycine-rich
1029 linkers are not shown. The infection-competence segment (ICS) is coloured in pink.

1030  (B) C-terminal deletion mutants are mapped onto the pointy tip structure in green - from left to right: wild type,
1031 NdC141, NdC132, NdC121, NdC111, NdC93 and NdC83.

1032  (C) Alphafold predictions of the mutation series shown as ribbons. plil is shown in orange and pVl in purple.
1033 (D) Alphafold predictions of the mutation series shown as surface representation and coloured by electrostatic

1034  potential. Negative residues are shown in red and positive residues in blue.
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(E) Alphafold predictions of the mutation series shown as surface representation coloured by hydrophobicity. The
most hydrophilic residues are coloured in cyan and the most hydrophobic in mustard yellow. As more plll is

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

largest deletions.
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Supplementary Figure 17. Native agarose gel electrophoresis to test the stability of phage to detergents with
different properties.

Panels show migration of phage and released (free) phage ssDNA in agarose gels (A) without or (B) with pre-
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
disassembly by soaking the gel in an alkaline solution (see Supplementary methods).

Numbered lanes: Phage containing (1) WT plll; (2) NdC141; (3) NdC132; (4) NdC121; (5) NdC111; (6) NdC93; (7)
NdC83; (8) no plll; (9) purified f1d3 ssDNA (free DNA standard).

Phage containing WT plll serves as a standard for the native virions. The f1d3 phage complemented by plll
expressed in trans have a wide distribution of length. Monophage (red asterisk) are phage particles containing a
single f1d3 genome. Oligophage are phage particles containing two to several sequentially packaged f1d3
genomes. Polyphage are multiple-length phage particles containing sequentially packaged f1d3 genomes.

Free f1d3 DNA (red block arrow) is ssDNA released from the phage during pre-incubation with detergents, or
purified f1d3 ssDNA used as a standard.

The analysis was performed in triplicate.
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1055  Supplementary Figure 18. Membrane insertion of phage capsid proteins.
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(A) Transmembrane region predictions using MEMSAT-SVM* via the PSIPRED server’’. Signal sequences are
shown in grey, transmembrane helices (TMH) in green, periplasmic regions in dark blue and cytoplasmic regions
in cyan. The numbering of plll and pVIll is for the mature proteins (excluding their signal sequences). The signal
sequence predicted for pVIll varies slightly from the Uniprot entry which shows the signal sequence to consist of
residues 1-23, hence the negative numbering for the periplasmic domain.
(B) For clarity, a version of f1 phage without the N1-N2 domains of plll is shown with the orientation of individual
proteins in their phage-assembled conformations. The predicted transmembrane regions are coloured green.
(C) Alphafold predictions of the pVI protein coloured by confidence levels with highest confidence in blue, through
cornflower blue, then yellow to the lowest confidence in orange. Numbers relate to the confidence ranking from
Alphafold (0 is best, 4 is worst). The N and C-termini are labelled in model 0. Interestingly, Alphafold predicts that
the long N-terminal helix of pVI seen in the phage-assembled structure is folded up into two smaller helices, in
agreement with the transmembrane prediction in (A).
(D) Orientation of phage proteins in the cytoplasmic membrane according to MEMSAT-SVM prediction. The plll
conformation was modelled by swinging the N-terminal part of the C-domain out around the B-hairpin loop (H1).
The pVI conformation is from Alphafold model 3. Proteins are coloured as above with the N and C-termini

labelled.
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1073  Supplementary Figure 19. The F-pilus and TolA binding sites on plIl.
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(A) Overview of the pointy tip to show the N1 and N2 domains attached via flexible linkers, based on PDB 1G3P3!,
N1 is shown in teal, N2 in pink. The boxed region is shown in detail in the following panels, with the residues that
make up the F-pilus binding site on N2 shown as cyan ball-and-stick (in two views 90° apart).
(B) The N1 domain (teal) complexed with TolA (yellow), shown with N1 in the same orientations as in part A, based
on PDB 1TOLY.
(C) Overlay of the N1-N2 structure and N1-TolA complex in 2 views (overlaid on the N1 domains) to show that N2
and TolA share the same binding site on the N1 domain.
(D) The N1-N2 domains of plll could bind to a point on the F-pilus due to flexibility in the glycine-rich linkers
between N1-N2 and the C domain of plll. 5 copies of N2 are shown bound to the F-pilus, but it is also possible that
infection occurs after a single N2 binding event. Binding of N2 to the F-pilus likely causes a conformational change
in the N1-N2 domains, displacing N1 from N2 by movement of the hinge region between the two, and
consequently exposing the TolA binding site on N1. The open N1-N2 structure was made by manually opening the

flexible hinge region in PBD 1G3P3, guided by the position of N1 bound to TolA in PDB 1TOL®,
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Supplementary Figure 20. f1 binding to the F-pilus.
(A) The fl1-derived nanorod pointy tip and F-pilus stalk drawn to scale as cartoons, in side and top views. plll is
shown in orange and TrwJ (703V)* in wheat, with one subunit coloured green. The remainder of the stalk is

coloured in charcoal. An individual chain of plil is shown in orange and of TrwJ in green.
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(B) f1 and TrwlJ could interact due to opposing charge at the tip. Surface representation of both proteins, with
negative residues shown in red and positive residues in blue. The proteins are shown in side and top views, and
joined together as both a surface representation and ribbon diagram. plll is shown in orange and TrwJ in wheat,
with one subunit coloured green.

(C) f1 phage with N1-N2 domains is drawn to scale with respect to an F-pilus (adapted from 5LER"®, pastel colours)
and TrwJ at the tip (wheat, with one subunit coloured green).

(D) Left, F-pilus machinery with stalk, the tip of which is comprised of TrwJ. Outer membrane rings are shown in
yellow, the stalk in charcoal, and the inner membrane complex in blue. Right, F-pilus machinery with the f1-

derived nanorod.
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Supplementary Figure 21. Alphafold predictions of the pVI pentamer, and plll-pVI pentameric complex.

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

(B) Top Alphafold prediction (model 0) of a pentamer of the plll C domain (orange) with a pVI pentamer (purple).
This prediction is compared to the fifth Alphafold prediction (model 4), the latter being more reminiscent of how
the complex might look when embedded in the cytoplasmic membrane, with the proteins in a folded up
conformation. The predicted transmembrane helix of plll is coloured green. The pointy end of the tip could peel
back to allow insertion of the hydrophobic helices of pVI into the cytoplasmic membrane. A view shown looking
down the channel reveals the dimensions of the pore. The diameter of the narrowest part of the open pore is
between the C-terminal unstructured residues of plll and measures 18 A (horizontal dotted line). These
unstructured regions could likely move away to allow DNA to pass through the aperture between the helices of
plll, measured at 24 A (vertical dotted line); the diameter of a DNA double helix is 20 A.

(C) The plll chains in the Alphafold model from part (B) were overlaid with a modelled open form of plll, where
the N-terminal part of the C-domain has been swung out around the B-hairpin loop (as described in
Supplementary Fig. 18D). These helices would be free in the periplasm, in accordance with the MEMSAT-SVM

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

plll domains, from the N-terminus of the C-domain: C-terminal domain 1 (C1), linker 3 (L3), C-terminal domain 2
(C2), linker 4 (L4), B-hairpin loop (H1) and transmembrane helix (M). The N1 and N2 domains with glycine-rich
linkers are not shown for clarity. Residues necessary for efficient incorporation of plll into the wild-type coat®®
have been mapped onto our structure and shown in green. Cys 354 and Cys 371 were also shown to be essential
for assembly®® and are shown as ball-and-stick in red and labelled. The 10 amino acid long region required for

termination of assembly? is coloured in blue and boxed.
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Acceleration voltage (kV)

300

Pixel size (A)

1.10 (0.55 super-res)

Defocus range (um)

-1.3to -2.5 (0.3 um steps)

Frames per movie 40
Total dose (e /A2?) 40
Number of micrographs 25,065

EMPIAR accession number

Currently unknown

Pointy tip Central filament Round tip
Number of particles 594,894 13,430,601 594,894
Particles in final refinement 86,242 1,201,228 255,372
Model Refinement
PDBID 8B30 8B3Q 8B3P
EMDB accession number 15831 15833 15832
Resolution (A)
(Masked FSC = 0.143) 2.97 2.58 2.81
Model Composition
No. of chains
Protein pllil 5 - -
Protein pVI 5 - -
Protein pVII - - 5
Protein pVIliI 35 75 45
Protein pIX - - 5
Non-hydrogen atoms 20475 25500 17635
Protein residues 2450 3450 2370
Ligands 0 0 0
RMS Deviations
Bond length (A) 0.007 0.008 0.004
Bond Angle (°) 1.160 1.509 1.097
Validation
Rotamer outliers (%) 2.0 0.2 1.0
Ramachandran
Favoured (%) 96 100 100
Disallowed (%) 0 0 0

Supplementary Table 1. CryoEM data collection and processing details.
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cap c:;:;z;ition’ formli“nugn:):zi;fezl(a:fﬁiml)b Quan(t;:‘};fl‘)’:nons Infectivity (pfu/ge)’ i|'||zfilt?ttil\:'i:ye
WTplll (+) 5.66 + 0.86 x 1012 2.75+0.18 x 104 2.06 x 102 1

NdC141 2.07 £ 0.59 x 1012 7.78 £0.57 x 1013 2.66 x 1072 13
NdC132 4,98 + 0.34 x 10?2 7.40 + 0.25 x 103 6.73 x 1072 3.27
NdC121 2.58 + 0.31 x 1012 6.19+ 0.32x 101 4,17 x1072 2.03

NdC111 3.57 £0.66 x 10° 7.06 £ 0.69 x 10'? 0.50 x 103 2.46 x 102

NdC93 5.17 £0.52 x 10° 3.72 £ 0.27 x 1012 1.39x103 6.76 x 102

NdC83 6.17 £1.01 x 108 7.11£0.52 x 10%2 8.67 x 107 4,22 x10°

no plll (-) 4.60 +1.06 x 107 3.31+0.94 x 10'3 1.39 x 106 6.77 x 10

Supplementary Table 2. The infectivity of plll C domain mutants.

2Phages were produced as described in Supplementary methods.

bTitre; the number of infectious phage particles per ml.

‘Quantity of phage particles, expressed as the number of genome equivalents (ge) per ml. A genome equivalent
is a measure of particle mass and is defined as a particle containing one encapsulated genome (or the portion of
a multiple length particle that contains one genome). Thus, a virion particle containing ten genomes represents
ten genome equivalents, as do ten phage particles containing one genome each. The number of genome
equivalents was determined from agarose gel electrophoresis of phage ssDNA, released from SDS-disassembled

virions® as described in Supplementary methods.

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

€Relative infectivity expressed as the ratio of infectivity of phage particles relative to those produced in the cells

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

in triplicate.
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Supplementary methods

Determination of the nanorod length from micrographs of negatively stained nanorods

Purified nanorods (10 pl of 5x10%** particles/ml) were applied onto carbon coated 400 mesh copper grids (Electron
Microscopy Sciences) for 5 min. The grid was then removed from the drop and the excess liquid was removed
with filter paper before placing the grid on top of a 10 ul drop of MilliQ water for 30 sec as a washing step. Next,
the grid was removed from the drop and the excess liquid was removed with filter paper. Finally, the grid was
placed on top of a 10 ul drop of 2% uranyl acetate for 5 min to stain the sample, followed by the removal of the
excess liquid. Images were obtained using a 120 kV Tecnai G2 Spirit BioTWIN (FEI, Czech Republic) microscope at
the Manawatu Microscopy and Imaging Centre (MMIC), Palmerston North, New Zealand. Nanorod size was

determined by measuring the length of 300 well-separated particles using the ImageJ® measurement function.

Production of C domain mutants

The host strains for phage production were obtained by transformation of the NdC141-NdC83 series®® or the
WTplll-expressing plasmids into strain TG1 (supE A(hsdM-mcrB)5 (rk” mk™ McrB’) thi A(lac-proAB) F' [traD36 lacl?
AflacZ)M15 proA*B*]). Transformants were selected for on 2xYT plates containing 100 pug/ml Amp and were
colony-purified. Single colonies were used to inoculate overnight cultures for phage production. To produce
phages containing WT plll or mutants with internal C domain deletions, exponentially growing cultures were
infected with phage f1d3 at a multiplicity of infection of 100 phage per cell, for 1 hour at 37 °C. Infected cells
were then separated from unabsorbed phage by centrifugation (7000 x g for 10 minutes at 37 °C), resuspended
in fresh medium containing 0.1 mM IPTG and incubated for a further period of 4 h to allow phage or phagemid
particle production. Following incubation, the cells were removed by centrifugation (7000 x g for 20 min at 30 °C)
and the supernatants containing the released phage were collected for further analyses. Phage in the
supernatants was concentrated by two rounds of standard PEG precipitation [PEG8000 (5 % w/v) and NaCl (0.5
M)].

Infectivity of C domain mutants

Briefly, virions were disassembled by incubation in SDS-containing buffer (1% SDS, 1x TAE Buffer 5% Glycerol,
0.25% BPB) at 70°C for 20 min to release the phage ssDNA and the samples were subjected to agarose gel
electrophoresis. On completion of electrophoresis, phage ssDNA was stained with ethidium bromide and
quantified by densitometry. Since the amount of ssDNA in a band is not linearly proportional to the intensity of
the fluorescence, every gel contained a set of twofold serial dilutions of fld3 ssDNA standard of known
concentration, used for calibration. Quantity of phage particles was expressed as the number of genome
equivalents (ge) per ml. A genome equivalent is a measure of particle mass and is defined as a particle containing
one encapsulated genome (or the portion of a multiple length particle that contains one genome). Thus, a virion

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

Infectivity of phage was expressed as a ratio of infectious titre to quantity of phage particles. Infectious titre was
determined by titration of samples on the strain TG1 as a host. For each sample the titre was determined from
counts on three plates, each containing between 100 and 300 plaques. Relative infectivity was expressed as the

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

Testing detergent sensitivity of phage

Samples were mixed with DNA loading buffer (1x TAE, 5% Glycerol, 0.25% BPB) and loaded onto 0.5% agarose
gels. Different detergents were added to the loading buffer and the sample incubated at room temperature for
ten minutes prior to loading. The phage particles were separated by electrophoresis at 1.3 V/cm overnight. After
electrophoresis, free DNA released from phage by detergent pre-treatment was detected by staining the gel in
ethidium bromide. To detect the phage, the gel was soaked in 0.2 M NaOH for 1 hour to disassemble the virions,
followed by neutralisation in 0.45 M Tris pH 7.1. The exposed phage ssDNA was then visualised by staining the

gel again with ethidium bromide?.
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