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Abstract

Bacteriophage T4 is the most well-studied member of Myoviridae, the most complex family of
tailed phages. T4 assembly is divided into three independent pathways: the head, the tail and the
long tail fibers. The prolate head encapsidates a 172 kbp concatemeric dsDNA genome. The 925
A-long tail is surrounded by the contractile sheath and ends with a hexagonal baseplate. Six long
tail fibers are attached to the baseplate’s periphery and are the host cell’s recognition sensors. The
sheath and the baseplate undergo large conformational changes during infection. X-ray
crystallography and cryo-electron microscopy have provided structural information on protein—
protein and protein—nucleic acid interactions that regulate conformational changes during
assembly and infection of Escherichia coli cells.

Keywords

assembly; bacteriophage T4; baseplate; contractile tail; genome packaging; T4 infection

Bacteriophage T4 is one of the seven Escherichia coli phages (T1-T7, T for type), which, in
1944, were suggested by Delbruck and coworkers to be models for study by the phage
community [1]. Of these phages, the ‘T-even’ phages (T2, T4 and T6) are similar in
structure, antigenic response and genetics [2]. Many early discoveries in molecular genetics
such as the genetic code [3], and the confirmation that DNA is the genetic substance [4]
were based on the study of these T even phages. In 1959, Brenner et al. [5] were able to
obtain images of these phages using electron microscopy (EM). This initiated extensive
studies of the highly symmetrical heads, tails and baseplates using primarily EM [6-18]. The
complete genome of T4 was sequenced in 2003 [19]. In the same year, a higher resolution
cryo-electron microscopy (cryoEM) structure was determined of the ‘dome-shaped’
baseplate, present in the infectious virus [20]. In the following year, the postinfection, star-
shaped structure of the baseplate [21] and the detailed structure of the prolate head [22] were
published. In the past 15 years, many T4 proteins have been studied using x-ray
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crystallography. These were then fitted into lower resolution cryoEM maps, providing a
glimpse of the virus at different stages of its life cycle.

Bacteriophage T4 is classified as a member in the Myoviridae family of the Caudovirales
order because it has a contractile tail. The head, the tail and the long tail fibers (LTFs) of T4
are assembled independently before they are joined together to produce a mature phage
(Figure 1). The 168 kbp dsDNA genome of T4 contains 289 open reading frames [19]. The
mature phage has a 1150 A-long and 850 A-wide prolate head, which encapsidates the
genome. A 925 A-long and 240 A-diameter contractile tail is attached to a special portal
vertex at one end of the head. A 270 A-high and 520 A-diameter hexagonal baseplate is
attached to the distal end of the contractile tail. Six 1450 A-long LTFs are attached to the
periphery of the hexagonal baseplate. The LTFs are the sensors that can recognize receptor
molecules on the host. There are six short tail fibers (STFs) folded beneath the baseplate that
unfold upon host recognition. After unfolding these STFs bind irreversibly to the host cell,
thereby increasing the efficiency of infection. The contractile tail improves the efficiency of
infection by making it possible for the tail tube to penetrate the outer host cell membrane
prior to the delivery of phage DNA into the host cell.

Head structure

» Head proteins

The 194 MDa mature head encapsidates 172 kbp dsDNA, representing 102% of the unique
genome [24,25]. The head is first assembled as an empty capsid that is subsequently
packaged with DNA by an ATP-dependent packaging machine. This machine binds to the
same special pentameric vertex that is later occupied by the phage tail. The head is prolate,
meaning that it has two icosahedral ends and a cylindrical mid-section. The geometrical
organization (expressed as triangulation numbers) of the ends and mid-section are based on
planar hexagonal grids used by Caspar and Klug [26] and Moody [27] to predict the quasi-
equivalent environments of the individual protein components. The icosahedral caps have
Tend = 13 laevo symmetry, while the cylindrical mid-section is characterized by the
triangulation number Tpiq = 20 (Figure 2) [22]. The capsid is composed of 930 post-
translationally modified monomers, or 155 hexamers of the major protein, gene product 23
(gp23*, where the * signifies post-translational cleavage) [24,28]. In addition, gp24* forms
pentamers at 11 of the 12 pentameric vertices [29,30]. Gp24* is homologous to gp23* with
21% of the residues being identical [31]. The presence of proteins, homologous to the major
capsid protein, which form pentamers as opposed to hexamers is a frequent solution to the
formation of the pentameric vertices in icosahedral viruses [32-35]. The 12th vertex is the
special vertex that is occupied by the dodecameric assembly of the portal protein gp20
[36,37]. The portal protein has multiple roles. It initiates head assembly, genome packaging
and serves as the genome gatekeeper to prevent leakage of the packaged DNA [38]. Two
accessory proteins, Hoc (highly antigenic outer capsid protein) and Soc (small outer capsid
protein) attach to the capsid surface (Figure 2E) [29]. The rod-shaped Soc binds between
two gp23* hexamers, thus forming a continuous mesh surrounding the hexameric gp23* on
the capsid [39]. Soc maintains the stability of the head under extreme environments [40].
Hoc is an elongated molecule protruding from the center of gp23* hexamers [41]. Its 1g-like
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domains, exposed on the outer surface of the head, may provide survival advantages to the
phage.

The structure of the vertex protein gp24* is similar to the HK97 phage capsid protein with
2.7 A rmsd between 149 equivalenced Ca atoms (Figure 3) [31]. Furthermore, the major
capsid protein gp23* and the vertex protein gp24* are similar in molecular weight and in
sequence. Thus, the capsid proteins of T4, like that of most tailed bacteriophages, have the
HK97-like capsid protein fold. However, only 17% of the structurally aligned residues
between T4 gp24 and the HK97 capsid protein were identical. The structurally aligned
residues belong to the peripheral (P) and axial (A) domains. The A domains of the HK97
major capsid protein subunits form the central part of hexameric and pentameric capsomers,
whereas the P domains are located in the capsomers’ periphery. In comparison with the
HK97 capsid protein, T4 gp24 has an insertion (I) domain (residues 82-142) in place of the
elongated (E) loop (Figure 3A).

» Head morphogenesis

There are several stages in the assembly of the head (Figure 4): prohead formation, prohead
proteolysis, DNA packaging, expansion of the prolate head and binding of the Hoc and Soc
accessory proteins. The T4 prohead starts to assemble with the formation of the membrane-
bound initiation complex, which comprises the portal protein gp20 mediated by the
chaperone protein gp40 [42-46]. The initiation complex first attaches to the inner side of the
host cytoplasmic membrane followed by binding of the prohead core (scaffold) proteins
gp21, gp22, gp67, gp68, the initiation proteins IPI, IPI1, IP111 and gpalt [47-51].
Subsequently, the capsid proteins gp23 and gp24 start to form a shell around the core
proteins to assemble into a prohead. Both the core and shell assemble concurrently. The
major capsid protein gp23 requires two chaperone proteins, the host-encoded GroEL and the
phage-encoded gp31, for proper folding [52-54]. A total of 930 copies of the gp23 and 55
copies of gp24 are needed for the assembly of the prohead [24,28-29]. The volume of the
prohead is approximately 15-20% smaller than that of the mature head [55-57]. The gp21 is
then self-cleaved and activated to become a protease (T4PPase) in the prohead [58-62]. The
amino terminal peptides of gp23, gp24, IPI, IPII, IPI1I and gpalt are cleaved, whereas gp21,
gp22, gp67 and gp68 are extensively digested into small peptide fragments. All digested
peptide fragments except for peptide 11 and 1V of gp67 and gp22, respectively, are then
expelled from the prohead [29,63-64]. The cleaved head is released from the membrane into
the cytosol and the gp23* and probably gp24* proteins undergo a large conformational
rearrangement resulting in the expansion of the prohead. During this process, the capsid’s
facets are flattened and the wall of the capsid becomes thinner. The processed prohead is
then released from the membrane for DNA packaging.

» The genome-packaging machine

The genome-packaging machine consists of three components: the dodecameric portal
protein gp20, the pentameric large terminase gp17 and the small terminase gp16 (Figure 5)
[38,66—67]. The external shape of the dodecameric portal protein assembly has a
cylindrically shaped structure with the wider end inside the capsid, whereas the narrower
end protrudes out of the capsid creating an attachment platform for the packaging motor

Future Microbiol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yap and Rossmann

Page 4

(Figure 5B) [68-70]. The gp20 may act as a valve to stop the packaged DNA from escaping
the head during successive strokes of the packaging motor and also serves as a sensor when
a headful of genome is packaged [71,72]. The atomic structures of the portal proteins of
phages ¢29, SPP1 and P22 have been determined [68-70]. These portal proteins have less
than 20% sequence identity, but are similar in their overall shape and structure.

The large terminase gpl7 consists of two functional domains, the N-terminal ATPase
domain and the C-terminal nuclease domain, connected by a flexible linker (Figure 5A) [73-
75]. The ATPase domain consists of the classic nucleotide binding fold [76], the functional
motifs such as Walker A, Walker B and catalytic carboxylate found in most ATP-driven
macromolecular motors. There are two DNA-binding grooves on opposite sides of the C-
terminal nuclease domain. One of these sites functions to cleave the concatenated DNA
molecule to create an end for initiating packaging and again after packaging has been
completed. The other binding site is most probably used to bind the DNA during DNA
translocation into the head. A flexible peptide linker between the N-terminal ATPase
domain and the C-terminal nuclease domain is essential for DNA translocation [77]. Five
copies of gpl7 assemble into a packaging motor on the protruding ‘stalk’ of the
dodecameric portal, thus creating a symmetry mismatch between the portal and the motor.

The small terminase, gpl6, is involved in initiating genome packaging [78,79] and
regulating the gp17 functions [80]. In phages such as lambda and SPP1, the small terminase
binds to a specific sequence (cos and pac sites, respectively) and brings it to the large
terminase for initial cleavage to start the packaging mechanism [81,82]. However, there are
no unique cos and pac sequences in the T4 genome [83,84]. Thus, gp16 may bind weakly to
nonspecific DNA sequences to initiate DNA packaging. The functional oligomeric state of
T4 gpl6 is uncertain as the crystal structures of the small terminases vary from eight to 12
among three different phages (Sf6, SF6 and 44RR) [85-87]. Nevertheless, the domain
organization of the small terminases is conserved and consists of an N-terminal DNA-
binding domain, a central oligomerization domain, and a C-terminal large terminase-binding
domain. The central oligomerization domain forms a ring-shaped structure. The N-terminal
domains fold into a helix-turn-helix structure located around the periphery of the ring,
whereas the C-terminal domains form a crown over the end of the ring assembly. Crystal
structures, biochemical analyses and mutational studies suggest that the DNA wraps around
the small terminase assembly [85-88].

* DNA-packaging mechanism

Genomic DNA is prepared for packaging when the gp17/gp16 complex cleaves the
concatenated DNA and associates the cleaved end with an empty head [89,90]. The
terminase-DNA complex is then attached to the platform created by the protruding end of
the dodecameric portal protein gp20 at the unique vertex of the prohead, where a pentameric
packaging motor is being assembled. The gp16 initiates the DNA translocation by
stimulating the ATPase activity of gp17 before releasing itself from the packaging complex
[87]. The capsid expands during the DNA packaging. The expansion causes rotation (and
probably partial refolding) of the gp23* subunits. The distance between centers of
neighboring gp23* capsomers increases from approximately 117 A in the prohead to
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approximately 140 A in the mature capsid [15-16,91-95]. The expansion results in
approximately 50% increase of the capsid volume [96]. The irreversible expansion stabilizes
the capsid and creates binding sites for Soc and Hoc [40,97].

Various mechanisms have been proposed for the DNA-packaging process. A mechanism
involving rotation of the portal complex was first proposed by Hendrix in 1978 [98], but
found to be unacceptable because the motor continued to operate even after attachment of
the gp20 monomers to the static shell of the capsid through Hoc [99]. Sun et al. [73]
proposed a mechanism that depended on structural knowledge and electrostatic attraction or
repulsion (Figure 6). They found two alternative conformational states of the gp17 subunit,
identified as ‘relaxed’ and ‘tensed’. In the tensed state, the N- and C-terminal domains of
gpl7 are bound together by means of a series of salt bridges as seen in the crystal structure
of the complete gp17 molecule. In the relaxed state, the N- and C-terminal domains are
separated and the flexible linker is in an extended conformation as observed by cryoEM of
proheads complexed with gp17. DNA packaging occurs when the relaxed state becomes
tensed, thereby electrostatically attracting the C-terminal domain toward the N-terminal
domain that is bound to the prohead. The DNA, bound to the C-terminal domain of gp17, is
pushed two bases further into the head, which puts the next two bases into register with the
neighboring gp17 molecule related by the fivefold symmetry, consistent with the symmetry
of the DNA structure and the observation that there are five gp17 molecules bound to the
prohead (Figure 5).

The motor generates forces as high as approximately 60 pN and translocation rates of up to
approximately 2000 bp/s [100]. The 172 kb T4 genome can be packaged in approximately 5
min. The DNA is tightly packed in concentric layers (Figure 6F) [101]. When the head is
filled by DNA, a signal, which might be the internal pressure produced by the packaged
DNA, is presumably sensed by the portal protein (and transmitted to the gp17). The nuclease
domain of gp17 then cleaves the DNA and the pentameric gp17 motor is released from the
capsid. The mature head is completed by attachment of the neck proteins gp13, gp14, gp2
and gp4 to the portal vertex. The head is then ready to be joined to the tail and LTFs to
produce a mature phage.

Tail structure

* Tail morphogenesis

The tail consists of the tail tube surrounded by a helical sheath. Both tube and sheath are
attached to the dome-shaped baseplate at the end away from the head. The six STFs are
folded beneath the baseplate. Assembly of the tail begins with the assemblies of the six
wedges and a central hub (Figure 7A & B). These together form the baseplate that then
nucleates the assembly of the tail tube around which the sheath assembles (Figure 7C).

The tail assembly pathway was established by means of a series of experiments using
sucrose density gradient (SDG) centrifugation assays of mutant-infected bacterial lysates in
combination with in vitro complementation assay of the SDG fractions [103-105]. The SDG
fractions were further investigated using EM to observe the partially assembled intermediate
baseplate structures. Phage mutants lacking a gene product were used to analyze how the
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precursor complex accumulated in each mutant-infected bacterium. All of the gene products
that eventually make the assembled tail remained in solution until intermediate precursor
complexes were formed. They thus concluded that the wedge assembly is a strictly ordered
sequential event. These results were later confirmed by Plishker et al. [106], Ferguson and
Coombs [107] and Yap et al. [108].

The wedge proteins gp11, gpl10, gp7, gp8, gp6, gp53 and gp25 are assembled sequentially in
this order to form a wedge (Figure 7A). Six wedges were then associated around the central
hub to form a hexagonal baseplate (Figure 7B). The baseplate assembly is completed by the
attachment of STFs and gp9 at its periphery and, of gp48 and gp54 to the top of the hub,
thus creating a platform for the polymerization of the tail tube (gp19) and the tail sheath
(gp18) (Figure 7C). The tail tube probably polymerizes along the elongated ruler protein,
gp29, which controls the length of the tail [109]. However, the mechanism of the tail tube
polymerization and the incorporation of gp29 into the tail tube remains unclear. At the end
of the tail tube, gp3 binds to the last row of gp19, thus stabilizing the polymerized tail tube.
The tail sheath polymerizes around the tail tube in parallel with the formation of the tail
tube. The tail assembly is completed by the binding of the tail terminator, gp15 to gp3 and
the last row of gp18.

 The structure of the baseplate

During the infection process, the baseplate undergoes a dramatic conformational change that
relaxes the high-energy dome-shaped structure (270 A-high and 520 A-diameter) (Figure
8A) [20] to a low-energy star-shaped structure (120 A-high and 610 A-diameter) (Figure
8B) [21]. The transition between these structures has been studied by analyzing the
structures of the component proteins. Crystal structures of nine baseplate proteins (gp11,
gpl0, gp8, gp6, gp25, gp9, gpl2, gp5 and gp27) (Figure 9) have been determined
completely or partially. These structures were fitted into the 3D cryoEM reconstructed
baseplate for both the dome-shaped and star-shaped conformations. Because each of the
known crystal structures could be fitted unambiguously into both conformations, there
cannot be a significant conformational change of the constituent proteins at the level of the
17 A resolution of the cryoEM maps. Thus, these proteins must be sliding over each other
while the conformation of the baseplate is changing from the dome-shaped to the star-
shaped during the infection process.

Proteins at the periphery of the baseplate (gp11, gp10, gp9) have threefold symmetry
(Figures 8F, 9C, E & F). These proteins are the adaptors to connect the LTFs to the
baseplate and transmit a signal to the baseplate on recognizing a host cell surface
lipopolysaccharide molecule. The adaptor for the attachment of the LTF is gp9, which is an
elongated trimer [112] that has three domains: the N-terminal domain (residues 1-60) forms
an a-helical, triple coiled coil; the middle domain (residues 61-166) consists of a seven-
stranded B-sandwich; the C-terminal domain (residues 167-288) is an eight-stranded,
antiparallel p-barrel structure. The C-terminal domain of gp9 associates with a trimeric LTF,
whereas the N-terminal domain associates with the gp7 in the baseplate (Figure 8E). The
hinge between the N-terminal and the middle domain provides flexibility to the LTFs when
searching for host cell receptors. This change in gp9 probably initiates the baseplate
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conformational change that eventually results in the transfer of the T4 genome into the host.
For this process to be successful at least three LTFs need to lock the axis of the phage at a
roughly normal orientation to the E. coli surface.

The trimeric gp10 is the largest protein component of each wedge of the baseplate. Based on
the cryoEM density, it folds into four domains (1, 11, I11 and 1V). When the crystal structure
of the C-terminal region (residues 397-602) was determined (Figure 9E), it was found that
this segment belonged to what had been assigned as domains | and 11 [113] and had the
overall appearance of an arrow. Domain | (residues 521-590) forms the shaft, domain II
(residues 406-520 and 591-602) forms the arrowhead, domain Il interacts with gp11 and
domain 1V binds to the STFs (Figure 8E & F).

The trimeric gpl1 has three domains (Figure 9F) [114]. The N-terminal domain (residues
12-64) is an a-helical, coiled coil structure, the middle or ‘finger’ domain (residues 80-188)
has a seven-stranded, antiparallel, skewed B-roll and an a-helix and the C-terminal domain
(residues 6579 and 189-218) consists of -structure with multiple intermonomeric contacts
for trimerization of the protein. The three fingers of gp11 clamp domain 111 of gp10 (Figure
8E & F). The kink in each STF is attached to the N-terminal domain and to one of the
fingers of gp11. Thus, gp11 is holding the kink of the STFs and thereby helping the STFs to
fold beneath the baseplate.

The STF protein, gp12, assembles as a 340 A-long, club-shaped trimeric molecule
[115,116]. The crystal structure of a fragment of gp12 (residues 85-527) forms a triple-f-
helix structure (Figure 9G). The interior of the gp12 B-helix is hydrophobic. Unlike most
STFs of other phages, T4 gp12 does not possess any enzymatic activity. Before infection,
the six STFs are folded underneath the baseplate (Figure 8C), but when the virus has found a
potential host, they unfold by straightening out at a bent region half way along their lengths
(Figure 8F).

The crystal structures of the dimeric proteins gp6 and gp8 are known (Figure 9A & B).
These proteins are near the center of the baseplate. The monomer of gp8 forms two domains,
domain | (residues 1-87 and 246-334) and domain Il (residues 88-245) [117]. The dimer of
gp8 resembles a four-legged structure. Six dimeric gp6 molecules form a ring, which serve
as the interaction interface between the neighboring wedges to form the hexagonal
baseplate. Thus, the gp6 molecules maintain the integrity of the baseplate during the
conformational change. A crystal structure of a part of gp6 shows that the C-terminal region
can be divided into three domains [118].

Some monomeric proteins probably help to cement the baseplate proteins together. In
particular, gp7 binds together the proteins in a wedge (Figure 8D & E), whereas gp53 and
gp25 bind to the intersection of the wedges.

* The cell-puncturing device

The cell-puncturing device terminates the distal end of the tail tube and is therefore
surrounded by the dome of the infectious virus (Figure 8C & D). This device acts not only
as a mechanical way of inserting the phage tail tube into the periplasmic space, but also
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contains three lysozyme domains for digesting the peptidoglycan layer within the
periplasmic space. The cell-puncturing device consists of three proteins, gp5, gp27 and
gp5.4. Both gp5 and gp27 are trimers forming a threefold symmetric prism-shaped structure
when viewed from the top and resembles a flash light when viewed from the side (Figure
9H) [111]. The gp27 consists of four domains. Domain 1 (residues 2-111) and domain 3
(residues 297-239 and 307-368) have homologous structures that form a pseudo-sixfold
symmetric trimeric torus. This structure binds to the inside of the dome-shaped base plate
and forms a link between the sixfold symmetric dome and threefold symmetric puncturing
device.

The gp5 component of the cell-puncturing device consists of three domains (Figure 9H).
The N-terminal region forms an oligosaccharide-binding domain (residues 1-129), which
interacts with gp27 to form the cylindrical “head” of the flash light structure. The middle
domain (residues 174-339) has lysozyme activity and a structure closely similar to hen egg
white lysozyme [119]. The function of this domain is to lyse the host’s periplasmic cell wall
during penetration of the bacterial cell wall barrier. Three middle domains, linked by two
long peptide linkers, surround the upper part of the trimeric -helix cylinder of the C-
terminal domain (residues 389-575). The gp5 lysozyme domain has the conserved residues
Glul84, Asp193, Thr199 at the active site that correspond to the ‘T4 lysozyme’ (Glull,
Asp20, Thr26), required for phage exit, as well as hen egg white lysozyme (Glu35, Asp52).
The C-terminal triple $-helix domain of gp5 contains 11 VXGXXXXX repeats that form a
cylindrical hollow tube with an internal diameter of 28 A and a length of 110 A. The gp5
molecules undergo a maturation cleavage between residues Ser351 and Ala 352 to activate
the lysozyme [120]. Both cleavage parts (gp5* and gp5C) remain attached by the C-terminal
linker. This process increases the enzymatic activity by a factor of 10 [121]. At the distal
end of the prism, there is bound an additional, needle-shaped protein that is probably gp5.4.
Based on its sequence homology to a protein in bacterial type VI secretion (T6SS) [122],
this protein is a monomer, containing a Zn atom at its end, coordinated by three histidines
and one cysteine. The T4 phage can therefore be likened to a drill, with gp5.4 at the drill
head that bores a hole into the outer cell membrane.

* Tail tube protein & sheath

Although the tail tube appears to have a smooth surface in most EM reconstructions, at an
elevated contour level, the cryoEM map of the tail tube can be segmented into individual
subunits [21]. The tail tube protein, gp19, is a monomeric protein in solution that assembles
into the 925 A-long tail tube (Figure 8B). The tube has a 90 A external and 40 A internal
diameter [21].

The sheath (Figure 10) around the tail tube consists of 23 hexameric rings of gp18 that
polymerize into a 240 A-wide and 925A-long, high-energy tube consisting of six right-
handed helices. Each ring is 40.6 A-high (the pitch) and is rotated by 17.2° (the twist) in a
right-handed manner relative to the previous ring (Figure 10D) [110]. This conformation of
the sheath collapses into the low energy form when the virus infects a host cell. During
infection, the baseplate changes its conformation from a dome shape to a star shape
structure. The sheath releases its energy, causing it to contract to a 330 A-wide and 420 A-
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long structure. The contracted tail sheath has six right-handed helices with a pitch of only
16.4 A and a twist angle of 32.9° situated between radii of 60 and 165 A [21]. Thus, the
phage head rotates by 345.4° about the tail axis to push the sharp tip of the tail, in the
manner of a drill, to penetrate the outer cell membrane.

The tail sheath protein, gp18 (659 residues) is a monomeric protein in solution. The crystal
structure of a major fragment (residues 1-510) of gp18 has been determined (Figure 10A)
[123]. The sheath protein has four domains: domain I (residues 98-188) is a six-stranded f3-
barrel and an a-helix, domain Il (residues 88-97 and 189-345) is a two-layer p-sandwich,
flanked by four small a-helices, domain 111 (residues 24-87 and 346-510) has a p-sheet with
five parallel and one antiparallel $-strands plus six a-helices surrounding the B-sheet and the
fourth domain (residues 511-659) whose structure has not yet been determined. The fourth
domain is positioned on the interior of the tail sheath, facing the tail tube, whereas domain |
is protruding outward from the tail with no intersubunit contact. The N-terminal domain I of
the first hexameric ring interacts with the baseplate proteins, gp48 and gp54 to initiate the
sheath polymerization.

The shape of the gp18 molecules is the same in both the preinfection extended conformation
and the postinfection contracted conformation, suggesting that the contraction occurs by
sliding of the individual gp18 domains over each other (Figure 10B).

* The tail tube & tail sheath terminators

The polymerized tail tube and sheath are capped by the terminator proteins gp3 and gp15,
respectively, to prevent depolymerization before the tail attaches to the head. Both gp3 and
gpl5 form hexameric rings that interact with the last row of gp19 and gp18 molecules. The
crystal structure of gp15 [124], but not gp3 has been determined (Figure 10A). Gp15 has a
four-stranded antiparallel B-sheet and an a-helix facing the inner side of the ring. The central
pore and the side surface of gp15 are negatively charged, whereas the top and the bottom
surfaces are positively charged. The top and bottom surfaces interact with gp14 and gp3
proteins, respectively. The interaction between gp15 and gp18 is different in the extended
and contracted (postinfection) conformations (Figure 10B). In the contracted tail, the
negatively charged side surface of the gp15 hexamer interacts with positively charged
surfaces of the C-terminal domains of the gp18 molecules. These interactions help to
maintain the integrity of the tail in its contracted form. The gp15 hexamer may have
undergone a conformational change during the infection process, which might be propagated
through gp14 and gp13, to the portal assembly to allow the release of the genomic DNA.

Long tail fibers collar & whiskers

The 1450 A-long LTFs consist of four different proteins, namely gp34, gp35, gp36 and gp37
(Figure 11A & B) [13]. The chaperon protein gp57A is required for the trimerization of
gp34 and gp37, whereas the chaperon protein gp38 is required for proper folding of gp37
[125]. The proximal half of the fiber is formed by gp34, which interacts with the adaptor
protein gp9 on the baseplate [112]. The monomeric gp35 forms the hinge or knee connecting
the proximal and distal parts of the LTFs. The proximal and distal half-fibers assemble
independently (Figure 1). Subsequently, the C-terminal part of gp36 binds to the N-terminal
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region of gp37 [126]. The distal part of the fiber is a trimer that can be divided by visual
inspection of EM images into 11 domains (D1-D11) (Figure 11B) [127]. Domains D1 and
D2 are a part of gp36 and D3-D11 are a part of gp37. The crystal structure of what had been
assigned by EM as domains D10 and D11 of gp37 (residues 811-1026) has been determined
(Figure 11C) [128]. This structure suggested that a more accurate description of this part of
gp37 was in terms of a collar, needle and head domain. The head domain sits at the tip of the
distal end and thus should be the T4 component that recognizes the receptor-binding site on
the host cell [129]. Since gp37 is known to bind to lipopolysaccharide, and as protein
saccharide interactions usually involve aromatic side chains, a series of Tyr and Trp residues
at the tip of gp37 might be important for host recognition. Sequence analysis shows that the
collar and needle domains are conserved among other phages, whereas the head domain has
diverged, suggesting that the host range specificity is determined by the head domain,
consistent with the head domain having the receptor recognition function.

The filled T4 head is attached to the tail via the neck proteins gp13 and gp14. Subsequently,
six 500 A-long, trimeric ‘whisker’ fibers (gpWac) are attached to the neck [130]. The
whiskers have a trimeric coiled coil structure known as “fibritin” (Figure 12A) [131,132].
The 50 amino acid residues at the N-terminus of gpWac bind to the neck region, whereas the
30 amino acid residues of the C-terminus are a chaperon that determines the proper
trimerization of the fibritin [131-135]. Six other fibers, also constructed of fibritin, form a
‘collar’ around the neck (Figure 12B & C) [130]. The whisker and collar fibers are attached
alternatively around the neck [124]. When the LTFs are retracted, the elbow regions of the
fibers interact with the whiskers and the distal part of the fibers interacts with the collar.

Fibritin and gp63 (RNA ligase) promote attachment of the LTFs to the phage. Mutational
studies showed that fibritin is also important in sensing the optimum environment for phage
infection. In unfavorable conditions, the LTFs would be retracted and interact with the
whiskers and collar, causing the proximal half of the LTFs to lie along the sheath and the
distal half of the LTFs to angle out along the base of the head, preventing infection [136].

Conclusion

The structure of bacteriophage T4 has been extensively studied using various techniques
such as complementation assays, cross-linking analyses, x-ray crystallography and cryoEM,
providing a structural model of phage T4 at near atomic resolution. Structural similarities
among phages as well as of T4 components with bacterial proteins, demonstrate common
evolutionary ancestry or co-evolution with bacterial hosts. For example, the ATP-binding
fold in the gp17 large terminase [137] is found in numerous situations that require an ATP-
driven motor [76], or the HK97 fold [138] forms the basic unit to construct virus capsids of
different sizes found among most tailed phages [31,139] and herpes viruses [140]. The T4
tail [111] is also found to resemble the bacterial type-V1 secretion system [122] in its
structural organization and function. Thus, the study of T4 and bacteriophages in general has
provided basic biological and mechanistic information because of the generally highly
conserved structural and functional themes over long evolutionary time spans.
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Future perspective

The basic knowledge derived from studying the structure and assembly of T4 as well as the
molecular mechanisms of its components could serve as the basis for adapting T4 toward
medical applications such as an antibiotic agent, gene therapy, vaccine development and
targeting of malfunctional cells. For instance, the T4 head could be engineered as a platform
for displaying proteins to act as vaccines for variety of pathogens [141-146]. The

ac

cumulated and emerging knowledge could open the possibility to manipulate T4 for

numerous medical applications.
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EXECUTIVE SUMMARY
T4 head structure

«  The 1150 A-long and 850 A-wide head consists of 155 hexameric capsid protein
gp23*, 11 pentameric vertex protein gp24*, a dodecameric portal protein gp20,
155 Hoc and 870 Soc proteins.

e The large terminase gp17 has an N-terminal ATPase domain for ATP hydrolysis
and DNA translocation, and a C-terminal translocation and nuclease domain.

e An electrostatic force-driven mechanism was proposed for DNA packaging.
Alternating tensed and relaxed conformational states generated through charge
attraction between the ATPase and nuclease domains of gp17 have been
proposed to pump the 172 kbp DNA into the head.

T4 tail structure

«  The tail tube protein gp19 polymerizes on the baseplate (520 A-diameter, 270
A-high) to form the tail tube, which is finally capped by the tail-tube terminator
protein gp3 hexamer. The gp18 polymerizes around the tail tube to form the
contractile sheath. The sheath assembly is finalized by attachment of a gp15
hexamer to the last row of gp18 and gp3.

e The cell-puncturing device consists of trimeric gp5-gp27 and monomeric gp5.4.
It functions in the manner of a drill to pierce the outer cell membrane followed
by lysis of the peptidoglycan layer located in the host’s periplasm.

» During infection, the baseplate transforms from a dome shape structure to a star
shape structure. The tail sheath contracts. The tail tube rotates by almost one
complete turn to drill through the host cell membrane and the genome packaged
inside the head passes through the tube into cytosol of the host cell.

Tail fiber structure, collar & whisker

«  Six 1450 A-long long tail fibers, each consisting of gp34, gp35, gp36 and gp37,
are bound to the baseplate. The C-terminal region of gp37 forms the receptor-
recognizing tip to each long tail fiber.

e Twelve fibritin molecules attach to the phage neck to form the collar and
whiskers. Fibritin molecules are sensors to recognize optimal conditions for
infection.

Conclusion

e Recent structural analyses provide more complete knowledge of T4
morphogenesis and elucidate some of the molecular mechanisms involved in the
T4 life cycle.

»  Conserved protein folds related to specific biological functions imply co-
evolution among different biological systems.
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Figure 1. Assembly pathway of bacteriophage T4
The assembly of T4 can be divided into three independent subassemblies: the head, the tail

and the long tail fibers. The tail binds to the head followed by attachment of the fibritin
protein at the neck region. Six long tail fibers then attach to form a viable T4 virion.
Adapted with permission from Figure 5 in [23]. © Cellular and Molecular Life Sciences
(2003), reprinted with permission from Springer Science and Business Media.
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Figure 2. The structure of the bacteriophage T4 head
The symmetry of the gp23* major capsid protein shell is characterized by triangulation

numbers Teng = 13 laevo and Tpyig = 20 (h; =3, ky = 1, hp =4 and ky = 2) [26,27]. The facet
triangles are shown in green and the basic triangles are shown in black. (A) Shaded surface
representation of the cryo-electron microscopy reconstruction viewed perpendicular to the
fivefold axis. gp23* is shown in blue, gp24* is in magenta, Soc is in white, Hoc is in yellow
and the tail is in green. (B) View of the reconstruction along the fivefold axis with the portal
vertex toward the observer; the tail has been cut away at the level shown by the black arrow
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in (A). Proteins are colored as described for (A). (C) Schematic representation of the
distribution of proteins in the elongated midsection facet. (D) Schematic representation of an
end-cap facet. Proteins are colored as described for (A) except the Soc molecules are shown
as gray rectangles. (E) A closer look of the distribution of proteins on the head.

Adapted with permission from [22]. © National Academy of Sciences, USA (2004).
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Figure 3. Crystal structure of the vertex protein gp24
(A) Ribbon diagrams show the structure of gp24 (upper) and HK97 capsid protein (lower).

Colors range from blue at the amino end to red at the carboxyl end of the polypeptides. The
P, A, and I domains, as well as the E and the N, are indicated. The linkers between the | and
P domains of gp24 are disordered in the crystal structure. (B) Ribbon drawing of a gp24*
pentamer determined by superimposing the gp24* crystal structure onto an HK97 pentamer.
Each of the five molecules is shown in a different color. The P, A and | domains are shown.
A: Axial; E: E-loop; I: Insertion; N: N-terminal domain; P: Peripheral.

Reproduced with permission from [31]. © National Academy of Sciences, USA (2005).
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Figure 4. T4 head assembly
The dodecameric portal vertex acts as an initiator of head assembly. The major capsid

protein assembles around a scaffolding core into a prohead. The core is removed by
proteolysis to produce an empty unexpanded prohead. (A) The packaging machine-DNA
complex docks on portal and initiates packaging. (B) The prohead expands after
approximately 10-25% of the DNA is packaged. (C) When the head is full, the packaging
machine cuts the DNA and dissociates from the head. (D) The neck proteins, gp13 and
gpl4, assemble on the portal to seal the DNA-full head. (E) The accessory proteins, Hoc and
Soc, bind to the head. The head is ready to be joined to the tail.

Adapted with permission from Springer Science and Business Media [65] and Figure 5 in
[23]. © Cellular and Molecular Life Sciences (2003).
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Nuclease domain :
20 A 5. Tl

Figure 5. Structure of the phage T4 DNA-packaging machine
(A) A model of B-form polyA-polyT DNA molecule is shown bound to the T4 gp17 large

terminase in the packaging mode. The N-terminal subdomain I is shown in green, the
subdomain Il is shown in yellow and the C-terminal domain is shown in cyan. The dashed
box indicates potential interactions between the gp17 molecule and the DNA. (B) Structure
of the dodecameric SPP1 portal (red) (based on the crystal structure of the 13-mer) and
crystal structure of T4 gp17 were fitted into the T4 procapsid-gp17 complex cryo-electron
microscopy density.

Adapted with permission from Elsevier [73]. © Cell (2008).
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Figure 6. The DNA-packaging mechanism
Panels (A-D) relate to the sequence of events that occur in a single gp17 molecule. The

gp17 N-terminal subdomain I, subdomain Il and C-terminal domain are represented as
green, yellow and cyan ovals, respectively. The five-pointed stars show the charge
interactions between the N-terminal subdomain I and the C-terminal domain. The four-
pointed stars show the charge interaction between the N-terminal subdomain Il and the C-
terminal domain. The flexible linker between N- and C-terminal domains is represented by a
wiggly cyan line. (A) The gp17 C-terminal domain is ready to bind DNA. (B) The C-
terminal domain, when bound to the DNA, brings the DNA closer to the N-terminal domain
of the same subunit. Conformational change in the N-terminal domain causes Arg162 to be
placed into the ATPase active center in preparation for hydrolysis. (C) Hydrolysis of ATP
has rotated the N-terminal subdomain Il by approximately 6°, thereby aligning the charge
pairs resulting in an electrostatic attraction that moves the C-terminal domain and the DNA
6.8 A (equivalent to the distance between two basepairs) closer to the N-terminal domain
and into the capsid. (D) ADP and Pi are released and the C-terminal domain returns to its
original position. DNA is released and is aligned to bind the C-terminal domain of the
neighboring subunit. (E) This panel relates to the synchronization of the five gp17
molecules located around the special vertex of the procapsid. Successive DNA base pairs are
indicated by yellow arrows outside the procapsid, red entering the procapsid, and white
inside the procapsid. The surrounding five gp17 molecules are shown as stars. The red star
represents gpl7-ATPase-hydrolyzing ATP, the blue star represents ATPase that is ready to
hydrolyze ATP and the white star represents ATPase that has already hydrolyzed ATP. Left:
Hydrolysis of ATP at position 1 translocating two base pairs into the procapsid. Middle:
Hydrolysis of ATP at position 3 causing the translocation of further two base pairs into the
procapsid. Right: The ATP at the position 5 is ready to be hydrolyzed. (F) The central
section of the reconstructed cryo-electron microscopy density map viewed from a direction,
perpendicular to the fivefold axis. The concentric layers beneath the outer capsid shell are
attributed to the densely packaged dsDNA. The spacing between successive layers is
approximately 25 A. The high-density region in the capsid interior next to the portal vertex
is attributed to the gp20 connector and is enlarged in the Inset.
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(A-E) Adapted with permission from Elsevier [73], © Cell (2008); and (F) adapted with
permission from [22], © National Academy of Sciences, USA (2004).
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Figure 7. Assembly of the tail
(A) The assembly of a wedge. (B) Six wedges surround the central hub to form a baseplate.

(C) A baseplate serves as the platform for polymerization of tail tube and tail sheath. A tail
is completed after capping of the tail terminator proteins.
Adapted with permission from [102].
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Figure 8. CryoEM reconstructions of the T4 tail and baseplate
The tail in an extended (A) and a contracted (B) conformation. (C) The baseplate and

proximal part of the tail tube. Colors identity proteins labeled with their respective gene
numbers, as shown on the right-hand side. (D) Cross-section view of the baseplate. Structure
of the baseplate periphery of the baseplate in the dome shape (E) and the star shape (F)
conformations.

(A) Adapted with permission from [110] © Nature Publishing Group (2005); (B, E & F)
adapted with permission from Elsevier [21], © (2004); (C & D) adapted with permission
from [20] © Nature Publishing Group.
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Figure 9. Crystal structures of the tail proteins
(A, B, D & E) are the wedge proteins. (C) is the adaptor of long tail fiber. (F) is the adaptor

of short tail fiber. (G) is the short tail fiber. (H) is the cell-puncturing device. The asterisk
(*) after the protein name denotes that the crystal structure is available for the C-terminal
fragment of the protein. Residue numbers comprising the solved structure are given in
parentheses.

(A-C, E-G) Adapted with permission from [102]; and (H) adapted with permission from
[111], © Nature Publishing Group (2002).
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Figure 10. Crystal structures of gp18 and gp15
(A) Ribbon diagrams of gp18M and gp15 monomers. The three domains of gp18M are

shown in blue (domain 1), olive green (domain Il) and orange red (domain 111); the B-hairpin
(residues 454-470) and the last 14 C-terminal residues are shown in cyan. Gp15 represented
in rainbow color running from N terminus (blue) to C terminus (red). The broken lines
indicate protein regions that are disordered in the crystals. (B) Relative positions of the gp15
and gp18 molecules in the extended and contracted T4 tails, viewed from the side (upper)
and from the top (lower) of the phage. A model of the entire gp18 molecule was created
based on the crystal structure of gp18M and the prophage tail sheath protein LIN1278. The
models of gp18 molecules belonging to the topmost ring of the contractile sheath are shown
in green. The gp15 hexamer is shown in red. (C) The gp15 and gp18 molecules are fitted
into the cryo-electron microscopy reconstructions of the extended and contracted tails. (D) A
helical strand of gp18 in the extended (green) and contracted (brown) tail. The hexagonal
baseplate, tail tube, whiskers and collar are shown in gray-blue.

The left-hand side of (A) adapted with permission from John Wiley and Sons [123], ©
European Molecular Biology Organization (2009); (A [right-hand side], B & C) adapted
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with permission from Elsevier [124], © (2013); and (D) adapted with permission from
[110], © Nature Publishing Group (2005).
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Figure 11. T4 long tail fiber
(A) Image of a long tail fiber. (B) Domain organization of the long tail fiber. Domains of the

proximal tail fiber are named P1-5 and of the distal half D1-11; gp35, or the KC is
represented as a green triangle. Crystal structure of D10 and D11 (box) has been determined.
(C) Structure of gp37 (residues 785-1026). Three chains in the trimeric protein are colored
red, green and blue, respectively, whereas iron ions are shown in yellow. The N- and C-
termini and every 10th residue of chain A are labeled.

KC: Knee cap.

(A) Adapted with permission from Elsevier [127], © Elsevier (1996); (B) adapted with
permission from [102] and (C) adapted with permission from National Academy of
Sciences, USA [128].
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Figure 12. Structure of the collar and whiskers
(A) Crystal structure of N-terminal and C-terminal domains of the fibritin molecule. (B)

Side view of the cryo-electron microscopy reconstruction of the contracted T4 tail. The
baseplate, tail sheath and tail tube are colored magenta, green and gray, respectively. The
phage whiskers are colored gold. Only parts of the whiskers are visible in the reconstruction
because of their flexibility. (C) Top view of the collar and whisker structure. Surfaces of six
different fibritin molecules forming the phage collar are colored green, cyan, gray, magenta,
blue and red. The black circles show the positions where the retracted long tail fibers
interact with the collar (in virus with extended tails).

(A) Adapted with permission from Elsevier [133] © Elsevier (2004); and (B & C) adapted
with permission from Elsevier [124] © Elsevier (2013).
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