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The first stages of productive bacteriophage infections of bacterial
host cells require efficient adsorption to the cell surface followed by
ejection of phage DNA into the host cytoplasm. To achieve this goal, a
phage virion must undergo significant structural remodeling. For
phage T4, the most obvious change is the contraction of its tail. Here,
we use skinny E. coli minicells as a host, along with cryo-electron
tomography and mutant phage virions, to visualize key structural
intermediates during initiation of T4 infection. We show for the first
time that most long tail fibers are folded back against the tail sheath
until irreversible adsorption, a feature compatible with the virion
randomly walking across the cell surface to find an optimal site for
infection. Our data confirm that tail contraction is triggered by struc-
tural changes in the baseplate, as intermediates were found with
remodeled baseplates and extended tails. After contraction, the tail
tube penetrates the host cell periplasm, pausing while it degrades the
peptidoglycan layer. Penetration into the host cytoplasm is accompa-
nied by a dramatic local outward curvature of the cytoplasmic mem-
brane as it fuses with the phage tail tip. The baseplate hub protein
gp27 and/or the ejected tape measure protein gp29 likely form the
transmembrane channel for viral DNA passage into the cell cyto-
plasm. Building on the wealth of prior biochemical and structural
information, this work provides new molecular insights into the
mechanistic pathway of T4 phage infection.
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he Hershey and Chase experiment (1), which showed that

most DNA of bacteriophage T2 entered an infected cell
whereas most virion proteins remained outside, provided the
final evidence necessary for acceptance of DNA being the
genetic material. This experiment also set the stage for un-
derstanding the mechanism of phage infection. However, the
apparent complexity of the infection process, the realization that
some virion proteins do enter the infected cell (2), and a lack of
suitable experimental approaches have heretofore prevented
a detailed description.

The T4 virion comprises a capsid containing a 170-kb dsDNA
genome, a collar region that displays short whiskers called whisker
antigen control (Wac) (also known as fibritin), a contractile tail with
a complex baseplate that harbors short tail fibers (STFs), and a set
of side or long tail fibers (LTFs) (Fig. 1D) (3). After recognition of
a host, the tail transmits a signal to the head for genome ejection
and provides the channel through which the DNA moves.

T4 LTF can be divided into proximal and distal half-fibers,
angled about 20° (4, 5). The LTFs of mature virions are displayed
in two conformations: “up” or retracted and “down” or extended
states (6). Although it was long thought that extended fibers were
required for rapid adsorption and that retracted fibers were
found only under adverse conditions (e.g., low pH, low ionic
strength, and low temperature) for infection, it was eventually
concluded that individual fibers were in a dynamic equilibrium
between retracted and extended states (7).

Twelve copies of Wac form the collar and whiskers, which
are assembled just below the head-tail junction (8-13). wac is a
nonessential gene; wac mutants form small plaques at normal
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efficiencies, but the burst is decreased because attachment of the
LTF to the baseplate is inefficient (14). Wac binds to the
“kneecap” (K-C) or hinge region joining the proximal and distal
half-fibers and promotes proximal half-fiber attachment to the
baseplate protein gp9 (3, 15). Consequently, the LTFs of wac
mutant particles are extended under conditions where those of
WT are retracted (6).

Six gp9 trimers bind to the upper edge of the baseplate; the
trimeric C-terminal domain acts as a rigid body that swivels around
the axis of its N-terminal domain. This arrangement allows the
LTFs, which are coaxially attached to the C-terminal domain of
gp9, to change their orientation relative to the remainder of the
virion (16-19). Recent cryo-electron microscopic (cryo-EM) single
particle reconstructions of extended tail and urea-treated, con-
tracted tail T4 virions, coupled with X-ray crystallography of indi-
vidual proteins, have provided a wealth of structural details (3).

The six kinked LTFs, extending away from the tail baseplate,
contact Escherichia coli B lipopolysaccharide (LPS) (20) or K-12
OmpC (21) on the cell surface. Binding triggers a hexagon—star
conformational transition of the baseplate, whose diameter in-
creases from 40 to 60 nm (22, 23). This conformational change
unpins the STFs, which rotate downward and bind tightly to the
lipid A-KDO region of LPS (3, 24, 25). The change in baseplate
conformation also triggers contraction of the tail sheath, which,
in mature virions, is in a metastable conformation (26, 27).
Contraction can be initiated in vitro by 2-3 M urea although the
contracted sheath is resistant to 7M (28). It is commonly assumed
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Comparative structural analysis of infective T4 virions. Asymmetric 3D reconstructions are shown as central slices of Wac-minus (A), fiberless (X4E mutant)

(B), and WT (C) virions. In the absence of Wac, LTFs are seen only as short stubs emanating from the baseplate due to their flexibility when extended. A 3D
reconstruction of WT T4 (D), enlarged in F, highlighting the six (orange) LTFs attached (open arrows) to the whiskers and collar of the sixfold symmetrical Wac
(yellow) and the fivefold symmetrical capsid vertex. (G) Domain structure of an LTF (4) aligned with our cryo-ET reconstruction. For clarity, not all subdomains are
named on the figure. Subdomains P1-P5 correspond to a trimer of gp34, K-C to gp35, and part of gp36, and subdomains D1-D11 in the distal half-fiber are
comprised of trimeric gp36 and gp37. Crystal structures of gp9 (PDB ID code 152E) (18) and the gp37 fiber tip (PDB ID code 2XGF) (57) are fitted into the density
map. Classification of each LTF reveals the symmetry mismatch viewed along the tail sheath axis, where fiber 1 is set to interact with a capsid edge (E).
(H) Classification was also used to evaluate the density of each LTF and thus to estimate the distribution of extended fibers on a WT virion. Also, see Figs. S1-53.

that the tail tube directly penetrates the cytoplasm via a “syringe-
like” mechanism (1, 29) although electron microscopy (EM)
revealed that it reaches only the periplasmic face of the cyto-
plasmic membrane (22, 23). However, this pioneering study
necessarily relied on the use of fixatives, thin sectioning, and stains,
which can induce artifacts that complicate data interpretation.
Cell wall degradation is an important step during the initiation of
T4 infection, in particular at low temperature (30). During virion
assembly, the distal end of the tail tube interacts with the baseplate
central hub complex, a membrane-piercing device consisting of
trimers of gp27 and gp5, terminated by a monomeric gp5.4 needle
(31). Gp5 is cleaved during phage assembly to yield the N-terminal
gp5* (32), which contains lysozyme activity, and the triple-stranded
B-helix gp5C (33). The overall complex is thus (gp27-gp5*-gpSC)s-
gp5.4. It is thought that gp5C (and presumably gp5.4) dissociates as
the complex penetrates the outer membrane (34), exposing the full
lysozyme activity of gp5*. Gp5* also likely dissociates and diffuses
away as the tail tube enters the periplasm because high multiplici-
ties of infection lead to lysis-from-without, a phenomenon where
excessive lysozyme activity lyses the cell before any phage devel-
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opment (35). It is not known whether gp27 dissociates from the tail
tube together with gp5*.

An energized membrane is required for phage DNA ejection
into the cell cytoplasm (36-38). It is not clear, however, what
step requires energy. The membrane potential (ApH was shown
to be unimportant) (39) is required for the transient efflux of K*
ions from the cytoplasm (40) immediately after infection, sug-
gesting that formation of a transmembrane channel requires
energy. Efflux could also be associated with a fusion of the inner
and outer membranes (41, 42), which would then create a
channel across the entire cell envelope. Alternatively, an ener-
gized membrane could simply allow it to come closer to the tip of
the T4 tail tube (43).

Cryo-electron tomography (cryo-ET) provides 3D structures
of cells and subcellular complexes in a near-native and frozen-
hydrated state at near nanometer resolution (44-46). Cryo-ET is
being increasingly used to study phage-host interactions (47-52).
We recently developed skinny E. coli minicell as a host to study
phage infection in situ (53, 54). Despite their lack of a chro-
mosome, minicells are metabolically active and can support
phage infection (54-56). This study examines T4 at the initiation
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of infection, using high-throughput cryo-ET and subtomogram
averaging. Together with mutant phage virions, we determine a
series of high-resolution reconstructions of infecting T4 virions at
successive stages of adsorption and genome penetration.

Results

Most Long Tail Fibers of Infective T4 Virions Are Folded Against the
Tail Sheath. An asymmetric reconstruction of a WT T4 virion was
generated after cryo-ET and subtomogram averaging (Fig. 1 C
and D). Considering the known symmetry mismatch between the
capsid and the tail sheath, we did not apply any rotational
symmetry in structure determination. Overall, our structure
displays the same features as reported by single particle cryo-EM
(16). However, it clearly shows that the LTF interacts extensively
with the virion (Fig. 1 C and D). To better understand the LTF
structure and its interactions with Wac and the baseplate, we also
made asymmetric reconstructions of Wac (Fig. 14) and fiberless
(Fig. 1B) mutant virions by cryo-ET and subtomogram averaging.
Pair-wise difference maps allowed density in the WT structure to
be specifically assigned to Wac and the LTF and also identified
where the LTF attaches to gp9 on the baseplate (Fig. 1 F and G
and Fig. S1 D and E).

Each LTF consists of a 70-nm-long proximal trimeric gp34
half-fiber (Fig. 1G, P1-P5) attached to the baseplate gp9, a
kneecap (K-C), comprised of gp35 and part of the trimeric gp36,
and a 75-nm-long distal trimeric gp37 half-fiber (D1-D11) (4, 5,

57). Our asymmetric reconstruction of WT T4 shows that the
proximal half-fibers are folded back and bent around the sheath,
forming about one-quarter of a right-handed helix (Fig. 1 D and
F). The K-C region interacts with the tip of the Wac whisker
domain, the Wac collar with the D7 domain of each distal half-
fiber, and the D10-D11 subdomains with the capsid. Binding of
the LTF to the sheath should provide some stability against
premature contraction. In the absence of Wac, the little defined
fiber density in the averaged structure suggests that extended
LTFs are mobile (Fig. 14). The Wac collar and whiskers of
fiberless virions have similar conformations as WT (Fig. 1 B and
C and Fig. S1).

The six LTFs are symmetrically anchored around the base-
plate whereas their tips bind the capsid. Consequently, a sym-
metry mismatch is unavoidable, and any interaction between the
fiber tips and the capsid decoration proteins Hoc and Soc cannot
apply to all fibers. The symmetry mismatch can be viewed along
the tail sheath axis, where fiber 1 is set to interact with a capsid
edge (Fig. 1E). Each capsid-bound LTF has a slightly different
conformation than adjacent LTFs. Additional specific local
classification for each LTF reveals two different conformations:
retracted (“up”) and capsid-bound, and extended (“down”)
(Figs. S2 and S3). Surprisingly, not all fibers are bound to the
capsid at any given time. Most capsids had three or four LTFs
bound, with the fiber bound to a capsid edge twice as likely to be
extended as one bound to a capsomer face. Very few virions had

Fig. 2. Distinct virion conformations during infection initiation. Pictured are 3D tomograms, shown as central slices, of individual virions after 30 s (A and F),
1 min (B and G), 3 min (C and H), 5 min (D and /), and 10 min (E and J) of infection. Boxed areas in A-E are enlarged in panels F-/ and also rendered in 3D in
K-0; the outer and inner membranes (green) were segmented manually. The baseplate (purple) changes conformation from hexagonal (4, F, and K) to star
(B—E, G-J, and L-0), releasing the STF. The capsid is in cyan, tail sheath in blue, Wac in yellow, and LTF in orange. DNA remaining in the capsid in N is in gray.
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all six LTFs either extended or bound to the capsid. The distri-
bution of fibers on a mature WT virion is shown in Fig. 1H.

Initial Stages of T4 Infection Visualized in Situ by Cryo-ET. To capture
representative phage structures during infection initiation, we
prepared frozen-hydrated specimens at various times after in-
fection (Table S1). Cryo-ET reveals five distinct conformations
of the virions (Fig. 2), with their frequencies roughly correlating
to infection time, strongly suggesting that they are normal in-
termediates. Time 0 is when phage was added to minicells.
Within 30 s, some virions have contacted the outer membrane,
often through only one LTF (Fig. 2 4, F, and K and Movie S1).
The distance between the baseplate and cell surface is highly
variable. After 1 min, although many virions had adsorbed and
undergone sheath contraction, a few particles were captured at
earlier stages. Some particles had moved closer to the cell with a
hexagonal baseplate ~10-20 nm above the outer membrane;
these particles showed no STFs and most LTFs were still
retracted, bound to the sheath, Wac, and capsid (Fig. S4 A-C).
We also captured a few particles where the baseplate had un-
dergone the hexagon—star transition (Fig. S4 E-G and compare
Movie S2 with Movie S1) but where tail sheath contraction had
not yet occurred. Notably, these particles had less than a full
complement of both STFs and LTFs bound to the cell, the plane
of the baseplate was not always parallel to that of the outer
membrane, and the distance between them was variable. A rare
structure shows the baseplate fixed ~33 nm above and parallel to
the membrane; all STFs, but not all LTFs, are bound to the cell,
and the sheath is still extended (Fig. 2 B, G, and L). Together,
these data provide direct visual confirmation of the generally
accepted pathway (3, 27), that changes in the baseplate trigger
STF release and that both occur before tail sheath contraction.
However, it is significant that these same tomograms show one
or two LTFs still bound to the tail sheath (Fig. 2 B, G, and L, Fig.
S4 E-G, and Movie S2).

The hexagon—star conformational change of the baseplate
during infection was first described in detail in a seminal study
(22, 23). Fig. S5C shows an end-on view of our asymmetric re-
construction of a mature WT T4 virion. The baseplate is in its
metastable hexagonal configuration; the tip of the tail needle
complex is clearly evident in its center. The diameter of the Wac
collar is almost the same as the baseplate and is barely visible,
but the distal tips of the LTFs, which are bound to the capsid, are
resolved. In Fig. S5F, the baseplate has expanded into the star
configuration, with an enlarged central hole. The six STFs are
now visible, but the tip of the tail needle complex has dis-
appeared and is replaced by gp27, which caps the end of the tail
tube. The proximal half-fibers of the LTFs are still visible but are
no longer bound to the capsid because of sheath contraction and
the conformational change in Wac. Our observations are fully
consistent with earlier, traditional EM data (22, 23).

At least one LTF must interact with the cell surface to promote
baseplate reorganization and tail contraction because, in their ab-
sence, no contracted tails are seen (Fig. S1). Although less than a
complete complement of cell-bound LTFs seems sufficient to trigger
conformational changes in the baseplate, in our study, such structures
could also be a consequence of infecting skinny minicells, where
some LTFs must rotate significantly more than usual to contact the
highly curved outer membrane of our skinny minicells. However, T4
has been shown to exhibit a definite preference for adsorbing to cell
poles (58), where the membrane is also highly curved.

After 3 min of infection, sheath contraction has caused the tail
tube to penetrate the outer membrane. A few tubes were cap-
tured before they completely crossed the periplasm; the DNA of
these particles is still in the head (Fig. 2 C, H, and M) (described
in The Cytoplasmic Membrane Bulges Outwards in Fusing with the
Phage Tail Tip). However, by 5 min of infection, the majority of
tail tubes seem fused to the cytoplasmic membrane, and some
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virions have at least partially ejected their DNA (Fig. 2 D, I, and
N). Density in these tomograms is contiguous between the tail
tube and the cytoplasm, and DNA is presumably passing through
a transmembrane channel. There is a surprising and significant
reorganization of the cytoplasmic membrane after tail tube in-
sertion. The membrane bulges outwards, locally reducing the
width of the periplasm, allowing the tail tube to fuse with the
membrane and to make a channel for DNA ejection. After
10 min of infection, most infecting virions have completed DNA
ejection (Fig. 2 E, J, and O), but the cytoplasmic membrane has
not returned to its original conformation. The ejection machinery
of the infecting T4 particle apparently does not spontaneously
disassemble after the genome has entered the cell cytoplasm.

Conformational Changes in Wac After Sheath Contraction. There are
12 copies of Wac per virion (11); 6 form the collar and 6 the
whiskers, but all 12 interact with the LTF when the tail sheath is
extended. Comparison of the structures shown in Fig. 1, Fig. 3,
and Fig. S5 clearly reveals that, although the Wac collar does not
change significantly in structure after tail contraction, the whis-
kers bend by ~107°. These observations are consistent with an
earlier study on Wac, where a steric clash between the whiskers
domain and the contracted sheath was also revealed (11). The
whiskers bend upwards, either directly pushed by the top of the
contracting sheath or by the upward movement of the K-C re-
gion of those LTFs that are still retracted and are thus still bound
to both the whiskers and the contracting sheath (Fig. S5). Either
mechanism ultimately abrogates binding of the K-C region to the
Wac whiskers, of the distal half-fiber D7 domain to the Wac
collar, and of the tip domain with the capsid. Sheath contraction
therefore ensures that all LTFs become extended, where they are
free to contact the cell surface.

The Cytoplasmic Membrane Bulges Outwards in Fusing with the
Phage Tail Tip. Almost all virions with contracted tails are ori-
ented perpendicular to the outer membrane because of the tight,
irreversible binding of the six STFs to the cell surface. Three
distinct capsid structures are easily observed: full of DNA
(Fig. 3 A and G), partially full (Fig. 3 B and H), and empty
(Fig. 3 C and 1), all key intermediates of infection. Partially filled
capsids are commonly captured by cryo-ET, strongly suggesting
that T4 genome translocation into the cell is slower than the
estimated 10 kb/s (59, 60).

Interestingly, in some tomographic reconstructions, the cyto-
plasmic membrane bulges out of its plane. Multivariate statistical
analysis revealed three distinct classes of tail-membrane con-
formations (Fig. 3 D-F). In the first, which corresponds to only
~2% of phages with contracted tails, the inner and outer
membranes are still the same distance found in uninfected cells
(Fig. 3 D and J). The tail tube complex is abutting the cell wall,
which is likely being degraded by gp5*. The second shows
~24 nm of the tail tube inside the periplasm, not quite reaching
the cytoplasmic membrane (Fig. 3 E and K). Thus, the tail tube
does not directly penetrate the membrane, an observation first
made using stained thin sections of T4-infected cells (22). The
third shows the tail tube fused with a significantly remodeled
inner membrane (Fig. 3 F and L), which now displays a large
convex curvature (~16 nm).

Because the virion is anchored to the cell surface through the
STF and baseplate, sheath contraction pushes the tail tube and
needle complex through the outer membrane. Measuring the
distance between the Wac collar and the tip of the T4 ejection
machinery in uncontracted and contracted states reveals that the
latter have lost a tip structure of about 16 nm (Fig. 4). The length
of the (gp27-gp5*-gp5C); complex is 19 nm, with the gp5C
f-helix comprising the distal 11 nm (61). Adsorbed phages with
contracted tails have therefore lost gp5SC and gp5.4, and probably
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Fig. 3. T4 structures after sheath contraction show different amounts of DNA remaining in the capsid and reorganization of the cytoplasmic membrane
during T4 infection. The 3D structures are shown as central slices of T4 phage with full DNA (A), partial DNA (B), and no DNA inside the head (C). Their 3D
maps are shown in G, H, and /, respectively. A portal-like structure (white arrow) is clearly visible in the DNA free head (C and /). The 3D classification reveals
three distinct tail-membrane conformations. In the first class, the inner and outer membranes are still ~30 nm apart, and the tail tube abuts the cell wall
(D and J). In the second class, the inner membrane has moved closer to the tail tube (E and K). In the third class, the tail tube seems to be fused with the inner
membrane (F and L). The outer (OM) and inner (IM) membranes are in green. The tip of the ejection machinery in D-F is highlighted by yellow arrows.

also gp5*, the dissociation of which would then allow free di-
gestion of the peptidoglycan cell wall.

Fitting the crystal structure of the gp5—gp27 complex (PDB ID
code 1K28) into our cryo-ET maps (Fig. 4) is consistent with the
dissociation of gp5* from the ejection machinery. However, it is
less clear which T4 protein fuses with the cytoplasmic membrane
to form the DNA translocation channel. The atomic structure of
the trimeric gp27 fits well into the density observed in our cryo-
ET reconstructions, and the trimer forms a hollow cylinder
through which the genome could be ejected (61). However, gp29,
the tape measure that determines tail length (62), must also be
ejected from the tail tube in order for the T4 genome to enter the
cell. Gp29 may simply be released into the periplasm before
membrane fusion or, if gp27 forms a complete transmembrane
channel, into the cytoplasm. Alternatively, gp29 may be con-
tributing to the cryo-ET density of the bulged cytoplasmic
membrane. Elaboration of this idea is presented in Discussion.

Deenergizing the Cytoplasmic Membrane Inhibits DNA Injection but
Has No Impact on Membrane Reorganization. A membrane poten-
tial is necessary for translocation of DNA from the phage head
into the cell cytoplasm (36-39). However, it is not known how
inhibition is manifest and whether it has any impact on mem-
brane reorganization. We therefore treated E. coli minicells at
37 °C with the ionophore p-trifluoromethoxycarbonylcyanide
phenylhydrazone (FCCP) before infection. After 10 min, most
adsorbed virions still contained all their DNA (Fig. S6). In
contrast, in untreated cells, the majority of virions were empty.
Importantly, even in the presence of FCCP, the cytoplasmic
membrane still blebs out from its normal plane to fuse with the
T4 tail tube. The membrane potential thus has no impact on tail
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sheath contraction or on reorganization of the inner membrane.
Although the deenergized membrane clearly fuses with the T4
ejection nanomachine, because capsids remain full of DNA, no
transmembrane channel can have been created. These observa-
tions are consistent with others’ data, made using different ap-
proaches, showing that the membrane potential is required to
make an ion-permeable channel across the membrane (40), and
thus it is also necessary for DNA translocation into the cyto-
plasm (36-39).

Discussion

The contractile tail of T4 is an extraordinary nanomachine that
attaches to the host bacterium and undergoes major conformational
changes in its baseplate. These changes allow the release of the
STF, which bind irreversibly to the cell. The baseplate also transmits
a signal to the head to initiate genome ejection. Recent cryo-EM
and X-ray crystallography studies on T4 have provided a wealth of
structural details of the capsid and its double-stranded DNA ge-
nome (for reviews, see refs. 3, 19, and 63). What is less well un-
derstood, and is the focus of this study, is the mechanism of T4
adsorption and penetration of the E. coli cell envelope. It is both
remarkable and gratifying that the model of T4 infection that
emerged from decades of research is so similar to what we now, for
the first time, to our knowledge, observe directly in 3D. In partic-
ular, the structure of T4 particles contracted by urea seems identical
to T4 irreversibly bound to a cell. It is similarly noteworthy that the
classic EM study of T4 infection (22, 23), where stains, fixatives, and
thin sectioning were necessary tools, also provided accurate 2D
snapshots of the infection process. Nevertheless, high-throughput
cryo-ET of skinny E. coli minicells, together with subtomogram
averaging and correspondence analysis that provide high-resolution
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Fig. 4. A transmembrane channel model in T4. The hub needle complex structure (PDB ID code 1K28) is placed into the map (C) that is derived from free T4
virions (A; enlarged in B). gp27, gp5, and the needle tip gp5.4 are colored cyan, red, and yellow, respectively. Before contraction (A), the tail is 132 nm in
length. After contraction (D), the tail tube complex is about 114 nm, with the distal 16 nm inside the cell. The tail tube reaches the outer surface of the inner
membrane (IM), which has undergone a striking conformational change, moving outwards about 16 nm (E). Accounting for the dissociation of gp5* and
gp5C-gp5.4, we propose that gp27 abuts the bulging membrane (F), perhaps being held there through its interaction with the ejected tape measure protein

gp29, which may be contributing to the electron density of the membrane.

reconstructions of cell-virus complexes, reveals new paradigms of
the initiation of myophage infection.

Long Tail Fibers of Rapidly Adsorbing Phage Are in Two Distinct
Conformations. Most schematics show T4 landing on the outer
membrane of E. coli, much like a lunar module: All LTFs are
extended, and the baseplate descends only after all LTFs have
bound their receptor. However, our cryo-ET data of rapidly
adsorbing WT T4 virions show that the six LTFs are in different
orientations. In the “up” or retracted position, the proximal half-
fiber is wrapped around and bound to the tail sheath, also
interacting with the Wac fibritin protein and the capsid. On av-
erage, two or three fibers are in the extended (“down”) position
in freshly purified phages. No chemical energy is expended in
maintaining a dynamic equilibrium between extended and
retracted conformations, and, unless external factors alter the
equilibrium state, mature phage particles remain stable.

Reversible Adsorption. The variable conformation of the T4 LTF
is comparable with that observed for phage T7 (53), which was
suggested to randomly “walk” over the cell surface to find an
optimal site for irreversible adsorption and infection. A similar
process may occur with T4; each cell contains about 10° copies of
OmpC (64), but T4 exhibits a distinct preference for infection at
cell poles (58), suggesting that it moves over the cell surface from
its initial adsorption site before committing to infection. Main-
taining most fibers in their retracted conformation allows faster
particle diffusion in 3D space, and reversible adsorption and
“walking” on a surface provides a reduction of dimensionality
(65) into a 2D search for a preferred cellular receptor. This re-
ceptor may be at a pole or at an invagination of a future division
site (58). Phage A has also been shown to move over the cell
surface to a cell pole (66). Sf6, which is endowed with tailspikes
rather than LTFs, does not prefer to infect poles of WT cells;
however, on cells lacking the outer membrane proteins OmpA
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and OmpC, to which the phage adsorbs more slowly, Sf6 has
been shown to move over the cell surface (67). The tight binding
of Sf6 to WT cells must prevent any subsequent movement.
Movement over the cell surface process actually requires weak
binding, a condition that is supported by in vitro measurements
of T4 LTF and isolated E. coli B LPS (68). We are unaware of
similar studies using the E. coli K-12 receptor OmpC.

The first specific phage—cell complex during infection involves
a single phage LTF bound to its receptor (Fig. 54 and Movie S1).
Binding temporarily prevents both diffusion of the phage and the
return of that fiber to the retracted state. A second LTF may
then extend and contact the cell before the first has dissociated.
Repetition of this process using different, transiently extended
LTF can then allow the phage to walk randomly over the cell
surface without committing to infection. Virions with two
adsorbed LTFs are shown in Movies S3 and S4. During this
stage, the baseplate should remain in its hexagonal configura-
tion. Recognition of a preferred adsorption site disfavors further
movement, and any differential movement of the phage particle
relative to the bacterium—by convection, Brownian motion, or
even cell motility—can strain the connection between the prox-
imal half-fiber gp34 and gp9 in the baseplate beyond what occurs
in free particles. The more fibers that are bound, the greater the
strain that can be imposed on the baseplate, potentially desta-
bilizing its hexagonal conformation.

Irreversible Adsorption. If all six LTFs are bound, the phage
baseplate will naturally be oriented parallel to the cell surface,
and, after baseplate expansion, all six STFs will rotate down from
the baseplate plane and bind irreversibly to their receptor.
However, such a coordinated process cannot be obligatory. Our
cryo-ET data reveal infecting particles with only a subset of
both LTFs and STFs bound to a cell and with the baseplate not
yet parallel to the cell surface. Only a few particles have been
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cytoplasm

-DNA *DNA

Fig. 5. A schematic model of T4 infection initiation. When the phage particle is free in solution, an extended LTF (brown) does not have a fixed orientation.
A subset, probably one to three, of the LTFs binds to host receptors (A). Strain in LTF-gp9 baseplate junctions can trigger conformational changes in the
baseplate (purple) that release a subset of STF (B). The baseplate of this transient intermediate rapidly transitions into its star configuration, triggering
contraction of the tail and a conformational change in the Wac (yellow) collar, which releases the remaining LTF (C). Tail contraction pushes the needle
through the outer membrane (OM), after which gp5* and gp5Cs-gp5.4 (red) dissociate (D). Gp27 (dark blue), now the distal end of the ejection machinery,
contacts the inner membrane (IM), which is bulged out from its normal plane. Bulging may be caused by the tape measure protein gp29 that must exit the tail
tube before DNA can leave the capsid (E). Phage DNA is fully released into the cytoplasm (F). See Discussion for a more detailed description.

captured at this stage, which thus presumably reflects a transient
intermediate. A subset of weakly bound LTFs will not necessarily
orient the baseplate parallel to the cell, and we suggest that the
orientation is fixed by the irreversible binding of the STFs. When
two or three adjacent LTFs bind to a cell, they may locally de-
stabilize the baseplate enough to unpin a subset of the STFs (Fig.
5B). Tight binding by only a single STF to its receptor should
prohibit any further movement of the entire particle. Unpinning of
an STF will further destabilize the baseplate; it cannot return to a
hexagonal conformation and will rapidly complete its transition to
star, releasing additional STFs that, when they bind a receptor, will
then orient the phage particle ready for DNA ejection.

Baseplate Expansion and Tail Sheath Contraction. Our cryo-ET data
show that all six STFs bind to the cell whereas some LTFs remain
retracted against the sheath, with their tips still on the capsid,
and that the baseplate transitions from hexagon—star before
sheath contraction. Baseplate expansion creates a central hole
through which the hub needle complex and tail tube can pass.
The few virions we observed where all STFs have bound but the
sheath is still extended suggest that movement of the baseplate
hub complex is rapidly followed by sheath contraction. Con-
traction is likely delayed because those LTFs remaining retracted
are bound through their proximal fiber domains to the sheath,
which should stabilize the extended conformation. Interactions
of the K-C and D7 domains of the distal half-fiber with Wac
should provide additional stability, and binding of the fiber tips
to the capsid should also resist the rotation associated with a
contracting sheath (3, 28).

Sheath contraction causes the Wac whiskers to change con-
formation (Fig. 5C) and releases the remaining LTF. Because
the phage is firmly anchored to the cell, sheath contraction also
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pushes the tail tube complex through the outer membrane,
where gp(5*-5C);-gp5.4 dissociate, likely as free gp5* and gp5C;-
gp5.4 (Fig. 5D). Gp5*-catalyzed degradation of the cell wall fa-
cilitates penetration by the tail tube, which is now terminated by
the gp27 trimer.

The major difference between this scheme and those pre-
viously described in more detail (3, 19, 63) is that, rather than six
receptor-bound LTFs triggering a single coordinated event that
includes baseplate expansion, release of all STFs, and their
binding to the cell, our data (Fig. 2 B, G, and L, Fig. S4 E and F,
and Movie S2) are more consistent with a series of reactions that
are initiated after only a subset of the LTFs has bound at a
preferred site of adsorption. Binding locally destabilizes the
baseplate and allows release of only a subset of the STFs, which
bind irreversibly to the cell. The baseplate then continues its
transition to the star configuration, allowing the tail tube to
begin penetration of the outer membrane, and finally allowing
sheath contraction and release of the remaining LTFs.

This scheme is consistent with observations that only three
LTFs are necessary for infection (69, 70) although binding of three
adjacent LTFs is more likely to locally destabilize the baseplate
and release a subset of the STFs than three symmetrically oriented
LTFs. The reduced emphasis on the role of receptor-bound LTFs
in triggering irreversible adsorption and baseplate expansion not
only is directly suggested by our cryo-ET data but also better ex-
plains the observation that mutant particles lacking the peripheral
baseplate protein gp9 are infective, even on E. coli B/4, a strain
normally resistant to infection by T4 (71). Virions that lack gp9 are
obligatorily fiberless because gp9 connects the LTF to the base-
plate. Although the lack of LTF normally prevents adsorption, the
absence of gp9 destabilizes the baseplate; less of a trigger is then
needed to initiate the hexagon to star transition and to allow STFs
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to be released for irreversible adsorption. A comparable de-
stabilization can explain expanded host range mutants of T4 that
have mutations affecting various baseplate components (60). In
contrast, although mutant particles lacking STF still adsorb to cells
through their LTFs, after baseplate expansion and sheath con-
traction, they are released from the cell as DNA-filled non-
infective particles (72).

Membrane Reorganization, Membrane Potential, and Genome
Ejection. The classic model for phage T4 DNA ejection is via a
syringe-like mechanism, in which the phage genome is directly
injected into the host cytoplasm after contraction of the phage
tail and an “uncorking” process, being driven by the release of
pressure within the phage head (1, 29). However, internal pres-
sures cannot transfer a complete phage genome into the cell, and
even the importance of such pressures during infection is in
question (73, 74). Furthermore, despite contraction of the tail
sheath, the tail tube does not directly penetrate the cytoplasmic
membrane. Ejection into the periplasm is highly improbable in
primary T4 infections because the DNA would then be suscep-
tible to the same degradation that is suffered by superinfecting
phage genomes.

Our cryo-ET data clearly show that the cytoplasmic membrane
bulges from its normal plane by ~16 nm to fuse with the ejection
nanomachine (Fig. 5E) and that bulging does not require an
energized membrane. In contrast, opening a channel across the
membrane (Fig. 5 E and F) to allow DNA transport does require
a membrane potential (40).

Our asymmetric reconstructions of the fusion complex are
consistent with the intact gp27 trimer being sandwiched between
the tail tube and the cytoplasmic membrane, but structural
predictions do not reveal any propensity of gp27 to bind the
likely inner membrane receptor, phosphatidylglycerol (75, 76).
However, the gp29 tail tape measure protein has a strongly
predicted transmembrane segment near the middle of its amino
acid sequence. Gp29 has an essential role in assembling the
central hub of the baseplate (77), and thus it interacts with gp27;
gp29 also anchors the sheath to the baseplate (62). Gp29 extends
the length of the tail tube, possibly interacting with gp3, the tail
tube terminator (78), and it is therefore in position to transmit a
signal, emanating from conformational changes in the baseplate,
into the head that initiates genome release. Gp29 must leave the
tail tube to allow DNA ejection, and the conformational changes
associated with baseplate expansion likely also result in the
ejection of gp29. We suggest that at least part of the electron
density associated with the bulged membrane during genome
ejection into the cytoplasm is due to gp29 and that this protein
forms the transmembrane channel.

This idea lends itself to a speculative explanation for the
membrane curvature. Gp29 interacts with the hub protein gp27
during initiation of baseplate assembly, and gp27 lies at the tip of
the tail tube after it penetrates the periplasm. Assuming the in-
teraction is maintained, gp29 would remain anchored by gp27 as
it exits the tail tube in the extended conformation of a tape
measure. Insertion of the transmembrane segment of gp29 into
the cytoplasmic membrane, perhaps followed by refolding of the
remainder of the protein, could then pull the membrane out of
its normal plane toward the tip of the tail tube.

What remains completely unresolved from this work is how
the channel across the cytoplasmic membrane is sealed after
genome translocation, a process that must occur to prevent
complete dissipation of the proton motive force. Even long after
infection, the cytoplasmic membrane remains bulged out, fused
with the T4 ejection apparatus. T4 ghosts, particles with ruptured
heads that have lost their genome and all internal proteins (79),
kill cells because they cannot seal the transmembrane channel.
This result suggests that a T4 protein normally makes the seal.
The early imm gene product, the immunity protein, has been
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proposed to bind to sites of DNA translocation on the cyto-
plasmic membrane (80) and theoretically could provide one
mechanism. But imm is nonessential, necessitating that an al-
ternative process be available. Furthermore, T4 protein synthesis
is not even required for sealing (81). One possibility is the gene 2
protein, which is bound to the genome ends (and thus not pre-
sent in ghosts), and which prevents degradation by the RecBCD
nuclease after DNA ejection (82). Perhaps the trailing copy of
gp2 can seal the channel as the last of the genome enters the
cell cytoplasm.

T4 Infection Initiation and Other Contractile Systems. The combi-
nation of high-throughput cryo-ET, 3D subtomogram analysis,
and our use of skinny minicells has allowed visualization of in-
termediate structures at high resolution during phage T4 in-
fection. T4 is a member of the Myoviridae, and many features of
the T4 infection process are likely to pertain to other contractile-
tailed phages. However, other phages may exhibit a simpler in-
fection scheme. Only the T-even family are known to possess a
complex baseplate that harbors a second set of fibers (STFs)
used for adsorption (3, 19, 63).

Interestingly, T4 shares many core structural components with
many bacterial contractile systems, including Pseudomonas aer-
uginosa type VI secretion (T6SS) and R-type pyocins (3, 19,
63, 83). Whereas contraction of the T4 sheath pushes the tail
tube complex through the outer membrane, and into the inner
membrane to create a channel for both DNA and proteins,
sheath contraction of the T6SS launches the tube out of the host
and then through the plasma membrane of a target eukaryotic
cell or the entire cell envelope of a target bacterium to deliver
virulence factor proteins or toxins. Cell killing by R-type pyocins
is more directly comparable with phage infection, except that
their channel into the cell cytoplasm allows transport only of
protons or other cations. Nevertheless, our cryo-ET study of T4
infection initiation likely has broad implications in understanding
the mechanisms of bacterial contractile systems.

Materials and Methods

Phage and Bacteria. Phage T4 and the amber mutants 9amE17, 12amN69,
XAE (34amB25, 34amA455, 35amB252, 37amN52, 37amB280, 38amB262), and
wac-amE727) were propagated on E. coli B40 argl40 supD at 37 °C. Defective
virions were prepared by infecting E. coli B at a multiplicity of infection of 4-5;
after 9 min, cells were superinfected at the same multiplicity of infection. Ly-
sates were clarified by low-speed centrifugation, and phages were then con-
centrated by centrifugation at 50,000 x g for 30 min in a Beckman SW28 rotor.
The pellet was resuspended in 10 mM Tris, pH 7.6, 10 mM MgCl,, 0.1 M Nadl,
and 0.02% gelatin and clarified again by brief centrifugation, and the phages
were stored at 4 °C before use.

E. coli K12 WM4011 [BW25113 AyhdE::cat mreB-A125V Amin(CDE)::kan
fadR13::Tn10 (pBAD30-f/hDC)] has previously been described (53). It pro-
duces motile skinny (~0.3-pm diameter) minicells at high frequency. Bacteria
were grown at 37 °C in tryptone broth with 0.2% L-arabinose to late log
phase and centrifuged at 10,000 x g for 5 min to remove most large cells,
and the supernatant was centrifuged at 41,000 x g for 15 min to harvest
minicells. Minicells were resuspended at ~10%/mL in tryptone broth; as
judged by light microscopy, most were motile.

Infection, Cryo-ET Data Collection, and 3D Reconstructions. Minicells were in-
fected at 37 °C at a multiplicity of 5-10. Infections longer than 10 min were
initiated after treating cells with rifampicin (200 pg/mL) to prevent phage gene
expression. At various times, samples were taken to prepare frozen-hydrated EM
specimens on holey carbon grids. To collapse the membrane potential, cells were
treated with 30 pg/mL p-trifluoromethoxycarbonylcyanide phenylhydrazone
(FCCP; Sigma) for 3 min before infection and then infected with phage for
10 min at 37 °C.

Infected cell cultures were mixed with 15-nm colloidal gold (as fiducial
markers) and then deposited onto freshly glow-discharged holey carbon
grids. Grids were blotted briefly with filter paper and then rapidly frozen in
liquid ethane. Frozen-hydrated specimens were imaged at —170 °C using a
Polara G2 electron microscope (FEI Company) equipped with a field emission
gun and a 16-megapixel CCD camera (TVIPS; GMBH) or a K2 direct electron
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detector (Gatan). The microscope was operated at 300 kV with a magnifi-
cation of 23,000x, resulting in an effective pixel size of 7.8 A after 2 x 2
binning. Using the FEI “batch tomography” program, low-dose, single-axis
tilt series were collected from each minicell at -4 to —6 um defocus with a
cumulative dose of ~100 e/A? distributed over 87 images and covering an
angular range of —64° to +64°, using increments of 1.5°. To better visualize
early infection intermediates (less than 1 min), we also used SerialEM (84)
and dose fractionation mode to collect 12 tilt series on a direct electron
detector (Gatan). Tilted images were automatically aligned and recon-
structed using a combination of the IMOD (85) and RAPTOR (86) packages.
In total, 672 reconstructions were generated and used for further
processing.

Subtomogram Averaging and Correspondence Analysis. Conventional imaging
analysis, including 4 x 4 x 4 binning, contrast inversion, and low-pass fil-
tering enhanced the contrast of binned tomograms (87). Phage particles
(10,748) were manually selected from 660 reconstructions and were sepa-
rated into two groups: phages with extended tails and phages with con-
tracted tails. The orientation of each particle was initially estimated from the
head and tail coordinates, thereby providing two of the three Euler angles.
To accelerate image analysis, 4 X 4 x 4 binned subtomograms (100 x 100 x
100 voxels) and 2 x 2 x 2 binned subtomograms (200 x 200 x 200 voxels)
were generated. A global average of all of the extracted 4 x 4 x 4 binned
subtomograms was performed after application of the two Euler angles
previously determined. After a translational alignment based on the global
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average, multivariate statistical analysis and hierarchical ascendant classifi-
cation were used to analyze the structures of the tail tube and fibers as
described (53). Specifically, we used a local mask around each retracted LTF
for multivariate statistical analysis. For each LTF, two distinct conformations
(retracted and extended) were found (Figs. S2 and S3). Based on this in-
formation, we calculated the distribution of an extended conformation for
each LTF. Class averages were computed by averaging Fourier coefficients so
missing regions were taken into account explicitly (88, 89). Fourier shell
correlation between the two independent reconstructions was used to es-
timate the resolution of the averaged structures (Table S2). EM maps have
been deposited in the EM Data Bank with accession numbers EMD 2774
and 6078-6083.

Three-Dimensional Visualization. We used IMOD (85) to take snapshots of 2D
slices from 3D tomograms. We used UCSF Chimera (90) for the surface ren-
dering of 3D averaged structures. We used Amira (Visage Imaging) for surface
rendering of 3D reconstructions of E. coli minicells infected by phages.
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