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Bacteriophage T4 consists of a head for protecting its genome and
a sheathed tail for inserting its genome into a host. The tail ter-
minates with a multiprotein baseplate that changes its conformation
from a “high-energy” dome-shaped to a “low-energy” star-shaped
structure during infection. Although these two structures represent
different minima in the total energy landscape of the baseplate
assembly, as the dome-shaped structure readily changes to the
star-shaped structure when the virus infects a host bacterium, the
dome-shaped structure must have more energy than the star-shaped
structure. Here we describe the electron microscopy structure of a
3.3-MDa in vitro-assembled star-shaped baseplate with a resolution
of 3.8 Å. This structure, together with other genetic and structural
data, shows why the high-energy baseplate is formed in the pres-
ence of the central hub and how the baseplate changes to the low-
energy structure, via two steps during infection. Thus, the presence
of the central hub is required to initiate the assembly of metastable,
high-energy structures. If the high-energy structure is formed and
stabilized faster than the low-energy structure, there will be insuf-
ficient components to assemble the low-energy structure.
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Most bacteriophages have a tail. At the distal end of the tail
there is usually a baseplate that is decorated by some fibers

(1). The baseplate initiates infection when the tail fibers bind to a
host cell. Signals are transmitted from the tail fibers via the base-
plate to the tail that then trigger the ejection of the phage genome
from the head into the host cell through the tail tube. Two evo-
lutionary related structures, of pyocin (2, 3) and of the type VI
secretion system (4, 5), are found in bacteria as defense systems to
kill competing bacteria. These structures are remarkably similar
to the tail baseplate structure of bacteriophages, suggesting that
tail baseplate-like structures are effective organelles for infecting
bacteria (6, 7).
T4 is a member of the Myoviridae family of bacteriophages.

These phages have a sheath around the tail tube that contracts
during infection (Fig. 1) (8). T4 has a complex baseplate that is
essential for assuring a highly efficient infection mechanism (8).
After recognition of an Escherichia coli host cell by some of the
six long-tail fibers (LTF), the short-tail fibers (STF) that are a
part of the baseplate, bind irreversibly to the cell. This process is
accompanied by a large conformational change in the baseplate
from a “high-energy” dome- to a “low-energy” star-shaped struc-
ture (9, 10), although each of these structures represent an energy
minimum in the energy landscape of the baseplate assembly. This
change triggers contraction of the tail sheath, driving the tail tube
into the outer host cell membrane and further across the peri-
plasmic space to the inner membrane. The genomic DNA is then
ejected into the host’s cytoplasm. Hence, the baseplate serves as
the nerve center for transmitting signals from the tail fibers to the
head for the release of DNA into the host.
The hexagonal dome-shaped T4 baseplate assembles from six

wedges surrounding a central hub (8). A total of 134 protein

subunits from 15 different proteins form the ∼6.5-MDa baseplate
(Table S1) (8, 11). The structure of the T4 baseplate has been
studied extensively by cryoelectron microscopy (cryo-EM) of the
whole virus and X-ray crystallography of individual proteins (12).
Cryo-EM maps of the baseplate when in the dome- (9) and star-
shaped (10) conformations were previously reported to 12 Å and
16 Å resolution, respectively. The dome-shaped baseplate was
found to be ∼520 Å in diameter and ∼270 Å high, whereas the
diameter and height of the star-shaped baseplate were ∼610 Å and
∼120 Å, respectively.
The assembly of a wedge had been shown to follow a strictly

ordered sequence. First, an initial complex is formed by a mono-
mer of gp7 and a trimer of gp10, followed sequentially by binding
of a dimer of gp8 and a dimer of gp6 to the complex (13, 14). In the
absence of a central hub, at least five proteins (gp7, gp10, gp8, gp6,
and gp53) are required for assembly of wedges in vitro into a star-
shaped, low-energy baseplate-like structure (14). Assembly of the
high-energy, dome-shaped structure requires the presence of the
central hub. However, how the sequential wedge assembly events
are regulated remained unknown. In particular, the question remained
how the high-energy dome-shaped baseplate could assemble.
We report here a 3.8-Å resolution 3D cryo-EM map of a

∼3.3-MDa in vitro-assembled star-shaped, hubless, baseplate-like
complex (Fig. 2). The component proteins of this in vitro-assembled
baseplate were gp7, gp10, gp8, gp6, and gp53. We show that gp7
provides the primary control of the sequential assembly events that
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regulate the conformational changes of the baseplate during as-
sembly and during infection. We also show that interaction be-
tween gp6 and gp27 in associating the wedges around the central
hub is the critical nucleation step to form the high-energy dome-
shaped baseplate. Furthermore, we describe that the transition of
the baseplate from the dome-shaped to the star-shaped confor-
mations probably occurs in two steps.

Results
The electron density map of the in vitro-assembled star-shaped
baseplate complex made it possible to build the polypeptide chains
of gp7, gp53, and N-terminal parts of gp6 and gp10 whose struc-
tures had not been previously determined. In addition, fitting of
the previously determined X-ray structures of gp8 (15), and
C-terminal parts of gp6 (16) and gp10 (17), produced a model of
the entire hubless baseplate-like complex. Fitting of all available
structures, including the newly determined structures and the hub
proteins [gp5 (18), gp5.4, gp6 (16), gp7, gp8 (15), gp9 (19), gp10
(17), gp11, gp12, gp18 (20, 21), gp25, gp27 (18), and gp53] into the
earlier reconstructions of the T4 tail when in the dome- and star-
shaped conformations, showed how these proteins rearrange them-
selves during infection.

Structure of gp7. Gp7 (1,032 residues) is an elongated molecule
that can be divided into six domains connected by flexible linkers
(Fig. 3). Domain I (residues 1–106) has an Ig-like fold and be-
longs to the fibronectin type III superfamily. Domain II (residues
107–171 and 538–623) is a four-stranded, antiparallel β-sheet
surrounded by five short α-helices. Domain III (residues 172–537)
is inserted into domain II and has a β-propeller-like fold. The
closest structural relative of this domain [with a DALI Z-score of
13.2 (22)] is phytase [Protein Data Bank (PDB) ID code 2POO].
The two structures can be superimposed with rmsd of 3.6 Å be-
tween 231 equivalenced Cα atoms. Domain III has a 24-Å-long
loop (residues 454–475) that is important for interwedge interac-
tions with gp8. Domain II is connected to domain IV via a long
linker (residues 624–694), which has an extended part (residues
624–638) and a helix-turn-helix motif (residues 639–694). Domain
IV (residues 695–762 and 863–894) consists of a four-helix bundle
and a three-stranded β-sheet. Domain V (residues 763–862) is an
insertion into domain IV and consists of an eight-stranded β-barrel
followed by two short α-helices. Domain VI is connected to
domain IV through a 20-residue-long linker (residues 909–928)

that adopts a β-strand conformation in the baseplate wedge. This
linker is important for binding the gp8 dimer and forms β-sheets
together with β-strands in the gp8 molecule. Domain VI (residues
921–1001) forms a ribbon-like structure that interacts with N-ter-
minal region of gp10. The flexibility and complexity of the gp7
structure explains why all attempts to crystallize this protein
were unsuccessful.

Structure of gp10. Gp10 is a 602-residue-long trimeric protein
consisting of four domains (Fig. 3). Each domain forms a
homotrimer. However, the threefold symmetry axes of the in-
dividual domains are not collinear and change their relative
orientations during the conformational rearrangement of the
baseplate.
The N-terminal domain I (residues 1–143) of gp10 has 21% se-

quence identity with the N-terminal region of gp9 (19) (PDB ID
code 1S2E). The N-terminal domain is located in the region of the
baseplate, which was previously assigned as domain A of gp7 in the
low-resolution cryo-EM study (10). Residues 1–39 form a trimeric
coiled-coil region, which interacts with the C-terminal domain VI of
gp7. Residues 40–143 of gp10 fold into a nine-stranded β-barrel that
forms a triangular prism with the threefold-related chains.
Domains II and III of gp10 are located in the baseplate’s pe-

riphery, which is less well-resolved than the inner part of the
baseplate. As a result, the resolution for these domains is limited
to ∼5 Å. Domain II of gp10 has a prism-like structure and is an
adaptor for binding the STFs, gp12. Domain III of gp10 is a three-
finger-like domain, providing a site for the attachment of gp11 to
the baseplate. The crystal structure of the gp10 C-terminal domain
IV (residues 406–602) had been determined from a truncated and
protease-resistant fragment (17). This crystal structure was fitted
into the density and was found to have a real-space correlation of
0.85 with the cryo-EM map (23). Domain IV of gp10 attaches to
domain III of gp7 in the baseplate; in the star-shaped baseplate it
has additional contacts with gp9.

Structure of gp6. Gp6 is a 660-residue-long dimeric protein (Fig.
3). In the dome-shaped baseplate, six gp6 dimers interact with
each other and form a ring around the central hub. The crystal
structure of a dimer of the gp6 C-terminal part (residues 340–660)
had been previously determined (16) and fits well into the cryo-
EM density of the in vitro-assembled baseplate with a real space
correlation of 0.86 between the cryo-EM density and crystal
structure. The structure of the N-terminal part of gp6 consists of a
helix-turn-helix motif (residues 26–79) and two spatially separated

Fig. 1. Schematic diagram of bacteriophage T4. Bacteriophage T4 has a
contractile tail and a complex baseplate. Six long-tail fibers are attached to the
upper part of the baseplate and six short-tail fibers are folded under the
baseplate before infection. Reproduced with permission from ref. 50, copy-
right American Society for Microbiology.

Fig. 2. Cryo-EM 3D reconstruction of the in vitro-assembled hubless base-
plate. (A) The cryo-EM density showing the various proteins colored according
to the index at the bottom left. (B) Ribbon representation of the protein
structures in a single wedge using the same color code. Domains II and III of
gp10 are shown as cryo-EM density.
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domains. Domain I (residues 80–170 and 278–316) has a core with
a lipoxygenase homology-like fold, whereas domain II (residues
171–279), which is an insertion into domain I, has an Ig-like fold.
The region of gp6, which includes the helix-turn-helix motif and
three helices in domain I (residues 80–103 and 319–355) is similar
to the region 645–753 of gp7. These gp6 and gp7 regions can be
superimposed with a rmsd of 3.5 Å between equivalenced Cα
atoms. In the baseplate, the N-terminal regions of two gp6 chains
and the similar region of gp7 interact and form a three-helix
coiled-coil structure.
There are two chains of gp6 in each wedge; these have different

environments and different conformations of their N-terminal
parts (Fig. 3). There are two types of contacts between the gp6
chains in the baseplate. One of these contacts is between the
C-terminal regions, similar to what was observed in the crystal
structure of gp6 (16). The other contacts are between the N-terminal
parts of two gp6 chains different to those that make contact between
the C-terminal regions. Because the assembly of the wedges into the
baseplate is dependent on the presence of gp53 (13, 14), and because
the structure of the baseplate reported here shows that N-terminal
contacts of gp6 are closely associated with gp53, it is reasonable to
assume that the N-terminal contacts are between gp6 chains in
neighboring wedges and that the C-terminal contacts are between
gp6 chains within a wedge. This result is different to what had
previously been assumed (16).

Structure of gp53.Gp53 is a 196-residue-long monomeric, V-shaped
protein (Fig. 3). The protein has a core with a LysM-like fold (24)
from which two “arms” extend. Each arm is formed by two
α-helices, with residues 1–44 and 172–192 forming one arm, and
residues 89–103 and 155–168 forming the other arm. In the base-
plate, gp53 embraces a three-helix coiled-coil consisting of two gp6
chains and one gp7 chain, thus joining wedges into the baseplate. A
small 67-residue protein gpX with a similar LysM-like core, but
lacking the arms, was found in the baseplate of phage P2 (25). This
protein is, therefore, likely to have a similar function and a common
evolutionary origin as gp53. However, the presence of the arms in
gp53 suggests that this protein is more efficient as an interwedge
clamp, compared with its P2 ortholog.

Discussion
Wedge Assembly. Wedge assembly starts with formation of an
initial complex between gp7 and gp10, followed by binding of gp8

and then gp6 (Fig. 4A and Movie S1) (13, 14). Gp7 serves as a
backbone for attachment of other proteins. The gp7 molecule is
elongated and presumably rather flexible, considering its six do-
mains are connected by unsupported linkers. The structure shows
that when gp10 binds to gp7, in the first step in wedge assembly,
domains I and IV of gp10 bind to domains VI and III of gp7, re-
spectively, to form a ring-like structure, which reduces the number
of degrees of freedom of the flexible gp7 molecule. Binding of gp10
to gp7 also results in stretching the 20-residue-long linker between
domains IV and VI of gp7, required for subsequent binding of a gp8
dimer. The residues 894–902 of this linker are involved in parallel
β-strand interactions with the residues 323–334 of one gp8 chain,
whereas the residues 906–917 are involved in antiparallel β-strand
interactions with the residues 323–334 of another gp8 chain. Pre-
sumably, binding of the rigid gp8 dimer would further reduce the
flexibility of gp7 and restrict movements of domains I, IV, V, and VI
of gp7. As a result, the helix-turn-helix motif of gp7 adopts an
orientation favorable for subsequent binding of gp6, which binds to
domain IV and the helix-turn-helix motif of gp7 to complete the
assembly of a wedge. In the assembled structure of the baseplate,
the gp10, gp8, and gp6 proteins interact extensively with the back-
bone gp7, but the contact surfaces between gp10, gp8, and gp6
within a wedge are only small. These observations show that the
flexibility of gp7 is the key for controlling the sequential assembly.

Baseplate Assembly.How is it possible to assemble the high-energy
dome-shaped baseplate initially as opposed to the low-energy star-
shaped baseplate?
After the individual wedges have assembled, six wedges assemble

around the central hub (12) to form the dome-shaped baseplate
(Fig. 4B and Movie S2). The present structure has shown the
complete structure of gp6, which when fitted into the cryo-EM
density of the dome-shaped baseplate shows that gp6 binds tightly
around the central hub protein gp27 (Fig. 5A). Thus, the nucle-
ation of the baseplate assembly from individual wedges is de-
pendent on the interaction of gp6 with gp27. However, in the star-
shaped baseplate structure the tight ring of six gp6 dimers around
gp27 has expanded and lost contacts with gp27. Thus, the initiation
of baseplate assembly is the association of gp6 with gp27, from
wedges that are probably assembled as in the dome-shaped base-
plate. In the absence of gp27, as was the case for the in vitro-
assembled baseplate reported here, gp6 can assemble only as a

Fig. 3. Ribbon diagrams of the newly determined
protein structures gp7, gp10, gp53, and gp6. Each
polypeptide chain is rainbow-colored from blue at
the N terminus to red at the C terminus. Protein
domains are indicated by roman numerals. Domains
II and III of gp10 are shown as cryo-EM density. He-
lices of gp7 and gp6, involved in the formation of
the three-helix coiled-coils located at the interface
between wedges, are indicated by red arrows. Also
shown diagrammatically is the ring of gp6 dimers
that surround the gp27 hub in the dome-shaped
baseplate. Each gp6 dimer has a different color. The
amino end of each gp6 monomer makes a trimeric
coiled-coil with a part of gp7. The wedge boundaries
are indicated by a black outline. Each wedge con-
tains one gp6 dimer formed by association of the
gp6 C-terminal regions. Contact between the N-ter-
minal regions of gp6 is outlined by a rectangle,
whereas the contact between the C-terminal regions
of gp6 is outlined by a circle.
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star-shaped baseplate. Thus, the route to the low-energy star-sha-
ped wedge is via the initially assembled dome-shaped wedge.
In the assembled dome-shaped baseplate the interface between

the wedges and the hub is formed mainly by the N-terminal do-
mains of gp6 and by gp27 (Fig. 5A). Gp6 forms a ring around the
central hub, and gp53 attaches to the trimeric coiled-coil formed
by gp6 and gp7 (Fig. 5B), presumably stabilizing the hexameric
association of the wedges in the dome-shaped configuration.
Fitting of the protein structures reported here into the lower-

resolution structure of the dome-shaped baseplate shows that the

domains of each protein are rigid units that do not significantly
change their structure between the dome- and star-shaped con-
formations of the baseplate. In the final assembled baseplate,
gp9 is bound to domain III of gp7, further stabilizing the base-
plate. Pulse-chase analysis (26) suggested that gp9 attaches to
the baseplate followed by the simultaneous attachment of gp11
and of the STFs, gp12. In the dome-shaped baseplate, the STFs
are kinked and folded underneath the baseplate, across three
adjacent wedges. Because gp11 attaches to the kinked region of
the STFs, gp11 might help to bend the STFs and to locate them
under the baseplate (Fig. 4B).

Tail Assembly. The tail tube (gp19) and tail sheath (gp18) poly-
merization are initiated by the proteins at the center of the dome-
shaped baseplate. After the wedges have assembled into the
hexameric baseplate, six copies of gp48 and six copies of gp54 bind
onto the central hub (27, 28) and probably form hexameric rings
on top of gp27 (Fig. 4B). Gp54 is predicted to have a domain with
a fold similar to the tail-tube protein. Thus, the bound gp54 in
association with the tape measure protein, gp29, can initiate the
polymerization of gp19 to form the tail tube (27, 28).
The gp25 protein then attaches to gp53 and gp6, further

strengthening the interwedge interactions (29). It also binds to
the gp48–gp54 complex reinforcing interactions between the hub
and wedges (29, 30). Fitting of the gp25 structure (PDB ID code
4HRZ) into the earlier reported dome-shaped baseplate (9)
shows that gp25 interacts extensively with the gp48–gp54 com-
plex, suggesting that these proteins are important for attachment
of gp25 to the baseplate. Gp25 has a structural similarity to the
C-terminal domain of the tail sheath protein, gp18. Thus, it is
likely that gp25 initiates the polymerization of the tail sheath.

Infection Mechanism. Phage T4 uses the LTFs to recognize a LPS
and/or OmpC receptor on the surface of the host cell (8). Be-
cause phages have been observed that have baseplates, which
have changed to star-shaped structure, but that still have extended

Fig. 4. Assembly of a baseplate based on present and earlier results. (A) Wedge assembly. Gp10, gp8, and gp6 bind sequentially to the gp7 backbone protein.
The central hub of the baseplate is assembled independently. (B) Baseplate and tail assembly. Six wedges assemble around the central hub to form a
baseplate. Gp53 binds adjacent wedges together. Subsequently, gp9 and the gp11–gp12 complex bind to the baseplate, further stabilizing the dome-shaped
configuration. Then, gp48 and gp54 bind to the top of the central hub and initiate polymerization of the tail tube. Gp25 attaches to the gp48–gp54 complex,
initiating polymerization of the tail sheath. For clarity, only three rings of the tail sheath are shown.

Fig. 5. Position of proteins around the central hub. (A) Interactions of gp6
with the central hub protein gp27. The N-terminal domains of gp6 that in-
teract with gp27 (olive) to associate the wedges around the central hub to
assemble the dome-shaped baseplate are highlighted in blue. (B) Interac-
tions of adjacent wedges in the baseplate. The helix-turn-helix motifs of gp7
(red) and the two gp6 chains (green and light brown) from adjacent wedges
are held together by gp53 (light blue) in the baseplate. An enlargement of
the interacting region is shown.
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sheaths (31), presumably, the initial step of infection is the change
of the dome-shaped structure to an intermediate structure in which
the STFs are released. Subsequently, attachment of the STFs to
cell-surface molecules triggers the baseplate to change its confor-
mation to the final star shape, which in turn causes the sheath to
contract and the tail tube to puncture the outer cell membrane.
Thus, it is likely that the conformational changes of the baseplate
occur in two steps—namely, first from the dome-shaped structure
to an intermediate star-shaped structure and then from the in-
termediate structure to the final star-shaped structure.
The LTFs are attached to the baseplate via an adaptor protein

gp9 (32). The fit of the gp7 and gp9 structures into the 16-Å
resolution cryo-EM density of the dome-shaped baseplate (19)
shows that domain III of gp7 interacts with density that repre-
sents the N-terminal part of gp9 (Movie S2). Thus, a flexible re-
gion of gp9 contacts gp7, allowing the LTFs to have multiple
conformations in solution. When the LTFs attach to the cell, the
Brownian motion of the phage particle may cause these flexible
regions (31) to pull on domain III of gp7. This domain has ex-
tensive interactions with the gp8 dimer in the adjacent wedge, and
with the C-terminal domain IV of gp10 in the same wedge. The
rigid gp8 dimer in turn interacts extensively with the C-terminal
domain VI of gp7, which is attached to the N-terminal domain I of
gp10. Therefore, the interaction of gp9 with domain III of gp7 is
likely to disturb interactions among gp7, gp8, and gp10 at the
vertices of the dome-shaped baseplate and trigger the periphery of
the baseplate to change to a star-shaped conformation (Movie S3).
As a result, the STFs attached to gp10 might unfold from the
baseplate and point toward the cell surface with their C-terminal
domain, whereas the N-terminal part of the STFs remain attached
to domain II of gp10, after release of gp11 (Fig. 6). During the
conformational change from dome-shaped to a star-shaped in-
termediate structure, the gp11 molecules, attached to domain III of
the gp10 molecules, move closer to the phage head and push on
the end of the LTFs close to the baseplate. The interaction of gp11
with the LTFs probably causes the parts of the LTFs closest to the
baseplate to rotate with respect to the baseplate as seen in the star-
shaped baseplate. Thus, LTFs attached to the cell surface are used
as levers to bring the phage closer to the cell surface. On com-
pletion of these movements, the baseplate will have the structure of
the intermediate state that has a star-shaped periphery (gp7, gp8,
gp9, gp10, gp11, and gp12), although the inner ring of gp6-gp53-
gp25 molecules probably remains attached to the hub (Fig. 6).
The movement of the phage on the surface of E. coli will be

restricted because the LTFs are attached to the cell and because
steric clashes with gp11 would restrict the movement of the LTFs
in the star-shaped baseplate. Random Brownian motion is likely
to occasionally bring the phage closer to the cell surface, allowing
the STFs to search for suitable receptors. Once the phage is firmly

fixed to the host’s surface, Brownian motion of the phage may
result in the STFs pulling on the baseplate, triggering the signal for
the contraction of the tail sheath. A likely pathway for signal
transmission from STF to the central part of the baseplate would
be via gp10, gp8, gp7, and, finally, to the ring of gp6. Comparison
of the gp6 ring in the dome-shaped and star-shaped structures
shows that the inner diameter of the gp6 ring expands from 71 to
101 Å. Thus, the signal initiated by the interaction of the STFs
with the E. coli surface causes gp6 to detach from the central hub;
in turn, this would cause movement of the gp53 and gp25 mole-
cules, attached to the heterotrimeric (gp6)2(gp7) coiled-coil (Fig. 6
and Movie S3). This movement of gp25 would nudge the C-ter-
minal domain of the tail sheath protein, gp18, thus initiating
contraction of the metastable tail sheath (Movie S3).

Assembly of High-Energy Biological Structures. Biological machines
require energy that can be provided by catalyzing a chemical re-
action of high-energy molecules such as ATP, or by using the
energy stored when macromolecules fold and assemble. Phage
baseplates are an example of the latter. The current analysis of the
T4 baseplate shows how the energy required for infection can in
part be stored in the dome-shaped baseplate; it also shows that
assembly of the dome-shaped baseplate requires the presence of a
template (the central hub) that traps wedges by selecting wedges
when they are briefly in a high-energy conformation.

Methods
Electron Microscopy. Crystals of hubless baseplates that diffracted X-rays to
4.2 Å resolution (12, 33) were dissolved in 50 mM Tris, 100 mM NaCl buffer at
pH 8 to a concentration of 2 μg/mL. Aliquots of 3 μL of sample were loaded
on glow-discharged C-Flat grids (CF-1.2/1.3-4C-50, CF-2/2-4C-50). These grids
were then blotted for 2 s and flash frozen in liquid ethane using the Gatan
CP3 plunge freezer. The grids were viewed in an FEI Titan Krios microscope
operated at 300 kV. Images were recorded using a K2 Summit detector at a
calibrated magnification of 38,168 yielding a pixel size of 0.655 Å. A total
dose of 35 e−/Å2 and an exposure time of 7.6 s were used to collect 38 movie
frames with defocus ranging from 0.5 to 3.5 μm. Fully automated data
collection was operated in counting mode using the MSI-Template applica-
tion in LEGINON (34). The dosef_gpu_driftcorr software (35) integrated in
the Appion pipeline (36) was used to perform frame alignments to correct
stage drift and beam-induced motion. A frame offset of seven and a B-factor
of 1,000 pixels squared were used to align the movie frames.

A total of 1,725 images were collected; from these, 67,920 particles were
boxed manually using the EMAN2 package (37). Contrast transfer function
parameters were estimated using CTFFIND3 (38). The 2D and 3D classifications
were performed using RELION (39). An initial model and a mask were gen-
erated using EMAN2. In total, 45,607 particles were used in the final re-
construction. The 3D reconstruction was performed with RELION, and further
refinement was performed using the JSPR software package (40).

The electron density map was subjected to postprocessing by JSPR for map
sharpening by applying a negative B-factor of 100 Å2. The Fourier shell

Fig. 6. Conformational changes of the baseplate
during infection. Domains II and III of gp10, gp48,
gp54, and the proximal part of the tail tube are pre-
sented as electron density. The proximal end of LTFs
and STFs are presented as rods. Three rings of the tail
sheath are shown. The identity of each protein is in-
dicated in the index. (A) The dome-shaped baseplate.
(Right) The inner ring of gp6-gp53-gp25 and part of
gp7. The ring is attached to the central hub. (B) The
final star-shaped baseplate with three rings of the
contracted tail sheath. (Right) The inner ring of gp6-
gp53-gp25 and part of gp7. The ring is expanded and
detached from the central hub. The intermediate star-
shaped baseplate presumably would have star-shaped
periphery (B, Center) but the inner ring of gp6-gp53-
gp25 and part of gp7 remains attached to the central
hub (A, Right).
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correlation curve was calculated for an electron density map in which the
solvent regions were set to a constant value (41). The resolution of the final
map was estimated to be 3.8 Å (Figs. S1 and S2), based on the gold-standard
Fourier shell correlation (FSC) criterion of 0.143 (42). The absolute hand of the
map was determined by fitting the various known crystal structure baseplate
components into the density map.

Model Building. Crystal structures of complete gp8, partial gp6, and gp10were
fitted into the density map using CHIMERA (23). Models of the other wedge
proteins were built using COOT (43). The model of the entire wedge was
subjected to real-space refinement (44) in PHENIX (45) to 3.8 Å resolution.
The quality of the cryo-EM density was significantly better near the center of
the baseplate, which made it possible to build side chains for gp6, gp7, and
gp53. However, gp10 was built as main chain. Figures were prepared
using the CHIMERA (23) and the PyMOL (46). Movies were prepared
using CHIMERA (23).

Fitting of Protein Structures into Previous Cryo-EM Reconstructions. The crystal
structures of gp9 [(19), PDB ID code 1S2E], gp11 [(47), PDB ID code 1EL6],
gp27–gp5 [(18), PDB ID code 1K28], gp8 [(15), PDB ID code 1N80], gp12 N
terminus [(48), PDB ID code 1OCY], gp10 C terminus [(17), PDB ID code 2FKK],
gp6 C terminus [(16), PDB ID code 3H2T], gp18 [(20), PDB ID code 3FO8; (21),
PDB ID codes 3J2N and 3J2M], gp25 (PDB ID code 4HRZ) and gp5.4 (PDB ID
code 4KU0) were fitted into earlier cryo-EM maps (accession codes EMD-
1048, EMD-1086, and EMD-1126). Models of gp7, gp10 N terminus, gp6 N
terminus, and gp53 from this study were fitted into the maps of the dome-
shaped (9, 49) and the star-shaped (10) baseplates using the CHIMERA
program (23).
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