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ABSTRACT The bacteriophage �29 infects Gram-positive Bacillus subtilis with a
short noncontractile tail. Recent studies showed that the �29 tail protein gp9 forms
a hexameric tube with six long loops of membrane-active peptides blocking in the
tube at the distal end of the tail. The long loops exit on genome release and form a
membrane pore for passage of the genome. The membrane penetration mechanism
of the �29 tail might be common among tailed bacteriophages.
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The goal of viral infection is the delivery of the viral genome into the host cell and
the subsequent replication. Cells are well protected by the cell membrane, a major

barrier that all viruses must conquer to accomplish genome delivery. Eukaryotic viruses
must penetrate only the cell membrane, whereas prokaryotic viruses must penetrate a
complex cell wall. Although viruses deploy various strategies to infect host cells, they
may have evolved to breach common membrane barriers by using similar mechanisms.

MEMBRANE PENETRATION BY EUKARYOTIC VIRUSES

Although the membrane penetration mechanisms of most eukaryotic viruses have
been roughly established, the finer details of the molecular processes involved remain
largely unknown. The genetic material of enveloped eukaryotic viruses is enclosed by
a lipid membrane, which is decorated or covered with envelope proteins (1). Eukaryotic
viral envelope proteins contain a hydrophobic peptide called the fusion peptide, which
is often part of a polypeptide that is anchored to the viral membrane by its distal end
(1, 2). Enveloped eukaryotic viruses recognize host cells through specific interactions
between viral envelope proteins and host cell surface receptors. For some viruses,
envelope protein-receptor interactions trigger conformational changes in the envelope
proteins that directly expose the fusion peptide and lead to fusion of the viral and
cellular membranes (3, 4) (Fig. 1). For many other enveloped eukaryotic viruses, the
interactions trigger endocytosis and the engulfment of virions. Typically, a change in
the pH of late endosomes triggers conformational changes in the viral envelope protein
that expose the fusion peptide, and subsequent conformational changes of the enve-
lope proteins lead to membrane fusion (5) (Fig. 1). Proteolysis of the envelope proteins
is frequently required in both pH-dependent and pH-independent entry of enveloped
eukaryotic viruses (2, 5, 6). On exposure to a hydrophilic environment, the hydrophobic
fusion peptide inserts into the nearby cellular membrane and anchors the viral enve-
lope protein onto the cellular membrane. Further conformational changes of the
envelope protein shift the distal end that is anchored to the viral membrane close to
the fusion peptide, which brings the cellular membrane and viral membrane within
close proximity for fusion. After fusion, a fusion pore is formed, allowing the release of
the viral genetic material into the cytoplasm of the host cell (2, 5, 6). Most nonenvel-
oped eukaryotic viruses enter host cells through receptor-mediated endocytosis (7, 8).
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Unlike entry of enveloped eukaryotic viruses, membrane fusion is not involved in the
entry of nonenveloped eukaryotic viruses. Studies on the entry of several nonenvel-
oped eukaryotic viruses show that viral capsids contain membrane-active peptides that
are either exposed or cleaved from the capsid protein in late endosomes (7, 9, 10). To
release the viral genome, which is encapsulated by the viral capsid during capsid
assembly, membrane-active peptides disrupt the cellular membrane locally or form a
pore in the cellular membrane (Fig. 1).

MEMBRANE PENETRATION BY PROKARYOTIC VIRUSES

The mechanisms of membrane penetration by prokaryotic viruses are less clear than
those of penetration by eukaryotic viruses. Most prokaryotic viruses are tailed viruses
that consist of a capsid head attached to a tail, with the viral genome encapsulated in
the head. Compared with eukaryotic viruses, prokaryotic viruses (bacteriophages) use
quite different mechanisms for genome delivery. Bacteriophages inject their genetic
materials into the cytoplasm of the host cell, leaving an empty viral capsid shell on the
host cell surface. In contrast to eukaryotic viruses, bacteriophage genomes are not
encapsulated during capsid assembly. Instead, an empty capsid is assembled first, and
then the viral genome is packaged into the empty capsid via a genome-packaging
motor. Viral genome packaging is accompanied by accumulating pressure in the
capsid, which can be up to 60 atmospheres for some bacteriophages and is the major
force driving the injection of the phage genome into host cells during infection (11–13).
Bacterial cells are protected by a peptidoglycan cell wall and one or two membranes.
Gram-negative bacteria are surrounded by an outer membrane and an inner mem-
brane. Located between the two membranes are the periplasmic space and a thin

FIG 1 Schematic diagrams showing host cell entry by eukaryotic viruses. The membrane bilayers are
represented by thick yellow lines. Membrane-active peptides and proteins are red.
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peptidoglycan layer. Gram-positive bacteria do not have an outer membrane, but they
do have a thick peptidoglycan layer that can reach a thickness of �50 nm. Macromol-
ecules with a molecular weight of �50 kDa cannot pass through the highly cross-linked
peptidoglycan layer of bacterial cells (14). Bacteriophage tails are responsible for host
cell recognition; host cell wall and membrane penetration; signal transmission, which
triggers genome injection; and channel formation, which facilitates genome injection
(15). Bacteriophage tails are complex molecular machines. Without considering other
aspects of the bacteriophage life cycle, bacteriophages can be classified by their tail
morphology into three groups: myophages with long contractile tails, siphophages
with long noncontractile tails, and podophages with short noncontractile tails (16) (Fig.
2). Phage tails use various strategies for infection.

PROKARYOTIC VIRUSES WITH LONG CONTRACTILE TAILS

The bacteriophage T4, which infects Gram-negative Escherichia coli cells with its
long contractile tail, is a representative myophage. A layer of sheath proteins surrounds
the long T4 tail tube through which the genome is ejected. The sheath proteins are
arranged in helical arrays with one end attached to the terminator complex and the
other end attached to the baseplate at the distal end of the tail (17). On binding to the
cell surface receptors, the baseplate undergoes a hexagon-to-star shape transition, and
a contraction signal is transferred from the tail baseplate to the sheath, triggering
contraction of the sheath (18, 19). The sheath contracts to approximately half of the
original length, and the mechanical force generated by this sheath contraction drives
the inner tail tube to penetrate the outer membrane of the host cell (19). It has been
proposed that the tail tip spike complex falls off the tail and supports penetration of the
tail tube through the peptidoglycan layer by digesting peptidoglycans with the
lysozyme-like tip spike complex component gp5 (20). Further contraction of the sheath

FIG 2 Schematic diagrams showing host cell entry by prokaryotic viruses. The membrane bilayers are represented by thick
yellow lines. The peptidoglycan layers of the bacterial cells are represented by thick green lines or green layers. Membrane-
active peptides and proteins are red. The question marks indicate unknown host factors or unclear membrane penetration
mechanisms. TMP, tape measure protein; LPS, lipopolysaccharide.
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propels the tube to pierce the inner membrane. However, recent cryoelectron tomog-
raphy (cryoET) studies of T4-infected E. coli minicells showed that the tail tube does not
directly penetrate the cytoplasmic membrane and that the distal end of the tail tube is
fused with the inner membrane (21). These cryoET results suggest alternative mecha-
nisms for breaching the inner membrane, most likely through a membrane pore
structure (Fig. 2). There is no clear evidence to indicate which T4 or host protein is
involved in membrane pore formation. The adaptor protein gp27, which is located at
the distal end of the T4 tail tube, and the ejected tape measure protein (TMP) gp29
were hypothesized to be the pore-forming proteins (21). It is also possible that a host
membrane pore protein is involved in inner membrane penetration. Further investiga-
tion is required to reveal these mechanistic details. Infection of Gram-positive bacteria
by phages with long contractile tails has not been well characterized. It would be
interesting to determine whether sheath contraction can directly drive tail tube pen-
etration of the inner membrane of Gram-positive host cells.

PROKARYOTIC VIRUSES WITH LONG NONCONTRACTILE TAILS

Long noncontractile tails are characterized by a long noncontractile tail tube that is
blocked at the distal end by a tail tip complex (TTC). The TTC is the essential element
for receptor recognition and genome release. Typically, interactions between the TTC
and a membrane protein receptor directly trigger the release of siphophage genomes
(22–24). For siphophages that infect Gram-negative hosts, such as the bacteriophages
�, T5, and HK97, an injectable tail TMP is required to penetrate the membrane and
bridge membrane bilayers (25–29) (Fig. 2). Studies on bacteriophage � indicate that the
TMP (gpH) becomes protease resistant after it irreversibly binds to a liposome (30).
Similarly, the TMP (pb2) of bacteriophage T5 was shown to be able to associate with
liposome membranes (31, 32). It was hypothesized that TMPs assemble to form a
conduit that bridges the outer and inner membranes, providing a channel for genome
release (33). Host cell factors might be involved in assembling such a conduit and in
mediating membrane penetration, as shown in studies of bacteriophage HK97 (28). The
TMP contains a glycine-rich hydrophobic peptide fragment that has been suggested to
form a pore in the inner membrane for genome transport. However, it was also
proposed that the TMP may bridge the two membranes by interacting with host
membrane channel proteins (28). Similarly, it has been suggested that siphophages
that infect Gram-positive hosts use host membrane channels for genome transport
over the membrane. However, only a few such membrane channels have been iden-
tified and characterized, and their role in siphophage genome delivery remains con-
troversial (34).

PROKARYOTIC VIRUSES WITH SHORT NONCONTRACTILE TAILS AND
PROKARYOTIC VIRUSES WITH NO TAIL

Based on recent crystal and cryoET structural studies, mechanisms similar to those
used by siphophages have been proposed for the tailless phage ��174 and the
podophage T7 that infect Gram-negative hosts (Fig. 2) (35, 36). The encapsulated viral
H protein of the bacteriophage ��174 forms a 170-Å-long conduit. The length of the
conduit is sufficient to bridge the periplasmic space, and the inner diameter of the
conduit is wide enough to permit the circular single-stranded DNA genome transport
(36). The N terminus of the H protein contains a glycine-rich hydrophobic sequence,
which is not visible in the structure but has been suggested to form a membrane pore.
The podophage T7 has a short tail that is not long enough to span the cell wall and
membranes. CryoET structural studies of the bacteriophage T7 suggested that a
conduit structure is assembled in the periplasmic space by the encapsulated viral core
proteins gp14, gp15, and gp16, which are ejected from the head after breaching the
outer membrane (35). The mechanisms of outer membrane penetration for these
viruses remain elusive. Mechanisms have been proposed that involve viral tail pore-
forming proteins or host membrane proteins. However, firm experimental data sup-
porting either are still lacking.

Gem Journal of Virology

July 2017 Volume 91 Issue 13 e00162-17 jvi.asm.org 4

http://jvi.asm.org


Bacteriophage �29 infects Gram-positive Bacillus subtilis cells and is one of the
most-studied podophages. The short noncontractile tail of bacteriophage �29 is �300
Å long, which is just long enough to penetrate the host cell wall and membrane. The
�29 tail comprises a thin tail tube with an enlarged distal end called a tail knob. Twelve
appendages (or tail spikes) extend from the head-tail junction. The function of the tail
appendages is to recognize the host cell and anchor the viral particle to the surface of
the host cell (37, 38). The tail knob is a protein assembly of gp9 and the peptidoglycan-
degrading enzyme gp13 (39). Our recent study on tail knob protein gp9 showed that
six gp9 molecules form a tube structure that is blocked by a long loop of gp9 (40).
Because in vitro genome-release studies have shown that the tail knob is part of the
genome-release channel, the long loops must exit from the tube on genome release.
Sequence analysis of the loop found that it contains a glycine-rich hydrophobic peptide
that is similar to that of the HIV fusion peptide. Additional cryoEM structural studies of
genome-emptied virions showed that the long loops exit upon genome release and
form a cone-shaped structure at the distal end of the tail. Taken together, these data
strongly suggest that the long loop of gp9 may be involved in membrane penetration.
To test this hypothesis, an in vitro system was established using liposomes and �29
virions. In this system, genome release can be triggered by using a low pH and
ammonium sulfate, and membrane penetration can be directly observed to determine
whether the hydrophobic long loops assemble into a cone-shaped structure that
functions as a membrane pore. As expected, the �29 tail penetrated the liposome
membrane and injected the viral genome into the liposome. CryoEM studies of the �29
virions on the liposomes further showed that the cone-shaped structure, which was
assembled from the released long loops, inserts into the lipid bilayer and functions as
a membrane pore for genome release (Fig. 2). The reconstituted in vitro system mimics
in vivo membrane penetration by the �29 tail. However, artificial conditions, such as a
low pH and ammonium sulfate, were used to trigger genome release in the reconsti-
tuted system. Several aspects of the genome injection process still need to be defined,
especially those regarding the location and functional mechanism of gp13 and the in
vivo signaling that triggers genome release. These studies on the bacteriophage �29
tail, perhaps for the first time, establish a nearly complete mechanism for the pene-
tration of a host membrane by a tailed phage at the molecular level.

PERSPECTIVES AND CHALLENGES

Membrane-active peptides are generally used by eukaryotic viruses. As shown in the
accumulated data, they likely exist in prokaryotic viral proteins as well. The basic
function of these peptides is membrane insertion. It is not a complete surprise that
these membrane-active peptides share common features, such as being rich in hydro-
phobic and glycine residues (41). These common features imply the possible conver-
gent evolution of eukaryotic and prokaryotic viruses in response to a similar barrier, the
cell membrane. Although the bacteriophage C1 contains a tail protein, gp12, that
assembles to form a similar hexameric tube structure, the sequence similarity between
�29 gp9 and C1 gp12 is low (42). Based on structure and sequence information, a
similar long loop can also be mapped on the C1 gp12 sequence. However, the
sequence of the C1 long loop is quite different from that of the �29 gp9. It may
be coincidental that the �29 tail knob loop is similar to that of the HIV fusion loop.
Because of the sequence diversity of these membrane-active peptides, predicting their
presence in viral protein sequences is difficult. The pore-forming mechanism for
membrane penetration is likely more widely used by prokaryotic viruses than expected.
However, the accurate prediction of these membrane-active peptides and verification
of their function in vitro and in vivo remain a challenge.
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