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Technological advances in cryo-EM in recent years have
given rise to detailed atomic structures of bacteriophage tail
tubes—a class of filamentous protein assemblies that could
previously only be studied on the atomic scale in either their
monomeric form or when packed within a crystal lattice. These
hollow elongated protein structures, present in most bacte-
riophages of the order Caudovirales, connect the DNA-
containing capsid with a receptor function at the distal end
of the tail and consist of helical and polymerized major tail
proteins. However, the resolution of cryo-EM data for these
systems differs enormously between different tail tube types,
partly inhibiting the building of high-fidelity models and
barring a combination with further structural biology methods.
Here, we review the structural biology efforts within this field
and highlight the role of integrative structural biology ap-
proaches that have proved successful for some of these systems.
Finally, we summarize the structural elements of major tail
proteins and conceptualize how different amounts of tail tube
flexibility confer heterogeneity within cryo-EM maps and, thus,
limit high-resolution reconstructions.

Bacteriophages—or simply phages—comprise the group of
viruses that infect prokaryotes, that is, eubacteria and archaea.
These parasitic entities consist of a genome that is carried by a
proteinaceous scaffold and, in some cases, lipids. For infection,
their nucleic acids are shuttled into the cytoplasm of host
bacteria for reproduction. Here, the bacterial protein biosyn-
thesis machinery is seized to produce new phage particles,
which are eventually released by host cell lysis to infect other
bacterial cells. Because of this antibiotic mechanism, phages
can be used to treat bacterial infection in a treatment called
phage therapy. The current antibiotic crisis led to a rediscovery
of phage therapy as demonstrated by recent compassionate
uses or clinical studies (1, 2).

Tailed bacteriophages with a double-stranded DNA
genome, which comprise the order of Caudovirales, account
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for 96% of all phages and form probably the predominant
biological entity on earth—as suggested by metagenomics (3).
This order is further subdivided into families by their tail
morphology. Podoviridae and Autographviridae share a short
knob-like appendage. Siphoviridae, Demerecviridae, and
Drexlerviridae have a long, flexible, noncontractile tail, and
Mpyoviridae, Ackermannviridae, Chaseviridae, and Here-
lleviridae have a long, rigid, and contractile tail with a sheath
around a central tube. Before the International Committee on
Taxonomy of Viruses 2019 release, Caudovirales were only
subdivided into the families Podoviridae, Siphoviridae, and
Myoviridae (4). Other tail-less morphotypes include poly-
hedral, filamentous, and pleomorphic—forming their own in-
dependent families (5).

General architecture of tailed phages and their
assembly and infection

To illustrate the general architecture of tailed bacterio-
phages, the structural proteins of one specific bacteriophage of
each tail-morphotype group (Podoviridae-like, Siphoviridae-
like, and Myoviridae-like) will be reviewed in detail—namely
T7 phage (Podoviridae-like), SPP1 phage (Siphoviridae-like),
and T4 phage (Myoviridae-like). It must be noted that within
these groups, considerable structural differences—especially
concerning the tail tips and capsid dimensions—exist (Fig. 1).
However, this information is sufficient to put the major tail
protein (MTP) into a structural context since the tail tube itself
exists as a rather isolated entity. Also, capsid proteins as well as
fiber and baseplate proteins will not be discussed in detail
(Fig. 2).

T7 phage belongs to the Autographviridae family and is,
thus, part of the Podoviridae-like tail-morphotype group. A
central role is played by the portal protein gene product (gp) 8
that oligomerizes into a dodecameric complex forming a
conical channel (6). This structure initiates procapsid assembly
around itself—in a fashion that it winds up inserted in one
vertex of the icosahedral unit (7, 8). The binding of the ATP-
dependent packaging terminase to the portal complex initiates
the active transport of DNA into the procapsid (9, 10). The
release of the terminase and the completion of genome
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Figure 1. Comparison of Siphoviridae-like and Myoviridae-like tail morphologies. A-H, Siphoviridae-like phages have a long, flexible, and noncontractile
tail. I-R, Myoviridae-like phages have a long, rigid, and contractile tail with a sheath around the tail tube. The scale bar represents 100 nm. Reproduced with
minor changes under a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/) from the study by Serensen

et al. (104).

packaging reshape the prohead into the final icosahedral
capsid. The formation of the tail is initiated by the assembly of
the adaptor protein gpl1 into a dodecameric ring, onto which
the hexameric nozzle protein (gp12) assembles (11). The tail
formation is completed by the binding of six gp17 fiber protein
trimers, which are responsible for host cell recognition, onto
the gpl1-gp12 interface (12). This tail structure binds to the
portal complex—closing off the capsid to prevent DNA
leakage and completing the full virion (Fig. 2). The
Myoviridae-like tail-morphotype phages do not possess an
MTP. Host cell recognition commences by the binding of the
distal half-fibers of gpl7 to the core heptose region of
Escherichia coli lipopolysaccharides (LPSs) (12, 13). Bacterial
porins possibly act as primary receptors in this process (14).
This binding is suggested to trigger a conformational change in
the nozzle protein gpl2 leading to its opening and the trans-
location of the viral DNA and core proteins (14). These core
proteins are proposed to form a tunnel for DNA conduit
across the bacterial membrane (12).

SPP1 phage belongs to the Siphoviridae family and is, thus,
part of the Siphoviridae-like tail-morphotype group. The
dodecameric portal protein gp6 sits on one vertex of the
icosahedral procapsid of SPP1 phage. The maturation from
procapsid to capsid occurs after the release of the scaffolding
protein gp6 and the translocation of the viral DNA into the
head (15, 16). Hereby, the DNA is ATP-dependently trans-
ported by the packaging terminase through the portal complex
like a funnel (17). After capsid maturation, the portal complex
is sealed to prevent DNA leakage by the binding of the
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hexameric ring—shaped adaptor protein complex gpl5 and
hexameric ring—shaped stopper protein complex gpl6 onto
the portal—forming the head-to-tail connector (18). A central
role within the tail of SPP1 is played by the distal tail protein
(Dit) gp19.1, which forms a hexameric ring. This structure acts
as a hub for the distal tail adsorption function and the tail tube
(19). The tail tube consists of 40 stacked hexameric rings of the
MTP gpl7.1 and its C-terminally extended variant gpl17.1*
assembled around the—possibly trimeric (20)—tape measure
protein gp8, which was shown for TP901-1 phage to define tail
tube length (21). gp17.1* is C-terminally extended by a ribo-
somal frameshift with a fibronectin type III (FN3) domain, an
immunoglobulin (Ig) fold, and gp17.1 and gp17.1* occur in a
ratio of 3:1 within the tail tube. However, it was shown that
virions only containing gp17.1 are viable and infectious (22).
The FN3 domain is proposed to transiently interact with
carbohydrates of the cell wall of Bacillus subtilis, and, thus,
allows for two-dimensional diffusion of the virions on the
outer bacterial surface promoting the infection process (23).
The top of the tail tube is tapered by a hexameric ring of the
tail completion protein gp17 that enables the connection of the
tail to the head-to-tail connector by binding to the stopper
protein gpl6 (24, 25). The distal tail adsorption function
consists of the trimeric tail tip protein gp21, and possibly gp22,
gp23, gp23.1, and gp24—however, their locations are unknown
(26, 27). gp21 or a protein associated with it is responsible for
the irreversible binding to the ectodomain of the YueB re-
ceptor of Bacillus subtilis inducing infection (28, 29). For A
phage, tail formation commences by the formation of an
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Figure 2. Typical architectures of Podoviridae-like, Siphoviridae-like, and Myoviridae-like phage virions are visualized by cross sections through T7,
SPP1, and T4 phages. Myoviridae-like virions consist of a capsid (green), a head-to-tail connector (orange), and a tail tip (pink) (6). Siphoviridae-like (15, 19,
24, 26, 27, 34, 105, 106) and Myoviridae-like (36, 37, 41, 44, 53) virions feature in addition a tail tube (turquoise) and in some cases—like T4 phage—a
baseplate (purple) (45, 47). Furthermore, Myoviridae-like virions possess a sheath (gp18, white) assembled around the tail tube (turquoise), which contracts
upon host cell recognition inducing a syringe-like piercing process (13, 59). The tail tubes are filled with tape measure proteins (gp18, gp29, white). Fiber

proteins are not shown. Only noncapsid structural proteins are indicated.

initiator complex, which includes the tape measure protein,
assembly chaperones, the distal tail protein, baseplate proteins,
and tail tip proteins. This complex acts as a platform for the
MTP to polymerize onto the distal tail protein ring along the
tape measure protein creating a helical tube replacing the as-
sembly chaperones (30). After the tape measure protein is
entirely engulfed by the tail tube, MTP oligomerization stops,
and the tail is tapered by the tail completion protein and
subsequently connects to the head-to-tail connector
completing the full virion (31, 32). However, in contrast, the
MTP of SPP1 phage (gpl7.1) is able to self-polymerize in the
absence of any additional protein (33). Hence, the tail forma-
tion process might be different. Binding to the YueB receptor
leads to the dissociation of the tail tip, which subsequently
primes the discharge of the tape measure protein out of the tail
tube—where it is confined in a metastable state. Next, the
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diaphragm-like opening of the stopper protein gpl6 culmi-
nates in the DNA ejection through the tail tube initiating
infection (34). Tape measure proteins were proposed to play a
role in pore formation in the host membrane for DNA
translocation (35).

T4 phage belongs to the Myoviridae family and is, thus, part
of the Myoviridae-like tail-morphotype group. The head as-
sembly of this phage is more complex compared with the
previous mentioned cases: The dodecameric portal protein
gp20 forms a membrane-spanning initiation complex with
gp40, which recruits 11 scaffolding proteins initiating pro-
capsid assembly (36—38). The capsid shell consists of the major
capsid protein gp23 and vertex protein gp24 that forms the
fivefold vertices of the prohead. The scaffolding and capsid
proteins are subsequently matured by proteolytic cleavage,
which releases the procapsids from the membrane and
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provides space for the DNA (39). The DNA is translocated
through the portal complex by the ATP-dependent terminase,
which expands the procapsid into the final capsid (40). This
expansion creates binding sites for the small outer capsid
protein (gp soc) and the highly antigenic outer capsid protein
(gp hoc) that decorate the surface of the capsid (41, 42). The
architecture of the T4 phage capsid resembles a prolate ico-
sahedron, that is, icosahedral ends and cylindrical equatorial
middle sections (43). The portal complex is sealed off by the
binding of the gp13—gp14 neck complex completing the head
(44). Tail assembly commences by the association of the
baseplate that consists of six wedges joined around a central
tube (45, 46). The baseplate is appended at the proximal end
by hexameric rings of gp48 and gp54, which act as hub for tail
tube polymerization (47), and by gp27, gp5, and gp5.4 at the
distal end forming the tail tip. The trimeric protein gp27 acts
as a conduit for DNA passage, whereas the trimeric proteins
gp5 and gp5.4 are involved in host membrane puncturing and
host peptidoglycan hydrolysis (48, 49). The MTP gp19 poly-
merizes into 24 hexameric rings around the tape measure
protein gp29 (50)—that is anchored within the baseplate—
creating the tail tube, which is tapered at the proximal end by
the hexameric tail tube terminator protein gp3 (51, 52). Sub-
sequently, the sheath protein gpl8 polymerizes helically
around the tail tube (13). Binding of the hexameric tail
completion protein gpl5 onto gp3 and the last ring of the tail
sheath completes the tail (53, 54). The full virion is completed
by joining of the tail and the head-to-tail connector via
gpl5—(gpl3—gpl4) interaction. In addition, T4 phage pos-
sesses short and long tail fibers at the baseplate and a head
whisker at the head-to-tail connector (55, 56). The binding of
the long tail fibers to LPSs and OmpC of the outer membrane
of E. coli triggers the short tail fibers to unwind from beneath
the baseplate and irreversibly bind to LPS anchoring the
baseplate onto the outer membrane (57). Rearrangements in
the baseplate lead to the contraction of the tail sheath driving
the tail tip through the outer membrane enabling digestion of
the peptidoglycan layer and subsequent translocation of the
tape measure protein gp29 and the viral DNA through the tail
tube (47, 58). Possibly, the tape measure protein gp29 and/or
gp27 form a pore in the inner membrane allowing for DNA
conduit into the host cytoplasm (59).

Bacteriophage tail-like systems

Gram-negative bacteria feature at least six known extracel-
lular proteinaceous secretion systems, which are involved not
only in the pathogenesis of higher organisms but also in the
antagonistic defense between bacteria (60). The type VI
secretion system (T6SS) resembles structurally a contractile
Myoviridae-like phage tail—including a baseplate, a tail tube,
and a sheath. However, its baseplate is not bound to the outer
membrane to allow for its piercing from the outside. Instead, it
is embedded in the inner membrane to allow for the piercing
of the own outer membrane and the membrane of a target cell
(61). In this fashion, it resembles a positional-reversed con-
tractile phage tail (62). It is used to transport effector proteins,
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as opposed to nucleic acid in the case of phages (63). Within
this secretion system, hemolysin coregulated protein (Hcp/
tssD) resembles the MTP of bacteriophages forming hex-
americ rings that stack onto each other creating a hollow tube
suitable for effector protein conduit into a host cell. Hcp
polymerization requires the presence of the tail tip complex
(62). This allows for the crystallization of Hcp hexamers and
their structure determination by X-ray crystallography, as it
will be discussed later.

Gene transfer agents (GTAs) are phage-like particles that
are expressed by prokaryotes to shuttle random fragments of
their genome to recipients giving rise to horizontal gene
transfer. GTA genes are encoded within the genome of the
producing cell. They are likely genetically related to phages
and prophages but do never contain the full set of genes
required to express themselves, that is, the ability to produce
GTAs is never transmitted between bacteria in this process.
Hence, they do not resemble an independent self-replicating
unit unlike phages and prophages. All known GTAs have
Caudovirales-like (tailed bacteriophages) architectures—pos-
sessing a tail, and, for the case of Siphoviridae-like and
Myoviridae-like morphotypes, an MTP (64). Like the release of
bacteriophages, GTA release requires the lysis of the host cell.
This necessary sacrifice in addition to the lack of a preferential
DNA replication before packaging puts the benefit of these
systems for horizontal gene transfer in question, as they might
just be defective prophages (65). However, it could be shown
by differences in amino acid composition that likely more than
half of all in bacteria-encoded prophages are instead GTAs
(66).

Phage tail-like bacteriocins—widespread among bacteria—
are bacterial defense machineries that kill competing bacteria
by destroying their membrane potential. They are evolutionary
related to bacteriophage tails and resemble capsid-less bacte-
riophages (67). Phage tail-like bacteriocins can be split into
two groups based on their morphology: F-type tailocins consist
of a flexuous and noncontractile tail—like Siphoviridae-like
phages,whereas R-type tailocins consist of a rigid and con-
tractile tail—like Myoviridae-like phages (68). Hence, both
classes contain an MTP. Bacteriocins are assembled intracel-
lularly upon SOS response. Like GTAs, bacteriocins are
released by self-sacrificing producing cell lysis. Once released,
they can bind to certain receptors on the surface of competing
bacteria. Both type of tailocins form channel pores in the
membrane of the target cell after receptor binding destroying
the membrane potential and, thus, killing the cell. Like
Mpyoviridae-like phages, R-type pyocins use a syringe-like
mechanism involving the contraction of a sheath protein to
pierce the cell membrane. As opposed to R-type pyocins
(69, 70), there are no F-type tailocin tail tube structures pub-
lished to date.

Phage-like protein-translocation structures are very similar
to R-type pyocins—resembling capsid-less Myoviridae-type
phages (71). However, they act by transporting and secreting
toxins, as opposed to merely killing cells by membrane
puncturing. They combine the morphology and need to be
secreted of R-type pyocins with the effector protein
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transduction mechanism of T6SS (72). Hence, they contain an
MTP that is environed by a sheath. Examples include the
antifeeding prophage (AFP) from Serratia entomophila (73)
and the Photorhabdus virulence cassette (PVC) (74). For AFP,
it was shown that the toxin is transported in the lumen of the
tail tube and, thus, replaces the tape measure protein in the
mature AFP particle (75).

MTP structure determination of phage tails and phage
tail-like systems

In this chapter, the determined structures of the fore-
mentioned systems and their determination will be discussed
in detail (Table 1). Herein, the focus will lie on those studies
that describe MTP structures within the complex of the tail
tube as opposed to monomeric structures, that is, monomers
in the solvated state, or crystal structures. Historically, T6SS
MTPs were first studied because of their ability to readily form
crystals that feature hexameric unit cells—a subunit arrange-
ment similar to the tail tube complex. First, Siphoviridae-like
systems will be discussed starting with GTA as this system
bears the simplest MTP structure. The underlying structural
studies are summarized in Table 1. The intermolecular in-
terfaces of the systems are detailed in Table 2.

GTA tail tube of Rhodobacter capsulatus—Siphoviridae-like

The tail tube of the bacteriophage-like GTA of Rhodobacter
capsulatus belongs to the Siphoviridae-like tail morphotype.
Compared with all other systems, it exhibits the shortest tail by
only consisting of five rings with a thickness of 38.3 A and a
rotation toward each other by 24.4°. Each ring consists of six
MTP Rcc01691 subunits. The cryo-EM map of the tail tube of
GTA was helically reconstructed from images of a full GTA
particle to a resolution of 3.6 A. The MTP shows no structural
changes upon DNA release, which highlights the role of the
MTP merely being a scaffolding protein (76). The MTP of
GTA has the most simple architecture of all MTPs described
in this article—meaning the least amount of extra loop/linker

Table 1
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regions in addition to the fold common to all MTPs. Hence,
the basic building block of an MTP is demonstrated with this
system (Fig. 3). One MTP subunit consists of a f-sandwich—
type fold that is flanked by an a-helix. The p-strands are
named and numbered in their sequential order 1, 32, B3, B4,
B5.1, B5.2, p6.1, and P6.2. The inner B-sheet of the B-sand-
wich—type fold is formed by B2, B3, 6.1, and B5.2, and the
outer B-sheet by 6.2, p5.1, B4, and B1 (going from left to right,
with the a-helix oriented vertically on the right, outer side).
B5.1 and P5.2, as well as p6.1 and 6.2, form semicontinuous
and bent p-strands in some MTP systems (Fig. 34). In addi-
tion, the MTP contains one long loop P2-B3. Six MTP
monomers assemble to form a hexameric ring by creating an
extensive B-barrel that lines the inner lumen of the tail tube,
which has an approximate diameter of 40 A. Herein, the
B-barrel is formed by the inner p-sheet, and the a-helices are
arranged parallel to the tail tube axis (Fig. 3B). These rings
stack onto each other in a helical fashion creating a hollow
tube. Interring contacts are herein mostly mediated by the
loop p2—B3 and to a small extent by the N terminus (Fig. 3C
and Table 2). A nomenclature of subunit naming within the
tail tube complex can be appreciated in Figure 3D. Because of
its simplicity, all other systems are compared with the MTP of
GTA as visualized in Figures 4 and 5, where structural dif-
ferences are highlighted in color.

T5 phage tail tube—Siphoviridae-like

T5 phage belongs to the Caudovirales family of Demer-
ecviridae and, hence, belongs to the Siphoviridae-like tail
morphotype. However, compared with all other MTP systems,
it has a unique tail tube organization: It uncommonly exhibits
a trimeric ring—as opposed to the usual hexameric ring, which
results from the fusion of every two subunits (77). Such an
organization is further only known from the ®CbK phage,
which belongs to the Siphoviridae family (78). Hence, the
trimeric nature of the tail tube does not seem to be confined to
only one family. The tail tube consists of 40 trimeric rings with

Determined structures of bacteriophage tail and bacteriophage tail-like MTPs

Tail system MTP Method Protein Data Bank ID Year Resolution in A
Siphoviridae-like
GTA of Rhodobacter capsulatus (76) Rcc01691 Cryo-EM 6TSV 2020 3.8
80a phage (20) gp53 Cryo-EM 6V8I 2020 37
SPP1 phage (86) gpl7.1 NMR/cryo-EM 6YQ5 2020 1.8
A-phage (81) gpV NMR/cryo-EM 6P3E 2019 5.4
YSD1 phage (85) YSD1_22 Cryo-EM 6XGR 2020 3.5
T5 phage (80) pb6 X-ray/cryo-EM N/A 2017 6.0
Myoviridae-like
T4 phage (47, 50) gpl9 Cryo-EM 5W5F 2017 34
AFP of Serratia entomophila (75) Afpl Cryo-EM 6RBN 2019 3.1
PVC (89) Pvcl Cryo-EM 6J0B 2019 29
Pyocin R2 (70) Pa0623 Cryo-EM 6PYT 2020 29
T6SS from Vibrio cholera (88) Hcpl Cryo-EM 50]Q 2017 3.7
T6SS from Flavobacterium johnsoniae Hcpl X-ray 6BDC 2017 2.5
T6SS from Campylobacter jejuni (97) Hcpl X-ray 6A2V 2018 2.6
T6SS from Pseudomonas aeruginosa (98) Hcp3 X-ray 3HE1 2009 2.1
T6SS from Salmonella typhimurium (99) Hcp2 X-ray 5XEU 2017 3.0
T6SS from Burkholderia pseudomallei (100) Hcpl X-ray 3WX6 2015 2.7
T6SS from Acinetobacter baumanii (101) Hcepl X-ray 4\W64 2015 1.6
T6SS from Edwardsiella tarda (102) EvpC X-ray 3EAA 2009 2.8

Abbreviation: N/A, not available.
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Table 2

Intermolecular interfaces in bacteriophage tail and bacteriophage tail-like systems between MTPs and, if present, the sheath

Interaction surface in A% & AG in kcal/mol

Intraring Interring

Tail system i-@G{x1) i-(@G[+2) i-j i-(G+1) i-(G-1) I1-(G+2) i-(G-2) Sheath Total
SPP1 phage 1372 & -6.5 856 & -12.8 600 & -2.2 34 & 1.2 29 & -1.7 5382 & -44.0
GTA 1535 & -18.4 60 & -1.3 137 & -2.2 464 & -3.5 77 & -1.3 4546 & -53.4
80a phage 1210 & -7.8 681 & -5.6 446 & -4.8 123 & -1.8 4920 & -40
A phage 1587 & -17.5 5& -0.1 68 & -0.3 340 & -3.4 4000 & -42.6
YSD1 phage 2519 & -18.7 125 & 0.4 165 & -2.3 566 & —4.2 62 & 0.4 75 & 1.5 7024 & -45.8
T5 phage 1340 & -12.1 763 & -4.0 210 & -3.2 46 & 0.4 4718 & -37.8
T4 phage 2149 & -16.4 120 & -0.6 389 & -4.9 392 & -5.0 296 & -2.2 140 & -1.5 169 & -2 N/A 7310 & -65.2
AFP 1547 & -15.8 243 & -5.7 514 & -4.6 484 & -3.6 99 & -0.6 782 & -4 5774 & -60.6
PVC 1577 & -24.4 243 & —4.8 532 & -5.7 507 & -3 85 & -1.4 186 & -0.5 5888 & -78.6
Pyocin R2 1965 & -22.3 573 & -6.6 380 & -0.9 234 & 0.3 71 & -0.4 711 & 3.8 6446 & -59.8
T6SS 1699 & -24.4 603 & -5.6 291 & -1.1 210 & -1.9 108 & 0.5 720 & 1.4 5822 & -65.0

Interface areas and solvation free energy gain were determined by the PISA Webserver (103). The nomenclature of intermolecular contacts follows the convention introduced in
Figure 3. The total interface areas and solvation free energy gains are calculated by summing all contributions and multiplying them by two since all contacts occur twice per

subunit in such homo-oligomeric complexes.

a thickness of 40.6 A that stack onto each other rotated toward
each other by 39.1°. It is assembled around a tape measure
protein. The structure of pb6—the MTP of T5 phage—could
be solved by X-ray crystallography at a resolution of 2.2 A. In
addition, a 6.2 A cryo-EM map of the full tail tube—in the
context of a full tail including the tail tip/tape measure protein
—and 5.8 A cryo-EM map of the empty tail tube (after re-
ceptor binding), and a 8.8 A cryo-EM map of heterogeneously
expressed pb6 tubes could be reconstructed. The heteroge-
neously expressed pb6 tubes only form spontaneously during
cell lysis. Merely high concentrations of monomeric pb6 are
not sufficient to induce self-polymerization as some trigger
seems to be necessary for the induction of this polymerization
event. However, general polymerization was noted to be

Cc

enhanced at high salt and low pH conditions. At aforemen-
tioned resolutions, no structural differences of the tail tubes
could be observed. The cryo-EM map of the full tail tube
allowed for the generation of a pseudoatomic model of the T5
tail tube by modeling monomeric pb6 into the density. Based
on this model and sequence alignments, pb6 can be divided
into two domains. The N-terminal domain 1 to 374 contains
the duplicated MTP domain, and the C-terminal domain
contains an Ig-like fold of the Big_2 family, which protrudes
into the exterior of the tail tube (Fig. 4). The tail tube itself is
solely formed by the duplicated MTP domain (hereafter, MTP
and MTP*), which as usual consists of a B-sandwich—type fold
that is flanked by an a-helix and the long loop f2—f33. Intraring
contacts are mostly established by the formation of the

D

Figure 3. Architecture of the tail tube of the gene transfer agent (GTA) of Rhodobacter capsulatus (76) as the most minimal MTP system. A, the MTP
Rcc01691 consists of a B-sandwich-type fold (turquoise) flanked by an a-helix (pink) and the loop B2-[33. B, six MTPs form a hexameric ring by creating a 24-
stranded (-barrel along B2-B3-f6.1-B5.2; herein the intermolecular interfaces are formed by $2-f5.2. C, these hexameric rings stack helically onto each
other creating the hollow tail tube. Interring contacts are mostly mediated by the loop $2-f3 that folds onto the subjacent ring. D, nomenclature of

subunits within two rings i and j. MTP, major tail protein.
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Siphoviridae-like MTPs

GTA; Rcc01691
PDB 6TSV

80a phage; gp53
PDB 6V8lI

YSD1 phage; YSD1_22
PDB 6XGR

JBC REVIEWS: Major tail proteins of bacteriophages

SPP1 phage; gp17.1
PDB 6YQ5

A phage; gpV
PDB 6P3E

T5 phage; pb6

Figure 4. Comparison of Siphoviridae-like MTPs. GTA is used as the most basic MTP system. In comparison to it, additional domains or loops are colored
in pink. MTPs are labeled with system name, protein name, and Protein Data Bank ID. Ig-fold-like domains of T5 phage and A phage are not shown. The pb6
structure was available through personal communication with the authors. GTA, gene transfer agent; MTP, major tail protein.

24-sheet B-barrel, which lines the inner lumen of the tube.
Interring contacts are mostly established by the loop p2-f3
and loop $2-B3* and the N terminus. It must be noted here
that the total per ring interaction surface of Table 2 only
corresponds to three times this value—as opposed to six times
for the usual hexameric-ringed systems. Mutation studies
could show that the C-terminal Ig-like domain is indispensable
for tube formation and acts as an independent unit from the
tail, which could also be shown by solid-state NMR spectros-
copy (79). Also, deletion of the N terminus, loop p2—-[33, and
loop B2—p3* completely abolish tube formation proving their
importance in establishing intermolecular contacts. Further
point mutations of conserved amino acids only decrease
polymerization efficiency indicating that the general structure
can cope with few local structural disruptions (80), which
might promote rapid evolution.

A phage tail tube—Siphoviridae-like

X phage belongs to the Caudovirales family of Siphoviridae
and, hence, belongs to the Siphoviridae-like tail morphotype.
The tail tube of A phage consists of 32 stacked hexameric rings
assembled around a tape measure protein (32). The rings have
a thickness of 42.8 A and are rotated toward each other by
17.5° (81). It was shown that the tail disassembles reversibly at
pH < 2.8 or pH > 11.8 and reassembles upon return to neutral
conditions. However, this disassembly at extreme pH values
can be entirely suppressed by high salt conditions (>0.7 M
NaCl) highlighting the importance of electrostatic interactions
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within the tail structure (82). The tail tube protein of this
system is gpV, which consists of an N-terminal MTP domain
(1-156) and a C-terminal domain (157-246) that is homolo-
gous to an Ig-like fold of the Big 2 family. Both monomeric
substructures (hereafter, gpVy and gpVc) were independently
solved by solution NMR spectroscopy (83, 84). The solution
NMR structure of gpVy encompasses an o-helix and seven
B-strands that fold into a bent -sandwich fold—reminiscent
of the typical MTP fold. In addition, the structure features
three unfolded loop regions with dynamics on the ps—ns
timescale (1-14, 50-78, and 149-153). Herein, the first re-
gion relates to the N-loop and the second region to the loop
B2—P3. The structure also features a prolonged loop between
Bl and P2 compared with other systems (hereafter, loop
B1-p2; Fig. 4). The mutation of two conserved aspartate res-
idues in loop f2—P3 to alanine (D61A/D62A) inhibits tail tube
growth at the ring-to-ring interface highlighting the impor-
tance of electrostatic interactions within this interface (83).
The solution NMR structure of the C-terminal domain gpVc
resembles a canonical Ig-like [B-sandwich with two four-
stranded P-sheets and shows that conserved residues are
found either at the proximal (close to the MTP) or at the distal
end of the fold. Also, it could be shown that the removal of the
C-terminal domain decreases biological activity by 100-fold
but maintains the ability to form tails (84). This is different
to other MTP systems, where the removal of the Ig-like fold
does not affect biological activity. Cryo-EM maps of native tails
before and after receptor binding (“empty”) and a cryo-EM
map of heterogeneously expressed free tail could be
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|Myoviridae-like MTPs|

Loop
B4-p5.1
N-loop
a loop a loop
T4 phage; gp19 AFP; Afp1
PDB 5W5F PDB 6RBN
Loop Loop
Loop p1-p2 5.2-p6.1
p4-p5.1 \ / Loop
B4-p5.1
B-sheet [3-shteet
ext. ext.

T6SS; Hep1 (V. cholera) T6SS; Hepl (F. johnsoniae)

PDB 50JQ PDB 6BCD
Loop
B4-p5.1 Loop

p1-p2

B-sheet
ext.

T6SS; Hep2 (S. typhimurium)
PDB 5XEU

T6SS; Hepl (B. pseudomallei)
PDB 3WX6

Loop p4-p5.1
Loop
p4-5.1

PVC; Pvci PyocinR2; Pa0623

PDB 6J0B PDB 6PYT
Loop
Loop Loop Loop B1-52
p4-(5.1 B1-B2  pB4-5.1
B-sheet p-sheet
ext. ext.

T6SS; Hepl (C. jejuni) T6SS; Hep3 (P. aeruginosa)

PDB 6A2V PDB 3HET
Loop p4-p5.1 ﬁ4'—ggp1 )
-[35. oop
Loop B1-p2
p1-p2

B-sheet B-sheet

ext.

T6SS; Hep1 (A. baumanii)
PDB 4W64

T6SS; EvpC (E. tarda)
PDB 3EAA

Figure 5. Comparison of Myoviridae-like MTPs. GTA is used as the most basic MTP system (Fig. 3). In comparison to it, additional domains or loops are
colored in pink. MTPs are labeled with system name, protein name, and Protein Data Bank ID, and, in the case of T6SS, the bacterial host organism. GTA,

gene transfer agent; MTP, major tail protein; T6SS, type VI secretion system.

reconstructed to a resolution of 6.8, 6.4, and 5.4 A focusing on
the inner tube structure, respectively (the C-terminal pro-
truding into the exterior of the tube was reconstructed sepa-
rately). To model the structure of gpV within the context of
the assembled tube, the solution NMR structures of gpVy and
gpVc were fitted into the latter cryo-EM maps. Hereby, flexible
fitting of gpVy is necessary to accommodate the N-loop, loop
B2—-p3, and C terminus—the regions that showed elevated
dynamics within the monomer. The Ig-like fold protrudes into
the exterior of the tube oriented parallel to the tail tube axis.
Herein, the Ig fold contributes slightly to the intraring contact
I - (£1) by interacting with the loop p1-p2 of the next adjacent
MTP. This is a difference to T5 phage tail tube where the Ig
fold loosely protrudes into the exterior oriented orthogonal to
the tail tube axis, which does not allow for any Ig-like
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fold-MTP contacts. This Ig-like fold arrangement is pro-
posed to form a network on the surface of the tail tube that
might be realized by the upper and lower ends of this domain
having opposite polarity. However, this remains a suggestion
as the domains do not bear any interfaces between each in the
presented tail tube structure. Nevertheless, these regions are
poorly resolved in the cryo-EM density resulting from flexi-
bility, which might accommodate transient interactions of this
type. Inner ring contacts in A phage tail tube are mostly
mediated by the formation of a 24-stranded (-barrel, whereas
interring contacts are mostly mediated by the N-loop and loop
2—B3—both bearing a high local concentration of charged
amino acids. This gives the tail tube a certain polarity by
having the proximal ring-to-ring interface positively charged
and the distal one negatively charged. The abundance of
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electrostatic interactions in the ring-ring interface in this
system explains the ring dissociation upon extreme pH values.
The inhibition of this effect at high salt concentrations possibly
stems from charge masking. Unusually, the inner lumen of this
tail tube bears both negatively and positively charged surfaces
(81).

YSD1 phage tail tube—Siphoviridae-like

YSD1 phage belongs to the Caudovirales family of Sipho-
viridae and, hence, belongs to the Siphoviridae-like tail
morphotype. The tail of YSD1 phage was reconstructed he-
lically from cryo-EM images of the full virion yielding a 3.5 A
cryo-EM map. The MTP YSD1_22 forms hexameric rings
with a thickness of 42.7 A that stack on each other rotated
toward each other by 19.7°. The MTP is arranged in the ca-
nonical fashion. However, it features three additional do-
mains in comparison to the GTA MTP: An N-loop (extension
of the N terminus), an additional inserted domain, named
domain2, and a C-terminal Ig-like domain of the Big 1
family. Domain?2 is inserted between al and 4 and resembles
a B-sandwich fold. This domain folds onto the outer B-sheet
of the B-sandwich of the adjacent i + 1 MTP within the ring
creating a huge additional interface for this type of contact
stabilizing the hexameric unit. Similar to T5 phage, the C-
terminal Ig-like domain merely loosely protrudes into the
exterior oriented orthogonally to the tail—highlighted by its
weak EM density signifying its flexibility and/or nonstrict
helical symmetry. Also, the YSDI1 tail tube lumen has an
unusual hexagonal profile because of the residues 240 to 242
that form a stagger that protrudes into the interior of the tail
tube. The inner lumen of the tube exhibits a negative elec-
trostatic potential and negatively charged Asp and Glu resi-
dues oriented in a fashion that might promote the conduit of
the DNA through the tail passage. Recombinantly expressed
YSD1_22 remains monomeric in solution. Analysis by small-
angle X-ray scattering revealed a low-resolution model that
accounts for most of the structure of polymerized YSD1_22.
However, the N-loop and loop 2—f33 are not accounted for,
and are, therefore, probably highly dynamic in the context of
monomeric MTP species. Recombinantly expressed MTP
without the N-loop remains monomeric, whereas removal of
the loop f2—B3 leads to the formation of oligomers—mostly
hexameric rings. This contributes two possible functions to
the loop B2-B3 in this system: inhibition of monomeric
MTPs to form hexameric rings in the absence of the initiation
complex and mediation of inter-ring contacts in the poly-
merized tail tube (85).

80a phage tail tube—Siphoviridae-like

80« phage belongs to the Caudovirales family of Siphovir-
idae and, hence, belongs to the Siphoviridae-like tail mor-
photype. A cryo-EM map of the baseplate of 80a phage was
reconstructed to a resolution of 3.7 A, which includes two
rings of the tail tube of that system. Here, these two last rings
of the tail tube are anchored within the baseplate complex—
and are bundled similarly to the tail tube by the sheath protein

SASBMB

JBC REVIEWS: Major tail proteins of bacteriophages

in the case for the Myoviridae morphotype, and are, hence, not
part of the flexible region of the tail tube. Nevertheless, the first
3 and 24 last residues are not part of the final structure—
probably because of insufficient resolution in the periphery of
the tail tube. About 39 rings of hexameric rings, which consist
of six gp53 subunits, stack onto each other creating a hollow
tube. gp53 features the usual MTP fold but has two additional
linker regions: the loop p4—f5.1 and C-arm. The C-arm is a
C-terminal extension that folds onto the outer -sheet of the
superjacent subunit expanding the inter-ring contacts in this
system. gp53 has no C-terminally attached Ig-like fold. The
inner lumen of the 80a phage tail tube is electrostatically
negatively charged (20).

SPP1 phage tail tube—Siphoviridae-like

SPP1 phage belongs to the Caudovirales family of Sipho-
viridae and, hence, belongs to the Siphoviridae-like tail mor-
photype. The tail tube of SPP1 phage consists of approximately
40 stacked hexameric rings assembled around a tape measure
protein (26). The rings have a thickness of 38.5 A and are
rotated toward each other by 21.9° (86). The MTPs of this
system are gpl17.1 and gp17.1*—the latter being a C-terminally
extended variant because of a translational frameshift—and
occur in a ratio of 3:1. This C-terminal extension is an FN3
domain, which resembles an Ig-like fold. However, it was
shown that this domain is not necessary for phage infection
and viability (22). At concentrations of 100 uM, gpl7.1 re-
mains monomeric and can be studied by liquid-state NMR.
The monomeric structure in solution features as the lone
observable secondary structure part of the B-sheet formed by
B3, p6.1, and P5.2, the rest of the protein is in conformational
exchange—with chemical shifts indicating random coil struc-
ture. Upon concentration to 400 puM, gpl7.1 self-polymerizes
into infinitely long tubes that are indistinguishable from
native tail tubes as judged by negative-stain EM. This poly-
merization goes in hand with an increase of B-strand sec-
ondary structure—most likely because of the formation of the
rest of the B-sandwich and B-barrel (33). The structure of the
heterogeneously expressed tail tube of SPP1 phage was solved
in a hybrid approach integrating a 4.3 A resolved cryo-EM map
with distance restraints from solid-state NMR simultaneously.
This allowed for the determination of the structure of two
rings of the tail tube at a resolution of 1.8 A. The MTP gp17.1
features a structure very similar to gp53: The standard MTP
fold, and in addition, a prolonged C-arm and a loop p4—f5.1.
However, the C-arm is entirely resolved in this structure since
the lack of resolution in the cryo-EM map in the periphery of
the tail tube can be compensated for by NMR restraints. The
C-arm folds onto the superjacent subunit by anchoring a Gln
residue in a pocket and interacting with a hydrophobic patch
on the outer B-sheet of monomeric gp17.1. The inner lumen of
the tail tube carries a negative electrostatic potential suitable
for DNA conduit. In addition, elevated dynamics on the
nanosecond—microsecond timescale, as judged by relaxation
measurements, could be associated with variances in the cryo-
EM map. These regions were also identified as hinge regions in
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a model of the bending of the tail tube—highlighting their role
as driving forces for the flexibility of this system (86). Removal
of the loop f2—f3 or the C-arm inhibits self-polymerization of
monomeric MTP but keeps the monomeric fold similar to wt
monomeric gpl7.1 (33, 87).

T6SS tail tube—Myoviridae-like

The Hcpl protein of the T6SS of Vibrio cholera belongs to
the Myoviridae-like tail morphotype. The cryo-EM structure
of the T6SS tail tube was solved as part of the extended type VI
secretion system sheath—tube complex at a resolution of 3.7 A.
The tail tube rings have a thickness of 37.8 A and are rotated
toward each other by 23.5°. The MTP Hcpl features four
differences compared with the basic MTP of GTA: the loop
5.2—-P6.1; the loop p1-p2; the loop p4—P5.1; and a C-terminal
extension of the outer f-sheet, namely -sheet ext. The latter
three additional features can also be appreciated in crystal
structures of T6SS Hcpl and crystal structures of further
systems (Fig. 5). Unusually, the inner diameter of the tail tube
fluctuates between 20 and 35 A because of the orientation of
the loop B5.2—p6.1 that protrudes into the interior of the tail
tube lumen (88).

T4 phage tail tube—Myoviridae-like

T4 phage belongs to the Caudovirales family of Myoviridae
and, hence, belongs to the Myoviridae-like tail morphotype.
The cryo-EM structure of two rings of the T4 phage tail tube
were solved as part of the prehost-attachment baseplate of T4
phage at a resolution of 3.8 to 4.1 A (47), and, in addition, a
reconstruction exclusively focused on the tail tube based on
the same micrographs yielded a resolution of 3.4 A (50). The
hexameric rings have a thickness of 40.2 A and are rotated
toward each other by 17.9° (47). The MTP gp19 features three
differences compared with the basic MTP of GTA: the N-loop
and B4—B5.1, which are also present in some Siphoviridae-like
systems, and the a-loop. These additional loops allow for
extensive protein—protein contacts. The inner lumen of the tail
tube carries a negative electrostatic potential suitable for DNA
conduit (50).

PVC—Myoviridae-like

The protein Pvcl of the PVC belongs to the Myoviridae-like
tail morphotype. The structure of this phage-like protein-
translocation structure was solved by cryo-EM and contains a
phage-like tail tube at a resolution of 2.9 A. The tail tube of the
PVC particle consists of 22 stacked hexameric rings of Pvcl.
The hexameric rings have a thickness of 39.3 A and are rotated
toward each other by 19.9°. The tail tube bears a certain po-
larity by having the proximal ring-to-ring interface positively
charged and the distal one negatively charged. Pvcl has three
additional features compared with the MTP of GTA: the
N-loop; P4—p5.1 loop; and a-loop. The weak tube—sheath
interaction (Table 2) compared with the tube—tube interac-
tion allows for sliding of the sheath along the tube upon
contraction. The inner lumen of the tail tube of PVC carries a
negative electrostatic potential (89).
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AFP—Myoviridae-like

The protein Afpl of AFP of Serratia entomophila belongs to
the Myoviridae-like tail morphotype. The structure of the
MTP Afpl of this phage-like protein-translocation structure
was solved by cryo-EM as part of the trunk—containing tail
tube and sheath—in the extended state at a resolution of 2.8 A.
The tail tube of the AFP particle consists of 21 stacked hex-
americ rings of Afpl. The hexameric rings have a thickness of
39.3 A and are rotated toward each other by 20.1°. Afp1 fea-
tures the same additional domains as gpl9 and Pvcl: the
N-loop; p4—p5.1 loop; and a-loop. Similar to the previous case,
the tube—sheath interaction is weak compared with the tube—
tube interaction (Table 2). The inner lumen of the tail tube of
AFP carries a negative electrostatic potential (75). This is
suitable to conduct the toxin Afpl8, which is negatively
charged in the gut of Costelytra giveni larvae (90). The most
proximal hexameric ring of Afpl is structurally slightly
different compared with the other rings. Its a-helix in the
N-loop unwraps to interact with the cap forming protein
Afple.

Pyocin R2—Myoviridae-like

The protein Pa0623 of the phage tail-like bacteriocin pyocin
R2 of Pseudomonas aeruginosa belongs to the Myoviridae-like
tail morphotype. The structure of the MTP Pa0623 of this
phage-like protein-translocation structure was solved by cryo-
EM as part of the trunk—containing tail tube and sheath—in
the extended state at a resolution of 2.9 A (70). The tail tube of
the pyocin R2 particle consists of 28 stacked hexameric rings
of Pa0623. The hexameric rings have a thickness of 38.4 A and
are rotated toward each other by 18.3°. The tail tube bears a
certain polarity by having the proximal ring-to-ring interface
negatively charged and the distal one positively charged (69).
Pa0623 carries as additional structural features the N-loop,
B4—p5.1, and B-sheet ext. Compared with the T6SS systems,
the B-sheet extension of Pa0623 is the most extended, even
carrying an additional a-helix at the very C terminus (70). The
structure of the tail tube after sheath contraction is unknown,
since the helical symmetry of the sheath does not correspond
to that of the tube afterward. This is possible because of the tail
tube being able to move more freely after sheath contraction
and expansion, that is, it is detached from the sheath. No
reconstruction of this state solely focused on the tail tube was
conducted (69). The inner lumen of the tail tube carries nearly
equally negative, positive, and neutral electrostatic potentials,
which highlights the role of the phage tail-like bacteriocin
being merely active by puncturing the host’'s membrane, that
is, the tail tube does not conduct any cargo (50).

Comparison of structural features

All described MTPs share a -sandwich-like fold, which is
flanked by an a-helix, and the loop p2—p3. The inner -sheet
of the B-sandwich forms a 24-stranded p-barrel that lines the
inner lumen of the tail tube. This represents the largest
intraring contact for all systems—except for YSD1 phage that
features the additional domain2 embracing the neighboring i +
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1 subunit (85). For bacteriophages, the electrostatic potential
of the inner lumen of the tail tube carries a negative charge
suitable for the transport of DNA—with the exception of A
phage, which displays positive and negative charges (81). For
PVC, the negative electrostatic potential of the lumen also
matches the charge of its cargo at physiological conditions
(89).

The loop p2—P3 conveys the largest inter-ring contact for
the described systems—except for SPP1 phage (86) and 80a
phage (20), which feature the C-arm that folds onto a subja-
cent subunit. Deletion of the loop B2—p3 abolishes tail tube
formation in T5 phage (80), and more precisely of tail tube
growth at the ring-to-ring interface in SPP1 phage (33), which
can also be obtained in A phage by mutation of two electro-
negative residues to alanine within this loop (83). In YSD1
phage, deletion of this loop leads to the formation of hex-
americ rings (85). In monomeric MTP, the loop B2-f3 is
highly dynamic as shown for A, SPP1, and YSD1 phages
(33, 83, 85). Hence, loop p2—P3 could encompass a bimodal
function: inhibition of monomeric MTP in solution to form
hexameric rings and mediation of inter-ring contacts by
electrostatic interactions (81). However, the polarity of this
electrostatic interaction is not conserved as it appears to be
mostly negative for X phage (81) and PVC (89) and positive for
pyocin R2 (69).

The C-terminal Ig fold (FN3 for SPP1 phage (22), Big_1 for
YSD1 phage (85), Big_2 for A (84), and T5 phage (80)) is only
present in some Siphoviridae-like systems since they would
clash with the sheath protein in Myoviridae-like systems. For
YSD1 (85) and T5 phages (80), this domain merely flexibly
protrudes from the outer surface of the tail tube oriented
orthogonally to the tail tube axis. Here, the Ig-like domain is
proposed to aid the infection process by weakly interacting
with carbohydrates on the surface of bacteria (23), which re-
mains to be experimentally verified. In contrast for \ phage,
this fold seems to play a more intricate role: The domain
protrudes from the outer surface of the tube oriented parallel
to the tail tube axis—forming a network on the surface of the
tail tube (81). Herein, it contributes an additional intraring
contact, and removal of it leads to a decrease in phage activity
(84). This is different to SPP1 phage, where this removal is
irrelevant for infection and phage viability (22)—underlining
the contrasting role of the domain.

The N-loop exists for the Siphoviridae-like A phage and
YSD1 phage and for all Myoviridae-like systems except for
T6SS systems. In monomeric A (83) and YSD1 phage, this loop
is highly dynamic, and removal of it in YSD1 phage inhibits tail
tube association (85). This highlights its importance as a
protein—protein interface—mostly interacting with the loop
B2—-p3. In all described Myoviridae-like systems with the
exception of AFP, the N-loop also contacts the outer sheath
proteins.

The C-arm has so far only been found in 80a (20) and
SPP1 phage (86) and, thus, might be a structural feature of a
subgroup of the Siphoviridae family. It is found in the C
terminus and folds onto the superjacent subunit promoting
the largest inter-ring contact in these systems. In both
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systems, it folds onto the outer B-sheet of the B-sandwich
fold. Removal of the C-arm in SPP1 phage inhibits phage tail
polymerization (87). This is because of a hydrophobic patch
on the outer B-sheet of one gp17.1 subunit that is obscured
by the C-arm (86).

Loop B4-P5.1 is found in the Siphoviridae 80a (20) and
SPP1 phage (86) where it does not contribute to any inter-
molecular contacts but loosely protrudes into the exterior of
the tail tube. In SPP1, this structural feature displays dynamics
on the nanosecond timescale as judged by NMR relaxation
analysis (86). Note, that the other described systems have so far
not been investigated in terms of dynamics by NMR spec-
troscopy. In Myoviridae-like systems, all but one MTP features
this domain. Here, it is a main contributor to the tail tube—
sheath interface.

In X phage, loop f1-B2 contributes slightly to an intraring
contact by interacting with the C-terminal Big_2 domain (81).
In the T6SS of Vibrio cholera, this loop interacts with the outer
sheath (88).

The a-loop occurs in all non-T6SS Myoviridae-like systems
and forms an intermolecular bridge between the sheath,
N-loop, and loop 32—B3 for AFP (75) and PVC (89). However,
this cannot be fully appreciated in T4 phage because of the
missing of the sheath in the structure.

B-sheet extension is present in all T6SS systems and pyocin
R2 (70). The outer p-sheet of the p-sandwich fold of
Mpyoviridae-like MTP is a major contributor to the tail tube—
sheath interaction. Hence, the -sheet extension expands this
outer P-sheet allowing for a more intricate tail tube—sheath
interface.

Tail tube flexibility

Protein flexibility describes the possibility for a biological
system to dynamically sample a continuous set of structures
within a certain range of structural extremes and timescales.
The flexibility of bacteriophage tail tubes more generally
refers to the bending ability of these systems. On a local
level, this bending requires the compression or stretching of
certain subunits within the tail, which in turn requires
disorder or local structure disruptions by protein dynamics.
It is expected that a reduced interaction interface between
MTP subunits facilitates this process as it allows for more
local degrees of freedom. Table 2 shows that Siphoviridae-
like tail tubes trend toward smaller per ring protein—protein
interfaces than Myoviridae-like tail tubes—which also bear
the tube—sheath interfaces that in addition bundle the tail
tube. Hereby, YSD1 phage marks an exception, whose
additional domain2 encodes a huge extra inner-ring inter-
face. However, tails of YSD1 phage and x phage—a closely
related phage carrying the same additional domain2—
appear rather straight in negatively stained electron mi-
crographs, and might mark an exception for this phage
family (85, 91).

The resolutions in cryo-EM maps appear to follow a similar
trend as shown in Table 3. More flexible Siphoviridae-like tail
tubes trend toward lower resolved cryo-EM maps.
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Table 3

Cryo-EM resolutions of bacteriophage tail and bacteriophage tail-like MTPs

Siphoviridae-like

Myoviridae-like

System Year Resolution in A System Year Resolution in A
T5 phage 2017 6.2 T6SS 2017 3.7
A phage 2019 5.4 T4 phage 2017 3.4
GTA 2020 3.8 PVC 2019 2.9
YSD1 phage 2020 3.5 AFP 2019 2.8
80a phage 2020 3.7 Pyocin R2 2020 29
SPP1 2020 4.3

2 4.5+ 0.8

231+03

The arithmetic mean and mean deviation of the cryo-EM resolutions of Siphoviridae-like and Myoviridae-like systems are compared.

For SPP1 phage, this heterogeneity manifests as wide dis-
tribution of local resolutions and variances in the cryo-EM
density. As shown in Figure 6, the local resolution of the
cryo-EM density map decreases going from inner to the outer
surface of the tail tube—making a confident structure calcu-
lation only possible in an integrative approach by combining
these cryo-EM data with restraints from solid-state NMR.
Regions with pronounced variances show stronger dynamics
on the nanosecond—microsecond timescale as probed by NMR
and could be identified as hinge regions during the bending
process of the tail tube—which itself happens on the micro-
second timescale (86). Hence, local dynamics on the
nanosecond—microsecond timescale might prompt local
structure disruptions, which manifest themselves as contin-
uous heterogeneity in cryo-EM maps and, thus, a lack of res-
olution. In addition to decreased subunit—subunit interface
area, these dynamics might give the system degrees of freedom
to allow for tail tube bending. A similar limitation of the cryo-
EM resolution can be appreciated by the structural biology
efforts on the type 2 secretion system and the type 4 pilus,
where structural heterogeneity prevented high-resolution

reconstructions (92-96). In the type 2 secretion system, dy-
namics on the ps—ns timescale were proposed to be respon-
sible for this structural heterogeneity. Nevertheless, there are
three Siphoviridae-like systems that do not follow this trend
and show cryo-EM resolutions sub 4 A: GTA, YSD1 phage,
and 80« phage. For GTA, the tail tube only consists of five
hexameric rings of MTP (76). This makes the entire tail very
compact and might allow for less flexibility. YSD1 phage on
the other side bears the additional domain2, which allows for
the second largest subunit—subunit interface, and bears
seemingly rather straight tails (85, 91). For 80a phage, the tail
tube structure of two rings embedded in the baseplate of these
systems was analyzed, which corresponds to an additional
bundling—similar to the sheath of Myoviridae-like tail mor-
photypes, and does hence not reflect the flexible part of this
tail tube (20).

Outlook

The structural biology effort on MTPs of bacteriophages
and similar systems in the last years has provided a deep

tg C-arm
"~ (143-176)

Figure 6. The cryo-EM density of the tail tube of SPP1 phage. A, displays a local resolution distribution from 3.5 to 6 A. High resolution at the inner
surface of the tail tube allows for a straightforward positioning of the bulky amino acid side chains. However, the lack of resolution at the periphery required
additional structural restraints from, in this case, solid-state NMR for a structure calculation following an integrative approach (B-F). Reproduced with minor
changes under a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/) from the study by Zinke et al. (86).
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insight into the tertiary and quaternary structures of these
systems. In this review, we have summarized their structural
elements showing that some are constant and others are
variable. The ongoing methodological progress in cryo-EM
and NMR spectroscopy—like the recently commercially
available 1.2 GHz NMR spectrometer—will continue to make
structures of such type more accessible. This could reveal
more variable elements within MTPs and might allow for
family-specific classification of these—especially since MTP
structures of some families are not available yet (e.g., for
Drexlerviridae of the Siphoviridae-like phages and for
Ackermannviridae, Chaseviridae, and Herelleviridae of the
Mpyoviridae-like phages).

Hardy et al. (85) have assigned negatively charged resi-
dues oriented in a certain fashion within the inner lumen for
the promotion of DNA conduit through the tail tube. Such
DNA/cargo—MTP interaction studies could be greatly
expanded to further systems—even to tape measure
protein—-MTP interactions—and might allow for the un-
derstanding of the molecular processes of the infection
process of phages. Also, the biological role of the Ig folds
that are found on the outside of some of the described
Siphoviridae-like tail tube systems remains to be deter-
mined. So far, it is only speculated that they might facilitate
the infection process by interacting with carbohydrates on
the bacterial surface (23). It is also unclear if they are just
positioned loosely into the environment or if they bear a
higher-ordered structure.

The nonflexible Myoviridae-like phages use a syringe-like
mechanism to drive their tail tube through the outer mem-
brane of host bacteria. This physical piercing process is ex-
pected to require a certain nonflexibility of the tail. On the
contrary, the flexible Siphoviridae-like phages do not utilize
such a mechanical piercing mechanism for infection—at least
to our current knowledge. It is proposed that their ejected tape
measure protein merely creates a pore in the host membrane
for DNA translocation (35), and, hence, these phages might
not bear the necessity of a rigid tail. Maybe, flexibility of the
phage tail allows for a more efficient screening of host
receptors.

Further assessments of the flexibility and dynamics of these
systems—ideally in a combined approach of cryo-EM, NMR,
and molecular dynamics simulations—will have to give a more
detailed insight into these effects and might explain what
biological processes are influenced by increased flexibility.
Also, electron cryotomography of phages infecting bacteria
will prove crucial to describe the entire infection process on a
molecular level.

Acknowledgments—We thank Dr Paulo Tavares and Dr Sophie
Zinn-Justin for valuable discussions. This work was supported by
the Leibniz-Forschungsinstitut fiir Molekulare Pharmakologie.
Molecular graphics and analyses were performed with UCSF
ChimeraX, developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San
Francisco, with support from the National Institutes of Health
RO1-GM129325 and the Office of Cyber Infrastructure and

SASBMB

JBC REVIEWS: Major tail proteins of bacteriophages

Computational Biology, National Institute of Allergy and
Infectious Diseases. The content is solely the responsibility of the
authors and does not necessarily represent the official views of
the National Institutes of Health.

Author contributions—M. Z., G. F. S, and A. L. conceptualization;
M. Z. writing—original draft; M. Z,, G. E. S., and A. L. writing—review
& editing; A. L. supervision.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: AFP, antifeeding pro-
phage; FN3, fibronectin type III; gp, gene product; GTA, gene
transfer agent; Hcp, hemolysin coregulated protein; Ig, immuno-
globulin; LPS, lipopolysaccharide; MTP, major tail protein; PVC,
Photorhabdus virulence cassette; T6SS, type VI secretion system.

References

1. Duan, Y., Llorente, C,, Lang, S., Brandl, K., Chu, H,, Jiang, L., White, R.
C., Clarke, T. H., Nguyen, K., Torralba, M., Shao, Y., Liu, J., Hernandez-
Morales, A., Lessor, L., Rahman, L. R, et al. (2019) Bacteriophage tar-
geting of gut bacterium attenuates alcoholic liver disease. Nature 575,
505-511

2. Dedrick, R. M., Guerrero-Bustamante, C. A., Garlena, R. A., Russell, D.
A., Ford, K., Harris, K., Gilmour, K. C., Soothill, J., Jacobs-Sera, D.,
Schooley, R. T., Hatfull, G. F., and Spencer, H. (2019) Engineered bac-
teriophages for treatment of a patient with a disseminated drug-resistant
Mycobacterium abscessus. Nat. Med. 25, 730-733

3. Ackermann, H. W. (2007) 5500 Phages examined in the electron mi-
croscope. Arch. Virol. 152, 227-243

4. Adriaenssens, E. M., Sullivan, M. B., Knezevic, P., van Zyl, L. J., Sarkar,
B. L., Dutilh, B. E., Alfenas-Zerbini, P., Lobocka, M., Tong, Y., Brister, J.
R., Moreno Switt, A. I, Klumpp, J., Aziz, R. K., Barylski, J., Uchiyama, J.,
et al. (2020) Taxonomy of prokaryotic viruses: 2018-2019 update from
the ICTV Bacterial and Archaeal Viruses Subcommittee. Arch. Virol.
165, 1253-1260

5. Ackermann, H. W. (2003) Bacteriophage observations and evolution.
Res. Microbiol. 154, 245-251

6. Cuervo, A., Fabrega-Ferrer, M., Machén, C., Conesa, J. ]., Ferndndez, F.
]., Pérez-Luque, R., Pérez-Ruiz, M., Pous, J., Vega, M. C,, Carrascosa, .
L., and Coll, M. (2019) Structures of T7 bacteriophage portal and tail
suggest a viral DNA retention and ejection mechanism. Nat. Commun.
10, 3746

7. Cuervo, A., and Carrascosa, J. L. (2012) Viral connectors for DNA
encapsulation. Curr. Opin. Biotechnol. 23, 529-536

8. Aksyuk, A. A, and Rossmann, M. G. (2011) Bacteriophage assembly.
Viruses 3, 172—-203

9. Casjens, S. R. (2011) The DNA-packaging nanomotor of tailed bacte-
riophages. Nat. Rev. Microbiol. 9, 647-657

10. Chemla, Y. R, Aathavan, K., Michaelis, J., Grimes, S., Jardine, P. J.,
Anderson, D. L., and Bustamante, C. (2005) Mechanism of force gen-
eration of a viral DNA packaging motor. Cell 122, 683—692

11. Cuervo, A., Pulido-Cid, M., Chagoyen, M., Arranz, R., Gonzélez-Garcia,
V. A, Garcia-Doval, C., Castén, J. R., Valpuesta, J. M., van Raaij, M. J.,
Martin-Benito, J., and Carrascosa, J. L. (2013) Structural characteriza-
tion of the bacteriophage T7 tail machinery. J. Biol. Chem. 288, 26290—
26299

12. Hu, B., Margolin, W., Molineux, I. J., and Liu, J. (2013) The bacterio-
phage T7 virion undergoes extensive structural remodeling during
infection. Science 339, 576579

13. Yap, M. L., Klose, T., Arisaka, F., Speir, J. A., Veesler, D., Fokine, A., and
Rossmann, M. G. (2016) Role of bacteriophage T4 baseplate in regu-
lating assembly and infection. Proc. Natl. Acad. Sci. U. S. A. 113, 2654—
2659

J. Biol. Chem. (2022) 298(1) 101472 13


http://refhub.elsevier.com/S0021-9258(21)01281-3/sref1
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref1
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref1
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref1
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref1
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref2
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref2
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref2
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref2
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref2
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref3
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref3
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref4
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref4
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref4
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref4
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref4
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref4
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref5
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref5
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref6
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref6
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref6
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref6
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref6
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref7
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref7
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref8
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref8
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref9
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref9
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref10
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref10
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref10
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref11
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref11
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref11
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref11
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref11
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref12
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref12
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref12
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref13
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref13
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref13
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref13

JBC REVIEWS: Major tail proteins of bacteriophages

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

14

Gonzalez-Garcia, V. A., Bocanegra, R., Pulido-Cid, M., Martin-Benito, J.,
Cuervo, A., and Carrascosa, J. L. (2015) Characterization of the initial
steps in the T7 DNA ejection process. Bacteriophage 5, e1056904
Ignatiou, A., Brasilés, S., El Sadek Fadel, M., Biirger, J., Mielke, T., Topf,
M., Tavares, P., and Orlova, E. V. (2019) Structural transitions during
the scaffolding-driven assembly of a viral capsid. Nat. Commun. 10, 4840
Drége, A., Santos, M. A,, Stiege, A. C., Alonso, J. C,, Lurz, R., Trautner,
T. A, and Tavares, P. (2000) Shape and DNA packaging activity of
bacteriophage SPP1 procapsid: Protein components and interactions
during assembly. . Mol. Biol. 296, 117132

Camacho, A. G,, Gual, A., Lurz, R., Tavares, P., and Alonso, J. C. (2003)
Bacillus subtilis bacteriophage SPP1 DNA packaging motor requires
terminase and portal proteins. J. Biol. Chem. 278, 23251-23259
Orlova, E. V., Gowen, B., Droge, A., Stiege, A., Weise, F., Lurz, R., van
Heel, M., and Tavares, P. (2003) Structure of a viral DNA gatekeeper at
10 A resolution by cryo-electron microscopy. EMBO J. 22, 1255-1262
Veesler, D., Robin, G., Lichiére, J., Auzat, 1., Tavares, P., Bron, P,
Campanacci, V., and Cambillau, C. (2010) Crystal structure of bacte-
riophage SPP1 distal tail protein (gp19.1): A baseplate hub paradigm in
gram-positive infecting phages. J. Biol. Chem. 285, 36666—36673
Kizziah, J. L., Manning, K. A., Dearborn, A. D., and Dokland, T. (2020)
Structure of the host cell recognition and penetration machinery of a
Staphylococcus aureus bacteriophage. PLoS Pathog. 16, e1008314
Mahony, J., Stockdale, S. R., Collins, B., Spinelli, S., Douillard, F. P.,
Cambillau, C., and van Sinderen, D. (2016) Lactococcus lactis phage
TP901-1 as a model for Siphoviridae virion assembly. Bacteriophage 6,
el123795

Auzat, L, Droge, A., Weise, F., Lurz, R, and Tavares, P. (2008) Origin
and function of the two major tail proteins of bacteriophage SPP1. Mol.
Microbiol. 70, 557569

Fraser, J. S., Yu, Z., Maxwell, K. L., and Davidson, A. R. (2006) Ig-like
domains on bacteriophages: A tale of promiscuity and deceit. /. Mol.
Biol. 359, 496-507

Auzat, L, Petitpas, I, Lurz, R., Weise, F., and Tavares, P. (2014) A touch
of glue to complete bacteriophage assembly: The tail-to-head joining
protein (THJP) family. Mol. Microbiol. 91, 1164—1178

Chagot, B., Auzat, I, Gallopin, M., Petitpas, L., Gilquin, B., Tavares, P.,
and Zinn-Justin, S. (2012) Solution structure of gpl7 from the Sipho-
viridae bacteriophage SPP1: Insights into its role in virion assembly.
Proteins 80, 319-326

Plisson, C., White, H. E., Auzat, 1., Zafarani, A., Sdo-José, C., Lhuillier, S.,
Tavares, P., and Orlova, E. V. (2007) Structure of bacteriophage SPP1 tail
reveals trigger for DNA ejection. EMBO J. 26, 3720-3728

Goulet, A, Spinelli, S., Mahony, J., and Cambillau, C. (2020) Conserved
and diverse traits of adhesion devices from siphoviridae recognizing
proteinaceous or saccharidic receptors. Viruses 12, 1-21

Sao-José, C., Lhuillier, S., Lurz, R., Melki, R., Lepault, J., Santos, M. A.,
and Tavares, P. (2006) The ectodomain of the viral receptor YueB forms
a fiber that triggers ejection of bacteriophage SPP1 DNA. J. Biol. Chem.
281, 11464-11470

Vinga, L., Baptista, C., Auzat, I, Petipas, L, Lurz, R., Tavares, P., Santos,
M. A., and Séao-José, C. (2012) Role of bacteriophage SPP1 tail spike
protein gp21 on host cell receptor binding and trigger of phage DNA
ejection. Mol. Microbiol. 83, 289-303

Xu, J., Hendrix, R. W., and Duda, R. L. (2014) Chaperone-protein in-
teractions that mediate assembly of the bacteriophage lambda tail to the
correct length. J. Mol. Biol. 426, 1004—1018

Katsura, I. (1990) Mechanism of length determination in bacteriophage
lambda tails. Adv. Biophys. 26, 1-18

Katsura, I. (1983) Tail assembly and injection. Cold Spring Harb.
Monogr. Arch. 13. http://dx.doi.org/10.1101/0.331-346

Langlois, C., Ramboarina, S., Cukkemane, A., Auzat, I, Chagot, B,
Gilquin, B., Ignatiou, A., Petitpas, I, Kasotakis, E., Paternostre, M.,
White, H. E., Orlova, E. V., Baldus, M., Tavares, P., and Zinn-Justin, S.
(2014) Bacteriophage SPP1 tail tube protein self-assembles into -
structure-rich tubes. J. Biol. Chem. 290, 3836—-3849

Chaban, Y., Lurz, R, Brasiles, S., Cornilleau, C., Karreman, M., Zinn-
Justin, S., Tavares, P., and Orlova, E. V. (2015) Structural

J. Biol. Chem. (2022) 298(1) 101472

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

rearrangements in the phage head-to-tail interface during assembly and
infection. Proc. Natl. Acad. Sci. U. S. A. 112, 7009-7014

Boulanger, P., Jacquot, P., Plangon, L., Chami, M., Engel, A., Parquet, C.,
Herbeuval, C., and Letellier, L. (2008) Phage T5 straight tail fiber is a
multifunctional protein acting as a tape measure and carrying fusogenic
and muralytic activities. . Biol. Chem. 283, 13556—13564

Sun, L., Zhang, X., Gao, S., Rao, P. A, Padilla-Sanchez, V., Chen, Z,
Sun, S., Xiang, Y., Subramaniam, S., Rao, V. B., and Rossmann, M. G.
(2015) Cryo-EM structure of the bacteriophage T4 portal protein as-
sembly at near-atomic resolution. Nat. Commun. 6, 7548

Fang, Q., Tang, W. C., Tao, P., Mahalingam, M., Fokine, A., Rossmann,
M. G, and Rao, V. B. (2020) Structural morphing in a symmetry-
mismatched viral vertex. Nat. Commun. 11, 1713

Laemmli, U. K. (1970) Cleavage of structural proteins during the as-
sembly of the head of bacteriophage T4. Nature 227, 680—685
Leiman, P. G., Kanamaru, S., Mesyanzhinov, V. V., Arisaka, F., and
Rossmann, M. G. (2003) Structure and morphogenesis of bacteriophage
T4. Cell. Mol. Life Sci. 60, 23562370

Hsiao, C. L., and Black, L. W. (1977) DNA packaging and the pathway of
bacteriophage T4 head assembly. Proc. Natl. Acad. Sci. U. S. A. 74,
3652—-3656

Qin, L., Fokine, A., O'Donnell, E., Rao, V. B,, and Rossmann, M. G.
(2010) Structure of the small outer capsid protein, Soc: A clamp for
stabilizing capsids of T4-like phages. . Mol. Biol. 395, 728-741

Steven, A. C.,, Greenstone, H. L., Booy, F. P., Black, L. W., and Ross, P. D.
(1992) Conformational changes of a viral capsid protein. Thermody-
namic rationale for proteolytic regulation of bacteriophage T4 capsid
expansion, co-operativity, and super-stabilization by soc binding. J. Mol.
Biol. 228, 870-884

Fokine, A., Chipman, P. R., Leiman, P. G., Mesyanzhinov, V. V., Rao, V.
B., and Rossmann, M. G. (2004) Molecular architecture of the prolate
head of bacteriophage T4. Proc. Natl. Acad. Sci. U. S. A. 101, 6003—-6008

. Akhter, T., Zhao, L., Kohda, A., Mio, K., Kanamaru, S., and Arisaka, F.

(2007) The neck of bacteriophage T4 is a ring-like structure formed by a
hetero-oligomer of gp13 and gp14. Biochim. Biophys. Acta 1774, 1036—
1043

Rossmann, M. G., Mesyanzhinov, V. V., Arisaka, F., and Leiman, P. G.
(2004) The bacteriophage T4 DNA injection machine. Curr. Opin.
Struct. Biol. 14, 171-180

Coombs, D. H., and Arisaka, F. (1994) T4 tail structure and function. In:
Karam, J. D., Drake, J. W., Kreuzer, K. N., Mosig, G., Hall, D. H,,
Eiserling,, F. A., Black, L. W, Spicer, E. K, Kutter, E., Carlson, K., Miller,
E. S., eds. Molecular Biology of Bacteriophage T4, American Society for
Microbiology, Washington, D.C.

Taylor, N. M., Prokhorov, N. S., Guerrero-Ferreira, R. C., Shneider, M.
M., Browning, C., Goldie, K. N., Stahlberg, H., and Leiman, P. G. (2016)
Structure of the T4 baseplate and its function in triggering sheath
contraction. Nature 533, 346352

Poglazov, B. F., Rodikova, L. P., and Sultanova, R. A. (1973) Isolation and
characterization of the base plates of bacteriophage T4. Mol. Biol. 7,
464—-469

Kanamaru, S., Leiman, P. G., Kostyuchenko, V. A.,, Chipman, P. R,
Mesyanzhinov, V. V., Arisaka, F., and Rossmann, M. G. (2002) Structure
of the cell-puncturing device of bacteriophage T4. Nature 415, 553—557
Zheng, W., Wang, F., Taylor, N. M. L, Guerrero-Ferreira, R. C., Leiman,
P. G., and Egelman, E. H. (2017) Refined cryo-EM structure of the T4
tail tube: Exploring the lowest dose limit. Structure 25, 1436—1441.e2
Abuladze, N. K., Gingery, M., Tsai, J., and Eiserling, F. A. (1994) Tail
length determination in bacteriophage T4. Virology 199, 301-310
Vianelli, A, Wang, G. R,, Gingery, M., Duda, R. L., Eiserling, F. A., and
Goldberg, E. B. (2000) Bacteriophage T4 self-assembly: Localization of
gp3 and its role in determining tail length. J. Bacteriol. 182, 680-688
Fokine, A., Zhang, Z., Kanamaru, S., Bowman, V. D., Aksyuk, A. A,
Arisaka, F., Rao, V. B., and Rossmann, M. G. (2013) The molecular
architecture of the bacteriophage T4 neck. J. Mol. Biol. 425, 17311744
Zhao, L., Kanamaru, S., Chaidirek, C., and Arisaka, F. (2003) P15 and P3,
the tail completion proteins of bacteriophage T4, both form hexameric
rings. J. Bacteriol. 185, 1693—1700

SASBMB


http://refhub.elsevier.com/S0021-9258(21)01281-3/sref14
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref14
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref14
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref15
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref15
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref15
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref16
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref16
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref16
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref16
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref17
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref17
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref17
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref18
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref18
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref18
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref19
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref19
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref19
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref19
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref20
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref20
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref20
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref21
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref21
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref21
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref21
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref22
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref22
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref22
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref23
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref23
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref23
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref24
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref24
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref24
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref25
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref25
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref25
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref25
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref26
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref26
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref26
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref27
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref27
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref27
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref28
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref28
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref28
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref28
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref29
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref29
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref29
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref29
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref30
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref30
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref30
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref31
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref31
http://dx.doi.org/10.1101/0.331-346
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref33
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref33
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref33
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref33
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref33
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref34
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref34
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref34
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref34
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref35
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref35
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref35
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref35
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref36
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref36
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref36
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref36
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref37
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref37
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref37
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref38
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref38
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref39
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref39
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref39
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref40
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref40
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref40
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref41
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref41
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref41
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref42
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref42
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref42
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref42
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref42
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref43
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref43
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref43
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref44
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref44
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref44
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref44
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref45
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref45
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref45
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref46
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref46
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref46
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref46
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref46
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref47
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref47
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref47
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref47
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref48
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref48
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref48
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref49
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref49
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref49
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref50
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref50
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref50
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref51
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref51
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref52
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref52
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref52
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref53
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref53
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref53
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref54
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref54
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref54

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Cerritelli, M. E., Wall, J. S., Simon, M. N., Conway, J. F., and Steven, A.
C. (1996) Stoichiometry and domainal organization of the long tail-fiber
of bacteriophage T4: A hinged viral adhesin. . Mol. Biol. 260, 767-780
Weigele, P. R, Scanlon, E., and King, J. (2003) Homotrimeric, beta-
stranded viral adhesins and tail proteins. /. Bacteriol. 185, 4022—4030
Washizaki, A., Yonesaki, T., and Otsuka, Y. (2016) Characterization of
the interactions between Escherichia coli receptors, LPS and OmpC, and
bacteriophage T4 long tail fibers. Microbiologyopen 5, 1003—1015
Nakagawa, H., Arisaka, F., and Ishii, S. (1985) Isolation and character-
ization of the bacteriophage T4 tail-associated lysozyme. J. Virol. 54,
460-466

Hu, B., Margolin, W., Molineux, 1. J., and Liu, J. (2015) Structural
remodeling of bacteriophage T4 and host membranes during infection
initiation. Proc. Natl. Acad. Sci. U. S. A. 112, E4919-E4928
Economou, A., Christie, P. J., Fernandez, R. C., Palmer, T., Plano, G. V.,
and Pugsley, A. P. (2006) Secretion by numbers: Protein traffic in pro-
karyotes. Mol. Microbiol. 62, 308-319

Cianfanelli, F. R., Monlezun, L., and Coulthurst, S. J. (2016) Aim, load,
fire: The type VI secretion system, a bacterial nanoweapon. Trends
Microbiol. 24, 51-62

Leiman, P. G., Basler, M., Ramagopal, U. A., Bonanno, J. B., Sauder, ]. M.,
Pukatzki, S., Burley, S. K., Almo, S. C., and Mekalanos, J. J. (2009) Type
VI secretion apparatus and phage tail-associated protein complexes
share a common evolutionary origin. Proc. Natl. Acad. Sci. U. S. A. 106,
4154-4159

Russell, A. B., LeRoux, M., Hathazi, K., Agnello, D. M., Ishikawa, T.,
Wiggins, P. A., Wai, S. N., and Mougous, J. D. (2013) Diverse type VI
secretion phospholipases are functionally plastic antibacterial effectors.
Nature 496, 508—512

Lang, A. S., Zhaxybayeva, O., and Beatty, J. T. (2012) Gene transfer
agents: Phage-like elements of genetic exchange. Nat. Rev. Microbiol. 10,
472-482

Redfield, R. J., and Soucy, S. M. (2018) Evolution of bacterial gene
transfer agents. Front. Microbiol. 9, 2527

Kogay, R, Neely, T. B,, Birnbaum, D. P., Hankel, C. R., Shakya, M., and
Zhaxybayeva, O. (2019) Machine-learning classification suggests that
many alphaproteobacterial prophages may instead be gene transfer
agents. Genome Biol. Evol. 11, 2941-2953

Scholl, D. (2017) Phage tail-like bacteriocins. Annu. Rev. Virol. 4, 453—
467

Kuroda, K., and Kageyama, M. (1979) Biochemical properties of a new
flexuous bacteriocin, pyocin F1, produced by Pseudomonas aeruginosa.
J. Biochem. 85, 7—19

Ge, P., Scholl, D., Leiman, P. G, Yu, X., Miller, J. F., and Zhou, Z. H.
(2015) Atomic structures of a bactericidal contractile nanotube in its
pre- and postcontraction states. Nat. Struct. Mol. Biol. 22, 377-382
Ge, P., Scholl, D., Prokhorov, N. S., Avaylon, J., Shneider, M. M,,
Browning, C., Buth, S. A, Plattner, M., Chakraborty, U., Ding, K., Lei-
man, P. G.,, Miller, J. F., and Zhou, Z. H. (2020) Action of a minimal
contractile bactericidal nanomachine. Nature 580, 658—662

Sarris, P. F., Ladoukakis, E. D., Panopoulos, N. J., and Scoulica, E. V.
(2014) A phage tail-derived element with wide distribution among both
prokaryotic domains: A comparative genomic and phylogenetic study.
Genome Biol. Evol. 6, 1739-1747

Patz, S., Becker, Y., Richert-Poggeler, K. R., Berger, B., Ruppel, S,
Huson, D. H., and Becker, M. (2019) Phage tail-like particles are versatile
bacterial nanomachines — a mini-review. J. Adv. Res. 19, 75-84

Hurst, M. R,, Glare, T. R,, and Jackson, T. A. (2004) Cloning Serratia
entomophila antifeeding genes—a putative defective prophage active
against the grass grub Costelytra zealandica. J. Bacteriol. 186, 5116—-5128
Yang, G., Dowling, A. J., Gerike, U., Ffrench-Constant, R. H., and
Waterfield, N. R. (2006) Photorhabdus virulence cassettes confer
injectable insecticidal activity against the wax moth. J. Bacteriol. 188,
2254-2261

Desfosses, A., Venugopal, H., Joshi, T., Felix, J., Jessop, M., Jeong, H.,
Hyun, J., Heymann, J. B, Hurst, M. R. H., Gutsche, I, and Mitra, A. K.
(2019) Atomic structures of an entire contractile injection system in
both the extended and contracted states. Nat. Microbiol. 4, 1885—-1894

SASBMB

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

JBC REVIEWS: Major tail proteins of bacteriophages

Bardy, P., Fizik, T., Hrebik, D., Pantiicek, R, Thomas Beatty, J., and
Plevka, P. (2020) Structure and mechanism of DNA delivery of a gene
transfer agent. Nat. Commun. 11, 3034

Guénebaut, V., Maaloum, M., Bonhivers, M., Wepf, R., Leonard, K., and
Horber, J. K. (1997) TEM moiré patterns explain STM images of
bacteriophage T5 tails. Ultramicroscopy 69, 129—-137

Papadopoulos, S., and Smith, P. R. (1982) The structure of the tail of the
bacteriophage phi CbK. J. Ultrasruct. Res. 80, 62—70

Fraga, H., Arnaud, C. A, Gauto, D. F., Audin, M., Kurauskas, V., Macek,
P., Krichel, C., Guan, J. Y., Boisbouvier, J., Sprangers, R., Breyton, C., and
Schanda, P. (2017) Solid-state NMR H-N—-(C)-H and H-N-C-C 3D/
4D correlation experiments for resonance assignment of large proteins.
ChemPhysChem 18, 2697-2703

Arnaud, C. A, Effantin, G., Vives, C., Engilberge, S., Bacia, M., Bou-
langer, P., Girard, E., Schoehn, G., and Breyton, C. (2017) Bacteriophage
T5 tail tube structure suggests a trigger mechanism for Siphoviridae
DNA ejection. Nat. Commun. 8, 1953

Campbell, P. L., Duda, R. L, Nassur, ], Conway, J. F., and Huet, A.
(2020) Mobile loops and electrostatic interactions maintain the flexible
tail tube of bacteriophage lambda. J. Mol. Biol. 432, 384—395

Bleviss, M., and Easterbrook, K. B. (1971) Self-assembly of bacteriophage
lambda tails. Can. J. Microbiol. 17, 947-954

Pell, L. G., Kanelis, V., Donaldson, L. W., Howell, P. L., and Davidson, A.
R. (2009) The phage lambda major tail protein structure reveals a
common evolution for long-tailed phages and the type VI bacterial
secretion system. Proc. Natl. Acad. Sci. U. S. A. 106, 4160-4165

Pell, L. G., Gasmi-Seabrook, G. M., Morais, M., Neudecker, P., Kanelis,
V., Bona, D, Donaldson, L. W., Edwards, A. M., Howell, P. L., Davidson,
A. R, and Maxwell, K. L. (2010) The solution structure of the C-ter-
minal Ig-like domain of the bacteriophage \ tail tube protein. J. Mol.
Biol. 403, 468-479

Hardy, J. M., Dunstan, R. A., Grinter, R., Belousoff, M. ], Wang, J.,
Pickard, D., Venugopal, H., Dougan, G., Lithgow, T., and Coulibaly, F.
(2020) The architecture and stabilisation of flagellotropic tailed bacte-
riophages. Nat. Commun. 11, 3748

Zinke, M., Sachowsky, K. A. A, Oster, C., Zinn-Justin, S., Ravelli, R,,
Schroder, G. F., Habeck, M., and Lange, A. (2020) Architecture of the
flexible tail tube of bacteriophage SPP1. Nat. Commun. 11, 5759
Zinke, M., Fricke, P., Lange, S., Zinn-Justin, S., and Lange, A. (2018)
Protein—protein interfaces probed by methyl labeling and proton-
detected solid-state NMR spectroscopy. Chemphyschem 19, 2457—-2460
Wang, J., Brackmann, M., Castafio-Diez, D., Kudryashev, M., Goldie, K.
N., Maier, T., Stahlberg, H., and Basler, M. (2017) Cryo-EM structure of
the extended type VI secretion system sheath-tube complex. Nat.
Microbiol. 2, 1507-1512

Jiang, F., Li, N., Wang, X., Cheng, J., Huang, Y., Yang, Y., Yang, J., Cai, B,,
Wang, Y. P, Jin, Q., and Gao, N. (2019) Cryo-EM structure and as-
sembly of an extracellular contractile injection system. Cell 177, 370—
383.el5

Biggs, D. R, and McGregor, P. G. (1996) Gut pH and amylase and
protease activity in larvae of the New Zealand grass grub (Costelytra
zealandica; Coleoptera: Scarabaeidae) as a basis for selecting inhibitors.
Insect Biochem. Mol. Biol. 26, 69-75

Phothaworn, P., Dunne, M., Supokaivanich, R., Ong, C. Lim, ],
Taharnklaew, R., Vesaratchavest, M., Khumthong, R., Pringsulaka,
O., Ajawatanawong, P., Klumpp, J., Brown, N., Imam, M., Clokie,
M. R. J., Galyov, E. E., et al. (2019) Characterization of flagello-
tropic, chi-like Salmonella phages isolated from Thai poultry farms.
Viruses 11, 520

Bardiaux, B., de Amorim, G. C., Luna Rico, A., Zheng, W., Guilvout, I,
Jollivet, C., Nilges, M., Egelman, E. H., Izadi-Pruneyre, N., and Fran-
cetic, O. (2019) Structure and assembly of the enterohemorrhagic
Escherichia coli type 4 pilus. Structure 27, 1082—1093.e5

Wang, F., Coureuil, M., Osinski, T., Orlova, A., Altindal, T., Gesbert, G.,
Nassif, X., Egelman, E. H., and Craig, L. (2017) Cryoelectron microscopy
reconstructions of the Pseudomonas aeruginosa and Neisseria gonor-
rhoeae type IV pili at sub-nanometer resolution. Structure 25, 1423—
1435.e4

J. Biol. Chem. (2022) 298(1) 101472 15


http://refhub.elsevier.com/S0021-9258(21)01281-3/sref55
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref55
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref55
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref56
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref56
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref57
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref57
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref57
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref58
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref58
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref58
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref59
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref59
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref59
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref60
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref60
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref60
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref61
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref61
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref61
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref62
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref62
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref62
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref62
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref62
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref63
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref63
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref63
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref63
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref64
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref64
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref64
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref65
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref65
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref66
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref66
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref66
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref66
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref67
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref67
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref68
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref68
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref68
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref69
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref69
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref69
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref70
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref70
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref70
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref70
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref71
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref71
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref71
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref71
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref72
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref72
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref72
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref73
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref73
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref73
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref74
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref74
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref74
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref74
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref75
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref75
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref75
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref75
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref76
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref76
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref76
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref76
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref77
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref77
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref77
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref78
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref78
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref79
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref79
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref79
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref79
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref79
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref80
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref80
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref80
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref80
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref81
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref81
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref81
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref82
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref82
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref83
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref83
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref83
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref83
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref84
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref84
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref84
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref84
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref84
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref85
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref85
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref85
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref85
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref86
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref86
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref86
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref87
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref87
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref87
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref88
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref88
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref88
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref88
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref89
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref89
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref89
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref89
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref90
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref90
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref90
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref90
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref91
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref91
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref91
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref91
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref91
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref91
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref92
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref92
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref92
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref92
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref93
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref93
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref93
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref93
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref93

JBC REVIEWS: Major tail proteins of bacteriophages

94.

95.

96.

97.

98.

99.

100.

16

Lépez-Castilla, A., Thomassin, J. L., Bardiaux, B., Zheng, W., Nivasku-
mar, M., Yu, X., Nilges, M., Egelman, E. H., Izadi-Pruneyre, N., and
Francetic, O. (2017) Structure of the calcium-dependent type 2 secretion
pseudopilus. Nat. Microbiol. 2, 1686—1695

Bardiaux, B., Cordier, F., Brier, S., Lopez-Castilla, A., Izadi-Pruneyre, N.,
and Nilges, M. (2019) Dynamics of a type 2 secretion system pseudopilus
unraveled by complementary approaches. J. Biomol. NMR 73, 293-303
Kolappan, S., Coureuil, M., Yu, X., Nassif, X., Egelman, E. H., and Craig,
L. (2016) Structure of the Neisseria meningitidis Type IV pilus. Nat.
Commun. 7, 13015

Noreen, Z., Jobichen, C., Abbasi, R., Seetharaman, J., Sivaraman, J., and
Bokhari, H. (2018) Structural basis for the pathogenesis of Campylo-
bacter jejuni Hcpl, a structural and effector protein of the type VI
secretion system. FEBS J. 285, 4060—-4070

Osipiuk, J., Xu, X., Cui, H., Savchenko, A., Edwards, A., and Joachimiak,
A. (2011) Crystal structure of secretory protein Hcp3 from Pseudo-
monas aeruginosa. /. Struct. Funct. Genomics 12, 21-26

Lin, Q. P, Gao, Z. Q., Geng, Z., Zhang, H., and Dong, Y. H. (2017)
Crystal structure of the putative cytoplasmic protein STM0279 (Hcp2)
from Salmonella typhimurium. Acta Crystallogr. F Struct. Biol. Com-
mun. 73, 463-468

Lim, Y. T., Jobichen, C., Wong, J., Limmathurotsakul, D., Li, S., Chen, Y.,
Raida, M., Srinivasan, N., MacAry, P. A,, Sivaraman, J., and Gan, Y. H.
(2015) Extended loop region of Hcpl is critical for the assembly and

J. Biol. Chem. (2022) 298(1) 101472

101.

102.

103.

104.

105.

106.

function of type VI secretion system in Burkholderia pseudomallei. Sci.
Rep. 5, 8235

Ruiz, F. M., Santillana, E., Spinola-Amilibia, M., Torreira, E., Culebras,
E., and Romero, A. (2015) Crystal structure of Hcp from Acinetobacter
baumannii: A component of the type VI secretion system. PLoS One 10,
e0129691

Jobichen, C., Chakraborty, S., Li, M., Zheng, J., Joseph, L., Mok, Y. K,
Leung, K. Y., and Sivaraman, J. (2010) Structural basis for the secretion
of Evpc: A key type vi secretion system protein from Edwardsiella tarda.
PLoS One 5, €12910

Krissinel, E., and Henrick, K. (2007) Inference of macromolecular as-
semblies from crystalline state. J. Mol. Biol. 372, 774-797

Serensen, P. E., Van Den Broeck, W., Kiil, K., Jasinskyte, D., Moodley,
A., Garmyn, A, Ingmer, H., and Butaye, P. (2020) New insights into
the biodiversity of coliphages in the intestine of poultry. Sci. Rep. 10,
15220

Linares, R., Arnaud, C. A, Degroux, S., Schoehn, G., and Breyton, C.
(2020) Structure, function and assembly of the long, flexible tail of
siphophages. Curr. Opin. Virol. 45, 34—42

Goulet, A., Lai-Kee-Him, J., Veesler, D., Auzat, L, Robin, G., Shepherd,
D. A., Ashcroft, A. E., Richard, E., Lichiére, J., Tavares, P., Cambillau, C.,
and Bron, P. (2011) The opening of the SPP1 bacteriophage tail, a
prevalent mechanism in Gram-positive-infecting siphophages. /. Biol.
Chem. 286, 25397—-25405

SASBMB


http://refhub.elsevier.com/S0021-9258(21)01281-3/sref94
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref94
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref94
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref94
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref95
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref95
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref95
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref96
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref96
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref96
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref97
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref97
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref97
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref97
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref98
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref98
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref98
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref99
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref99
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref99
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref99
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref100
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref100
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref100
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref100
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref100
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref101
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref101
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref101
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref101
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref102
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref102
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref102
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref102
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref103
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref103
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref104
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref104
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref104
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref104
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref105
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref105
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref105
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref106
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref106
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref106
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref106
http://refhub.elsevier.com/S0021-9258(21)01281-3/sref106

	Major tail proteins of bacteriophages of the order Caudovirales
	General architecture of tailed phages and their assembly and infection
	Bacteriophage tail–like systems
	MTP structure determination of phage tails and phage tail–like systems
	GTA tail tube of Rhodobacter capsulatus—Siphoviridae-like
	T5 phage tail tube—Siphoviridae-like
	λ phage tail tube—Siphoviridae-like
	YSD1 phage tail tube—Siphoviridae-like
	80α phage tail tube—Siphoviridae-like
	SPP1 phage tail tube—Siphoviridae-like
	T6SS tail tube—Myoviridae-like
	T4 phage tail tube—Myoviridae-like
	PVC—Myoviridae-like
	AFP—Myoviridae-like
	Pyocin R2—Myoviridae-like

	Comparison of structural features
	Tail tube flexibility
	Outlook
	Author contributions
	References


