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Supplementary Information Text

Materials and Methods

Sample Preparation.

We obtained from Prof. Marjorie Russel (The Rockefeller University, NY) initial
stocks of a hybrid phage, fIKe, in which wild-type p2 was replaced by p2 originating
from fl phage, thus allowing for significantly higher yields (1). The genome has 7337
nucleotides and the particle mass is ~21 MDa. The capsid envelope is thus identical to
IKe and the final structure does not depend on small changes in the ssDNA length. Initial
phage stocks were used to infect the Escherichia coli strain A527 that bears a
tetracycline-resistant IncN conjugative plasmid encoding N pili (obtained from Prof.
James Bull, University of Texas). The preparation protocol is based on previous reports
(2). In short, single colonies on agar plates that contain 12.5 mg/ml tetracycline were
collected and grown in LB media to log phase. Then, the speed of shaking was reduced to
60 rpm for an hour to allow efficient growth of pili, followed by infection for another
hour at 60 rpm prior to resuming growth at 225 rpm for another 24 hrs. Purification was
performed by separation of cells and virions by repeated centrifugations and virus
precipitation (5% PEG 8000, 0.5M NaCl) followed by separation through CsCl gradient
ultracentrifugation. The final concentration of the purified IKe virion was typically ~10"

particles/ml.

Cryo-EM Grid Preparation
Series dilutions of the IKe sample were made with TMS buffer (50 mM Tris at

pH 7.5, 10 mM MgCl,, 100 mM NaCl). The diluted samples were vitrified over 200



mesh Quantifoil grids (1.2 pm hole size) using a Vitrobot Mark III (FEI company). The
vitrified samples were checked with an FEI Arctica microscope operating at 200 kV. The
grids prepared from samples with a concentration of ~2.5x10'* particles/ml (4 times

volume/volume dilution) were the best for data collection.

Cryo-EM data collection

CryoEM data of the bacteriophage IKe were collected manually as movie frame
stacks at a nominal magnification of 22,500 (an effective pixel size of 1.32 A) on an FEI
Titan Krios electron microscope operating at 300 kV and equipped with a K2 Summit
camera (Gatan Inc.). Each stack has 32 image frames and the accumulated electron dose
rate for the entire stack is ~ 40 e/A%. The eTas software was used for all data collection
(developed by Xueming Li’s group at Tsinghua University). The movie frames of each
stack were aligned initially at the micrograph level using MotionCorl. The frames were
then dose weighted and summed up for subsequent processing into a single micrograph
using the program MotionCor2 (3). The CTF parameters of the micrographs were
calculated by using the program Gctf (4). A total of 573 micrographs with defocus values

in the range of 1.0-2.2 um were selected for further processing.

Image processing

To obtain the helical parameters of IKe, 80 micrographs were used for the initial
reconstruction by following the routine helical reconstruction procedure of Relion2.
Straight filaments were manually picked with Relion2 (5). The picked filaments were

segmented into individual particles with an inter-box distance of approximately 52 A (~3



times the helical rise). A total of 123895 segmented particles were picked. The
segmented particles were subjected to 2D classification analysis (SI Appendix, Figure
SIA & S1B). After the selection through 2D classifications, a total of 80047 particles
were used for 3D auto-refinements with a five-fold symmetry imposed. The structure of
the bacteriophage fd was low-passed to 60 A and used as the initial model. The helical
parameters of fd (PDB entry: 2HIS5, twist=37.40°, rise=17.40 A) were used for initial
local helical symmetry searches. After the refinement, the particles were subjected to 3D
classifications without performing orientation search. Helical parameters were searched
and optimized after each iteration of 3D classification. The particles in good classes were
combined and used for the next round of 3D refinement and classification. The helical
parameter searches were converged after two rounds of iterative 3D auto-refinements and
classifications. An additional round of 2D classification was performed to remove bad
particles before the final refinement. A total of 10565 selected segments were used in the
final 3D auto-refinement and helical parameter optimization. The final refined helical
parameters were 38.52° for the twist and 16.77 A for the rise. The resolution of the
reconstruction was estimated by the Fourier shell correlation (FSC) curves calculated
between the randomly split two halves of the data. The final resolution of the initial
helical reconstruction was 6.9 A. The local variation of the reconstruction was calculated
with ResMap (6) and the protrusions in the helices suggested that the resolution of part of
the capsid shell density could be better than 6.9 A (SI Appendix, Figure S2A).

To obtain the high resolution structure of the IKe capsid shell, 493 micrographs
were then used for further data processing by following the procedures described above

(SI Appendix, Figure S3A). A total of 253156 segmented particles were picked and the



particles were selected through 2D and 3D classifications. An auto-refinement with
224416 selected particles and the optimized helical parameters yielded a ~4.2 A
reconstruction map. To further improve the resolution of the reconstruction, 3D
classifications with multiple references were performed (7). A subset of data that consists
of 112808 segmented particles was used for the final symmetric reconstruction, which
resulted in a reconstruction at a resolution of 3.4 A (SI Appendix, Figure S1D & S1E).
The calculated ResMap of the reconstruction showed little variation in the capsid shell
(SI Appendix, Figure S2B).

To determine the structure of the inner DNA core, asymmetric reconstructions of
IKe were performed by assuming a fixed relationship between the capsid and the DNA
with the particle orientations determined in the five-fold symmetric reconstruction (C5
expanded to C1). The capsid shell densities of 224416 particles were subtracted from raw
images by following a previously described protocol (8). Five equivalent orientations of
each particle were generated and were subjected to 3D classifications without orientation
sampling. A featureless cylindrical volume was used as an initial model for the 3D
classifications (SI Appendix, Figure S3B). The 3D classification results showed clear
helical features for some of the classes. Further analysis showed that the helix structures
of different classes were related to each other by a rotation along helical axis of a
multiple of 72° (SI Appendix, Figure S3B). Simulations were performed by using the
capsid shell and a randomly generated inner helical object that is either in a fixed or non-
fixed orientation position relative to the outer capsid (SI Appendix, Figure SSA and S5B,
respectively). The simulated three dimensional object was randomly projected. Then,

reconstructions were calculated with the projected images that have either the correctly



assigned orientations or incorrectly assigned orientations with a constant nx72° (n is a
fixed integrate value) aberration in the az angle or incorrectly assigned orientations with
mixed nx72° (n is not a fixed integrate value) aberration in the az angle (SI Appendix,
Figure S5A). The simulated reconstruction results showed that the reconstruction from
the incorrectly assigned orientations with a constant nx72° (n is a fixed integrate value)
aberration in the az angle show clear helix features and are related to the correct
reconstruction by a nx72° rotation (SI Appendix, Figure S5A). However, the simulated
reconstruction from the incorrectly assigned orientations with mixed nx72° (n is not a
fixed integrate value) aberration in the az angle is featureless and similar to the initial
cylindrical model. Therefore, the helical structures of the different classes are equivalent
and related to each other through a rotation along the helical axis by a multiple of 72°.
The particles in these classes were selected and subjected for the next round of 3D
classification. A total of 202775 “particles” derived from 81600 individual segments
were selected. The “particles” were further selected based on their
rinLogLikeliContribution values.

The final asymmetric reconstruction of IKe was calculated from a total of 53784
segmented particles and the resolution around inner DNA core was ~ 5 A. The helical
parameters of inner DNA core estimated in real space using relion_helix tools package
were rise = ~17 A, twist = 180°.

Alternatively, the particles used in shell reconstruction were also subjected for a
reconstruction without imposing any symmetry by using Relion2. The 5-fold symmetric
reconstruction of IKe was low-pass filtered to 20 A as the initial model. After a round of

3D auto-refinement, the particles were subjected to orientation-guided 2D classifications



without sampling and selected bad particles were discarded. A total of 74430 particles
were used for the final refinement and 3D reconstruction, which resulted in a map of 7.5

A resolution (SI Appendix, Figure S6B).

Structural modeling and validation.

The resolution around the capsid shell was ~ 3.4 A and the map quality was good
enough for ab initio modeling. Model of the major coat protein was built in COOT (9)
and was refined against the density map using the phenix.real space refine package (10).
The structural validation was performed by using phenix.molprobity. Some of the figures
were prepared with the programs Chimera (11) and ESPript (12). The structure of IKe
has been deposited to the PDB and EM databank (The PDB entry is 6A7F, and the

EMDB entries are EMD-6993 and EMD-6994).

Quantification and Statistical Analysis
All reported resolutions are based on the gold-standard Fourier Shell Correlation

(FSC) =0.143 criteria (13).
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Fig. S1. Cryo-EM analysis of the filamentous phage IKe.

(A) A representative raw cryo-EM image of the filamentous phage IKe (left) and its
Fourier transform (right). The scale bar is 100 nm.

(B) Two-dimensional class averages of the segmented IKe particles. Features of the
helical shell are visible.

(C) Angular distribution of the particles used in the final reconstruction. Each cylinder
represents one orientation and its height is proportional to the number of particles from
that orientation used in reconstruction.

(D) Gold standard Fourier shell correlation (FSC) curves of the reconstruction.

(E) Left: surface shadowed diagrams showing the outer surface and the central section of
the capsid. Right: representative diagrams showing EM densities around parts of the

major coat protein. The scale bar is 50 A.
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Fig. S2. Local variation of the reconstructions.

(A) Surface shadowed diagram calculated with ResMap (6) showing the local variation of
the filamentous phage IKe reconstruction after the helical parameter optimization. (B)
Surface shadowed diagram calculated with ResMap (6) showing the local variation of the

final 3.4 A reconstruction.
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Fig. S3. Structure determination workflow.

(A) Flowcharts showing the particle selection and cryo-EM 3D reconstruction procedure.
Please refer to SI Appendix, Image Processing for details.

(B) Flowcharts showing the orientation determination and cryo-EM 3D reconstruction of
the inner DNA core. Please refer to SI Appendix, Image Processing for details. The scale
bar is 5 nm. The DNA core classes with helical features in 3D classification were related

to each other by an nx72° rotation along virion axis (n is a fixed value for each class).
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Fig. S4. Structural analysis of the positively charged residues in Hc.

(A) Left: central section ribbon diagrams showing the lumen of the IKe shell assembly.
The side chains of four positively charged residues (R43, K46, K47 and K51) are shown
in sticks. Right: cutoff views showing the four positively charged residues. Distances
between the positively charged residues are measured and shown.

(B) Diagrams showing the side chains of the four positively charged resides and the

relative electron density maps.
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Fig. SS. Helical reconstruction simulations suggested a fixed relationship between
the inner DNA core and the capsid shell.

(A) Top: The initial structure model was generated from the capsid model and a double
stranded DNA helix model. The relative position of the helix to the capsid shell was fixed.
Middle: Random projections generated from the model. Three sets of the projections
were generated, in which the az angles of the projections were set to be the correct az,
az+72° and az+144°, respectively. Three dimensional reconstructions were calculated
from the datasets with the arbitrarily assigned az angles. Differences were only observed
for the helix core in the simulated reconstructions.

Bottom: The helix core is the same as the original model with the dataset that has the
correct az angle, whereas the helix core calculated from the dataset with the assigned
wrong angle of az+72° or az+144° is identical to the original model after being rotated
around the long axis by 72° or 144°.

(B) Left: structure model generated from the capsid model and a double stranded helix
model, in which the relative position of the helix to the capsid shell was not fixed. Right:
a 3D reconstruction calculated from the random projections of the non-fixed models

showing smeared featureless densities inside.
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Fig. S6. Cryo-EM and Fourier analysis of the inner DNA core.

(A) Left: surface (top) and central section (bottom) diagrams of the reconstruction
without imposing any symmetry (C1 reconstruction) showing the helical features of both
the capsid and the inner ssDNA core. The capsid shell and the inner ssDNA core were
colored white and red, respectively; middle: surface (top) and central section (bottom)
diagrams of the C1 reconstruction with helical symmetry (rise = 16.77 A, twist = 38.52°)
applied in real space. Right: structural comparison of the inner ssDNA cores from the C1
(top, red) and the asymmetric (bottom, magenta) reconstructions. The scale bar is 5 nm.
(B) Gold standard Fourier shell correlation (FSC) curves of the C1 reconstruction.

(C) Sections along Z axis of the asymmetric reconstruction showing two peaks (indicated
by arrows) of the inner DNA core, suggesting possible two strands of the circular ssDNA.
The map is contoured from 10.0 o to 20.0 ¢ with a step size of 1.0 ©.

(D) Left: Power spectra of a representative 2D class averaged image and a projection of
the capsid shell. The layer line at 1/34 A™ was highlighted with a dash line. Right: profile
analysis of the layer lines at 1/34 A™' showing there is a peak at R=0.06 A" in the 2D

class averaged image.
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Fig. S7. Power spectra of 2D class averaged images.
The 2D class averaged images are shown at the top. Bottom: Profiles of the layer lines at

1/34 A in the power spectra from the 2D class averaged images.
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Table S1. Statistics for structure determination and refinement

Data collection Bacteriophage IKe
EM equipment FEI Titan Krios
Voltage (kV) 300
Detector K2 Summit
Electron dose (¢/A%) ~40
Defocus range (um) 1.0-2.2
No. of micrographs 573
No. of particles 253,156

Reconstruction
Software Relion2
No. of particles used 112,808
Final resolution (A) 34
Map sharpening B-factor (A?) -126.8

Model building
Software Coot

Refinement
Software phenix.real space_refine
Model-map CC (mask) 0.8250
Model composition

Protein residues 1410
No. of atoms 10830
No. of subunits 30
Validation
R.M.S.Ds
Bond length (A) 0.0144
Bond angle () 1.41
Ramachandran statistics (%)
Favored 100.00
Allowed 0.00
Outliers 0.00
MolProbity validation
Rotamer outliers (%) 0.00
Clashscore 4.26
MolProbity score 1.21
C-beta outliers 0
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