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gp053_N_C_trim, gp053_N_C_tet, gp053_N_C_pent and gp053_N_C_hex) were soluble under the
investigated conditions (Figure 8C).

Figure 8. Assembling of the gp053 oligomers. (A) A schematic representation of the gp053 oligomeric
constructs. The amino acids of the wild-type gp053 within the construct are shown in black, and
the insertions with cloning sites are shown in orange. The constructs are named according to
the number of copies of the gene 053. (B) The agarose gel electrophoresis analysis of plasmids
harbouring the fused 053 genes. The arrows indicate DNA fragments encoding gp053 after hydrolysis
with NdeI and XhoI. Lanes: M—molecular mass marker, GeneRuler™ DNA Ladder Mix (Thermo
Fisher Scientific, Vilnius, Lithuania); 1—gp053_N_C_mon; 2—gp053_N_C_dim; 3—gp053_N_C_trim;
4—gp053_N_C_tetr; 5—gp053_N_C_pent; and 6—gp053_N_C_hex. (C) The SDS-PAGE analysis of
the cell-free extracts of the E. coli BL21 (DE3) cells producing the recombinant gp053 oligomers. Lanes:
M—molecular mass marker, Page RulerTM prestained Protein Ladder Plus (Thermo Fisher Scientific,
Vilnius, Lithuania); K—pET21a (plasmid vector, control); 1—gp053_N_C_mon; 2—gp053_N_C_dim;
3—gp053_N_C_trim; 4—gp053_N_C_tetr; 5—gp053_N_C_pent; and 6—gp053_N_C_hex. (D) The TEM
analysis of the structures formed by the recombinant gp053 oligomers. The cell-free extracts were
analysed immediately after cell disruption and sample preparation or after incubation with periodical
shaking at 22 ◦C. The incubation time is indicated on the left.
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When the samples were analysed by TEM immediately after the disruption of cells, the ordered
tubular structures up to ~400 nm in length were visible only in the case of the monomeric gp053. Some
tubular structures up to ~200 nm in length were also visible in the case of the dimeric gp053. The other
oligomers of gp053 formed indefinite structures (Figure 8D). However, the tubular structures, although
of a less regular structure, were observed in the case of all oligomers after an incubation of the samples
in TE buffer with periodic shaking at 22 ◦C for 48 h (Figure 8D).

3.5. Labelling of gp053 Polysheaths with Neutravidin-Conjugated Gold Nanoparticles

Based on the model of the structure of gp053, one of the four cysteines, Cys160, was located on
putative domain 2 (Figure 1), which was found on the outer surface of the polysheaths formed by
LIN1278, DSY3957 and gp18 [38]. In order to determine whether this amino acid was on the surface of
the nanotubes formed by recombinant gp053, the purified polysheaths were modified with biotin and
incubated with neutravidin-conjugated gold nanoparticles. The TEM analysis revealed that the gold
nanoparticles in most cases were visible on the ends or breakpoints of the polysheaths, single rings or
short gp053 aggregates, and the rest of the outer surface of the protein nanotubes was not decorated
with gold nanoparticles (Figure 9B).

 

Figure 9. Electron micrographs of the polysheaths formed by the purified recombinant gp053 incubated
with the neutravidin-conjugated gold nanoparticles. (A) Non-modified gp053, and (B) gp053-harbouring
cysteines modified with biotin.

Thus, we can conclude that the cysteine residues of gp053 were buried inside of the protein
nanotubes, and only could be accessible for labelling with neutravidin-conjugated gold nanoparticles
at the termini of the polysheaths.

4. Discussion

The construction of various nanostructures based on self-assembling biomolecules is currently
of special interest due to the potential for diverse application in different fields of nanobiosciences.
However, only a limited number of self-assembling proteins from bacteriophages have been studied in
detail to date. Therefore, in this study, we aimed to shed more light on the diversity of self-assembling
tubular nanostructures and chose to investigate the tail sheath protein (gp053) from enterobacteria
phage vB_EcoM_FV3.

Despite 98–99% sequence identity of the tail sheath proteins from phages of the genus V5virus,
the molecular architecture of FV3 gp053 is largely undetermined. To our knowledge, none of the
crystal structures of the tail sheath proteins from the genus V5virus or their close relatives have
been resolved to date. On the other hand, it has been reported that the structure of the domains
constituting the tail sheath proteins from phages T4, phiKZ, and phi812 are similar despite lower than
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15% sequence identity between the aforementioned proteins [29,60,61]. It has also been shown that
contractile structures from phages have very similar architecture to contractile molecular machines
found in many prokaryotes: R-type pyocins, the Type VI secretion system (T6SS) and phage tail-like
protein translocation structures (PLTS) [32,62–65]. Moreover, phylogenetic analysis of the tail sheath
proteins DSY3957 (PDB ref: 3HXL) and LIN1728 (PDB ref: 3LML) from the prophages revealed that,
phylogenetically, they are more closely related to the R-type pyocin from Clostridium difficile, than to
the tail sheath proteins from other phages [63]. Therefore, it is unsurprising that the HHpred analysis
showed the predicted fold of gp053 from phage FV3 to be more similar to the R-type pyocins from
Clostridium difficile (PDB ref 6GKW) and Pseudomonas aeruginosa (PDB ref 3J9Q) than to the fold of the
tail sheath proteins from prophages (PDB ref 3LML, PDB ref 3HXL) or phages (PDB ref 5LI4, PDB
ref 3J2M). On the other hand, bioinformatics analysis revealed that the gp053 identity compared to
the previously mentioned proteins at the amino acid level ranged only from 14.6% (3HXL) to 18.8%
(6GKW). Therefore, it has been demonstrated that despite the fact that the tail sheath proteins of
different Myoviridae phages appeared to have similar helical parameters and functioned in a similar
manner [29,31,32,38,66–70], completely different sequences of amino acids forming the tail sheath
proteins could exist.

Here, we demonstrated that it was possible to obtain comparatively high amounts of recombinant
gp053 protein quickly and efficiently through the use of E. coli expression systems. It has been
shown that recombinant gp053 formed soluble high molecular weight polysheaths during production
in the E. coli cells, and the purification of these nanostructures could be performed very quickly,
cheaply and efficiently using an ammonium sulphate precipitation from the cell-free extracts only
(Figure 2). In contrast, the precipitation of the polysheaths of phage PaBG by using ammonium sulphate
was not as effective. Therefore, additional fractionation by ultracentrifugation was needed [71].
Additional purification procedures, including ultracentrifugation, hydroxyapatite and anion-exchange
chromatography, have been used to purify nanostructures formed by the recombinant tail sheath
proteins of phages T4 and phiKZ [38,42].

Another important characteristic of the polysheaths formed by gp053 is their extreme stability
towards various physical and chemical treatments. Similarly, the polysheaths consisting of the tail
sheath proteins of other phages have also been shown to be very stable structures. It has been
demonstrated that the polysheaths of phage T4 retained their structure after incubation in 8 M urea
(pH 7.6–12.2), 6 M guanidine hydrochloride (pH 5.6) and 7.8 M acetic acid (pH 1.8–6.1) [39]. Moreover,
the polysheaths of phages T4 and phiKZ were also found to be extremely resistant to proteolysis
by trypsin [38,41]. However, although the polysheaths of phage phiKZ remained uncrumbled after
incubation with trypsin, the protein was completely cleaved into two fragments, as indicated by the
disappearance of the full-length protein band and the appearance of two smaller fragments with
molecular masses of about 60 and 15 kDa [38]. In contrast, a significant amount of the recombinant
gp053 from phage FV3 remained undigested even after 24 hours of incubation with trypsin (Figure 5).
It is likely that different trypsinisation profiles can be concerned with the morphological differences of
polysheaths of the previously mentioned phages. In the case of the recombinant tail sheath protein
of phage phiKZ, polysheaths with more visible internal channels have been observed. It has been
suggested that these structures were caused by less compact packing of protein subunits that facilitates
stain penetration into the internal channel of the polysheaths [38]. Meanwhile, the polysheaths
composed of recombinant gp053 were different. It is possible that these structures are formed of highly
compact protein subunits which are difficult for trypsin to reach. On the other hand, polysheaths with
a better defined internal channel were observed in the cases of gp053 mutants such as gp053_NΔ20,
gp053_CΔ76 and gp053_CΔ100 as well as a full-length gp053 after prolonged storage in TE buffer or
after treatment with trypsin (Figures 4 and 7). Therefore, it is likely that less compact structures were
formed in these cases.

LC–MSE analysis of the trypsinisation products of the recombinant wild-type gp053 of FV3
revealed the potential trypsin-accessible cleavage sites between Lys381–Asn382 and Arg417–Val418
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(Supplementary Figure S2). Based on the I-TASSER generated model of gp053, Lys381–Asn382
and Arg417–Val418, together with its N and C termini, are found in domain IV (Figure 1), which
is structurally similar to the domains of the prophage tail sheath proteins DSY3957 and LIN1278,
which have the same fold as the corresponding region (domain IV) of bacteriophage T4 [38]. It was
demonstrated that the N and C termini of the tail sheath proteins are found close to each other and
form a domain, which is located in the inner part of the contracted sheath [29–32,38]. Thus, with
reference to the conserved structural model of the tail sheath proteins of bacteriophages and contractile
molecular machines found in prokaryotes [65], it is the most likely that the N and C termini, as well
as Lys381–Asn382 and Arg417–Val418, are located in the inner part of the polysheaths formed by
gp053 of FV3. The results of the purification procedures of recombinant gp053 maintained these
speculations—attempts to purify long tubular His-tagged gp053 polysheaths effectively by using the
metal-chelating sorbent were unsuccessful (Figure 2).

The results of the experiments with FV3 gp053 deletion mutants were in accordance with previous
observations that the elimination of the C-terminal residues of tail sheath proteins (gp18) from
phage T4 had a less negative effect on the polymerisation properties, compared to deletions of the N
terminus [42,43,72]. On the other hand, it has been demonstrated that some T4 gp18 mutants assembled
into thinner filaments called “noncontracted polysheaths” (NCPs) [42], which might correspond to the
transitional helices described previously [73]. However, NCPs in the case of gp053 mutants were not
observed. In contrast, it has been demonstrated that the tubular structures, formed by gp053_CΔ100,
were even longer and of a larger diameter than the polysheaths formed by wild-type recombinant
gp053 (Figure 7).

In this study, for the first time, to our knowledge, the genetically engineered homooligomers
of the tail sheath proteins from bacteriophages have been constructed. It was demonstrated that all
of the recombinant gp053 duplicates were soluble under the investigated conditions. Moreover, a
self-assembling process of a number of these proteins in vitro, in the absence of other viral proteins,
was observed (Figure 8). Hence, the tubular, although irregular structures, were visible not only in
the case of recombinant gp053 monomer (gp053_N_C_mon) but also and in the cases of other gp053
oligomers including gp053 pentamer (gp053_N_C_pent). These results are not only promising for the
construction of self-assembling nanostructures with various materials exhibited in specific locations
on their surfaces but they also raise a number of issues about the polymerisation processes of the tail
sheath proteins of bacteriophages.

The I-TASSER-generated model of gp053 (Figure 1) showed that one out of four cysteine residues
found in gp053, Cys160, was located in the predicted domain 2, which was structurally similar to the
protruding domains forming the outer surface of contractile tail machines [29–32,38]. On the other
hand, the results of the labelling of gp053 polysheaths with neutravidin-conjugated gold nanoparticles
revealed that maleimide-based biotinylation occurred only at the termini of the polysheaths and none
of the four cysteine residues (including Cys160) were located on the outer surface of the polysheaths
freely available for biotinylation (Figure 9). Despite the fact that the specific cysteine residue (or
several of them) that was biotinylated within gp053 is still unknown, a simple method to adhere gold
nanoparticles to the termini of the polysheaths was shown. The attachment of gold nanoparticles could
be very beneficial for the immobilisation of uniformly oriented nanostructures [74]. Thus, the results
of this study suggest novel ways to construct hybrid self-assembling nanostructures, particularly ones
appropriately prearranged on surfaces.

It has been demonstrated that self-assembling tubular nanostructures made of peptides, proteins
or filamentous bacteriophages have been used for both fundamental studies and practical applications,
including in the construction of biosensors, energy storage devices, drug delivery systems or tissue
engineering [12–14,75,76]. Given the fact that the polysheaths, formed of the wild-type gp053 or its
mutants, possess physicochemical properties which are very similar to the properties of self-assembling
nanostructures formed of biomolecules mentioned above (well-defined shape and dimensions in the
nanoscale, robust, ordered and intrinsically monodisperse structures), it is likely that gp053 polysheaths
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can be used for the same practical applications as tubular nanostructures made of peptides, proteins
or filamentous bacteriophages. For example, the gp053 polysheaths, which are up to 1000 nm in
length, ~28 nm in diameter and with an internal hole of ~12 nm, are very attractive tools for the
synthesis of inorganic matter to produce nanowires with properties of interest to energy sciences
and the electronic industry. Polysheaths can potentially be used for mineralisation, both in their
interior channel and around their exterior surface as has been demonstrated in the case of the tobacco
mosaic virus [77,78]. On the other hand, the polymerisation of recombinant tail sheath proteins is
not a precisely controlled process and this still remains the main drawback associated with these
nanostructures, hence additional studies are needed to tackle this issue.

Nevertheless, the production and purification of polysheaths, formed from recombinant gp053, is
a relatively short, simple and cheap process: only after three hours following induction and after a
few hours of purification procedures, it is possible to produce a high yield of purified nanostructures.
In contrast, the in vivo or in vivo/in vitro propagation of phage M13 and plant viruses takes several
days or several weeks, respectively [79–81]. In addition, the polysheaths are released from bacteria by
cell lysis, thus, these structures are not strictly limited in either the size of the displayed (poly)peptides
or in terms of the hydrophobicity of the polypeptide chain, which was demonstrated as a serious
limitation of nascent rod-shaped virions to passage through the host’s exit pore [81].

To summarise, gp053 from phage FV3 self-assembles into ordered tubular structures—polysheaths.
The assembly proceeds in vivo and in the absence of other viral proteins. Polysheaths formed of the
wild-type gp053 or its mutants possess physicochemical properties which are very attractive for
the construction of self-assembling nanostructures with potential applications in different fields
of nanosciences.
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44. Truncaite, L.; Šimoliūnas, E.; Zajanckauskaite, A.; Kaliniene, L.; Mankeviciute, R.; Staniulis, J.; Klausa, V.;
Meskys, R. Bacteriophage vB_EcoM_FV3: A new member of “rV5-like viruses”. Arch. Virol. 2012, 157,
2431–2435. [CrossRef] [PubMed]

45. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 1951, 193, 265–275.

46. Hellman, U.; Wernstedt, C.; Gonez, J.; Heldin, C.H. Improvement of an “in-gel” digestion procedure for
the micro preparation of internal protein fragments for amino acid sequencing. Anal. Biochem. 1995, 224,
451–455. [CrossRef]

47. Ger, M.; Kaupinis, A.; Nemeikaite-Ceniene, A.; Sarlauskas, J.; Cicenas, J.; Cenas, N.; Valius, M. Quantitative
proteomic analysis of anticancer drug RH1 resistance in liver carcinoma. Biochim. Biophys. Acta 2016, 1864,
219–232. [CrossRef]
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