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Unlike tailed bacteriophages, which use a preformed tail for trans-
porting their genomes into a host bacterium, the ssDNA bacteriophage
®X174 is tailless. Using cryo-electron microscopy and time-resolved
small-angle X-ray scattering, we show that lipopolysaccharides (LPS)
form bilayers that interact with ®X174 at an icosahedral fivefold
vertex and induce single-stranded (ss) DNA genome ejection. The
structures of ®X174 complexed with LPS have been determined for
the pre- and post-ssDNA ejection states. The ejection is initiated by
the loss of the G protein spike that encounters the LPS, followed by
conformational changes of two polypeptide loops on the major
capsid F proteins. One of these loops mediates viral attachment,
and the other participates in making the fivefold channel at the
vertex contacting the LPS.
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Tailed bacteriophages use their tail complexes for host cell
recognition, adsorption, and penetration of bacterial cell walls
(1-4). However, it remains unclear how tailless phages like
®X174 perform tail-associated functions. ®X174 is a small ico-
sahedral, tailless bacteriophage with a maximum diameter of ~320 A.
The capsid contains a 5.3-kb circular, single-stranded (ss) DNA ge-
nome that encodes four structural proteins: the capsid protein F, the
spike protein G, the genome-associated protein J, and the DNA pilot
protein H. The ®X174 structure has T = 1 icosahedral symmetry (5),
with 60 F proteins forming the capsid decorated by 12 spikes on the
vertices, each containing five G proteins (6).

The major capsid protein F consists of a “jelly roll” fold that
has eight antiparallel p strands (B-I) and seven loop insertions.
F proteins bind to G proteins through two of the insertions, loops
EF (His73-Pro234) and FG (Trp243-Gly262). The N-terminal
portion of loop EF forms a “bulge” on the surface of the cap-
sid between the fivefold and twofold axes. On one side of the
bulge, Tyr158 interacts with the G protein, whereas the other
side of the bulge is mostly exposed. The majority of known
mutations affecting assembly are found in these two loops (7).
Overall, the F proteins of homologous tailless phages are highly
conserved (8), with the exception of these long loop insertions.
Before or at the onset of infection, the H proteins assemble into
a tube that translocates the genome across the host cell wall (9);
however, the trigger that initiates this process is unknown.

Due to their potential to trigger the DNA ejection in vitro,
lipopolysaccharides (LPS) have been used to study the mechanisms
of infection of many tailed bacteriophages (2, 10). ®X174-like
viruses from Microviridae also use LPS as cellular receptors (11—
15). LPS molecules are located on the distal leaflet of the outer
membrane of Gram-negative bacteria and consist of three major
components: hydrophobic lipid A tails, a hydrophilic polysaccharide
core (R core), and repeating O-antigenic polysaccharide chains
(O-antigen). The oligosaccharide composition varies among bacte-
rial strains. Proteins G and H are known to interact with the LPS of
suitable hosts in a species-specific manner (12, 14). Mutations af-
fecting host cell recognition and/or the kinetics of DNA ejection
have been isolated and identified in genes F, G, and H (16-18).

Here we show that the G and F proteins at one of the fivefold
vertices recognize and interact with an LPS receptor to initiate
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DNA ejection. Infectious particles were incubated with LPS to
identify the structural changes that led to DNA ejection. In vitro,
purified LPS molecules formed membrane-like structures with
two parallel layers to which ®X174 particles were attached. The
conformational changes of the ®X174 particles during this re-
action were initially characterized by small-angle X-ray scattering
(SAXS). The structures of full and emptied ®X174, complexed
with these LPS bilayers, were then determined to ~10-A resolu-
tion by single particle cryo-electron microscopy (cryo-EM). In
both cases, one of the G spikes was missing, and the virus was
interacting with LPS through the exposed EF loops on the F
proteins. After the genome had been ejected, the channel formed
by the F proteins at the unique fivefold axis remained open.

Results

DNA Ejection Assays. The loss of infectivity was measured to assess
the effectiveness of LPS in triggering a response from the virion.
After incubation at 33 °C for 20 min, the infectivity of the group
containing LPS derived from Salmonella typhimurium decreased
by >90%, while that of the control group containing only buffer
decreased by 30%. To evaluate the specificity of this reaction,
LPS from a ®X174-insensitive Escherichia coli strain was tested
in a similar manner, but failed to reduce infectivity. In time
course experiments, most of the infectivity was lost during the
first 5 min (Fig. S1), consistent with the results of previous in vivo
studies (17, 19, 20). Both native and LPS-treated ®X174 particles
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were examined by negative-stain EM, which showed that >90% of
the particles had lost their genomes after a 20-min incubation with
LPS (Fig. S1 C and D). These results suggest that S. typhimurium-
derived LPS triggers ®X174 genome ejection and could be used in
the subsequent structural studies.

SAXS. SAXS was used to study the LPS-induced conformational
response of ®X174 in solution. Model structures aided in the
interpretation of features reported by SAXS. For regularly sha-
ped particles with well-defined dimensions, such as full or empty
phages, the scattering profiles display a series of maxima and
minima, whose positions are determined by particle structure
(21). Theoretical SAXS profiles for both types of particle are
shown in Fig. 14. Their differences are characterized by two
features: (i) reduced forward scattering intensity [/(g = 0)] of the
empty particles relative to full particles, which reflects their
lower mass, and (i) a shift toward lower angles in the positions
of the maxima and minima, which reflects an increase in radius
of gyration (Ry). R, is determined by the mean distance between
all pairs of the electrons in the sample, and hence is larger for the
empty particles. Any loss of rotational symmetry affects the
scattering profile by decreasing the depth of the first minimum
(without a change in position), as illustrated in Fig. 1B.
Scattering profiles for the full phage (acquired before the ad-
dition of LPS; ¢ = 0 data point) and empty phages (acquired using
degraded procapsids lacking DNA and the external scaffolding
protein) are shown in Fig. 1C. For time-resolved data, LPS was
manually mixed with ®X174 at 4 °C, which allowed attachment but
not ejection. The reactions were loaded into a temperature-
controlled sample cell held at 33 °C. SAXS profiles collected at
various times during the reaction showed changes in the average
size, mass, and symmetry of the phage particles (Fig. 1C). The first
time-resolved profile, acquired at 45 s after LPS addition, displayed
a loss of depth in the first minimum and an increase in intensity at a
scattering angle of zero degrees, 1(0). These changes indicate a loss
of symmetry and increase in particle mass, respectively, which is
consistent with LPS binding. Subsequent scattering profiles (ac-
quired after 245 and 545 s) showed a leftward shift and increased
first-minimum depth, indicating an increasing R, and recovery of
symmetry. I(0) decreased below that of the initial # = 0 state,
reflecting a net loss of particle mass over the reaction’s course.
Time courses for the R, and depth of the first minimum are shown
in Fig. 1 D and E, respectively. In summary, the SAXS data show
an initial increase in particle mass and loss of symmetry after LPS
addition. Viral particles binding LPS at a single vertex would
produce this result. At later time points, particle symmetry in-
creased while R, and particle mass decreased, which is consistent
with genome ejection and phage release from the LPS bilayer.

Cryo-EM. Cryo-EM single-particle analysis was performed to ob-
tain greater structural detail regarding the changes occurring on
LPS interaction. Purified ®X174 particles were mixed with LPS
at 33 °C for 1 min and then frozen in vitreous ice. Most of the
particles were found attached to LPS bilayers by a single vertex
(Fig. 24, black arrows), but some seemed to be attached by more
than one vertex (Fig. 24, white arrow). The attached particles
were “boxed” and subjected to nonreference 2D classification
using the RELION software package (22). The selection of
particles was dependent on the recognition of LPS bilayers. This
gave a preference for selecting particles with their fivefold axis
parallel to the plane of the image (Fig. S2).

Among the 10,000 selected particles, ~7,000 were empty, while
2,400 still contained DNA (full). The percentage of emptied parti-
cles was much higher in LPS-complexed ®X174 than that measured
in the infectivity assay at equivalent time points (Fig. S1), suggesting
that binding to LPS bilayers enhanced DNA ejection. Full and
emptied particles were each subjected to 3D analysis using RELION
(22). A fivefold rotational symmetry was imposed during the
reconstruction. All 2,400 full particles were used for the re-
construction. This resulted in a map of DNA-containing ®X174 with
a resolution of 10.2 A (Fig. 2B, Left and Fig. S34, orange).

The processing of emptied particles was more complex. The
initial reconstruction that included all 7,000 particles had a reso-
lution of 8.2 A. However, it was not clear whether there were one
or two connecting regions of high density per asymmetric unit
between the LPS disk and the viral capsid (Fig. S4, black circle).
This was followed by two consecutive iterations of masked 3D
classification (Materials and Methods) using RELION to separate
the particles into two classes, A and B, containing 4,226 and
1,300 particles, respectively. A 3D refinement without any local
masking brought the resolution of class A to 8.9 A (Fig. 2B, Right
and Fig. S34, blue). A similar reconstruction of particles in class B
generated a map with a resolution of 10.6 A. The primary dif-
ference between the two maps is that in the class A reconstruction
there are two regions of high density connecting the LPS disk to
the capsid, whereas in class B there is only one region of con-
necting density (Fig. S4, red circles).

In the reconstructions, LPS is shown as a bilayer disk. The
thickness of each layer is ~25 A, separated by ~26 A. The
greater electron density in each of the bilayers is the consequence
of the greater electron scattering power of the heavier phosphate
atoms (23). In both maps, there was no density at the interacting
fivefold vertex that would account for the G spike, suggesting that
the spike dissociated from the rest of the capsid on binding to LPS.
The absence of a G spike at the interface leaves the F protein
pentamer anchoring the virion on the LPS disk. The LPS disk is
connected to ®X174 through five symmetry-related positions at
one of the fivefold vertices of the virus (Fig. 2B).
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Time-resolved SAXS data of ®X174 genome ejection. (A and B) Simulated SAXS profiles of empty capsid, capsid with DNA, and full capsid with asymmetric
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addition. A illustrates the impact on the scattering profile of increasing the particle’s radius of gyration. B illustrates the impact of losing rotational symmetry by
the addition of a model projection at only one vertex. For this model scenario, the mass of the addition is insufficient to significantly alter the overall radius of
gyration, and hence the peak position appears unchanged. (C) Experimental time-resolved SAXS data showing the loss of symmetry and fullness of the virion over
time. (D and E) Radius of gyration and depth of the first minimum as a function of time. The dotted line represents the noise level in the SAXS data.
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Fig. 2. Cryo-EM single-particle processing of ®X174 complexed with LPS. (A, Top) A raw image of ®X174 incubated with LPS, with examples of selected
particles (red boxes) bound to LPS bilayers (black arrows). Some particles are attached to bilayers at more than one vertex (white arrows). (Scale bar: 100 nm.)
(A, Bottom) Examples of 2D classes generated by RELION. Full and emptied particles were well separated. (B) Reconstructions of ®X174 complexed with a LPS
disk before (pink, full) and after (cyan, class A emptied) ejection of the ssDNA genome. These two states of ®X174 have overall similar architecture, with

differences in F proteins at the ®X174-LPS interface and the G protein spikes.

A pentameric F complex, from the crystallographic structure
of the virus (6), was then fitted into the cryo-EM maps of the
emptied and the full particles at the interacting vertex (Fig. S54)
using EMfit (24). Both maps were low-pass filtered to 10-A
resolution. The other vertex on the fivefold axis, opposite the
bound LPS disk, was also fitted with the F pentamer to measure
the influence of LPS binding on the conformation of the F
proteins. The average density at the atomic positions of the fitted
pentamer, sumF (24), was calculated based on only Ca atoms
(Table 1). The crystal structure fit better into the EM map of the
emptied ®X174 particles at the vertices that had no contact with
LPS. Thus, the binding of LPS caused significant conformational
changes in the F proteins at the interacting vertex. Given that
fitting into full ®X174 had a smaller sumF value and lower local
resolution at the connecting region compared with emptied
®X174 (Fig. S3 B and C), it is reasonable to conclude that this
conformational change is more significant in full ®X174 particles
with bound LPS compared with emptied particles. A “roadmap”
(25) that shows the residues of the F proteins present on the viral
surface indicates the position of the density that represents the
virus-LPS contact region (Fig. 3). The bulge formed by the EF loop
of the F proteins is below the density linking the capsid and the LPS
disk. There are positively charged residues Lys118, Argl57 and
Lys342 in the contact region, which could form electrostatic inter-
actions with the phosphate group of LPS, while Asnl17 and
GIn157 may form hydrogen bonds with the hydroxyl group of LPS.
This is similar to the crystal structure of a Toll-like receptor mol-
ecule complex with LPS in which multiple Lys, Arg, Gln, and hy-
drophobic residues of the receptor mediate the interaction (23).

A five-residue-long hydrophobic region was identified by align-
ing F proteins from Microviridae family members representing the
three major evolutionary clades (Fig. S6). This region is located on
the bulge formed by the EF loop and buried under the surface of
the virus. When the G spike dissociates from the capsid, the in-
teraction that has confined the conformation of the EF loop no
longer exists. Thus, this hydrophobic region has the potential to
reorient and interact with the lipid component of LPS.

A major difference between the reconstructions of full and
emptied ®X174, both complexed with LPS, lies in the channel
along the fivefold axis at the interacting vertex. The other long F
protein loop, HI, is located in this region. In the apo state, two

13710 | www.pnas.org/cgi/doi/10.1073/pnas.1716614114

gates separate the genome from the outside environment at the
fivefold vertices. The first gate is the major spike protein G. The
second gate resides 35 A underneath the first gate and is formed
by residues Gly252 to GIn260 of the major capsid protein F. The
diameter of the second gate is only ~4 A (6). In emptied ®X174,
loop 252-260 is disordered and the gate is more open, with a
larger diameter of 30 A (Fig. S5). However, in the reconstruction
of full ®X174 complexed with LPS, which likely represents an
intermediate in the genome delivery pathway, the second gate
remains closed, keeping the genome inside the capsid.

The extra electron density inside full ®X174 particles is not
evenly distributed. A radial, cylindrical cavity is found close to the
vertex that interacts with the LPS, with a length of ~110 A and a
diameter of 80 A (Fig. 4). The dissociation of the G spike protein
pentamer and alterations in the structure of the F protein pentamer
may result in the release of internal pressure. Consequently, the
DNA in this region may be less condensed, which might be the
cause of the cavity observed in the reconstruction. Alternatively, a
complex between the H protein and the ssDNA genome may form
in this region. Since protein has a smaller density than DNA, the
electron density in this volume might be somewhat lower.

The full ®X174 complexed with LPS described here is likely
an intermediate during the infection. It has undergone signifi-
cant structural changes at the interacting vertex but still con-
tains the genome. The portion of ®X174 particles in this state is
relatively low, suggesting that this might be a metastable con-
formation of ®X174. The existence of this intermediate im-
plies that ®X174 pauses transitorily after losing the G spike, so

Table 1. SumF values determined with the EMfit program when
fitting the F pentamer into different sites of the maps for the full
and emptied particles

Site fitted with the F pentamer Emptied Full
Vertex in contact with LPS 48 41
Vertex on the opposite side 65 59

Higher values indicate a better agreement between the specific region of
the map and the coordinates of the atoms.
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Fig. 3. A roadmap showing the surface of ®X174 after removal of pentameric G protein spikes, looking down an icosahedral 2-fold axis. The icosahedral
asymmetric unit is outlined by a black triangle connecting a fivefold axis in the “north” and two threefold axes along the “equator”. Angles defining the lines
of longitude () and latitude (0) are given along the edge of the diagram. Individual amino acids covering the surface are identified and outlined based on the
crystal structure (6, 25). Their distances to the viral center are indicated by color varying from 110 A (blue) to 139 A (red). Residues in the F proteins that make
contact with the G proteins in the wild-type crystallographic structure are marked with black stars. The yellow and white contours correspond to equal
increments of density of the full and emptied particles cryo-EM maps, respectively. The density contours show the highest density connecting the LPS with the
virus. A bulge (found mainly in the red region) formed by the long loop insertion between BE and BF of the capsid protein F is located underneath the density

that connects the capsid to the LPS disk.

that the ssDNA genome can be rearranged for the subsequent
ssDNA ejection.

Discussion

Our present findings, together with results from previous studies (9,
12-14, 17, 19, 26, 27), suggest a pathway for the ®X174 infection
(Fig. 5). The initial contact with the host cell is made by one of the
12 G protein spikes. This spike then dissociates from the capsid,
leaving a structurally altered F protein pentamer to maintain viral
attachment with LPS. When the G proteins dissociate from the
capsid, the F proteins on this vertex gain more conformational
freedom, particularly the EF and FG loops. The change in the
bulge formed by the EF loop enables formation of a stable contact

Sun et al.

between the capsid and the host cell’s membrane. Meanwhile, the
change in the FG loop opens the gate at the special vertex and
prepares the virus for DNA translocation. At the same time,
changes in the conformations of the H proteins and the ssDNA
presumably occur inside the capsid to facilitate genome ejec-
tion through the vertex that is in contact with LPS.

In a crystallographic study, McKenna et al. (6) found that the
G proteins make minimal contact with the capsid. Thus, it is
likely that LPS can induce dissociation of the G spike by dis-
rupting the interaction between the G spikes and the F proteins.
Another question is how ®X174 penetrates the peptidoglycan
and the inner membrane of the host after dissociation of the G
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Fig. 4. A close look at the differences between full (pink) and emptied
(cyan) ®X174 around the fivefold axis. (Left) Overlaid central slices of the
reconstructions of full (pink) and emptied (cyan) ®X174 along the fivefold
axis. (Right) Zoom-in view of the red window. Full ®X174 has an unevenly
distributed internal density, which accounts for the genome and the H
proteins. The cavity is very likely a result of averaging less-shomogeneous
structures.

proteins. A partial answer is that the H proteins may form a
tube-like conduit that serves to translocate the ssSDNA genome
(9, 28). It may be relevant that ®X174 particles congregate at
membrane adhesions sites, or Bayer’s patches, where the inner
and outer membranes appear to merge (29). Although the H
tube is not seen in this structure, we may expect it to be imme-
diately behind the G spike in contact with the LPS, but as long as
the H tube is still mixed up with the genome, we are unlikely to
recognize it in any reconstruction, as has been suggested pre-
viously (9) (Fig. S2). Furthermore, it is unknown whether the H
proteins assemble into tubes at the time of viral assembly or are
assembled later during ejection. After the genome is ejected, the
H tube disappears into the cytoplasm (9). During the infection,
the H proteins and the DNA are internalized, while the rest of
the capsid remains outside the host cell (30). These actions have
been confirmed by the reconstruction of emptied ®X174 in this
study. Therefore, no tubular structure should be observed asso-
ciated with the emptied capsid, as is the case.

Materials and Methods

Amplification and Purification of ®X174. Between 6 and 8 L of E. coli
C122 were grown in TK broth (1.0% tryptone, 0.5% KCl) to 1.0 x 108 cells/mL
at 37 °C. Before infection at multiplicity of infection of 107>, MgCl, and CaCl,
were added to respective concentrations of 10 mM and 5 mM. Infections
were incubated for ~5 h until a clear majority of cells had lysed. Cultures were
refrigerated overnight to allow phage to attach to cell debris, which was
concentrated by centrifugation. The resulting pellet was resuspended in
32 mL of 50 mM Na,B40,/3.0 mM EDTA and then shaken at 4 °C overnight

to elute attached particles. Debris was removed by centrifugation, and the
supernatant was layered atop CsCl gradients made in 50 mM Na,B;0,/
3.0 mM EDTA and spun as described previously (31). Virion bands were
pulled and dialyzed against 100 mM NacCl, 5.0 mM EDTA, 6.4 mM Na,HPO,,
and 3.3 mM KH,PO, (pH 7.0), and then concentrated down to 0.8 mL. Then
0.2 mL was loaded atop a 5-30% sucrose (wt/vol) gradient made in 100 mM
Nacl, 5.0 mM EDTA, 6.4 mM Na,HPO,, and 3.3 mM KH,PO, (pH 7.0) and
spun at 192,000 x g for 1 h. Gradients were divided into ~40 125-uL fractions
and analyzed by UV spectroscopy (OD>go).

®X174 DNA Ejection Assay. Concentrated ®X174 in 0.06 M NH,Cl, 0.09 M
Nacl, 0.1 M KCl, 0.1 M Tris-HCl pH 7.4, 1.0 mM MgS0O,, and 1.0 mM CaCl, was
mixed with 5 mg/mL stock LPS dissolved in Tris-HCl pH 8.0 buffer to achieve
the desired concentrations. CaCl, was added to a concentration of 5.0 mM.
®X174 and Tris-HCl buffer without LPS served as a negative control. The final
concentration of ®X174 was ~108-10° pfu/mL. The mixtures including the
negative control were then kept at 33 °C for 20 min. After 1, 3, 5, 8, 12, or
20 min, the mixtures containing LPS were diluted into 3.0 mM EDTA to
terminate the DNA ejection of the particles. Diluted samples were titered as
described previously (31). The dilution procedure was optimized for each
batch of sample so that the number of plagues on each plate was between
10 and 500. The plaque counts of three replicates were averaged for each
condition to establish the relative infectivity.

SAXS. SAXS data were collected using 11.18-keV X-rays at the Cornell High-
Energy Synchrotron Source G1 station. Scattering profiles (0.006-0.26 A~")
were collected with a sample-to-detector distance of 2.05 m (measured using
an Ag-behenate standard) onto a Pilatus 200K detector (Dectris). SAXS profiles
were normalized using the transmitted beam through a semitransparent
molybdenum beamstop. All samples were oscillated during data collection
to reduce the effects of radiation damage inside a quartz capillary (2- mm
diameter, 10-um walls; Hampton Research) mounted in a custom-built
temperature-controlled holder. Multiple 10-s exposures were acquired and
averaged to improve the signal-to-noise ratio. All SAXS images were analyzed
using MATLAB (MathWorks). Scattering profiles were azimuthally averaged
about the beam center. Buffer scattering was measured before and after each
sample and averaged before being subtracted from the sample scattering. For
time-resolved experiments, profiles are shown at the indicated time after the
addition of LPS to the sample. Sample conditions were as follows: 30-pL
samples at 0.05-0.1 mg/mL ®X174, 0.15 mg/mL LPS, 0.06 M NH,4Cl,, 0.09 M
Nacl, 0.1 M KCl, 1 mM MgS0,4, 1 mM CaCl,, and 0.1 M Tris-HCl pH 7.4 at 33 °C.
The same trends were observed but with faster rates at elevated temperatures
(37 °C) and slower rates at lower LPS concentrations (0.01 and 0.05 mg/mL).

Cryo-EM. Cryo-EM samples were prepared using the Cryoplunge 3 system
(Gatan). Here 5 pL of purified ®X174 at 10"" pfu/mL was incubated with 1 uL
of 1 mg/mL LPS from Salmonella enterica TV119 (Sigma-Aldrich) at 33 °C for
1 min. Then 3-pL aliquots of the mixture were loaded onto lacey carbon grids
(400 mesh; Ted Pella). The grids were blotted by filter paper for 5s and then
plunged into liquid ethane for cryo-EM inspection. Forty consecutive frames
of ®X174 reacting with LPS embedded in vitreous ice were recorded using a
Titan Krios transmission electron microscope (FEI) operated at 300 kV and
equipped with a Gatan K2 Summit direct electron detector (3,838 x 3,710).
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Fig. 5. Proposed model for ®X174 DNA injection. (A and B) Native ®X174 recognizes its host carrying specific LPS on the surface hypothetically through one
of the G spikes (red). (C) The interaction destabilizes the G spike and causes its dissociation, leaving the loops on the surface of F proteins (green) to maintain
the interaction with the cell wall of the host. (D) The dissociation of G proteins causes subsequent conformational changes in the F proteins (green) and H
proteins (purple). The F and H proteins cooperate in translocating the genome (black) across the cell wall of the host. (E) The exit used by DNA remains open
after ejection. H proteins are ejected along with the genome. F proteins still interact with the outer membrane.
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All of the frames were collected automatically in counting mode using
Leginon (32) at a magnification of 18,000x and with a defocus range of 1-
3 um, which generated a pixel size of 1.62 A. For each frame stack, the total
electron dose was 25 e /A2,

Image Processing. A total of 2,908 frame stacks were collected. Beam-induced
motion was corrected by realigning the frames within one stack using the
MotionCorr program (33). The version of MotionCorr used here had been
modified by Wen Jiang to take three consecutive frames instead of one to
calculate the correlation coefficient. Contrast transfer function values were
estimated for each motion-corrected image using CTFFIND3 (34). From the
2,908 images, 11,845 particles were manually selected using e2boxer.py in
the EMAN2 package (35). The particle images were 2x binned and subjected
to nonreference 2D classification using RELION (22). The particles in the
classes that failed to generate a good average projection of ®X174 were
discarded, leaving 7,002 emptied particles and 2,384 full particles. Two
iterations of masked 3D classifications were then used (Fig. S4) to select
particles more homogeneous in the region where the LPS disk is con-
nected to ®X174. The first iteration was done with a large mask covering
the top half of the map, while the second iteration was done with a
smaller mask containing mainly the connecting region. The masks were
generated using Chimera (36) and relion_mask_create from RELION to
identify the region of interest. The 3D classification and subsequent
refinement were done in RELION. The initial model was generated using
jspr (37) from a smaller dataset containing 800 particles. The initial
model used for that reconstruction was a 50-A low-pass—filtered map of
native icosahedral ®X174.

For the reconstruction of emptied ®X174, after two rounds of 3D classi-
fication, a subset of 4,226 particles (Fig. S4, class A) was selected, and a map
at 8.9-A resolution was achieved. If all 7,025 particles from the 2D classifi-
cation were used, the final resolution would be 8.2 A, but with less con-
tinuous density in the connecting region. This suggests that the connecting
region is more flexible and heterogeneous. However, 3D classification did
not improve the map of full ®X174, likely due to the smaller number of
particles to start with. All 2,384 full particles selected based on 2D classifi-
cation were used for the final reconstruction, which generated a map with a
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resolution of 10.2 A judged by the gold standard criterion. The map of the
full particles has been deposited in the EMDataBank (accession code EMD-
8862), as have the map of class A emptied particles (Fig. S4) and the masks
used in the classification (accession code EMD-7033).

Fitting of the Pentameric F Protein Crystal Structure into the EM Maps. One F
protein pentamer was selected from the crystal structure of the whole virus
(Protein Data Bank ID code 2BPA). The cryo-EM maps of full and class A emptied
®X174 were both low-pass filtered to 10-A resolution. EMfit (24) was then
used to fit the pentamer into different vertices of these low-pass—filtered
maps. The initial coordinates for placing the center of the F pentamer were
inherited from a preliminary fitting by Chimera. Then a search for translation
and rotation was done using EMfit. SumF values (a measurement of quality of
the fit) were calculated based on only the Ca atoms.

Data Deposition. The cryo-EM map of the full ®X174 particles has been de-
posited in the EMDataBank (accession code EMD-8862), as have the map of
the emptied ®X174 particles and the 3D masks used in the classifications
(accession code EMD-7033). Raw SAXS data have been deposited in the Small
Angle Scattering Biological Data Bank (accession codes ASDCT9, SASDCU9,
SASDCV9, SASDCW9, and SASDCX9).
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