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The filamentous bacteriophage IKe infects Escherichia coli cells
bearing IncN pili. We report the cryo-electron microscopy structure
of the micrometer-long IKe viral particle at a resolution of 3.4 A.
The major coat protein [protein 8 (p8)] consists of 47 residues that
fold into a ~68-A-long helix. An atomic model of the coat protein
was built. Five p8 helices in a horizontal layer form a pentamer,
and symmetrically neighboring p8 layers form a right-handed he-
lical cylinder having a rise per pentamer of 16.77 A and a twist of
38.52°. The inner surface of the capsid cylinder is positively
charged and has direct interactions with the encapsulated circular
single-stranded DNA genome, which has an electron density consis-
tent with an unusual left-handed helix structure. Similar to capsid
structures of other filamentous viruses, strong capsid packing in the
IKe particle is maintained by hydrophobic residues. Despite having a
different length and large sequence differences from other filamen-
tous phages, n—r interactions were found between Tyr9 of one p8
and Trp29 of a neighboring p8 in IKe that are similar to interactions
observed in phage M13, suggesting that, despite sequence diver-
gence, overall structural features are maintained.
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Filamentous bacteriophages (phages) are a group of non-
enveloped bacterial viruses with a unlque morphology of
~65-70 A in diameter and 800—2,000 nm in length. Filamentous
phages have similar life cycles, and virions probably have similar
organization, although not many phage structures have been
characterized to sufficiently high resolution to support this hy-
pothesis. The capsid shells of phages are helical arrays of protein
molecules assembled from 2,000-8,000 copies of a single major
coat protein subunit. The exact number of the subunits depends
on the length of the genome, and on the ratio between the number
of the nucleotides (nts) and the number of the subunits (1, 2). In
general, the encapsulated circular single-stranded DNA (ssDNA)
genome of the phage consists of ~5,000-8,000 nt that encode ~10
proteins including the major coat protein, four minor coat pro-
teins present in only a few copies and attached to the distal ends of
the virion, and other nonstructural proteins that participate in
virus genome replication and virus assembly and secretion (3).
The capsid structure and symmetry of filamentous phage was
revealed by early X-ray fiber diffraction studies. Based on two
distinct diffraction patterns (4), filamentous phages were classi-
fied into two groups (5). One group, which includes fd, M13,
IKe, and If1, called symmetry class I, has diffraction patterns that
are consistent with a fivefold symmetry (making the basic unit a
pentamer) and an approximate 2 screw axis. The basic pentamer
unit, made up of the major coat proteins, is related to the next
unit by 16-17 A in translation along the virion axis and ~180° in
rotation around the virion axis (CsS.,). The two structures
representative of class I filamentous phages are those of the
Y21M mutant of fd phage (Tyr21 to Met), with a helical rise of
16.15 A and a helical twist of 36.00° (6), and of the M13 phage,
having a helical rise of 16.60 A and a helical twist of 36.40° (7).
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The former structure is based on X-ray fiber diffraction and aligned
solid-state NMR and the latter on magic-angle spinning (MAS)
NMR. In the class II symmetry group of filamentous phages, which
includes Pf1, Pf3, and Xf, the coat proteins are arranged in a helix
with a rise per monomer of about 3.00 A and a rotation of 66-67°.
The only high-resolution structure that represents class II was
obtained for Pfl by using X-ray fiber diffraction (8) and aligned
solid-state NMR (9). The consensus structure for Pfl at a tem-
perature of below 10 °C refined with respect to both methods (10)
has a helical twist of 65.90° and a rise per subunit of 3.05 A. The
high-temperature form of Pfl has a helical twist of 66.70° and a rise
of 2.90 A. This arrangement is probably similar in other class II
phages [e.g., Pf3 (11)] but can have small variations.

The genomes of filamentous phages are circular, starting from
one end of the filament, extending to the opposite end, and
turning back again. Since the genome is single stranded, the two
opposite strands do not have significant Watson—Crick base-
pairing potential (12, 13). Details on the ssDNA structure in
filamentous phage were obtained using various techniques. It
was established by aligned solid-state NMR studies that the
phosphate linkages (O-P-O angles) are disordered in fd but
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ordered in Pfl (14). Measurements of the sugar pucker in fd by
MAS NMR are indicative of a C2'-endo conformation (15),
whereas Raman spectroscopy suggests that deoxyguanosines are
C3’-endo and dexoythymidines can have either arrangement
(16). The handedness of the DNA structure in various filamen-
tous phages was deduced indirectly by circular dichroism mea-
surements of silver-titrated particles. The similar spectrum of
phage DNA to that of double-stranded B-DNA is suggestive of a
right-handed helix in fd, Xf, and IKe with a bases-in and
phosphates-out arrangement (17, 18).

The current study reveals the structure of the class I filamentous
phage IKe, which infects Escherichia coli cells carrying the N
conjugative pili (N-pili) (19). The wild-type viral genome has
~6,880 nt and encodes 10 proteins. Similar to other filamentous
phages, the encoded protein 3 (p3) is essential for host cell rec-
ognition and virus entry as it binds to a retracting pilus and the
TolA receptor of the host cell through its two functional domains
D1 and D2, respectively (20). Upon infection, the major capsid
protein is inserted into the host cell membrane while changing its
conformation (21), and the genome is released into the host cell
cytoplasm. The viral ssDNA genome of IKe, as in other fila-
mentous phage, is then converted into a double-stranded DNA
and is replicated in a rolling circle manner (3). The replicated
genome forms an elongated nucleoprotein complex with the viral
replication-assembly protein [protein 5 (p5)] (22). The nucleo-
protein complex moves close to the cell membrane where pS is
replaced by the major coat protein [protein 8 (p8)] that is pre-
inserted into the membrane after synthesis (23). The minor coat
proteins 9 (p9) and 7 (p7) attach to the tip of the filament to me-
diate virion secretion from host cells without killing the cells (24).

Fiber diffraction patterns of IKe phage have been obtained,
and, although a complete atomic structure has not been de-
posited, IKe was reported to have a canonical CsS.., symmetry,
similar to other class I phages (25). As was shown in the studies
of M13, a minimal set of side chains is required to pack the
ssDNA genome efficiently (26), yet any amino acid substitution
in the capsid protein may affect the capsid assembly at the
atomic level. It has been shown that the structures of M13 and
fd-Y21M, which differ by only two amino acids on the coat
protein, have different symmetries and rotation parameters (7).
BLAST alignment of the major coat proteins of IKe and fd
shows 47% sequence identity, and their lengths differ by three
amino acids. We therefore decided to elucidate a high-resolution
structure of IKe using cryo-electron microscopy (cryo-EM) to
explore the differences and similarities of class I phages.
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Here, we report an atomic model of the capsid of intact fila-
mentous bacteriophage IKe, which was built based on the cal-
culated 3.4-A resolution electron densr[y map. In addition,
asymmetric reconstruction of the virion showed that the ssDNA
genome encapsulated in the particle adopts a left-handed helix
structure. Two of the four positively charged residues in the C
terminus of the major capsid protein interact closely with and
stabilize the inner DNA core structure.

Results

Structure Determination of the IKe Capsid Shell. We prepared a
vitrified cryo-EM sample of IKe phage and analyzed the sample
using cryo-EM (SI Appendix, Fig. S1 A and B). The initial helical
parameters were adapted from a low-resolution cryo-EM model
of the bacteriophage fd (27) (twist, 37.40° rise, 17.40 A). The he-
lical parameters were refined to be 38.52° for the helical twist and
16.77 A for the helical rise with Relion2 (28) (SI Appendix, Fig.
S24). The final reconstruction, calculated with the fivefold and
helical symmetry applied, had an overall resolution of 3.4 A, and
112,808 selected segments were used of the total of 253,156 boxed
segments (SI Appendix, Figs. S1 C-E, S2B, and S34 and Table S1).
The density of the inner DNA core was smeared due to the sym-
metry mismatch between the capsid and the DNA core (Fig. 14).

Structure of the Major Coat Protein. The precursor of the IKe
major coat protein p8 contains 82 amino acids; the first 29 N-
terminal residues function as a signal peptide (29). The signal
peptide helps to anchor the precursor protein of p8 onto the cell
membrane, and the precursor is cleaved during virus assembly by
the bacterial leader peptidase (30), leaving the C-terminal 53
residues to form the helical capsid shell. Forty-seven of these 53
residues (residues 7-53) were recognized in the calculated cryo-
EM map and were built in the final atomic model (SI Appendix,
Fig. S1E). The density around the missing six N-terminal resi-
dues of p8 is disordered, probably due to dynamics, as observed
in other filamentous phage viruses (31).

Overall, p8 adopts an elongated right-handed a-helix structure
(Fig. 1B). A kink introduced by residue Pro30 in the middle of
the helix divides the 68-A-long helix into two parts, Hy and Hc
(Fig. 1B). The long helix bends in the middle with the distal end
of Hc in proximity to the viral axis, and the distal end of Hy
extends away from the viral axis. The hinge angle between Hy
and Hc is ~22° (Fig. 1B). Hy contains 10 hydrophobic residues
and four charged residues (Glul2, Aspl5, Lys18, and Asp23).
The 10 hydrophobic residues are located at one side of Hy and

Fig. 1. Structure of the filamentous phage IKe. (A) Ribbon and surface shadowed diagrams showing the cryo-EM structure of the filamentous phage IKe. The

helical capsid shell is semitransparent and colored white. The inner smeared DNA core is colored red. (Scale bar, 5 nm.) (B, Top) A schematic diagram showing
the polypeptide chain of the IKe major coat protein p8. (B, Bottom) Ribbon diagrams showing the backbone of a single p8 monomer structure. The Hy and Hc
of p8 are colored purple and green, respectively. The angle between Hc and the virion axis and the hinge angle between Hy and Hc were measured, and
values are shown in the schematic diagrams. (C) Ribbon and surface shadowed diagrams showing the hydrophobic and hydrophilic residues of Hy (Left,
position 1 on A) and the four positively charged residues of Hc (Right, position 2 on A). The side chains of the hydrophobic, positively charged, and negatively
charged residues are shown and colored orange, blue, and red, respectively. Close interactions with the DNA of positively charged R43 and K51 are apparent
from the image.
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are buried in the contact interfaces with neighboring protein
subunits. The four charged residues are located on the side of
Hy that is completely exposed on the outer surface of the virion
(Fig. 1C). Hc includes 14 hydrophobic residues and four posi-
tively charged residues. The C-terminal distal end of Hc is
completely buried and has the four positively charged residues
exposed on the inner surface of the capsid shell. Two of them
point toward the encapsulated DNA (Fig. 1C).

Assembly of the Capsid Shell. The pS molecules assemble to form
right-handed spirals in a symmetric cylindrical shell that has an
outer diameter of 64 A (excluding the disordered N terminus)
and an inner diameter of about 22 A (Fig. 2 4 and B). Five p8
molecules (Fig. 2B, positions 1, 2, 3, 4, and 5) are symmetrically
distributed around the viral axis to form a pentameric protein layer
that is related to the five p8 molecules of the upper neighboring
layer (Fig. 2B, positions 1', 2/, 3’, 4, and 5') by a translation of 16.77
A along and a rotation of 38.52° around the viral long axis (Fig. 25).
The 68-A-long p8 molecule at position 1 of the pentameric protein
layer n (n P1) interacts with additional three pentameric protein
layers in each direction: its N-terminal distal end covers the distal
Hc ends of n + 3 P1’ and n + 2 P1 (Fig. 24, part 1), its central
portion interacts with the distal Hy ends of n-1 P5’ and the H¢ of
n + 1 P1’ (Fig. 24, part 2), and its C-terminal portion interacts with
the Hy parts of n-2 P1 and n-3 P5’ (Fig. 24, part 3). The C-terminal
portions of the n + 1 p8 molecules and the N-terminal portions of
the n-1 p8 molecules fill in the gaps between the five p§ molecules
of the n pentameric protein layer (Fig. 24).

The interactions between the molecules are mediated mainly
through hydrophobic residues, which are highly conserved
among filamentous phages (Fig. 3). Of these conserved residues,
mutational and structural studies suggested that in Ff phage (a
common name for the family of three almost identical phages
M13, fd, and f1) the single aromatic ring of Trp26 contacts
neighboring hydrophobic residues to play a critical role in the
capsid assembly (7, 32). In the capsid protein assembly of IKe,

n-1P5’

the aromatic ring of Trp29 forms a n—r interaction with the ar-
omatic ring of residue Tyr9 from a neighboring molecule (Fig.
2A4). Residue Tyr9 is not conserved in other filamentous bacte-
riophages (Fig. 3). However, in M13, the aromatic ring of Trp26
interacts with Pro6 in a manner similar to the Trp29 interaction
with Tyr9, and the M13 Trp26 has additional contacts with two
other hydrophobic residues, Ala7 and Ile39 (7, 32). Such pro-
line—aromatic interactions are known to stabilize structures of
many proteins (33). The interaction between the aromatic ring of
Trp29 and that of Phe45 in IKe is geometrically similar to the
corresponding Trp26-Phe42 interaction in M13 (7, 32). As we
observed for M13, the stacking of aromatic rings in IKe could
further enhance the packing and stability of the capsid shell.

In addition to the hydrophobic interactions, two intermolecular
hydrogen bonds between the subunits further stabilize the archi-
tecture of the capsid shell (NC of n P1 Lys46 to O of n + 1 PY’
Lys51, 2.8 A; N ¢ of n P1 Lys46 to O of n + 1 P5’ Val53, 2.6 A).
The outer surface of the IKe capsid shell is largely neutral and
sparsely decorated with negatively and positively charged residues,
whereas the inner surface is largely composed of positively charged
residues (Fig. 2C). The side chains of Arg43 and Lys51 point to the
inner lumen of the shell and mediate the interactions with the
inner DNA core (Fig. 1C and SI Appendix, Fig. S4), and the side
chains of Lys46 and Lys47 point more sideways. Interestingly, in
IKe, the terminal lysine (Lys51) plays an important role in DNA
binding but can be replaced by an alanine in M13 (26).

Structural Comparisons with Other Filamentous Bacteriophages.
Structural comparisons of the filamentous bacteriophage major
coat proteins show that the structure of IKe p8 is very similar to
that of M13, despite large sequence deviations and a difference in
length, which is primarily due to the longer N-terminal region of
IKe. Structure superimposition of a single p8 subunit from IKe
with that of M13 (PDB entry 2MJZ) shows an average root-mean-
square deviation (rmsd) of 1.1 A between the aligned Ca atoms
(residues 8-53 of IKe p8 were compared with residues 5-50 of the

i P1'n-2 P1

Fig. 2. Helical assembly of the IKe capsid. (A, Left) Ribbon diagram showing an IKe capsid fragment of seven pentameric protein layers (n +3,n+2,n+ 1, n,
n—1,n -2, n-3)in different colors. (A, Right) Ribbon and stick diagrams of numbered boxed areas in the Left panel showing the interactions of one p8
monomer (n P1, in orange) with neighboring subunits. The major coat proteins from the same pentameric protein layer are colored identically. (B) Ribbon and
surface shadowed diagrams showing side (Left) and top (Right) views of two pentameric protein layers and their relationship via helical symmetry operators.
(C) Surface electrostatic potential of the p8 helical shell. Negative and positive electrostatic potentials are colored red and blue, respectively.
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Fig. 3. Sequence alignment of three filamentous bacteriophage major coat
proteins. (Top) Sequence alignments of the major coat proteins of IKe, If1,
and fd. The secondary structure is shown above the alignments. Completely
conserved residues are shown in white on a red background. Conserved res-
idues are boxed. Completely conserved hydrophobic residues with short side
chains, aromatic residues, positively charged residues, negatively charged
residues, and polar residues are marked by orange circles, orange cubes, blue
triangles, red triangles, and magenta stars, respectively. (Bottom) Stereo rib-
bon diagrams showing the locations of the completely conserved residues in
the IKe p8 structure. The conserved residues are represented by balls that are
colored as described in the legend for the Top panel.

three best M13 p8 NMR models; the individual rmsd values are
1.2,1.3,and 0.9 g) The major structural difference was caused by
Pro30 of IKe p8, which introduces a kink in the helix and results in
a larger hinge angle between Hy and Hc of the major coat protein
of IKe compared with M13 (22.1° vs. 13.5°) (Fig. 4). Interestingly,
in IKe several key residues, for example, W26, 142, F45, and F48,
allow it to pack in a similar manner to other class I phages by
adjusting its symmetry. Thus, in the currently very few structurally
characterized members of the class I group differences are mainly
in their helical parameters. The recently determined filamentous
phage M13 structure (PDB entry 2MJZ) showed a twist of 36.40°
and a rise of 16.60 A (7) and fd-Y21M (PDB entry 2C0X) has a
capsid arrangement with a twist of 36.00° and rise of 16.20 A (6)
(Fig. 4). Of the three, IKe has the largest twist angle of 38.52°,
which is probably a consequence of the large hinge angle between
the Hy and Hc of the IKe p8 and its slightly longer sequence.

Structure of the Inner DNA Core. To determine the structure of the
inner DNA core, densities of the capsid shell were subtracted from
the images and an asymmetric reconstruction with the capsid shell-
subtracted images was performed essentially as described previously
(34). By assuming a fixed relationship between the capsid and the
inner sSDNA, orientations of the inner ssDNA should be one of the
five symmetry-related equivalent positions of the capsid shell (34).
Thus, for each particle, five symmetry-related equivalent orienta-
tions of the capsid shell were generated (C5 expanded to C1, C5—
C1). Orientations of the inner ssDNA were determined through 3D
classifications using Relion2 performed with the equivalent orien-
tations without doing ab initio particle orientation searches (SI
Appendix, Fig. S3B). The classification results showed clear helical
structures in the inner shell for some classes. Further analysis
showed that the helical structures in different classes are equivalent
and related to each other through a rotation along the helical axis
by a multiple of 72° (SI Appendix, Fig. S3B).

5496 | www.pnas.org/cgi/doi/10.1073/pnas.1811929116

Next, simulations were performed using the capsid structure
model and a randomly generated inner helical object (we chose a
regular B-DNA) that was either in a fixed or nonfixed position
relative to the capsid (SI Appendix, Fig. SS5). The results of the
simulations showed that an inner helical structure could be
obtained only when the helical object was in a fixed position to
the capsid (SI Appendix, Fig. S5 A and B). This is consistent with
previous asymmetric reconstruction studies for objects with
mixed symmetries (34-36). In addition, the results suggested that
the relative rotation of the inner helical structure among dif-
ferent classes was a result of an incorrectly assigned az angle that
is off from the real value by n x 72° for most particles in one class
(n is a constant for each class) (SI Appendix, Figs. S3B and S5A4).

Particles in one of the classes were selected by their maximal
likelihood values, and the orientations determined for the inner
ssDNA core were used for the final asymmetric reconstruction
with either the original raw images (Fig. 54, Left) or the capsid
subtracted images (Fig. 54, Right, and SI Appendix, Fig. S3B).
Reconstruction of the particles was also performed without im-
posing any symmetry (C1 reconstructions; SI Appendix, Fig. S6 A
and B). Both the capsid and the ssDNA core were observed in
the resulting C1 reconstruction map, although the resolution of
the map is lower than that of the C5-C1 asymmetric recon-
struction (orientation obtained from the symmetric reconstruc-
tions) (SI Appendix, Fig. S6 A and B), further confirming the
fixed relationship between the capsid and the ssDNA core.

The final asymmetric reconstruction map clearly showed that
the ssDNA adopts a left-handed helical structure (Fig. 54). The
diameter of this helix, when contoured at a level of 17 o, is ~19
A. The pitch of the reconstructed structure is ~34 A (Fig. 54),
which is about twice the rise of the capsid protein layer. Since the
ssDNA is not expected to show significant base pairing, it is most
probably stabilized by asymmetric interactions (the nucleotide-
to-protein subunit ratio is ~2.4) with the capsid shell through the
sidechains of two positively charged residues (Arg43 and Lys51)
(Fig. 5B and SI Appendix, Fig. S4). These electrostatic interac-
tions must play an important role in maintaining a stable con-
formation of the ssDNA core. Consistent with the modeled
ssDNA core structure, power spectrum analysis of class-averaged

N
22.1° 22.1°
13.5° 18.6°
P30
— M13 p8 — fd-Y21M p8
c c IKe p8 c c IKe p8

IKe: twist = 38.52°, rise = 16.77 A
M13: twist = 36.40°, rise = 16.60 A

IKe: twist = 38.52°, rise = 16.77 A
fd-Y21M: twist = 36.00°, rise = 16.15 A

Fig. 4. Structural comparisons of the major coat proteins of class | phages IKe,
M13, and the fd-Y21M mutant. (Left) Structural superimpositions of the IKe
major coat protein (red) with that of M13 (PDB entry 2MJZ, blue) based on the
Hc regions. (Right) Structure superimpositions of the IKe major coat protein
(red) with that of phage fd Y21M mutant (PDB entry 2C0X, green) based on
the Hc regions. The helical parameters are given for each phage structure.
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Fig. 5. Structure of the inner ssDNA core. (A, Left) Ribbon and surface shadowed diagram showing the asymmetric reconstruction of the filamentous
bacteriophage IKe calculated from the original raw images with the orientations determined for the inner DNA core. The helical shell is colored white, and
the DNA core density contoured at a level of 17 ¢ is transparent and colored pink. The DNA core density contoured at a level of 26 ¢ is colored red. The model
of the capsid is fitted in the map. (Middle and Right) Surface shadowed diagram showing the helical features of the inner DNA core and the left-handed helix.
The left-handed helical pitch of the inner DNA core is ~34 A. (B) Ribbon and surface shadowed diagrams showing thin sections of the virus. The interactions
between the capsid shell and the inner DNA core are mainly mediated through residues Lys51 and Arg43. The Arg43 residues are likely in contact with the
DNA backbone. The densities from the shells are transparent and colored as described in A. The structure of IKe capsid shell is colored orange.

images showed a peak around R = 0.06 A~'of the 1/34 A~! layer
line (SI Appendix, Figs. S6D and S7).

Central sections of the ssDNA helix showed two separated
peaks, suggesting that the two strands of the DNA are facing
each other, as in double-stranded DNA structures (S Appendix,
Fig. S6C). However, the resolution of the inner DNA core is not
high enough to allow us to build an atomic-resolution model of
the DNA at this stage.

Summary and Discussion

Two main symmetry classes that describe the capsid organization
of filamentous bacteriophages have been identified by X-ray fi-
ber diffraction studies, and IKe belongs to the class I symmetry
group. For this class, the capsid is organized as a helical ar-
rangement of symmetric pentamers, each consisting of five
symmetrically related and equivalent coat protein subunits, with
twist and rise depending on the phage. Compared with the capsid
structures of class I phages M13 and fd-Y21M, IKe has a larger
twist angle between consecutive pentamers, probably resulting
from the longer length of the main capsid protein and the
presence of Pro30 that introduces a large curvature in the helix.
In each of the class I structures, the capsid structure is main-
tained by strong hydrophobic interactions (Fig. 24).

The structure of the ssDNA within the phage viral particle has
been a topic of debate. Similarly to fd and M13 (1, 7), the ratio
between nucleotides to subunits of IKe is noninteger (~2.4). Base
pairing is presumably sparse due to the nature of a ssDNA, and
the phosphates were previously shown to be disordered (14).
Attempts to unravel the DNA structure have been indirect. For
example, a very early fiber diffraction study of fd pointed to “faint
layer lines at ... 26.7 A,” which was suggested to be the pitch of
the DNA helix, and a Z-DNA-like helical arrangement was not
ruled out (37). Such reflections were not observed in the later
study on M13, however (38). Circular dichroism spectroscopy has
been used to study class I phages IKe, fd, and Ifl. Similarities of
the spectra of fd phage, DNA isolated from fd, and a B-DNA in
response to silver titrations lead to the hypothesis that the phage
genome adopts a right-handed helix structure (18). Recent NMR
studies of phage fd suggested strong electrostatic interactions
between the C-terminal positively charged residues of the major
coat protein and the negatively charged phosphate backbones of
the ssDNA genome (12). On the other hand, NMR, X-ray fiber
diffraction, and polarized Raman studies of the bacteriophage Pf1
suggested that the ssDNA genome of Pfl may form an unusual,
stretched conformation (13, 39) similar to that of the Pauling-like
DNA structure (P-DNA) (40).

Xu et al.

It was clear from previous studies that the structure of the ge-
nome in filamentous phage is unique and that the ssDNA may
adopt non-B-form conformations. From the limited resolution we
obtained from cryo-EM data and from a careful analysis of the
electron density maps, we deduce that the ssDNA of the bacte-
riophage IKe adopts an unexpected left-handed helical structure
that resembles a double-stranded helix but lacks base pairing. The
ssDNA genome of IKe is a circular DNA. A double-stranded
structure is likely to form when the genome is packed into the
capsid shell. However, unlike the double-helix structure of genomic
DNA, which is maintained by Watson-Crick base pairing, the two
strands of the IKe ssDNA are held together via interactions with
the capsid proteins (Figs. 1C and 2C, and SI Appendix, Fig. S4).

The left-handed helix structure of the IKe genome DNA core
should not be a complete surprise. During the assembly of the
virion, the newly replicated viral genome forms a complex with
the viral replication-assembly protein pS. Early electron micro-
scope measurements showed that the ssDNA-p5 complex adopts
a left-handed conformation with a diameter of about 80 A (41—
43). Furthermore, circular dichroism and fluorescence spec-
troscopy studies reported that the left-handed nucleoprotein
complex could be assembled at various stoichiometries of p5,
depending on the genome length, and was retained regardless of
the preparation techniques (44, 45). The p5 proteins in the nu-
cleoprotein complex are replaced by p8 during virus secretion
from the cell membrane, and it would be reasonable for the
ssDNA genome to stay as in a left-handed helical conformation,
since additional energy would be required for the conformation
transition. The ssSDNA helix might undergo a small conforma-
tional change upon replacement of p5 with the major coat pro-
tein p8 but not a change of handedness. Since a high-resolution
structure of a full-length p5-ssDNA nucleoprotein complex is not
available, the exact conformation of the p5 dimer, the interaction
pattern between protein and ssDNA, and their relation to the
intact phage structure requires further investigation.

Experimental Procedures

Sample Preparation. We obtained from Prof. Marjorie Russel (The Rockefeller
University, New York, NY) initial stocks of a hybrid phage, fIKe, in which wild-
type p2 was replaced by p2 originating from f1 phage, thus allowing for
significantly higher yields (46). The phage preparation protocol is based on
previous reports (47) and is described in detail in SI Appendix, Materials
and Methods.

Cryo-EM Grid Preparation and Data Collection. The IKe samples were vitrified

over 200-mesh Quantifoil grids (1.2-um hole size) using a Vitrobot Mark IlI
(FEI Company). Cryo-EM data of the bacteriophage IKe were collected
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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 op-
erating at 300 kV and equipped with a K2 Summit camera (Gatan). Details of
cryo-EM grid preparation and data collection are provided in S/ Appendix,
Materials and Methods.

Image Processing. Data analysis was performed by following the routine
helical reconstruction procedure of Relion2 (28). The helical parameters from
the PDB model 2HI5 of phage fd (twist, 37.40°; rise, 17.40 A) were used for
initial data processing. The final refined helical parameters were 38.52° for
the twist and 16.77 A for the rise. A subset of data that consists of 112,808
segmented particles was used in the final symmetric reconstruction. The final
resolution of the entire segment was 3.4 A after postprocessing (S/ Appendix,
Figs. S1 and S2B). To determine the structure of the inner DNA core, asym-
metric reconstructions of IKe were performed by assuming a fixed relation-
ship between the capsid and the DNA with the particle orientations
determined in the fivefold symmetric reconstruction (C5 to C1). Alternatively,
the particles used in shell reconstruction were subjected to reconstruction
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using Relion2 without imposing any symmetry (C1). Details of the recon-
struction procedures are listed in SI Appendix, Materials and Methods.

Structural Modeling and Validation. The model of the major coat protein was
built and refined against the density map (S/ Appendix, Table S1). Details are
listed in S/ Appendix, Materials and Methods.
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