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Abstract
Bacteriophage T4 initially recognizes its host cells using its long tail fibers. Long tail fibers consist of a phage-proximal and a
phage-distal rod, each around 80 nm long and attached to each other at a slight angle. The phage-proximal rod is formed by a
homo-trimer of gene product 34 (gp34) and is attached to the phage-distal rod by a monomer of gp35. The phage-distal rod
consists of two protein trimers: a trimer of gp36, attached to gp35, although most of the phage-distal rod, including the receptor-
binding domain, is formed by a trimer of gp37. In this review, we discuss what is known about the detailed structure and function
of the different long tail fiber domains. Partial crystal structures of gp34 and gp37 have revealed the presence of new protein
folds, some of which are present in several repeats, while others are apparently unique. Gp38, a phage chaperone protein
necessary for folding of gp37, is thought to act on an α-helical coiled-coil region in gp37. Future studies should reveal the
remaining structure of the long tail fibers, how they assemble into a functional unit, and how the long tail fibers trigger the
infection process after successful recognition of a suitable host bacterium.
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Introduction

In the extracellular state bacteriophages, similar to all viruses,
consist of at least a protein capsid surrounding a nucleic acid
genome (Prasad and Schmid 2012). The Caudovirales, the
tailed bacteriophages, have a double-stranded DNA contain-
ing icosahedral or prolate head (Ackermann 2003). One of the
vertices of the head is unique and sports a tail, a protein struc-
ture that functions at the beginning of the infection process.
Tails define Caudovirales families and may be short
(Podoviridae), long and flexible (Siphoviridae), or medium

in length, rigid and contractile—shortening to extend an inner
tube through the outer layers of the bacterial cell to provide an
entry tube for the genome—(Myoviridae). The tails of many of
the Myoviridae have two sets of receptor binding proteins at
the distal end of the tail (Goldberg et al. 1994). The short tail
fibers are an integral part of the baseplate (the end of the tail)
and trigger the tail’s contraction after binding to the host cell
(Leiman et al. 2004; Taylor et al. 2016). Long tail fibers (LTFs)
are also attached to the tail but act before the short tail fibers,
binding to the host cell and orienting the phage so that the short
tail fibers are deployed correctly (Crawford and Goldberg
1980; Goldberg et al. 1994). The binding of the long tail fibers
may also support subsequent triggering of the baseplate.

For bacteriophage T4, a member of theMyoviridae family,
many of the details of the infection process have been previ-
ously described (Wood and Crowther 1983; Goldberg et al.
1994; Leiman et al. 2004; Hu et al. 2015; Taylor et al. 2016).
In the free state, the long tail fibers of T4 are folded upwards
against the tail, neck, and head domains, although, under fa-
vorable conditions for infection, an LTF can be released from
the neck and head and probe the surroundings for a suitable
host receptor site (lipopolysaccharide and/or OmpC). If a po-
tential site is found, two-dimensional diffusion of the phage on
the cell surface occurs until a second, then a third and up to six
LTFs bind to the cell surface. If three or more LTFs bind to the
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host, the encountered cell is very likely to be a suitable repli-
cation host, and a signal is transferred, possibly through dif-
ferential sampling of the angles at which the LTF attaches to
the baseplate. The baseplate then changes conformation from
the hexagonal conformation to the star-conformation and the
short tail fibers extend, releasing their carboxy-terminal ends
to bind tightly to the core region of the host LPS. The outer tail
sheath now contracts, driving the inner tail tube through the
bacterial outer membrane and periplasm, allowing the end of
the inner tube to interact with the bacterial inner membrane.
Phage DNA is then ejected into the bacterial cytoplasm, safe
from periplasmic nucleases and primed to direct the synthesis
of new phage particles.

Structurally, the LTFs of bacteriophage T4 are unusual pro-
tein complexes. In their final assembled form, they consist of
two ~ 80-nm rods, joined end-to-end at a fixed angle of around
160°. LTFs are only 3–5 nm in diameter. During infection,
LTFs are assembled independently of the rest of the capsid
and then attached to the end of the tail (Wood and Bishop
1973). Before being joined to the tail, the bent rods have a
small knob at the end that will attach to the tail and taper to a
thinner structure at the distal end (Ward et al. 1970). This thin
end, usually described as the needle tip, contains the receptor
binding sequences of the LTF. This was first shown by elec-
tron microscopy of T2 and T4 phages infecting Escherichia
coli (Simon and Anderson 1967).

The low-resolution structure of the LTFs and their assem-
bly have been extensively reviewed (Bishop et al. 1974;Wood
and Crowther 1983; Goldberg et al. 1994; Leiman et al. 2004).
The final assembled LTF is composed of a total of ten pro-
teins, the products of four genes. The products of genes 34, 36,
and 37 are each present as homo-trimers along with a mono-
meric copy of the gene 35 protein (Cerritelli et al. 1996). The
product from gene 57 is a chaperone needed for correct as-
sembly of gp34 and 37 trimers, but is not part of the final
assembled complex. Additionally, the gene 38 protein is nec-
essary for folding of the glycoprotein 37 (gp37) monomers
and is also not part of the final LTF, although in many related
phages it does remain attached to the end of the fiber and acts
as the receptor-binding protein. The product of gene 63 im-
proves the efficiency of attachment of the assembled tail fibers
to the tail, but it is not absolutely required for attachment. A
series of serological, genetic, and protein isolation experi-
ments (see reviews cited in preceding text) demonstrated that
the gene 34 and gene 37 products assemble independently into
homo-trimeric gp34 and gp37 complexes, respectively. The
gene 36 proteins assemble on the gp37 complex to form a
gp36–gp37 complex. Then the gene 35 protein joins to the
gp36 complex free end to form a gp35–gp36–gp37 complex
that is usually described as the distal half fiber. The homo-
trimer of gp34 is the proximal half fiber (proximal and distal
are in relation to the final assembled LTF relative to the tail),
and it attaches to the gp35–gp36–gp37 complex to form the

complete LTF, which then can join to the tail with the aid of
the gene 63 product.

The long, thin, final assembled structure shown in Fig. 1
also reflects a somewhat linear arrangement of the proteins
within the LTF. That is, the proteins (probably except for the
gene 35 protein) are arranged in trimers whose N-termini are
together at one end of the assembly and whose C-termini are at
the other end. Thus, the N-termini of the gp34 trimers attach to
the tails while the C-termini bind to the gene 35 protein.
Likewise, the N-termini of the gp36 trimers bind to gene 35
proteins while the C-termini of the gp36 complexes bind to the
N-termini of gp37 trimers. Finally, the C-termini of gp37 tri-
mers contain the receptor-binding amino acid (aa) sequences
for binding to the host bacterium. These binding amino acid
sequences at the termini are highly conserved between related
phages, but amino acid sequences of the central regions
(which presumably correspond to much of the length of the
tail fiber, i.e., the rod regions) are not conserved (Riede et al.
1985; Hyman and Harrah 2014), which is somewhat surpris-
ing given that the tail fibers of related bacteriophages have the
same basic assembled structure of long, thin, bent rods.

The studies cited above led to the simple model of the
long tail fiber structure shown in Fig. 1, with distinct
functional domains needed for assembly. Because of the
large size and simple linear structure of the assembled
tail fiber, crystallizing whole tail fibers has proved
challenging, although some fragments of tail fiber
proteins have been assembled, crystallized, and their
structures solved. For other domains, mutant and other
analysis supports specific functional roles for particular
domains. In this review, we discuss current knowledge
on the different functional domains of this protein
complex. In discussing these structures the word
domain will be used in two distinct ways. Functional
domains will be identified by descriptions detailed
above and by specific amino acid residues when known
from solved structures. However, a second use of the
term domain comes from the work of Cerritelli et al.
(1996) who studied the overall structure of the long tail
fibers by electron microscopy. Using scanning transmis-
sion electron microscopy mass mapping and other tech-
niques, they divided the long tail fiber into 17 mass
domains. As shown in Fig. 1b, these include five in the
proximal tail fiber [P1 (baseplate attachment)–P5 (gp35
binding)]; a single knee-cap domain (essentially the gp
35 protein joined to the proximal and distal tail fibers);
and 11 distal tail fiber domains [D1 (gp36–gp35 bind-
ing)–D11 (gp37 needle tip end)]. These mass domains
approximately correspond to thicker and thinner regions
of the tail fiber and, as we now know from analysis of
partial structures, correspond to varying changes in struc-
tural motifs. We will use the mass domain designations
in the following sections as well.
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The gp37 tip and collar domains

For crystallographic studies, a C-terminal fragment of a gp37
trimer containing domains D9, D10, and D11 was produced
by co-expression with the two chaperone proteins gp57 and
gp38 (Bartual et al. 2010a). Controlled proteolysis yielded a
protein consisting of the D10 and D11 domains (residues of
811–1026 of the 1026-aa protein), which was crystallized and
the structure solved (Bartual et al. 2010b).

The 20-nm-long structure (PDB ID 2XGF) clearly exhib-
ited the D10 and D11 domains in the expected overall shape,
as revealed by Cerritelli et al. (1996), while the detailed folds
revealed some surprises (Fig. 2). The D10 domain is formed
by amino acids 811–881 and 1010–1026. Eachmonomer con-
tains a small β-sandwich of antiparallel sheets with anα-helix
inserted into a loop of the outside β-sheet. The three inner
sheets provide the trimer interactions. The same fold had been
observed before in the T4 baseplate proteins gp10, gp11, and

Fig. 1 Domainal organization of the bacteriophage T4 long tail fiber. a
Outline of the bacteriophage T4 long tail fiber (LTF), composed of gene
products (gp)34–gp37. The proximal tail fiber is on the left and the distal
tail fiber is on the right, as in the marked tail fiber in the whole phage
drawing. Lines indicate approximate borders between the four proteins. b
Domainal and protein functional correspondence for the LTF. Protein
locations are indicated above the outline and the functional domains are
indicated under the outline. Mass domain names are shown for the
proximal half-fiber (P1–P5), the knee-cap (KC), and the distal half-fiber

(D1–D11), and refer to the mass domains identified by Cerritelli et al.
(1996). The correspondence between the functional and mass domains as
well as the position of the mass domains is approximate. c Detailed
positions of functional domains, with the numbers after each function
description indicating the amino acid (aa) residues in that protein for that
domain when known. Amino (N) and carboxy (C) ends of gp34, gp36,
and gp37 are indicated. There is no corresponding information for gp35.
The two deletions mentioned in the text in the central rod region of gp37
are also shown
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gp12 and has been named the collar domain (Leiman et al.
2000; van Raaij et al. 2001; Leiman et al. 2006).

Next to the collar domain is a small entwined region that
completes the D10 domain. The C-terminus of each gp37 is
folded back into the D10 domain, making the D11 needle
domain an insertion into the D10 domain, projecting out-
wards. In gp12, a similar insertion is present, although not in
the shape of a needle. Instead, the insertion has a globular
shape and consists of intertwined strands and a single central
metal ion (PDB ID 1OCY; Thomassen et al. 2003). The base-
plate gp10 also has an insertion in the same place, which
forms a 6-nm long shaft domain (PDB ID 2FKK; Leiman
et al. 2006). In gp11, there is an insertion in a different loop,
pointing to the side (PDB ID 1EL6; Leiman et al. 2000).

D11 is an elongated structure in which almost all amino
acids are in an extended conformation. Residues 882–931 and
960–1009 form the needle domain. Inward-facing histidine
residues coordinate seven iron ions in the needle domain, of
which the ones coordinating Fe1, Fe5, and Fe7 are located in
the forward strand and the ones coordinating Fe2, Fe3, Fe4,
and Fe6 are in the reverse strand. These histidines are part of
HXH motifs. At the end of the needle domain, and thus of the
gp37 trimer and the LTF, is a small head domain formed by
residues 932–959. Except for the head domain, the sequences
of the D10 and D11 domain are conserved in other phages
(like lambda), suggesting they have a structurally conserved
end to their LTF, but with a different receptor-binding func-
tion. Interestingly, the lambda side tail fiber has two small
inserts in the needle domain, one in the forward strand and
another in the reverse strand, and the latter contains an extra
HXH motif, suggesting it may bind eight iron ions instead of
seven (Bartual et al. 2010b).

The coiled-coil α-helical segment: site of gp38
activity

The normal assembly process of gp37 trimers requires the
products of both genes 57 and 38, neither of which are found
in the assembled LTF. In 1976, Bishop and Wood (1976) de-
scribed a suppressor mutation of gene 38 double amber muta-
tions that could assemble LTFs normally, albeit at reduced ef-
ficiency, at 25 °C but not 42 °C. The suppressor mutation,
designated ts3813, was later mapped to the carboxyl end of
gene 37 (Snyder and Wood 1989). When sequenced, ts3813
was found to be a 21-bp duplication (Hashemolhosseini et al.
1994). Hashemolhosseini and colleagues proposed that this
extended sequence substituted for the action of the gene 38
product in initiating gp37 trimer assembly. Edward Goldberg
(personal communication) later noticed that the duplicated pro-
tein sequence had a coiled-coil α-helix motif, a motif that com-
monly aligns proteins in multimeric complexes (Branden and
Tooze 1999). Cerritelli et al. (1996) had noted the potential of a
coiled-coil α-helix motif in the wild-type gene 37 protein but
did not connect this with the ts3813 extension. Goldberg’s ob-
servation suggested that the region, supported or stabilized by
the gene 38 product, functioned to align the three copies of
gp37 to begin forming the assembled gp37 portion of the distal
tail fiber.

To test this possibility, Goldberg and colleagues (including
one of this review’s authors, PH) constructed phage contain-
ing even longer duplications of the putative coiled-coil α-he-
lix (Qu et al. 2004). These motifs consist of a minimal amino
acid heptad which forms two turns of an α-helix. The wild-
type gene 37 protein contains two heptads at amino acids 795–
809, and the ts3813 mutant has three heptads. The engineered

Fig. 2 Structure of the phage T4 LTF tip. a Side view of a ribbon
representation of the gp37 trimer fragment containing the D10 and D11
domains. The three chains of the protein homo-trimer are in green, red,
and blue, respectively. The iron ions are shown as orange balls, and the
histidine side chains coordinating them are visualized. Residues forming
the approximate domain boundaries are labeled. b End-on view of the

receptor-binding head domain in which the interweaving of the three
chains is clearly visible. Molecular graphics images were produced using
the UCSF Chimera package from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San
Francisco (supported by NIH P41 RR-01081) (Pettersen et al. 2004)
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mutants had four and five heptads. As predicted, the four- and
five-heptad mutants were able to grow at temperatures up to
50 °C without a functional gene 38 protein, supporting the
hypothesis that the coiled-coil α-helix was the site of action
of the gene 38 protein in gp37 assembly initiation.

One question suggested by this is why the phage would
have maintained a requirement for the gene 38 protein rather
than extending the coiled-coil region? There are several pos-
sibilities. First, direct DNA duplications are not stable in the
bacteriophage T4 genome. During the work under discussion,
spontaneous mutations that removed part of the duplication
were identified. Bacteriophage T4 uses recombination as one
mode of DNA replication initiation, so it is not surprising that
duplications might be rapidly removed (Kreuzer and Morrical
1994). Second, longer exact duplicates of the coiled-coil α-
helix may misalign, interfering with efficient assembly of the
gp37 trimer. Third, longer coiled-coil α-helices may be too
stable for efficient assembly. In the bacteriophage T4 gene 37
protein, the two coiled-coilα-helix heptads are found at amino
acids 795–809. These amino acids are located just amino-
terminal of the collar domain, between the wider rod region
of gp37 and the collar domain and corresponding to the thin
part between the D9 and D10 domains observed by Cerritelli
et al. (1996). Duplications might extend this thin segment,
perhaps making the fiber more sensitive to proteases or ren-
dering it too flexible at this site.

The central part of the distal rod region

The structure of the central rod of the assembled gp37 has not
been determined experimentally, but it is likely to function as a
stiff rod. Between residues 88 and 104 there is a partial repe-
tition of a repeat that is also present six times in gp12 and ten
times in gp34 (Cerritelli et al. 1996; van Raaij et al. 2001;
Taylor et al. 2016; see section The phage-proximal rod:
gp34). As in the gp12 and gp34 complexes, this partial repeat
likely forms a β-strand interacting with its homologs from the
other two monomers. However, in gp12 and gp34, most of the
repeats are longer, as described by Granell et al. (2017). The
extra parts of these repeats are not conserved in gp37.

Residues 483–738 show homology to residues 968–1196
of gp34 and can be aligned with 28% identities and 42%
similarities (BLAST-P). In gp34, these residues form the sec-
ond part of the P3 domain, a stretch of triple β-helix, the P4
domain, another stretch of triple β-helix, and part of the P5
domain (Granell et al. 2017; see also section The phage-
proximal rod: gp34). According to Cerritelli et al. (1996),
residues 483–738 of gp37 are in the D7, D8, and D9 domains;
it is therefore likely that the D7, D8, and D9 domains of the
LTFs resemble their P3, P4, and P5 domains, including the
triple β-helix regions that connect them. This, in turn,

suggests that gp34 and gp37 may have resulted from a gene
duplication event in the evolution of T4-like phages.

The gp36 assembly/binding sequences

The amino end of the gp37 protein trimer binds to the carbox-
yl end of the P36 trimer. The overall structure of the LTF does
not show an obvious joint. The joint is not covalent since
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis of whole phage and of LTFs separates the proteins
into distinct bands (King and Laemmli 1971; Earnshaw et al.
1979). However, electron microscopy of whole phage and
purified phage tail fibers shows a consistently straight rod in
this region, suggesting a rigid joining, with no or very little
flexibility.

The amino acid sequence of the amino end of the gene 37
protein is highly conserved (as is the corresponding carboxyl
end of the gene 36 protein). Figure 3 shows the results of a
BLAST-P search using the 60-aa end of the gene 37 protein.
This sequence is aligned with the first 37 sequences from the
named bacteriophages [matches to Bhypothetical phage
protein^ and bacterial genome sequences (presumably pro-
phage sequences) were excluded]. Of those 60 amino acids,
40 (67%)were invariant andmany of the others had conserved
changes (e.g., leucine and isoleucine at amino acid I38 in the
T4 sequence). No position had more than four different amino
acids. Overall, this suggests an interaction structure that has
very specific interactions between the gene 36 and 37 proteins
to form this joint. It is tempting to speculate that this lack of
variability suggests some type of rigid intertwining of both
proteins into a rigid joint, but there is, to date, no structural
data to support this.

Beyond these 60 amino acids, there is little sequence ho-
mology. As discussed above, the central rod region is highly
variable in terms of sequence. There appears to be little inter-
action between the binding domain end and the central rod
region, a notion supported by the isolation of two partial spon-
taneous deletion mutants of the central rod region. The first
one identified, 37SΔ1, has a 346-aa deletion, with the deletion
beginning at amino acid D73, just 13 amino acids past the end
of the conserved region (Fig. 1c). The tail fibers with the
37SΔ1 deletion appear to function normally (Hyman et al.
2002). A second deletion mutant, 37SΔ2, with a 369-aa de-
letion beginning at A175, has also been isolated. Although it is
not as well characterized, the 37SΔ2 phages appear to grow
normally as well. The lack of obvious phenotype by these
deletions, each approximately one-third of the complete
1026-aa gene 37 protein, suggest that the upstream and down-
stream parts of the protein (the 36 binding domain upstream
and downstream, the collar, assembly initiation domain, and
receptor binding domain) function independently.
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The junction-binding region of the distal rod,
gp36

The top part of the distal rod is formed by a homo-trimer of
gp36, a relatively small protein of 221 residues per monomer.
Bio-informatic analysis suggests it does not contain coiled-
coil regions and has predominantly a β-structure. Analysis
using HHpred (Alva et al. 2016) only predicts similarity for
residues 35–61 of gp36 with residues 1234–1250 of gp34. In
gp34, these residues are located at the junction of the P5 do-
main and the C-terminal β-helical region, consisting of a long
loop and a short α-helix (Fig. 4; Granell et al. 2017). The α-
helices of the three monomers face each other sideways in the
gp34 structure, forming a ring with a hydrophobic interior.
This similarity, albeit in a short sequence stretch, between
the C-terminal part of gp34 and the N-terminal part of gp36,
suggests that gp35 may bind both parts in a similar way. Apart
from this, no sequence similarity to other trimericβ-structured
fiber proteins is apparent. Therefore, the rest of the protein
may well contain a new fold.

The junction, gp35

The knee-cap protein, gp35, is a 372-aa protein for which no
structural information is available. In contrast to the other three
structural proteins of the LTF, it is present as a monomer, and it
may well be the protein that induces the fixed-angle bend be-
tween the proximal and distal rod regions. An analysis using
HHpred suggests the notion that the protein may consist of two
carbohydrate-binding domains. Residues 19–178 show homol-
ogy to PDB entry 5GGN, the N-terminal domain of human
protein O-mannose β-1,2-N-acetylglucosaminyltransferase
(Kuwabara et al. 2016), and residues 228–344 show homology
to PDB entry 4XUP, the N-terminal CBM22-1–CBM22-2 tan-
dem domain from the Paenibacillus barcinonensisXYN10CM
protein (Sainz-Polo et al. 2015). The two carbohydrate-binding
domains may have evolved to bind the gp34 and gp36 proteins
instead of carbohydrates, although it is not known which do-
main of gp35 binds which protein. The short stretch of putative
structural similarity between the N-terminal residues of gp36
and the C-terminal residues of gp34 suggest that these are

                                       ************* ** **: : ************: :***** * :*:*.:  ** :.*

Enterobacteria_phage_T4                   MATLKQIQFKRSKIAGTRPAASVLAEGELAINLKDRTIFTKDDSGNIIDLGFAKGGQVDG
Escherichia_phage_slur14                  MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRTIFTKDDSGNIIDLGIAKGGQIDG
Escherichia_phage_vB_EcoM-UFV13           MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRTIFTKDDSGNIIDLGIAKGGQIDG
Escherichia_phage_ime09                   MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRTIFTKDDSGNIIDLGIAKGGQIDG
Shigella_phage_Shfl2                      MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRTIFTKDDSGNIIDLGIAKGGQIDG
Escherichia_coli_O157_typing_phage_7      MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_wV7                     MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_HY03                    MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_vB_EcoM_112             MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Enterobacteria_phage_RB27                 MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Enterobacteria_phage_PP01                 MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_AR1                     MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_phiE142                 MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Shigella_phage_Shf125875                  MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Shigella_phage_SH7                        MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Enterobacteria_phage_Ac3                  MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_phiC120                 MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_PE37                    MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Enterobacteria_phage_RB69                 MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Enterobacteria_phage_RB51                 MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_vB_EcoM_PhAPEC2         MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_PEC04                   MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRVLFTKDDQGNIIDLGFAKGGSIDG
Escherichia_phage_vB_EcoM_VR26            MATLKQIQFKRSKIAGVRPTPTVLAEGELAINLKDRLLFTKDDTGAIIDLGFAKGGNIDG
Escherichia_phage_QL01                    MATLKQIQFKRSKVAGVRPAPAQLAEGELAINLKDRLLFTKDDTGAIIDLGFAKGGNIDG
Escherichia_phage_APCEc01                 MATLKQIQFKRSKTAGARPAASVLAEGELAINLKDRTLFTKDDSGNIIDLSISAGGNISG
Shigella_phage_SHBML-50-1                 MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDRTLFTKDDSGNIIDLSITAGGNISG
Enterobacteria_phage_vB_EcoM_VR5          MATLKQIQFKRSKVAGVRPTPAQLAEGELAINLKDRLLFTKDDSGAIIDLGFAKGGNIDG
Escherichia_phage_WG01                    MATLKQIQFKRSKVAGVRPAPAQLAEGELAINLKDRLLFTKDDTGAIIDLGFAKGGNIDG
Enterobacteria_phage_KEP10                MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDKTIFTKDDSGSVIELGLKYGGTIDG
Yersinia_phage_PST                        MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDKTIFTKDDSGSVIELGLKYGGTIDG
Enterobacteria_phage_RB14                 MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDKTIFTKDDSGSVIELGLKYGGTIDG
Enterobacteria_phage_RB32                 MATLKQIQFKRSKIAGQRPAASVLAEGELAINLKDKTIFTKDDSGSVIELGLKYGGTING
Enterobacteria_phage_JS10                 MATLKQIQFKRSKVAGVRPTPAQLAEGELAINLKDRLLFTKDDTGAIIDLGFAKGGNIDG
Escherichia_phage_YUEEL01                 MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDKTIFTKDDSGSVIELGLKYGGTIDG
Escherichia_phage_MX01                    MATLKQIQFKRSKVAGVRPTPAQLAEGELAINLKDRLLFTKDDTGAIIDLGFAKGGNIDG
Enterobacteria_phage_T6                   MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDKTIFTKDDSGSVIELGLKYGGTIDG
Escherichia_phage_JS98                    MATLKQIQFKRSKVAGVRPTPAQLAEGELAINLKDRLLFTKDDTGAIIDLGFAKGGNIDG
Enterobacteria_phage_RB3                  MATLKQIQFKRSKTAGQRPAASVLAEGELAINLKDKTIFTKDDSGSVIELGLKYGGTIDG

Fig. 3 Alignment of the first 60
amino acids of gp37 with other
bacteriophage equivalent proteins
as identified by BLAST-P.
Asterisks indicate positions that
are identical in all sequences,
black highlighting indicates the
amino acid that is present in
≥50% of the sequences, gray
highlighting indicates conserved
substitutions in >50% of the
sequences (Henikoff and
Henikoff 1992; Riek et al. 2007)

Fig. 4 Structure of the proximal rod of the phage T4 LTF. Side view of a ribbon representation of the gp34 fragment containing part of the P2 and the
whole P3, P4, and P5 domains. The three chains of the protein homo-trimer are in green, red, and blue. Residues mentioned in the text are labeled
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possible gp35 binding sites. In each case, the gp35 domains
may envelop the end of more than one of the gp34 and gp36
monomers, respectively, preventing the binding of more copies
of gp35.

The phage-proximal rod: gp34

The proximal rod of the LTFs consists of a homo-trimer of the
gp34 protein, which contains 1289 amino acids per monomer.
The N-terminal P1 domain of the homo-trimer has a barrel
shape and is predicted to contain around 400 residues from
each of the three monomers. It is this domain that binds to the
gp9 trimer on the outer ring of the baseplate (Taylor et al.
2016), although the molecular details of this interaction are
currently unknown. HHpred analysis suggests that this do-
main may have structural homology to the N-terminal part
of another T4 baseplate protein, gp10. Residues 96–291 of
gp34 are aligned with residues 49–289 of gp10. In gp10, these
residues form two β-sandwich domains, the first of which
associates laterally with two equivalent β-sandwiches from
two other monomers to form a trimeric structure. The second
β-sandwich domain also forms a trimeric structure with two
equivalent domains, but longitudinally. In the baseplate, there
is a bend between these domains of gp10, while in gp34 they
are more likely to be stacked straight on top of each other,
probably without flexibility between them.

Unfolding experiments suggest that the C-terminal
part of gp34 is important for folding (Granell et al.
2014), which is also true for other viral fiber proteins
(van Raaij and Mitraki 2004). High-resolution crystal
structures of C-terminal parts of gp34 revealed that res-
idues 744–876 contain three of the repeats that are also
present in gp12 (Cerritelli et al. 1996; van Raaij et al.
2001; Taylor et al. 2016; Fig. 4). Each of the repeats
contains three central α-helices preceded by intertwined
loops. Seven more of these repeats are likely present,
starting at residue 438 (Granell et al. 2017). Together,
the ten repeats make up the P2 domain of gp34. C-
terminal to the repeat region (closer to the knee-cap),
amino acids 877–900 form a triple-helical region follow-
ed by two turns.

The C-terminal part of the structure of gp34 trimers (resi-
dues 901–1270) is a long triple β-helix that is interspersed
with three tower domains, i.e., P3, P4, and P5 (Granell et al.
2017). The cores of the tower domains are three anti-parallel
β-sheets, one contributed by each of the three monomers, and
these sheets are also present in other bacteriophage receptor-
binding proteins (Koc et al. 2016). The P4 tower domain is
decorated with short loops, while the loops of the P3 tower
domain are somewhat longer. The P5 domain is extensively
decorated, including several short α-helices and a long β-
hairpin that extends towards the C-terminus.

The short tail fiber: gp12

Although the short tail fibers are not part of the LTF, it is of
interest to briefly discuss their similarities with the LTF pro-
teins. The short tail fibers are parallel homo-trimers of the
gp12 protein, which contains 527 residues per monomer.
The N-termini attach to gp10 trimers in the baseplate, while
gp11 trimers hold the short tail fibers at a hinge region located
about half-way (Leiman et al. 2010; Taylor et al. 2016). The
short tail fibers contain aβ-structured N-terminal domain sim-
ilar to the N-terminus of gp11 (Leiman et al. 2000), followed
by six of the same repeats present in the rod region of gp34.
Residues 290–327 form a triple β-helix (van Raaij et al.
2001), followed by a collar domain and the receptor-binding
domain, which contains a single central metal ion as described
above (Thomassen et al. 2003). The presence of collar do-
mains in gp10, gp11, gp12, and gp37 suggests that these pro-
teins are evolutionarily related and probably the result of gene
duplications.

Conclusions and open questions

The partial structures of the gp37 and gp34 complexes have
revealed several new trimeric β-structured folds that may also
be present in other viral fiber proteins. Sequence analyses,
functional studies, and mutational studies have elucidated
the role of several domains of the LTF proteins. The N-
terminal part of gp34 is responsible for attachment to the T4
baseplate protein gp9, while the C-terminus binds to gp35.
Themiddle part of gp34 probably only fulfills a structural role,
forming a stable rod of optimal length for phage function.
Gp35 connects to the C-terminus of gp34 and to the N-
terminus of gp36, and probably imposes the 160° angles at
which the proximal and distal rods are attached to each other.
It may do this with two separate domains, each interacting
with one of the protein trimers. Gp34 may also connect to
gp36 directly, but we cannot be sure about this. Gp36 forms
the upper part of the distal rod, binding to gp37 with its C-
terminus. The central region of gp37 probably has a more
structural role, like that of the central region of gp34. The
Bbusiness end^ of gp37 is the C-terminal region, which forms
a collar domain (D10) and a needle region, at the end of which
a small intertwined receptor-binding domain is located.

Remaining questions are the atomic structures of domains
currently not resolved at high resolution. Future structural
studies by X-ray crystallography and electron microscopy
surely will lead to some more surprising folds. How gp34–
gp35, gp35–gp36, and gp36–gp37 are joined together is also
unknown. Judicious design of expression clones and co-
crystallization of the different protein domains that interact
with each other should shed light on these questions. High-
resolution structures of the individual proteins plus cryo-
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electron microscopy of intact LTFs may also serve to resolve
them. The exact mechanism of how gp57 chaperones the fold-
ing of the gp34 and gp37 trimers is unknown, as is the precise
way that the gp38 chaperone promotes gp37 assembly. More
structural and functional studies of gp57 and gp38 will be
necessary to resolve this. The exact location of the receptor-
binding site on the gp37 tip and the exact nature of the recep-
tor is currently also unknown, but mutational studies suggest
that bacterial LPS binds to the end of the tip domain and that
the OmpC protein binds to the side (Washizaki et al. 2016). A
high-resolution structure of gp37 bound to the receptor will
help to settle this question. Finally, how do the LTFs activate
the baseplate? One possibility is that in the free phage, the
LTFs cannot bend downwards very much due to steric hin-
drance. However, when attached to the cell by at least three
LTFs (Ares et al. 2014), the Brownian motion occasionally
forces the phage away from the bacterium, and the proximal
part of the stiff LTFs may be forced into a less favorable, more
downward angle, leading to the gp9–gp34 complexes pushing
against a switch in the baseplate. This switch involves the
baseplate proteins gp10 and gp11, as depicted in Fig. 16 of
Leiman et al. (2010). One of the steps involves gp11 releasing
its hold on the short tail fiber hinge region. The baseplate may
then be forced to change conformation, which triggers the
sequential changes leading to outer tail tube contraction
(Taylor et al. 2016) and, finally, DNA ejection into the bacte-
rium. The solutions to these questions await future structural
studies of the LTF and their detailed interactions with the
baseplate.
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