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Abstract: Phages have shown a high biotechnological potential with numerous applications.
The advent of high-resolution microscopy techniques aligned with omic and molecular tools are
revealing innovative phage features and enabling new processes that can be further exploited for
biotechnological applications in a wide variety of fields. This special issue is a collection of original and
review articles focusing on the most recent advances in phage-based biotechnology with applications
for human benefit.

1. Introduction

The global threat of antibiotic resistance is dramatic and is driving the rebirth of bacteriophage
research—the study of viruses that specifically infect bacteria. Such research is resulting in an increasing
wealth of knowledge on phages themselves and also on their genes and proteins, something that is
being fostered by the recent progresses in high-resolution microscopy, sequencing technologies, DNA
manipulation, and synthetic biology approaches with all the molecular tools that are now available.
This knowledge is revealing more and more features of phages and their proteins, allowing for their
further exploitation, either in their natural state or as new and improved engineered forms [1].

Phages have spent billions of years evolving and developing a powerful protein armamentarium
to recognize, infect, and kill bacteria in a very efficient way. These phage intrinsic properties enable
their exploitation in a variety of different fields, including health, industry, food science and safety, and
agriculture, for purposes not limited to bacteria control.

This increasing and innovative research on phages and their proteins is revealing new applications
and is now rapidly progressing, something that is reflected in this special issue.

2. Applications

2.1. Pathogens Control

Phage therapy is gaining an uneven renewed interest due to the recent successful reports on
patients’ treatments in Europe and USA as a unique and last therapeutic resource [2,3]. Phage therapy,
however, is still controversial due to some concerns related to safety and efficacy. Phage specificity
is one advantage of phage therapy in comparison with conventional antimicrobials, however, this
specificity may make it difficult to isolate an adequate phage for a particular treatment. To overcome
this difficulty, Burrowes and colleagues [4] have studied the “Appelmans protocol”, a protocol that
is empirically used by Eastern European researchers to generate therapeutic phages with novel lytic
host ranges and which enables the targeting of phage refractory bacteria. The researchers concluded
that this simple protocol, that is able to expand the host range of a phage without the addition of new
genetic information, works predominantly via recombination between the used phages.

Another challenge faced by the use of phages to control bacteria is the phage stability, and
consequently antimicrobial efficacy, under different environmental conditions. Encapsulation,
a technique already used for different active compounds to protect them against harsh conditions,
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was studied by González-Menéndez and colleagues [5] to assess its potential to protect phages under
conditions faced during food processing. González-Menéndez and colleagues have shown that,
besides allowing the successful encapsulation of phages, nanovesicles maintained the bacteriophage’s
infectivity during storage and protected the phage particles from low pH. Encapsulation thus represents
an appropriate procedure to protect phages, enabling their application in the food processing industry.

Besides targeting infectious diseases, phages have been proposed as drug delivery vehicles to
treat neurogenerative diseases. Philip Serwer and Elena T. Wright [6] have given their opinion on the
application of phages in nanomedicine, discussing how phages (more specifically their capsids) can be
applied to treat diseases such as Alzheimer’s, Parkinson’s, or even cancer.

Phage endolysins are one of the most promising alternatives to antibiotics due to their enzymatic
nature, with the ability to rapidly degrade the bacterial peptidoglycan, causing the death of the
cells. In this special issue, we had the contribution of two original articles demonstrating the
potential of endolysins on the control of Gram-positive bacteria [7] and of Gram-negative bacteria [8]
(for which relatively little is known regarding the spectrum of bactericidal activity). Besides their high
potential to control bacteria, knowledge on endolysins’ safety and toxicity profiles is scarce. In this
special issue, Marek Harhala and colleagues [9] present preclinical safety and toxicity data for two
pneumococcal endolysins.

2.2. Pathogens Detection

The inherent phage specificity is fundamental in its interactions with its hosts and depends upon
the phage receptor binding proteins (RBPs). These proteins, usually located at the phage tail, are
responsible for recognizing specific receptors on the cell surface. The process of host cell recognition and
attachment by a bacteriophage remains poorly understood but here, Sergey A. Buth and colleagues [10]
shed light on the mechanism of interaction between RBPs and Pseudomonas aeruginosa using R-type
pyocins as RBPs models. The application of phage RBPs on bacterial diagnosis is then demonstrated by
Sonja Kunstmann and colleagues [11], who incorporated these proteins into different detection set-ups
to obtain a highly specific and sensitive bacteriophage RBP-based Shigella detection system.

The high specificity of endolysins targeting Gram-positive bacteria was shown to be attributed to
the existence of a cell-binding domain (CBD). As a consequence, such endolysins’ CBDs can also be
harnessed for bacterial diagnosis, as demonstrated by Eunsu Ha and colleagues [7]. The specificity of
these domains can also be combined with the specificity of phages themselves by using the first to
capture the target cells (using the CBDs to coat magnetic beads) and the second as a bioluminescent
reporter to specifically infect those cells and replicate, thus increasing the signal and producing an
ultrasensitive and fast diagnostics of viable Listeria cells [12].

Another interesting area of research is the application of phages in diagnosis, not to target
the bacteria but instead to eliminate common sample contaminations, thus improving the target
bacteria recovery and consequently improving detection. Jumpei Uchiyama and colleagues [13]
used this approach to remove Enterococcus faecalis from vaginal samples, avoiding the overgrowth of
these bacteria during the enrichment phase, allowing for the detection of Streptococcus agalactiae and
decreasing the common high number of false negatives observed with vaginal S. agalactiae diagnosis.

2.3. Phage Display

The ability of phages to display foreign peptides/proteins on their surface has given rise to the
powerful technique called phage display. Typically, this technique allows for the identification of new
proteins and peptides with the capability to bind to their target molecules, since it permits a direct
linkage between the genotype and phenotype of the phage displaying the peptide/protein of interest.
This potentiality was used by Harvinder Talwar and colleagues [14] to identify specific diagnostic
biomarkers for the detection of tuberculosis in sera with a high sensitivity and specificity, allowing also
for the identification of new mimotopes with applications in therapy and prophylaxis of this disease
with global impact.
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The advances in structural phage biology and phage display technology have led to the
construction of a novel type of phage display library and consequently to new nanomaterials—the
landscape phages—with application in different areas of bioscience, medicine, material science, and
engineering. Valery A. Petrenko [15] has reviewed the application of these landscape phages, focusing
on phage-functionalized biosensors and phage-targeted nanomedicines.

2.4. Other Applications

Phages as molecular biology tools have a long past. Nevertheless, new phage genomes and
proteomes continue to be exploited for the design of new molecular strategies. A new phage-bacterium
system developed by Éva Surányi and colleagues [16] was used as a molecular switch to study
protein:DNA and protein:protein interactions in living cells.

In recent years, highly ordered and self-assembly-based nanostructures have generated increasing
interest due to their diverse number of applications in different fields of nanobiosciences. Also,
phages [17] and their proteins [18] have been found to be useful and show high potential in the
construction of such nanostructures.

3. Conclusions

The high-quality original articles and reviews present in this special issue demonstrate the
incredible potential of phages and derived proteins in a wide range of biotechnological applications
for human benefit. We hope that these articles will inspire researchers to investigate new phages, new
proteins, and new phage-based processes to solve old and new biotechnological problems.

Considering the arise of amazing new bioengineering tools that are now available and the high
abundance of phages and phage-proteins to be discovered and studied, we believe that the next coming
years will present us with many more fascinating, new, and previously unthinkable phage-based
biotechnological applications.
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Abstract: The ‘Appelmans protocol’ is used by Eastern European researchers to generate therapeutic
phages with novel lytic host ranges. Phage cocktails are iteratively grown on a suite of mostly
refractory bacterial isolates until the evolved cocktail can lyse the phage-resistant strains. To study
this process, we developed a modified protocol using a cocktail of three Pseudomonas phages and
a suite of eight phage-resistant (including a common laboratory strain) and two phage-sensitive
Pseudomona aeruginosa strains. After 30 rounds of selection, phages were isolated from the evolved
cocktail with greatly increased host range. Control experiments with individual phages showed little
host-range expansion, and genomic analysis of one of the broad-host-range output phages showed its
recombinatorial origin, suggesting that the protocol works predominantly via recombination between
phages. The Appelmans protocol may be useful for evolving therapeutic phage cocktails as required
from well-defined precursor phages.

Keywords: Appelmans; bacteriophage evolution; bacteriophage recombination; phage therapy;
Pseudomonas aeruginosa; antibiotic resistance

1. Introduction

The emergence and increasing prevalence of bacterial strains that are resistant to available
antibiotics poses a serious threat to world health [1], which, according to the World Health Organization
(WHO), is heading toward a post-antibiotic era when many common infections will no longer have
a cure [2]. This imminent threat demands an evaluation of novel approaches toward treating
antibiotic-refractory infections. One such approach that is being re-examined is bacteriophage
(phage) therapy, the use of bacterial viruses to specifically target and clear bacterial infections [3–6].
The National Institute of Allergy and Infectious Diseases included phage therapy as one of seven
strategic approaches to combat antimicrobial resistance [7]. Bacteria and their phages have been
evolving for over three billion years, and although bacteria can become resistant to phages, the latter,
unlike antibiotics, can also evolve to infect otherwise resistant bacteria. For phages to be successful
therapeutically, it may be necessary to continually isolate new phages that infect refractory bacterial
strains. Therapeutic phages are usually isolated from the environment using sources such as sewage,
marine and fresh water, or even patient samples [8]. While such sources can offer a great diversity
of phages from which to select, it is not always possible or efficient to isolate phages with the most
clinically relevant host range.

One approach successfully used in the Republic of Georgia is to prepare large cocktails of phages
that target a broad range of pathogenic bacteria [9]. When a pathogen is encountered that is refractory

Viruses 2019, 11, 241; doi:10.3390/v11030241 www.mdpi.com/journal/viruses5
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to the cocktail, a new phage that can grow on the resistant pathogen is added, or what is referred to
as the “Appelmans protocol” is employed to “invigorate” the cocktail (pers. comm. Dr Z. Alavidze,
see Appendix A). This protocol is based on an empirical liquid method of phage titration developed
in the 1920s by Appelmans [9,10]. Despite its history and common use by several laboratories in
countries of the former Soviet Union and Europe, the protocol has only recently been reported in
Western journals [11], and the mechanism(s) by which it works has not been determined.

For a mixture of phages, two major genetic mechanisms by which one or more phages adapt to a
bacterium that was refractory to the original cocktail are spontaneous mutation and recombination.
Phage genomes are architecturally mosaics, with each individual genome representing a unique
assemblage of individual exchangeable modules [12–15]. Mechanisms for generating such mosaics
include homologous recombination at shared boundary sequences of modular junctions, illegitimate
recombination in a non-specific sequence-directed process, and site-specific recombination [13,16,17].
A cocktail of phages applied to host strains susceptible to several members of the mixture offers an
opportunity for recombination events that can generate more genetic diversity in the phage pool.

In the contemporary laboratory, host-range mutants are usually isolated using a single phage,
either through spontaneous or induced mutations by selecting for those that can grow on the resistant
bacterial strain, which often map to the tail fiber genes (e.g. [16,18–23]). However, in the Appelmans
protocol, a phage cocktail consisting of multiple phages is grown iteratively on multiple separate hosts,
including resistant bacteria, until the cocktail evolves the ability to lyse the entire culture. The bacterial
strains are maintained from their original stocks and are kept separate throughout. Any mutant phage
with the ability to propagate on a strain that is refractory to other members of the mixture will be
selected as phages are pooled at the end of each round of selection.

As a proof-of-principle experiment aimed at examining the mechanism of host-range expansion,
we designed a 96-well plate format Appelmans protocol using a three-phage cocktail to which a suite
of seven clinical isolates were initially refractory by plaque analysis. After 30 rounds of selection, an
individual phage was isolated that could grow on all seven clinical isolates. Multiple recombination
events between two phages in the cocktail were seen, at least some of which likely conferred an
expanded host range. Our results describe a relatively simple, straightforward method by which a
phage cocktail can expand its host range without the addition of new genetic information.

2. Materials and Methods

2.1. Bacterial and Bacteriophage Strains

All bacterial and bacteriophage strains used are listed in Table 1. The phages chosen for the
protocol were ΦKZ, a large, virulent member of the Myoviridae family [24,25], Pa2, shown here to be an
N4virus and used in our laboratory in previous in vivo studies of phage therapy [26], and phage RWG,
also shown here to be an N4virus, which was isolated in our laboratory from a patient wound swab.

The bacterial strains included three common laboratory strains, PAO1, PA14 [27], and PAK [28].
PAO1 and PAK were kind gifts from Dr A. N. Hamood, Texas Tech University Health Sciences Center
(TTUHSC); PA14 was generously donated by Dr K. Rumbaugh, TTUHSC. Seven clinical Pseudomonas
aeruginosa strains were isolated from wound swabs within a six month period from patients at the
Southwest Regional Wound Care Center (WCC), Lubbock, Texas. All isolates were from separate
patients and showed high degrees of antibiotic resistance but with distinct antibiograms. These isolates
are identified by the prefix WCC accompanied by a three-digit identifier (see Table 1). PAO1 was the
fully permissive host used to propagate all P. aeruginosa phages.

Bacterial strains were grown in LB (5 g/L NaCl (Sigma Aldrich, St. Louis, MO, USA), 5 g/L yeast
extract (BD, Franklin Lakes, NJ, USA), 10 g/L tryptone (BD, Franklin Lakes, NJ, USA)) supplemented
with 1 mM CaCl2 (Sigma Aldrich, St. Louis, MO, USA) and 1 mM MgSO4 (Sigma Aldrich, St. Louis,
MO, USA). Phages RWG and Pa2 were grown by infecting PAO1 at an A600 ~0.2, using an MOI ~0.1.
After 3–5 h incubation at 37 ◦C, 250 rpm, the cultures were seen to lyse, and the phage was harvested by
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adding 1:100 CHCl3 (Sigma Aldrich, St. Louis, MO, USA), vortexing vigorously, and then centrifuging
(≥18,000× g, 5 min, 4 ◦C) to remove cellular debris. The supernatants were stored over CHCl3 at 4 ◦C.
ΦKZ was grown on semi-solid media as described elsewhere [25].

Table 1. Pseudomonas aeruginosa and bacteriophage strains used for the Appelmans protocol. Plaque
morphologies are described for growth on PAO1.

Bacterial/Phage Strain Source Reference Notes

PAO1
Dr A. N. Hamood (TTUHSC)

[1]

Host strains used for the
Appelmans protocol

PAK [2]

PA14 Dr K. Rumbaugh (TTUHSC) [3]

WCC176

Dr R. D. Wolcott MD
Southwest Regional Wound Care Center.

(Lubbock, TX)

This study

WCC199

WCC201

WCC205

WCC222

WCC229

WCC232

Pa2 ATCC [14203-B1] [1] 73,008 bp. Plaques 1–2 mm, clear

ΦKZ Felix d’Herelle Reference Center for Viruses [4] 280,334 bp. Plaques <1 mm, clear

RWG This laboratory This study 72,646 bp. Plaques 2–3 mm, clear

Where required, phage stocks were concentrated by the addition of 1/5 volume of 25%
polyethylene glycol (PEG) M.W. 8000 (Sigma Aldrich, St. Louis, MO, USA), 2.5 M NaCl after incubation
overnight at 4 ◦C. After centrifugation at 15,000× g for 15 min, the pellet was suspended in SM buffer
(50 mM Tris-HCl [pH 7.5] (Sigma Aldrich, St. Louis, MO, USA), 0.1 M NaCl, 8 mM MgSO4, 0.01% w/v
gelatin (Sigma Aldrich, St. Louis, MO, USA)). PEG precipitation was performed twice to give a final
purified phage suspension [29]. Phage titers were assayed by the agar overlay method [30].

2.2. Analysis of Host Range

The Appelmans protocol was carried out as described in Results. Every 10 rounds, the pooled
lysates were checked for novel phages by streaking a loopful (~1 μL) onto an LB agar plate and
overlaying with ~107 exponential-phase bacteria in top agar (LB plus 5 g/L agar). Five plaques were
picked on each bacterial strain, choosing distinct plaque morphologies where possible, and were
purified on the same strain. After at least three rounds of purification, the plaques were picked with a
sterile Pasteur pipet and added to 2 mL early log-phase cells in supplemented LB. After lysis, or after
5 h incubation (whichever came first), the bacteria were killed by the addition of 20 μL CHCl3, and cell
debris was removed by centrifugation at 15,000× g for 10 min. Most (38/50) phages isolated after the
final round of Appelmans selection gave only faint, diffuse plaques and poor titers after purification
and amplification on either the isolation strain or on PAO1; these phages were not studied further.

Host range was initially assessed by placing a 10 μL drop of phage suspension (≥106

plaque-forming units, pfu) onto a pre-seeded lawn of host cells in top agar [30]. After overnight
incubation at 37 ◦C, zones of lysis or the presence of plaques indicated that the bacterial strain was
susceptible to the phage. The lytic host range of phage suspensions was further confirmed by titering
to observe individual plaques.

2.3. DNA Sequencing and Annotation

The phages Pa2, RWG, and phi176 were purified by equilibrium density gradient centrifugation
in CsCl [29]. Genomic DNA was isolated by extraction with phenol [31] and was subjected to
454 pyrosequencing by the University of Texas at Austin genomics core facility. Assembly used
Newbler 2.6 and DNAStar software, followed by manual inspection of read frequency that revealed the
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presence of terminal repeats. These were taken as the physical genome ends but they were not formally
established as such experimentally. Alignment of the Pa2, RWG, and phi176 genomes was performed
using the NCBI Blast suite (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and DNAStar. Genome sequences
have been deposited in GenBank with Accession Numbers KM411958 (RWG), KM411959 (Pa2), and
KM411960 (phi176).

The DNA sequences of phi176, Pa2, and RWG were annotated using the RAST (Rapid Annotation
using Subsystem Technology) annotation service available at http://rast.nmpdr.org/ and manually.
Differences were resolved by comparison to the previously annotated, closely related phage genomes
PA26 (JX194238) and LIT1 (NC_013692) and, post facto, by internal comparisons. Open reading frames
(ORFs) were analyzed for putative function using the Translated BLAST (blastx) and Protein BLAST
(blastp) algorithms, searching the non-redundant protein sequences database.

2.4. Mitomycin C Induction and Southern Blot Analysis of Temperate Phages

Bacterial strains were grown to an A600 ~0.5 in LB before adding 4 μg/mL mitomycin C and
incubating overnight. The cultures were then centrifuged and filtered through a 0.2 μM membrane.
The resulting lysate was DNase I-treated prior to DNA extraction. Output phage DNA was digested
with HincII and EcoRV (NEB), electrophoresed, and hybridized to a nitrocellulose membrane. Probes
were prepared with temperate phage DNA using the ThermoFisher North2South Random Prime DNA
Biotinylation Kit. Hybridization was detected using the ThermoFisher North2South Chemiluminescent
Hybridization and Detection Kit.

3. Results

3.1. Appelmans ProtocolUusing a Phage Cocktail Expands Bacteriophage Host Ranges

In order to generate novel phages from our laboratory strains, we developed a protocol based on
that used by the George Eliava Institute of Bacteriophage, Microbiology and Virology (IBMV), Tbilisi,
Georgia (see Appendix A). The protocol is represented schematically in Figure 1. Phages Pa2, RWG,
and ΦKZ were combined 1:1:1 by titer to yield an input cocktail of 1 × 1010 pfu/mL. Using a 96-well
microtiter plate, 100 μL of serial 10-fold dilutions (100 to 10−9) of the cocktail were added to 100 μL of
double-strength LB containing 1 μL of an overnight bacterial culture of a single strain. Eight bacterial
strains can be tested on each plate. One well was used for each dilution plus a control well with no
phage. After overnight incubation at 37 ◦C on a shaking platform at 200 rpm, the plates were visually
inspected. Wells showing complete lysis, plus the first turbid well, were pooled. If no lysis was seen,
the well containing the undiluted phage cocktail was harvested. Pooled lysates were cleared by vortex
mixing with 1:100 CHCl3, followed by centrifugation (15,000× g for 15 min). The lysate was termed
the round 1 cocktail and was used to initiate the next round of the protocol using the same set of
bacterial strains.

In the original Appelmans protocol the endpoint is reached when the output cocktail lyses >80%
of the host strains at a minimum dilution of 10−7 (Appendix A). This cocktail is then usually used
therapeutically. However, we were interested in analyzing the phages in the developing cocktail
and we added additional steps in order to allow the analysis of individual phages present every
10 rounds of evolution. Table 2 shows that after 30 rounds, the evolved phage population generated
plaques on all 10 P. aeruginosa strains, whereas the parent phages were only able to plaque on two
laboratory strains.

The round-30 cocktail was plated onto each of the 10 bacterial strains used for the Appelmans
protocol; five phages were isolated on each bacterial strain. For each plaque on a particular host, the
same strain was used for further phage purification. Of the 15 plaques isolated on the laboratory
P. aeruginosa strains PAO1, PA14, and PAK, eight phages were successfully amplified to high titer
(≥108 pfu/mL) on their isolation strain. Only 4 of the 35 plaques isolated on the WCC clinical strains
contained phages that grew to high titers in liquid culture, either on their isolation strain or on PAO1,
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so only these were used for further study. Table 3 shows the host range of individual phages isolated
from the round-30 cocktail. Phi229.2, phi229.1, and phi176 had a relatively broad host range that
encompass, respectively, 80%, 90%, and 100% of the tested strains. Because of resource constraints, we
obtained sequence data only for the parental strains and phi176; the genetic origins of phages phi229.1
and phi229.2 are therefore unknown.

Figure 1. Schematic representation of the 96-well-plate-format Appelmans protocol.

Table 2. Phage host range. A 10 μL spot of a lysate containing ≥ 106 plaque-forming units (pfu) was
placed onto an overlay lawn seeded with ~107 colony-forming units (cfu) of P. aeruginosa. “+” indicates
visible lysis after 16 h incubation at 37 ◦C, no entry indicates no visible lysis.

Test Strain
Phage

Pa2 ΦKZ RWG Round 10 Cocktail Round 20 Cocktail Round 30 Cocktail

PAO1 + + + + + +
PA14 + + +
PAK + + + + +

WCC176 + +
WCC199 + + +
WCC201 + + +
WCC205 + + +
WCC222 +
WCC229 +
WCC232 +
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Table 3. Host range of individual phages isolated from the round-30 cocktail.

Test Strain
Phage 1

phiPAO1.1 phiPAO1.2 phiPAO1.3 phiPA14.1 phiPA14.2 phiPAK.1 phiPAK.2 phiPAK.3 phi176 phi201 phi229.1 phi229.2

PAO1 + + + + + + + + + + +
PA14 + + + + + +
PAK + + + + + + + + + + +

WCC176 + + +
WCC199 + +
WCC201 + + + +
WCC205 + + +
WCC222 + + +
WCC229 + + +
WCC232 + + +

1 Phages are named with the prefix ‘phi’ followed by the isolation strain (see Table 1) and by the phage isolate
number where appropriate (e.g., phi229.2 was the second phage isolated on strain WCC229).

Plating efficiencies (Table 4) show that PAO1 is highly susceptible to all phages, whereas PA14,
PAK, and WCC201 are far more resistant. This is not surprising, as Pa2 and RWG (and ΦKZ) had
been routinely propagated on PAO1 prior to this study, and the cell surfaces of PAO1, PAK, and PA14
are known to be different [32,33]. Cell surface differences can affect phage sensitivity. It is interesting
that phi201 plated reasonably efficiently on both PAO1 and PAK but poorly on PA14, suggesting
that the phages within the developing cocktail could be adapting to different hosts. In several cases,
efficiency of plating (EOP) values >>1 were seen when the isolated phages were titered on non-host
strains. These phages were better adapted to the hosts than to the host on which they were isolated,
yielding the highest EOP. In other words, although they grew on a given strain, they grew better on
an alternative host (usually PAO1). Although these phages were propagated primarily on the more
permissive host, their maintenance during the Appelmans protocol was also selected for by the less
permissive host(s) present. In this way, the protocol was able to select for and propagate rare phage
mutants as they arose.

Table 4. Efficiency of plating (EOP) and standard deviations (SD) of phages isolated on clinical isolates.
‘-’ indicates no plaques (<10 pfu/mL). EOP is determined as the phage titer on a test strain divided
by the titer of the same phage preparation on the isolation host. EOP and SD values on the isolation
strains are shown in bold.

Test
Strain

phi176 phi201 phi229.1 phi229.2

EOP SD EOP SD EOP SD EOP SD

PAO1 73.6 5.9 0.7 0.1 6.7 2.0 51.2 11.0

PA14 9.6 × 10−5 5.4 × 10−4 1.0 × 10−9 2.4 × 10−8 8.3 × 10−5 4.6 × 10−5 1.1 × 10−3 4.2 × 10−4

PAK 2.7 × 10−5 2.0 × 10−6 0.1 1.8 × 10−2 1.3 × 10−6 4.6 × 10−7 2.0 × 10−4 4.6 × 10−5

WCC176 1.0 0.1 - - 1.5 0.5 7.9 2.7

WCC199 4.3 1.1 - - 3.3 × 10−2 1.2 × 10−2 - -

WCC201 1.8 × 10−6 1.2 × 10−6 1.0 0.2 - - - -

WCC205 3.3 0.4 - - 1.4 0.5 2.6 0.6

WCC222 18.2 1.6 - - 1.1 0.3 2.6 0.8

WCC229 50.0 6.9 - - 1.0 0.4 1.0 0.3

WCC232 39.3 6.7 - - 0.1 4.7 × 10−2 7.9 1.9

3.2. Appelmans Protocol Using Single Phages Generates Little Host-Range Expansion

When a single phage was used for the Appelmans protocol, little expansion in host range was
seen (Supplementary Table S1A–C). Only phage RWG adapted to utilize a new host, and the total
host-range expansion of all three phages separately was far less than that generated when the phages
were combined into a cocktail. We saw no plaques from the single-phage Appelmans protocol
experiments on most clinical P. aeruginosa isolates. Thus, although each individual phage was under
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continuous selection to grow on a mixture of different hosts, spontaneous mutations alone were
insufficient to generate much change in host range.

3.3. Phi176 is a Recombinant Derivative of Phages Pa2 and RWG

At the outset of this study, we had no information on phage RWG and limited data on Pa2. As
a preliminary check to determine whether recombination with endogenous genetic material (e.g.,
prophage or bacterial genes) was likely to contribute to phage evolution, we used Southern analyses
of Pa2, RWG, and ΦKZ DNA with phage DNA isolated after mitomycin C induction of all bacterial
strains. No hybridization was detected.

The genome of ΦKZ is known (GenBank: AF399011.1), but the genomes of phi176, Pa2, and RWG
were sequenced for this study. Phages Pa2 and RWG are closely related, showing an overall nucleotide
sequence identity of >99%. Both phages are also closely related to phages PA26 (JX194238, 97% identity),
LIT1 (NC_013692, 97% identity), vB_PaeP_C2-10_Ab09 (GenBank: NC_024140.1, 98% identity), and
PEV2 (NC_031063.1, 98% identity). Pa2 and RWG are therefore N4virus Podoviridae [34,35].

The genome of phi176 (GenBank: KM411960.1) is derived exclusively from phages Pa2 (GenBank:
KM411959.1) and RWG (GenBank: KM411958.1), with no ΦKZ-derived sequences. Remarkably,
only a single missense mutation—a residue not found at the corresponding position in either Pa2 or
RWG—was definitively identified across the phi176 genome. The absence of point mutations was
unexpected because of the extensive phage growth (~150 cycles) that took place during the Appelmans
protocol—a conservative estimate is five rounds of phage replication for each round of the protocol
(assuming a burst size of 50 pfu/cell, a single phage will be amplified to ~3 × 108 pfu in five rounds).

The Pa2, RWG, and phi176 genome sequences were aligned, allowing a visual determination that
at least 48 crossovers occurred during the overall Appelmans procedure to yield phi176 (Figure 2 and
Table 5). The terminal repeats of Pa2 and phi176 are the same, and the left (and right) genetic end
of phi176 is thus derived from Pa2. Working in base-pair order (i.e., left to right), the first crossover
from Pa2 DNA into RWG in generating phi176 is predicted by the last identical nucleotide to Pa2;
this process was then repeated using the last position of identity on each respective genome over the
complete sequence. Overall, about 2/3 of the phi176 genome is of Pa2 heritage. In Table 5, we named
the gene by the crossover site predicted, but obviously, it is only known that recombination includes
that site and not exactly where it was initiated or terminated. The phi176 sequence differed from both
Pa2 and RWG at only five sites. One, at position 30,110 (phi176 ORF52) was a spontaneous missense
mutation, but the remaining four (after phi176 positions 9355, 28671, 29,415, and 59342) occurred at
homopolymeric runs and were judged more likely to be sequencing errors than mutational events.
Two of the four affect intergenic regions, whereas the 151 amino acid phi176 ORF48 is only homologous
to Pa2 and RWG for its initial 71 residues, and the 82 amino acid phi176 ORF50 differs in its last eight
residues from both of its parents. The corresponding protein pairs from Pa2 and RWG were 100%
identical and had no known or predicted function, supporting our premise of sequencing errors.

Forty-eight recombination events is a lower bound because, unless the recombination led to a
change in sequence, it would go undetected; in addition, some recombination events might not have
survived through all 30 rounds of the protocol. The majority (63/92) of ORFs underwent no crossovers
between Pa2 and RWG in generating phi176. This was not unexpected because most genes are not
directly involved in determining the host range. One recombination event was detected in 22 of the 29
recombinant ORFs, and one altered the ORF44/45 intergenic region (Table 5). Three ORFs underwent
two crossovers, and a further three ORFs underwent three, whereas five and six recombination events
occurred in ORF43 and ORF52, respectively. ORF52 also harbors the spontaneous missense mutation.
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Table 5. Recombinant phi176 ORFs.

Phi176
ORF

Start Stop
ORF Size

(bp)
Cross-Overs

Crossover Location(s) in
phi176 Genome (bp) 1

Putative Gene
Function

02 872 1063 192 1 1020

03 1078 1308 231 1 1210

08 2394 2597 204 1 2581

10 2832 3065 234 1 2884

17 5053 5493 441 1 5352

18 5533 5880 348 1 5840

23 8042 9283 1242 1 8764 RNA polymerase 2

23a 9380 9532 153 1 9384

35 16,639 17,976 1167 1 16,721 DNA helicase

37 18,503 21,118 2616 2 19,203
19,359 DNA polymerase

42 22,534 25,050 2517 1 22,811 rIIA-like

43 25,062 26,840 1779 5

25,434
26,071
26,254
26,321
26,473

rIIB-like

IG44-45 N/A N/A N/A 1 27,137 N/A

45 27,196 27,513 318 1 27,326

51 29,943 29,464 480 1 29,758

52 33,215 29,943 3273 6
(+ 1 missense)

30,115
30,122
31,070
31,073
31,118
33,095

Tail fiber/tailspike;
lipase/esterase

domain

53 33,925 33,254 672 2 33,375
33,379

59 37,720 39,888 2169 2 38,669
39,095

DNA primase P4
type

66 43,308 43,712 405 1 43,324

67 44,118 44,354 237 1 44,210

70 55,093 44,897 10,197 1 54,100 Virion RNA
polymerase

71 56,659 55,094 1566 3
55,210
55,751
56,313

Structural protein

72 57,126 56,659 468 1 56,747

73 59,329 57,107 2223 1 59,203

75 61,019 60,354 666 1 60,455

77 63,503 62,310 1194 3
62,768
63,143
63,333

79 66,091 63,911 2181 1 64,015

82 67,614 66,880 735 1 67,134

83 69,263 67,611 1653 3
68,333
68,417
68,774

85 70,055 70,486 432 1 70,398
1 The starting 1–1020 bp and final 70,399–73,050 bp (including the terminal repeats) are derived from parental
phage Pa2.
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The frequencies of recombination within a given gene are not stochastic. Most ORFs undergoing
multiple crossovers are somewhat larger than the average gene length of ~740 bp, but the putative
phi176 virion RNA polymerase (ORF70), which is by far the largest gene at 10,197 bp, almost
completely retained its Pa2 ancestry, undergoing only a single crossover across its length, despite ~275
polymorphisms with respect to its RWG counterpart. Retention of Pa2 DNA sequences in ORF70 is
unlikely to be due to incompatibility of amino acid substitutions, as only 29 polymorphisms result in
amino acid substitutions. Figure 2 shows the composition of the phi176 genome as recombinatorial
crossovers between the Pa2 and RWG genomes, and Table 5 lists the Pa2 genes in which recombination
occurred, generating phi176. Note that the phi176 rIIB-like protein ORF43 contained only two distinct
amino acid substitutions, whereas six recombination events were detected within the gene; similarly,
only four of six cross-overs in the phi176 ORF52 tailspike gene gave rise to amino acid substitutions.
Recombination itself is of course totally distinct from any selective change conferred on an ORF by an
amino acid substitution. However, it cannot be determined whether recombination events that did not
lead to a change in an ORF were simply that, or whether they were fossils from prior events during
the evolution of phi176.

4. Discussion

A cocktail comprised of three distinct phages was evolved over 30 rounds of the Appelmans
protocol on a suite of seven clinical and three laboratory strains of P. aeruginosa. Of these 10 isolates,
only two of the laboratory strains were sensitive to the original phages. When the protocol was carried
out with each phage separately, very little expansion of host range was seen. However, after 30 rounds
of the protocol with three input phages, progenies were isolated with expanded host ranges that
included most (and in one case all) of the 10 bacterial strains. Genetic analysis of the phage with
broadest host range showed it to be a recombinant derivative of the two most closely related members
of the input cocktail: RWG and Pa2. These results support our premise that the Appelmans protocol is
able to rapidly extend the host range of a cocktail of phages via recombination between the members
of the cocktail.

The recombinant phage phi176 was essentially a result of multiple (≥48) recombination events
between Pa2 and RWG, with only a single spontaneous point mutation. Given that ΦKZ is unrelated
to Pa2 and that Pa2 and RWG share >99% DNA sequence identity, it is not surprising that no ΦKZ
sequences were found in the phi176 recombinant. Although recombination between very different
phages has clearly occurred in the environment (e.g., between the λ, P2, and T4 side-tail fibers [36],
also see [12–15]), a short-term laboratory experiment provides little opportunity for recombination
that does not involve significant DNA homology.

With so many recombination events occurring in genes of unknown function, it is impossible
to elucidate exactly which of those event(s) were crucial in generating the host range of phi176.
However, recombination clearly occurred in some genes likely to affect host range. The first step in
infection is adsorption, which must involve structural gene products (e.g., tail fibers or tailspikes) that
recognize a receptor on the surface of a bacterial cell. Two possible such gene products are encoded
by phi176 ORF71 and ORF52. Although ORF71, which is a homologue of LIT1 gp72 [34], underwent
three recombination events, it only differed from its Pa2 and RWG parents by a single amino acid
residue. However, that was enough to confer host-range differences in both phages and eukaryotic
viruses [19,21]. Phi176 ORF52, on the other hand, underwent six recombination events and additionally
acquired a single point mutation. Furthermore, two of these recombinations resulted in a template
switch for only three or seven contiguous nucleotides and hence were likely the end result of multiple
recombination events in this region. Phi176 ORF52 differed from its parental sequences by 17 (RWG)
and 75 (Pa2) amino acids. ORF52 is similar to LUZ7 gp56, or a hybrid of LIT1 gp52 and gp53, which
have been tentatively identified as phage tail fibers [34]. However, as the protein sequences contain
lipase and esterase motifs, they are more likely to be tailspikes. Phi176 ORF52 was therefore under
strong selection for adaptation during growth on different host strains in the Appelmans protocol.
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Interestingly, phi176 ORF55, which putatively encodes a tail fiber, is not altered from its Pa2 ancestor.
Perhaps, ORF55 is not required for phage adsorption on the strains tested here.

Resistance to phage is often achieved by cell surface receptor changes. Phages often respond by
altering their receptor-binding protein(s), usually a tail fiber or tailspike. The most dramatic example
is the accumulation of mutations found in Ox2 when selected to grow on a series of resistant strains.
The tail fiber changed its receptor from OmpA, through other Omps, to LPS [22,23]. However, bacteria
have several anti-phage defense mechanisms that operate after phage adsorption. These include
CRISPR/Cas, restriction–modification systems, and other abortive infection mechanisms [37–39]. Some
of these defenses are coded by prophage genes, including the exclusion of T4 rII mutants after infection
of a rex+ λ lysogen [40]. T4 r mutants were originally isolated as plaque morphology variants on
Escherichia coli B strains [41], which had lost the lysis inhibition characteristic of T4+ and thus exhibited
a rapid-lysis phenotype [42]. However, this phenotype is not maintained in the non-lysogenic E. coli
K-12 strains where plaques of rII mutants have wild-type morphology, and lysis inhibition is close
to normal [40,43]. The rII proteins were originally only associated with T-even phages, but DNA
sequencing has revealed similar proteins in the genomes of many different phage types, including
the N4virus lineage and thus Pa2, RWG, and phi176, the phages studied here. It is important to note
that only the roles of T4 rIIA and rIIB in overcoming the inhibitory effects of λ prophage rexA and
rexB on T4 growth and the association of these genes with rapid lysis in E. coli B have been studied
experimentally. Lysis inhibition, overcoming prophage- or plasmid-mediated exclusion or other
functions of sequence homologues in other phages has not been directly demonstrated. Nevertheless,
effects on lysis inhibition can alter plaquing host range because mechanisms that increase the rate of
viral propagation compared to bacterial propagation, such as increasing burst size or reducing lysis
time [37,44], can all increase fitness in vitro [45] and can lead to plaques from lysis-inhibition mutants
when compared to their non-plaquing lysis-inhibited parents.

A single recombination event was seen in ORF42, a putative rIIA gene. The N-terminal halves of
Pa2 and RWG ORF42 are very similar, and recombination between the two respective genes resulted in
the phi176 ORF42 having just two amino acid changes from Pa2. The C-terminal half of phi176 ORF42
is derived entirely from Pa2, with 120 amino acids differing from its RWG counterpart. However, five
recombination events took place in generating phi176 ORF43, a putative rIIB-like gene. The chimeric
phi176 rIIB-like protein has 11 and 27 amino acid changes from ORF43 of RWG and Pa2, respectively.
ORF43 was clearly under strong selection during adaptation in the Appelmans experiment to expand
phage host range. By analogy with the T4 rII proteins, we suggest that phi176 ORFs 42 and 43
could counteract unknown inhibitory genes in the various clinical isolates that allowed for a phi176
host-range expansion, relative to either of its parents.

Directed evolution of phages is a common laboratory approach that has been used, among other
things, to develop phages with enhanced therapeutic potential [46] and to study and modify phage
host range [20,47–49]. We suggest that several factors appear to be crucial for the rapid generation
of expanded host range phages with the Appelmans protocol. First, the use of a cocktail of virulent
phages is critical to allow recombination to generate diversity within the protocol. When we isolated
individual phages from the round-30 cocktail, those selected on our laboratory strains showed very
little expansion of host range. The three phages with broadest host range we identified were isolated
using bacterial strains refractory to the round-10 cocktail. However, when these broad-host-range
phages were tested against a new set of urinary tract infection isolates of P. aeruginosa, isolated in a
separate laboratory three years after the WCC isolates were obtained, no collateral expansion of host
range was seen. Therefore, it appears that the use of both clinically relevant and up–to-date bacterial
isolates that are resistant to the phages of the cocktail is important in generating therapeutically
useful phages. It is noteworthy that the Eliava IBMV regularly adds new bacterial isolates to their
Appelmans panel, and the phages generated are added to their complex and evolving therapeutic
preparations (Pers. Comm., Z. Alavidze). We also believe it is important to include a bacterial host that
can support lytic growth of all or most of the phages of the cocktail, thereby enabling recombination
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after co-infection. In contrast, collateral host-range expansion was maintained when a similar protocol
was carried out by Mapes et al. [11], who saw an increase in host range on a set bacterial isolates
that had not been used for phage evolution. It is not clear why the two studies arrived at different
conclusions, and clearly, further work is needed both to optimize the Appelmans protocol and to better
understand how to generate clinically useful phages efficiently.

Phage evolution is postulated to occur principally through recombination [12,13,15,17,50–54], and
recombination has been demonstrated between the members of an experimental therapeutic cocktail
of virulent E. coli phages in an anaerobic, continuous culture system [55]. Therefore, we consider it
likely that phage evolution itself occurs predominantly through what is essentially the Appelmans
protocol writ large. Indeed, the Appelmans protocol could already be occurring naturally, in situ,
during active phage therapy [56–58]. Multiple rounds of infection and lysis in a dense and relatively
localized bacterial population would provide many opportunities for horizontal exchange of genetic
elements between therapeutic phages and even non-therapeutic phages present as prophages in the
bacterial population or phages that are present in the local environment.

Our results are in keeping with this idea and suggest that recombination events between the
members of a phage cocktail during the Appelmans protocol or during therapy generate far more
genetic diversity than non-recombinant mutations alone. The total phenotypic diversity generated
by all three single phage experiments was far less than that generated by evolving a cocktail of those
same three phages. In the absence of recombination, we would have expected the total diversity
generated from all three input phages separately to be similar to that generated by the three phages
simultaneously. Moreover, only one point mutation was seen in the phi176 genome, whereas at least
48 recombination events occurred, corroborating the predominantly recombinatorial nature of phage
evolution in the Appelmans protocol.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/3/241/s1,
Table S1: Host range of single phage experiments.
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Appendix A

The Appelmans protocol, as supplied by Dr Z. Alavidze, IBMV. (In Georgia the protocol is often
called the ‘Appelman’ technique.)

“The Appelman technique is a method for developing phage isolates into strains that are much
more active against a wide range of bacterial strains of the same family. This long-standing technique
is a main method used in the development of phage cocktails in the Republic of Georgia. The phage
cocktail, generally active on at least 60% of the host collection, is diluted serially, with one dilution
series for each of the 10–12 strains of interest, adding 0.1 mL of bacteria, diluted 10-fold from a slant
tube, to each tube of 5 mL of broth. The tubes are incubated at 37 ◦C overnight. The following day,
each dilution is checked for lysis compared to a control tube. The lysed tubes are combined across all
the strains and filtered. The new filtrate is considered Appelman 1 and is used for the next dilution
series, with the addition of one dilution past the previous point of lysis. Once a phage is able to lyse
at a dilution of 10−7 across 10 or more strains, it is considered a “mother” phage that can be used in
combination with other Appelman phages for a cocktail.
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Qualitative analysis of the Appelman phages by spot testing shows an increase in virulence of the
phage between the first and last Appelman. The efficiency of plating of each phage on the various
strains is necessary to determine quantitatively how much change occurs as a result of Appelman
passaging. The important question raised by this method is: how are the phages becoming more
active? It is probable that a small change in the tail fibers of the phages allows for a better infection.”
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Abstract: The antimicrobial properties of bacteriophages make them suitable food biopreservatives.
However, such applications require the development of strategies that ensure stability of the phage
particles during food processing. In this study, we assess the protective effect of encapsulation of
the Staphylococcus aureus bacteriophage phiIPLA-RODI in three kinds of nanovesicles (niosomes,
liposomes, and transfersomes). All these systems allowed the successful encapsulation of phage
phiIPLA-RODI with an efficiency ranged between 62% and 98%, regardless of the concentration
of components (like phospholipids and surfactants) used for vesicle formation. Only niosomes
containing 30 mg/mL of surfactants exhibited a slightly lower percentage of encapsulation. Regarding
particle size distribution, the values determined for niosomes, liposomes, and transfersomes were
0.82 ± 0.09 μm, 1.66 ± 0.21 μm, and 0.55 ± 0.06 μm, respectively. Importantly, bacteriophage
infectivity was maintained during storage for 6 months at 4 ◦C for all three types of nanovesicles,
with the exception of liposomes containing a low concentration of components. In addition,
we observed that niosomes partially protected the phage particles from low pH. Thus, while free
phiIPLA-RODI was not detectable after 60 min of incubation at pH 4.5, titer of phage encapsulated
in niosomes decreased only 2 log units. Overall, our results show that encapsulation represents an
appropriate procedure to improve stability and, consequently, antimicrobial efficacy of phages for
application in the food processing industry.

Keywords: bacteriophages; encapsulation; niosomes; transfersomes; liposomes; Staphylococcus aureus

1. Introduction

Bacteriophages, viruses that infect and kill bacteria, are ubiquitous in the environment. Indeed,
they are considered to be the most abundant organisms in the biosphere, playing an important role in
biogeochemical cycles and in the development of microbial communities [1]. Over the last few years,
there has been a notable interest in exploiting the antimicrobial properties of phages for the control of
bacterial pathogens (phage therapy), as a strategy to curtail the relentless increase in antibiotic-resistant
bacteria [2–4]. Moreover, phages are harmless to humans, animals, and plants, making them a safe
alternative to conventional antimicrobials [5].

Another potential application of bacteriophages is as biocontrol agents along the food chain [6].
The main advantages of bacteriophages in a food context are related to their specificity and safety,
and several studies have already confirmed their effectiveness. For example, bacteriophages infecting
the most important foodborne pathogens have been successfully used to reduce the microbial load
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in livestock, thereby decreasing the risk of transmission of zoonotic bacteria. Also, phages can be
directly applied to foods as preservatives to prevent the development of undesirable bacteria [7–9].
Additionally, bacterial viruses have been proposed as promising disinfectants to reduce the risk of
food contamination caused by biofilms in food processing industries [10]. Nonetheless, widespread
use of bacteriophages in agriculture, farming or food industrial settings will not be possible until
they receive full approval by the regulatory authorities. In that sense, it is worth mentioning the
recent approval of several phage-based products by the U. S. Food and Drug Administration to be
used as food preservatives. Thus, two companies, Intralytix, Inc. (http://www.intralytix.com) and
Micreos (http://www.micreos.com) currently market an array of phage-based products against some
of the most important foodborne pathogenic bacteria. Some examples include Listeria monocytogenes
(ListShield™ and PhageGuard Listex), E. coli O157:H7 (EcoShield™), Shigella (ShigaShield™) and
Salmonella (SalmoFresh™ and PhageGuard S).

Depending on the specific use, phages can be delivered by oral administration to animals or by
direct spraying on food or industrial surfaces [7,11,12]. In many cases, bacteriophages will encounter
harsh physicochemical conditions following the application of phage-based products. For instance,
the presence of bile salts and low pH in the gastrointestinal tract of farm animals or the UV light
and low pH on the surface of some fruits may lead to inactivation of the viral particles. This would
unavoidably result in a loss of infectivity against their target bacterium and, ultimately, failure of the
disinfection procedure.

A feasible possibility to overcome this problem is the encapsulation of phages to protect them
from environmental challenges so that they can reach their target microbes. (Micro- or nano-)
encapsulation is a technology that allows packaging solid, liquid, or gaseous materials in miniature
capsules or vesicles that can release their contents at controlled rates, sometimes triggered by specific
environmental cues (pH, temperature, etc.) [13]. Indeed, this technique is often used in the food
industry for the delivery of bioactive compounds or probiotics [14]. Thus, nanoencapsulation of
different compounds like vitamins, minerals, and proteins confers several advantages since the
molecules inside the nanovesicles are protected from hazardous environmental conditions and display
increased stability as well as greater intestinal and epidermal absorption [15–18]. Indeed, there are
several examples in literature where microencapsulation increased the stability of probiotic bacteria in
dairy products [19], or the viability of these bacteria during their passage through the gastrointestinal
tract [20,21]. Similarly, nanoencapsulation of an antimicrobial peptide (nisin) or lysozyme allowed
overcoming stability issues and prevented their interaction with food components when used as
additives for dairy products to control the growth of pathogenic bacteria [22,23]. Thus far, there are
some studies regarding the encapsulation of bacteriophages in emulsions as well as in micro and
nanovesicles prepared using different techniques based on chemical (polymerization) or physical
(drying or extrusion) processes. However, there is only limited information about the encapsulation of
bacteriophages in liposomes and none concerning the use of other types of nanovesicles (reviewed
by [24,25]).

Staphylococcus aureus is an important pathogenic bacterium responsible for serious infections
and food-borne diseases in humans [26,27]. The European Food Safety Authority (EFSA) reported
a total of 434 food-borne outbreaks caused by staphylococcal toxins in 2015 [28]; meanwhile,
360 outbreak-associated illnesses and 27 hospitalizations were caused by S. aureus toxins in the US in
2016 [29]. Furthermore, the increase in methicillin-resistant (MRSA) and vancomycin-resistant strains
(VRSA) has fostered research on the development of new weapons to fight against this pathogen [30].
Among these weapons, bacteriophages and phage-derived proteins are an interesting alternative to
treat S. aureus infections [31,32] and prevent food contamination [33,34].

Our previous work had already demonstrated the ability of bacteriophages to reduce S. aureus
contamination in dairy products including milk, curd, and cheese [35–37]. Moreover, there is evidence
that they can also be used as a helper when combined with hydrostatic high pressure (HHP) to
improve the safety of dairy products [38]. More recently, we have isolated and characterized the
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polyvalent Myoviridae phage phiIPLA-RODI, which is able to infect a broad range of staphylococcal
species including S. aureus strains from food industry origin [39]. Its high infectivity against both
planktonic cultures and biofilms makes it a good candidate for the biocontrol of S. aureus in food-related
settings. However, the poor stability of phiIPLA-RODI under certain environmental conditions, might
compromise its use during processing of fermented products.

The aim of this study was to evaluate the stability of phage phiIPLA-RODI under different
encapsulation conditions compatible with the delivery of phage to foods. We also assessed the viability
of the encapsulated phage during storage as well as its resistance under extreme conditions.

2. Materials and Methods

2.1. Bacterial Strains

S. aureus IPLA1 was used as the host strain of phage phiIPLA-RODI [39]. Isolated colonies
of this strain were obtained by streaking out a frozen stock onto Baird–Parker (BP) agar plates.
Subsequent bacterial cultures were routinely grown in tryptic soy broth (TSB; Scharlau, Barcelona,
Spain) with shaking or on plates containing TSB supplemented with 2% (w/v) bacteriological agar
(TSA). The growth temperature for all experiments was 37 ◦C.

2.2. Phage Propagation and Enumeration

Bacteriophage phiIPLA-RODI was routinely propagated as previously described [39]. Briefly,
early exponential cultures of S. aureus IPLA1 (OD600 = 0.1) were infected with the phage at a multiplicity
of infection (MOI) of 1. The infected cultures were then incubated for 3 h at 37 ◦C with vigorous shaking.
Phage lysates were obtained by centrifugation of these cultures and subsequent filtration (0.45 μm
cellulose acetate Sartolab® RF Vacuum Filters). Afterwards, the phage lysate was partially purified by
adding NaCl (0.5 M, final concentration) and PEG 8000 (10%, final concentration). These samples were
incubated at 4 ◦C for 24 h, and then centrifuged at 10,000 rpm at 4 ◦C for 30 min. The pellet containing
the phage particles was suspended in SM buffer (20 mM Tris HCl, 10 mM MgSO4, 10 mM Ca(NO3)2

and 0.1 M NaCl, pH 7.5).
Phage titer was calculated by the double-layer plaque assay. Briefly, 0.1 mL from a 1:10 dilution of a

S. aureus IPLA1 stationary culture (108 CFU/mL) were mixed with several dilutions of individual phage
suspensions in 3 mL of molten TSB supplemented with 0.7% agar and the mixture was poured onto
TSA plates and incubated at 37 ◦C for 18 h. The phage titer was expressed as PFU/mL. All assays were
performed using biological triplicates and values were presented as the mean ± standard deviation.

2.3. Encapsulation Processes

Liposomes are bilayer vesicles prepared with phospholipids and containing cholesterol as a
stabilizing agent. Their size ranges depending on the type of vesicles formed are the following:
multilamellar vesicles (size > 200 nm), large unilamellar vesicles (100–400 nm), small unilamellar
vesicles (<100 nm).

Niosomes and transfersomes are similar to liposomes in terms of structure and physical properties.
They can be unilamellar or multilamellar vesicles prepared by adding surfactants and other amphiphilic
molecules, alternative to phospholipids, such as non-ionic surfactants [40].

Liposomes and niosomes were prepared using Pronanosome Lipo-NTM and Pronanosome
Nio-NTM (Nanovex Biotechnologies, Llanera, Spain), respectively. Briefly, different amounts of
Pronanosomes were employed to reach different final concentrations (30, 50 and 70 mg/mL).
The products were hydrated with a solution of 0.05 M HEPES buffer pH 7.5 (Alfa Aesar, Karlsruhe,
Germany) and then the bacteriophage suspension (3.2 × 108 PFU/mL) was added at a final
concentration of 4% (1.3 × 107 PFU/mL). Then, the samples were mixed in two steps: a first step
of manual shaking for 3 min followed by a homogenization step using a homogenizer (Heidolph,
Schwabach, Germany) at different speeds and times (Table 1).
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Table 1. Composition, characteristics (homogenization and duration, size, zeta potential) and viability
(measured as log reduction in phage titer after treatment comparing with the initial titer) of vesicles
containing phage phiIPLA-RODI.

Vesicles
Composition Homogenization

(rpm)/Duration (min)
Z-Average

(μm)
ζ-Potential

(mV)

Viability Loss
(Log Units)Components Concentration *

Niosome Pronanosome
Nio-N™

30 mg/mL,
8000/5

0.83 ± 0.11 −34.3 ± 1.0 0.5 ± 0.1
50 mg/mL, or 0.85 ± 0.12 −33.4 ± 0.2 1.0 ± 0.2

70 mg/mL 0.80 ± 0.07 −35.6 ± 1.3 1.1 ± 0.2

Liposome Pronanosome
Lipo-N™

30 mg/mL,
5000/5

1.51 ± 0.17 −14.1 ± 1.0 1.3 ± 0.1
50 mg/mL, or 1.60 ± 0.17 −14.1 ± 0.5 1.2 ± 0.2

70 mg/mL 1.89 ± 0.03 −13.5 ± 0.1 1.2 ± 0.2

Transfersome
Phospholipon 90G
and Span 60 (1:1)

30 mg/mL,
8000/5

0.51 ± 0.07 −30.3 ± 1.2 1.4 ± 0.3
50 mg/mL, or 0.55 ± 0.03 −30.8 ± 2.0 1.2 ± 0.0

70 mg/mL 0.58 ± 0.06 −28.6 ± 0.2 1.3 ± 0.1

Notes: Each value represents the mean ± standard deviation of three samples. * In the case of transfersomes,
the concentration refers to the total of the two components.

Transfersomes were prepared by the thin film hydration (TFH) or dry film method [41] with
minor modifications. Different amounts (30, 50 and 70 mg/mL) of Phospholipon 90G (P90; Lipoid,
Ludwigshafen, Germany) and Span 60 (Alfa Aesar, Karlsruhe, Germany) (1:1) were dissolved in
chloroform. Chloroform was subsequently removed by incubation at 40 ◦C, under reduced pressure in
a rotary evaporator (Heidolph, Schwabach, Germany) until the formation of a dry film, which was
subsequently hydrated by a solution of 0.05 M HEPES buffer pH 7.5. Then, bacteriophages were added
at a final concentration of 4% (1.3 × 107 PFU/mL). The nanovesicles were subsequently generated
after being submitted to 3 min of manual shaking and homogenized for 5 min at 8000 rpm (Table 1).

2.4. Characterization of Nanovesicles

Mean (Z-Average) particle size in the different nanovesicles (niosomes, liposomes and
transfersomes) was determined by using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire,
UK), via Dynamic Light Scattering (DSL).

The ζ-potential is strongly linked to vesicle stability, with high absolute values of ζ-potential
indicating electrostatic repulsion between vesicles. To determine the ζ-potential the M3-PALS (Phase
Analysis Light Scattering) technique was used [15]. Three independent samples were taken from each
formulation at room temperature and values were expressed as mean ± standard deviation.

2.5. Viability and Encapsulation Efficiency

The number of bacteriophages that did not survive the formulation process for niosomes,
liposomes or transfersomes, was expressed as log reduction in viability:

Viability = log10(
Total phage titer after treatment

(
PFU
mL

)

Initial titer
(

PFU
mL

) ) (1)

Phage viability after the formation of niosomes, liposomes and transfersomes was obtained
by determining the total phage titer (encapsulated + non encapsulated). To determine the titer of
non-encapsulated phages or free phages (F), aliquots containing 1.5 mL of niosomes, liposomes and
transfersomes were centrifuged at 13,200 rpm and 4 ◦C for 60 min and the supernatant was titrated as
described above. To determine the titer of encapsulated phages, the pellet containing the nanovesicles
was washed twice with PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM 138 Na2HPO4 and 2 mM
KH2PO4; pH 7.4) following supernatant removal, and centrifuged again under the same conditions.
Again, the supernatant was removed and the pellet was kept for further processing. Then, pellets
were treated with 30 μL of chloroform and vortexed for 5 s to disrupt the vesicles. Finally, SM buffer
was added up to a final volume of 1.5 mL. This mixture was centrifuged for 15 min at 10,000 rpm
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and 4 ◦C. Serial dilutions of the supernatant were then plated by using the double layer technique for
phage titration.

The efficiency of encapsulation (EE) was calculated as the percentage of phages encapsulated
inside nanovesicles compared to the total phage titer:

EE = (
Encapsulated phage (E) (PFU/mL)

Total phage (PFU/mL)
) × 100 (2)

where, total phage = encapsulated phage (E) + non encapsulated or free phage (F).

2.6. Stability of Encapsulated Phages During Storage

The stability of phages entrapped into nanovesicles (niosomes, liposomes, and transfersomes)
was determined by storage of samples at 4 ◦C for 6 months. Every two months the viability of free and
encapsulated phages was determined. A phiIPLA-RODI suspension (1.49 × 108 PFU/mL) in SM was
used as control. Three independent samples were taken from each formulation and from the control
phage suspension. The titer was presented as the mean of these values ± standard deviation.

2.7. Stability of Encapsulated Phages Under Extreme Conditions

The stability of phages encapsulated in niosomes, liposomes, and transfersomes at a pH of 4.5
was determined by preparing a 1:2 dilution of the nanovesicles in Britton–Robinson pH universal
buffer (40 mM H3PO4, 40 mM CH3COOH, 40 mM H3BO3, adjusted to pH 4.5) and then incubating
the samples at room temperature for 60 min. Similarly, nanovesicles were incubated in the following
conditions: (1) dilution (1/10) in NaCl 4.5 M for 60 min at room temperature, and (2) at 60 ◦C for
90 min. For control purposes, a phage suspension in SM buffer was subjected to the same treatments.
After treatment, samples were centrifuged and the supernatant was titrated to determine the number
of non-encapsulated phages. Viability of encapsulated phages was quantified after disruption of the
nanovesicles as indicated above. The initial titer of samples before treatment was taken as a control.
All assays were performed by triplicate.

2.8. Statistical Analysis

Statistical analyses for encapsulation efficiency and phage stability were performed using the
statistical package IBM SPSS Statistics for Windows Version 23 (IBM Corp., Armonk, NY, USA).
The differences in data related to phage encapsulation efficiency and its stability were subjected
to one-way analysis of variance (ANOVA). The Student–Newman–Keuls (SNK) test was used for
comparison of means of the stability of phiIPLA-RODI in the different nanovesicles at a level of
significance p < 0.05. Three biological replicates were used in all the assays.

3. Results

3.1. Bacteriophage phiIPLA-RODI Can Be Successfully Entrapped in Different Nanovesicles

With the aim of seeking an optimal formulation for the application of phage phiIPLA-RODI,
we examined the efficacy of different encapsulation techniques. In a first step, we determined the
stability of the phage during different encapsulation processes and assessed the properties of the
resulting nanovesicles. To do that, a phage suspension (3.2 × 108 PFU/mL) was encapsulated into
niosomes, liposomes, and transfersomes. Then, the size of the prepared vesicles was measured using
Dynamic Light Scattering. The nanovesicles formed had an average size in the range of 0.5 μm to 2 μm
(0.82 ± 0.09 μm for niosomes, 1.66 ± 0.21 μm for liposomes and 0.55 ± 0.06 μm for transfersomes).
Also, the net charge of the nanovesicles surface was estimated by determination of the ζ-potential,
with liposomes showing the lowest absolute values (Table 1). Additionally, the viability of phages after
the encapsulation process was determined. The results obtained in phage titration assays indicated
that phiIPLA-RODI phage particles could withstand all the encapsulation methods tested, as all
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nanovesicles contained infective phages. However, the titer of phages released after the disruption of
nanovesicles was variable, with a reduction ranging from 0.5 to 1.4 log units compared to the initial
phage titer (Table 1).

3.2. The Efficiency of phiIPLA-RODI Encapsulation Is Not Greatly Influenced by Component Concentration

Once established that phage phiIPLA-RODI could be successfully encapsulated in nanovesicles,
we examined whether differences in the composition of the vesicles may affect the encapsulation
efficiency. In order to do that, the three types of nanovesicles (niosomes, liposomes and transfersomes)
were prepared by using different concentrations (30, 50 and 70 mg/mL) of their respective components.
The results of this experiment indicated that the percentage of encapsulation was largely independent
of the concentration of components or the nanovesicle type (p > 0.05) (Table 2). The only exception to
this was that, for niosomes, the highest encapsulation efficiencies (99% and 94%) were obtained by
using 30 and 50 mg/mL of Pronanosome Nio-N™, while only a 62% was observed when niosomes
were made with 70 mg/mL. Although not statistically significant, it is worth noting that liposomes
formed using 70 mg/mL of Pronanosome Lipo-N™ and transfersomes containing 30 mg/mL of
components (Phospholipon 90G and Span 60) showed variable results between different replicates
(Table 2). This suggests that encapsulation of phiIPLA-RODI using those concentrations would not
consistently result in high encapsulation efficiencies.

Table 2. Encapsulation efficiency for bacteriophage phiIPLA-RODI in niosomes, liposomes and
transfersomes prepared using different concentrations of components.

Concentration of
Components (mg/mL)

Encapsulation Efficiency (% PFU/mL)

Niosomes Liposomes Transfersomes

30 99.8.0 ± 0.03 98.6 ± 0.47 76.9 ± 21.49
50 94.5 ± 3.29 95.2 ± 4.30 95.6 ± 4.96
70 62.3 ± 14.35 *,# 85.5 ± 9.04 96.6 ± 2.89

Notes: Each value represents the mean ± standard deviation of three samples. The asterisk (*) indicates a
significantly different efficiency of encapsulation as a function of the concentration and the pound (#) as a function
of the type of nanovesicle (p < 0.05; ANOVA).

3.3. Stability of Encapsulated Phage Particles during Storage at Low Temperature

One of the main challenges associated to the development of phage-based products is to ensure
their stability under storage conditions. With this in mind, we assessed whether encapsulated and
non-encapsulated phiIPLA-RODI particles remained viable during storage at 4 ◦C throughout a 6-month
period. As a control, we tested the stability of a phage suspension in SM buffer (1.49 × 108 PFU/mL).

A high stability was observed for phages encapsulated in all three types of nanovesicles regardless
of the nature and concentration of their components, with decreases in phage titer below 2 log units
(Figure 1). The only exception was observed for phages encapsulated in liposomes formed with
30 mg/mL of Pronanosome Lipo-NTM. In this case, there was a 3-log reduction in encapsulated
phage titer after four months, and a similar decrease in non-encapsulated phage titer after only
two months. In general, the stability of free phages was lower than that of encapsulated phages in
all the formulations tested. Indeed, in the case of transfersomes, the differences in phage titer after
six months between the encapsulated and non-encapsulated fractions ranged between 2 and 4 log
units depending on the component concentration (Figure 1). In contrast, the differences observed for
niosomes and liposomes were always below 1 log unit (Figure 1). Surprisingly, the titer of control
phage suspension was reduced only by 1 log unit (7.14 ± 0.25 log10 PFU/mL) after 6 months of storage,
which means that, only for phages inside niosomes (50 and 70 mg/mL) and liposomes (50 mg/mL),
the stability of phage was improved (p < 0.05).
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Figure 1. Stability (log10 PFU/mL) of bacteriophage phiIPLA-RODI encapsulated in different types
of nanovesicles and in SM buffer (control), after storage at 4 ◦C: (A) niosomes, (B) liposomes and
(C) transfersomes. Phage titer was determined after encapsulation (black bars) and also after storage for
2 months (dark grey bars), 4 months (light grey bars) and 6 months (white bars). (F): non encapsulated or
free phage; (E): encapsulated phage. Numbers (30, 50 or 70) indicates the concentration of components
expressed in mg/mL. Bars represent mean ± standard deviation of three biological replicates. Different
letters indicate differences in stability (p < 0.05; ANOVA and SNK post-hoc comparison).

3.4. Niosomes Protect Phages from Low pH and High Temperature

A major advantage of nanovesicles for the application of bacteriophages in the food industry
would be the protection of the viral particles from adverse physicochemical conditions commonly
found in food-processing settings. Here, we examined if encapsulation of the phiIPLA-RODI in
niosomes, liposomes or transfersomes had a protective effect against low pH. The results obtained
indicated that niosomes effectively protect phages at a pH of 4.5. Thus, while non-encapsulated phages
and control phage suspension were completely inactivated under these conditions, phages entrapped
inside niosomes retained part of their infectivity, exhibiting only a reduction of ~2 log units (Table 3).
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Table 3. Stability (log10 PFU/mL) of bacteriophage phiIPLA-RODI to different treatments.

Nanovesicles
Component

(mg/mL)
Phage

phiIPLA-RODI
Initial Titer log10

(PFU/mL)
pH 4.5
60 min

Tª 60 ◦C
90 min

NaCl 4.5 M
60 min

Niosomes

30
F 3.73 ± 0.20 − 4.74 ± 0.08 *
E 5.78 ± 0.03 3.78 ± 0.1 * 3.54 ± 0.50 * 4.52 ± 0.13 *
T 5.78 ± 0.03 3.78 ± 0.1 * 3.54 ± 0.50 * 4.95 ± 0.02 *

50
F 4.09 ± 0.12 − N/A 5.32 ± 0.18 *
E 5.76 ± 0.07 4.00 ± 0.19 * N/A 4.50 ± 0.10 *
T 5.77 ± 0.06 4.00 ± 0.19 * N/A 5.38 ± 0.15 *

70
F 5.11 ± 0.07 − N/A 5.79 ± 0.17 *
E 5.63 ± 0.06 3.85 ± 0.16 * N/A 4.44 ± 0.11 *
T 5.74 ± 0.04 3.85 ± 0.16 * N/A 5.81 ± 0.16

Liposomes

30
F 3.53 ± 0.15 − − 5.03 ± 0.32 *
E 5.80 ± 0.85 − − 4.85 ± 0.22
T 5.80 ± 0.84 − − 5.25 ± 0.25

50
F 4.16 ± 0.09 − N/A 5.05 ± 0.12 *
E 5.14 ± 0.51 3.46 ± 0.28 * − 4.03 ± 0.37 *
T 5.18 ± 0.22 3.46 ± 0.28 * N/A 5.19 ± 0.14

70
F 3.87 ± 0.26 − N/A 4.71 ± 0.68
E 5.03 ± 0.22 2.30 ± 0.24 * N/A 4.48 ± 0.54
T 5.06 ± 0.18 2.30 ± 0.24 * N/A 4.91 ± 0.62

Transfersomes

30
F − − − 4.93 ± 0.53 *
E 4.88 ± 0.21 − − 4.43 ± 0.34
T 4.88 ± 0.21 − − 5.01 ± 0.48

50
F − − N/A 5.01 ± 0.43 *
E 4.63 ± 0.15 − N/A 4.18 ± 0.22 *
T 4.63 ± 0.15 − N/A 4.75 ± 0.52

70
F 2.95 ± 0.02 − N/A 5.05 ± 0.19 *
E 4.93 ± 0.05 − N/A 4.60 ± 0.05 *
T 4.94 ± 0.10 − N/A 5.18 ± 0.17

Control phage
in SM buffer N/A N/A 8.52 ± 0.10 − 4.75 ± 0.22 * 8.08 ± 0.48

Note: Each value represents the mean ± standard deviation of three samples. (F): free or non-encapsulated phage;
(E): encapsulated phage; (T): Total phage = F + E. Initial titer: titer of phage before treatment process. (−) Below
bacteriophage threshold (102 PFU/mL). The asterisk (*) indicates a statistically significant difference with respect to
the initial titer. N/A: not applicable.

Overall, liposomes turned out to be less stable at low pH values, as only those vesicles containing
50 and 70 mg/mL of Pronanosome Lipo-N™ were able to protect the encapsulated phages, showing a
reduction of nearly 2–3 log units with respect to the initial phage titer. No protective effect from low
pH was achieved in the case of transfersomes, as no active phage particles could be detected after the
treatment (Table 3).

Regarding temperature stability, phage encapsulation in liposomes and transfersomes did not
offer protection in treatments at 60 ◦C for 90 min. Indeed, a total loss of viability was observed for
both encapsulated and non-encapsulated phages. Similarly, an equivalent reduction in phage titer
(about 4 log units) was recorded for the control phage suspension. In contrast, niosomes exerted better
protection of the encapsulated phages since lower reduction in phage titer (2–3 log units) was detected
(Table 3).

Although high NaCl concentrations had not any appreciable effect on phage stability, we tested
the impact on nanovesicles of 4.5 M NaCl for 60 min, since this salt concentration could cause vesicles
destabilization. Indeed, we observed a slight reduction (~1 log unit) in encapsulated phage titer
and an increase in non-encapsulated phages, regardless of the type of nanovesicle and the surfactant
concentration used (Table 3). These results suggest a slight destabilization of the nanovesicles in the
presence of a high salt concentration that results in the partial release of encapsulated phages.
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4. Discussion

The increasing number of studies confirming the success of phages as antimicrobials along
with the current trend in the consumption of healthy, chemical-free foods has boosted the interest
in bacteriophages as natural biopreservatives [42] and disinfectants [10]. However, for phage-based
products to be successful, it is necessary to design proper formulations that meet certain stability
requirements that standard phage suspensions do not currently have. Microencapsulation techniques
including emulsification, extrusion, spray-drying, electrospun nanofibers and whey protein films have
been proposed as feasible alternatives to solve this problem [24]. In addition, the use of food-compatible
nanomaterials together with an approved preparation procedure, including food-grade solvents and
detergents, is also an essential requirement [14]. In the present study, we attempted to find the most
effective techniques for the encapsulation of phage particles to be used in food industry applications.

In a first step, we confirmed that phage phiIPLA-RODI remained stable after different
encapsulation processes including niosomes, liposomes and transfersomes.

Phages encapsulated into niosomes (50 and 70 mg/mL of Pronanosome Nio-N™) and liposomes
(50 mg/mL of Pronanosome Lipo-N™) retained stability for longer periods of time than those kept in
SM suspension. All studies published so far report the use of liposomes as vehicles to encapsulate
phages [8,43], but there are no reports about the use of niosomes and transfersomes. To determine
the optimal conditions that result in the highest encapsulation efficiency for phage phiIPLA-RODI,
we prepared nanovesicles using different concentrations of surfactants and phospholipids. A previous
study reported that total lipid concentration was an important factor for the loading efficiency of
liposomes [44]. However, we did not usually observe this trend when encapsulating phiIPLA-RODI
in different types of nanovesicles. Indeed, a reduction in component concentration only improved
encapsulation of phiIPLA-RODI into niosomes, but did not significantly modify the encapsulation
efficiency in liposomes or transfersomes. Additionally, we could not establish any correlation between
encapsulation efficiency and the average particle size associated to each vesicle type. For instance,
the average size of transfersomes (~0.5 μm) was three times smaller than that of liposomes (~1.6 μm),
but similar phage encapsulation efficiencies were obtained with both types of nanovesicles. In contrast,
Leung et al. [45], found that encapsulation efficiency increased with vesicle size in liposomes obtained
by using microfluidics, although this trend was only observed for small vesicles (up to 0.5 μm).

The use of encapsulated phages for therapeutic [25] or food applications [46] requires optimization
of the formulation process. For example, it is paramount to control the release of phages from
nanovesicles and maximize the stability of the encapsulated phage particles. Release of phages can
be controlled by external parameters such as temperature or pH, provided they do not negatively
affect the phage, or by spontaneous rupture in contact with components of food matrix [25]. Overall,
we found that the stability during storage of the encapsulated phages was always higher than that
of free or non-encapsulated phages in the same suspension, but the stability was only higher than
that of the control phage suspension in SM buffer in some cases. A high stability of encapsulated
phages is in accordance (consonance) with previous findings where nanoencapsulation in liposomes
increased phage stability during storage conditions as well as during their delivery to animals [8,43].
Moreover, the use of phages inside liposomes facilitates their entry into macrophages and also protects
phages from neutralizing antibodies [47]. More specifically, we found that encapsulation of phage
phiIPLA-RODI into niosomes and liposomes led to a slightly higher stability during storage at 4 ◦C than
encapsulation into transfersomes. Thus, viability of phages encapsulated in transfersomes (70 mg/mL
of Phospholipon 90G and Span 60) after six months of storage was lower than that obtained for
niosomes. It does not appear that the low stability of phages in transfersomes is related with the
ζ-potential of these nanovesicles, as it was quite similar to that of niosomes. It is also worth noting
the deleterious effect for phage phiIPLA-RODI of storage in liposomes containing 30 mg/mL of
Pronanosome Lipo-N™. In fact, even non-encapsulated phages were inactivated in these suspensions.
It does not seem, however, that this result is due to a low stability of phiIPLA-RODI at low temperatures
since this phage is highly stable under refrigeration conditions. We can speculate that components
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from liposomes might bind to the phage proteins necessary for the recognition of and/or binding to the
cell receptor, thereby inhibiting their interaction with host bacteria. An increase in the concentration of
components might help to stabilize liposomes, as can be deduced from the higher protection of phages
by liposomes containing 50 and 70 mg/mL of Pronanosome Lipo-NTM. Therefore, the low stability of
liposomes containing 30 mg/mL would result in the release of these components to the suspension.
These components may interact with phage proteins and potentially inactivate the phage particles.

Despite the well-established antimicrobial activity of bacteriophages in some food applications,
their use might be limited under certain processing conditions that inactivate the phage particles.
For instance, the fermentation of milk by lactic acid bacteria results in a pH ≤ 4.5, which leads to the
inactivation of many bacteriophages including phiIPLA-RODI [39]. For this reason, we investigated
here if encapsulation was an effective method for the protection of phage phiIPLA-RODI from low
pH values. Our results confirmed the protective effect of niosomes under acidic conditions. However,
we observed that liposomes only offered partial protection to the phage particles, with a decrease in
phage viability of up to 3 log units. Regarding transfersomes, our results indicated that they had a
negligible contribution to phage stability maintenance. Moreover, our results show that transfersomes
themselves were not stable at low pH values, which may be related to their specific content in
Phospholipon 90G and Span 60. In fact, it is a common practice to modulate liposome stability at
different pH values by changing their composition as a means to control the release of the vesicle
content [48]. This has great relevance for the delivery of drugs, enzymes, and other therapeutics into
vesicles that will only release their content at the pH of the target organ [48]. In an agro-food context,
protection of phages against extremely acidic conditions was an approach used by Colom [8] to deliver
Salmonella phages to the chicken stomach and to increase their residence time in the intestinal tract.
These authors found that phages encapsulated into liposomes were stable after exposure to a pH of
2.8 and, although the phage titer was reduced by 3–5 log units, protection against Salmonella by the
encapsulated phages persisted for at least 1 week.

In relation to the higher stability to temperature of niosomes, their composition with non-ionic
surfactants might explain this result because they are more stable than phospholipids [49]. Indeed,
phage phiIPLA-RODI inside niosomes turned out to be less sensitive to temperature than in a SM
buffer suspension, as a reduction of 2–3 log-units was observed compared to 4 log units reduction in
the control suspension.

Furthermore, we explore the stability of nanovesicles under external conditions that, without
having an effect on phage viability, might destabilize their structure and, therefore, expose phages
to further undesirable conditions. For example, high salt concentrations are frequently used in the
processing of some foods such as cheese, but do not seem to affect the viability of phiIPLA-RODI.
Indeed, all nanovesicles turned out to be quite stable in the presence of NaCl. However, in some
cases, we observed a slight increase in non-encapsulated phages and a reduction in encapsulated
phages, which suggests that some nanovesicles opened spontaneously, releasing the encapsulated
phage particles. The spontaneous release of compounds when nanovesicles are applied to food might
be a feasible approach for phage delivery. It has been previously used to incorporate cheese-ripening
enzymes to milk in order to accelerate cheese proteolysis [50,51]. The rate of release could be affected
by some factors such as cheese fat content, being stimulated by increasing the fat content (0% to
20%) [52].

It is worth noting that nanovesicles are considered to have a promising future in the food
industry. Indeed, several commercialized liposome products have already been approved for different
applications including food supplements and food preservatives as well as products for pathogen and
pesticide detection [53].

Overall, our results show that nanovesicles are also suitable candidates for the production of
phiIPLA-RODI-based formulations that will help to maintain phage stability during food processing
conditions or in the gastrointestinal tract. More specifically, our results thus far seem to indicate
that niosomes are the most interesting nanovesicles for the encapsulation of phiIPLA-RODI. Indeed,
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in addition to offering the greatest protection to the phage particles, they are also less costly than
liposomes [40]. Future work will validate the effectiveness of encapsulated phages in a food matrix as
long as the niosomes synthesis procedures are ready for scaling up, in order to make these formulations
a real alternative to the food industry.
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Abstract: Studies of phage capsids have at least three potential interfaces with nanomedicine. First,
investigation of phage capsid states potentially will provide therapies targeted to similar states
of pathogenic viruses. Recently detected, altered radius-states of phage T3 capsids include those
probably related to intermediate states of DNA injection and DNA packaging (dynamic states).
We discuss and test the idea that some T3 dynamic states include extensive α-sheet in subunits of
the capsid’s shell. Second, dynamic states of pathogenic viral capsids are possible targets of innate
immune systems. Specifically, α-sheet-rich innate immune proteins would interfere with dynamic
viral states via inter-α-sheet co-assembly. A possible cause of neurodegenerative diseases is excessive
activity of these innate immune proteins. Third, some phage capsids appear to have characteristics
useful for improved drug delivery vehicles (DDVs). These characteristics include stability, uniformity
and a gate-like sub-structure. Gating by DDVs is needed for (1) drug-loading only with gate opened;
(2) closed gate-DDV migration through circulatory systems (no drug leakage-generated toxicity);
and (3) drug release only at targets. A gate-like sub-structure is the connector ring of double-stranded
DNA phage capsids. Targeting to tumors of phage capsid-DDVs can possibly be achieved via the
enhanced permeability and retention effect.

Keywords: alpha-sheet; cancerous tumors; capsid dynamics; drug delivery vehicles; native gel
electrophoresis; neurodegenerative disease; pathogenic viruses

1. Introduction

1.1. A Principle

The following principle (basics-focus principle) is proposed here as a foundation for uses of
phages in nanomedicine. The curing of currently intractable, biochemically complex diseases requires
understanding of the disease basics, but it does not require understanding of the disease details.
Historical justifications for the basics-focus principle include (1) the development of smallpox [1]
and rabies [2] vaccines before any details about virus composition and structure were known; (2) the
discovery of bacterial cell wall-active [3,4] and ribosome-active [5] antibiotics before the composition
and structure of bacterial cell walls and ribosomes were known and (3) the use of phage therapy for
infectious disease in the absence of knowledge of the composition and structure of phages [6,7].

Applying the basics-focus principle does not mean neglecting the rest of the science.
Louis Pasteur’s basics-oriented work on improving wine and beer fermentation was a major part of
the foundation for the fields of biochemistry and microbiology [2,8]. Antibiotics became major tools in
investigating the composition, structure and dynamics of bacterial cell walls [4] and ribosomes [5,9].

A proposed corollary is the following. Basics-focus on practical aspects of neurodegenerative and
other diseases will not compromise the remaining science. Indeed, as we will describe in Section 6,
we think that the remaining science will also be promoted with this approach.

Viruses 2019, 10, 307; doi:10.3390/v10060307 www.mdpi.com/journal/viruses33
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However, to get started, one has to know enough basics. We think likely that, at least in the case
of neurodegenerative diseases, some basics will have to be assumed, without rigorous proof. In the
discussion below, we will present both key assumptions and the phage-based evidence in the case
of neurodegenerative disease. We will also present a basics-oriented strategy for malignant tumor
therapy. This strategy includes use of a phage capsid-based drug delivery vehicle (DDV).

1.2. The Scientific Environment

Articulation of the basics-focus principle is motivated, in part, by a current environment in which
progress is politely described as slow for the curing of both neurodegenerative diseases and metastatic
cancer. Less politely, but probably more accurately, most (not all) research on neurodegenerative
diseases appears to be mired in its focus on complex biochemical details, with only limited symptomatic
relief achieved [10–13]. Focus on these details is the opposite of (1) what has historically been the most
successful focus (previous section) and (2) what some fundamentals project to be the optimal focus for
developing future therapies for pathogenic virus infections (Section 2.5), neurodegenerative diseases
(Section 3.2) and cancerous tumors (Section 4.2). Lack of basics-focus is one possible explanation of
why neurodegenerative diseases are incurable at this stage in history.

Two recent books appear to be warning signs that public patience is beginning to exhaust. A recent,
cancer-oriented book comes very close to laying the slow-progress blame at the feet of science (really,
scientists) [14]. A recent, polio vaccine-oriented book suggests the following. Without the intervention
of the law partner of an American President, polio vaccine, as we know it, would not have existed as
early as it did [15]. A logical rendition of the current state of phage therapy is likely to exhaust public
patience to a new level because, in this case, successful application of the basics has already been
achieved ([16], reviewed in [17,18]). However, apparently, in the US, one can receive phage therapy
only on an ad hoc basis [16,19].

Our entire research history is in the area of phages, with a primary focus on phage assembly.
Historically speaking, the Caltech phage group (the home of PS for four years) was, in its early years,
supported by the foundation that previously supported the basics focus-oriented work on polio
vaccines. This foundation, The March of Dimes (also called the National Foundation), also supported
the Pauling-associated work on structure discussed below (see the credits in references [20–23]). That is
to say, the basic philosophy in the current article appears to have an indirect linkage to the distant past.

1.3. Phage Assembly Basics

The composition and structure of phage T3 and its relative, T7, are illustrated in Figure 1d.
The phage particle consists of (1) a DNA-encapsulating shell of the protein product of gene 10, called
gp10; (2) an external structure (tail) adapted for specific binding to host cells and (3) an internal core
stack [24–26]. The various phage proteins are labeled by gp, followed by the number of the encoding
gene. A T3 gene is given the same number as its T7 counterpart [27].

The DNA-containing, protein capsid of all well-studied, double-stranded DNA phages begins
its existence as a DNA-free capsid, called a procapsid. The T3/T7 procapsid (also called capsid I) is
illustrated in Figure 1a [24]. The procapsid subsequently packages a DNA genome and, while so doing,
changes its structure to form a more phage-like capsid, called capsid II for T3/T7 (Figure 2b). At the
end of packaging, the T3/T7 tail is attached to a ring (called portal or connector) that is on a DNA-filled
capsid (Figure 2c) called a head [26]. The connector (1) is the site of DNA entry; (2) occupies a 5-fold
vertex of an icosahedral, DNA-containing gp10 shell and (3) forms the base of the core stack [24,25].
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Figure 1. The progression of capsids during the in vivo assembly of phages T3 and T7. (a) capsid I;
(b) capsid II packaging DNA; (c) head; (d) mature phage.

Figure 2. A line drawing of the proposed α-sheet-generating polypeptide backbone of the gp10
subunits of (a) hyper-expanded T3/T7 capsid II; (b) an intermediate converting from its state in
hyper-expanded to its state in contracted capsid II and (c) contracted capsid II. N and C indicate
the N- and C-terminals of gp10; (d) Assembly of two gp10 subunits is shown with the proposed
radial staggering. The staggering improves electrical charge-charge-derived energetics. The + symbols
indicate the + electrical charge of the α-amino edge; the − symbols indicate the − electrical charge of
the α-carboxyl edge.
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2. Phage Assembly and Dynamic States

2.1. The Stability of the Icosahedral Shell of the Related Phages, T3 and T7

One’s first impression of the mature T3/T7 capsid is that the DNA-enclosing gp10 shell is
extremely stable and unlikely to change states. The shell is resistant to both ionic detergent [28] and
the proteases, trypsin and subtilisin [29]. In a mature phage T3/T7 capsid, the major shell protein has
a conformation [25] in common among the various double-stranded DNA phages. This conformation
is called the HK97 fold, named after the first phage found to have this fold [30].

The mature gp10 shell of T7 capsid II also has a surprisingly high stability to elevated temperature,
as discussed in Section 4.3. This characteristic suggests resistance to damage during possible use as a
capsid-drug delivery vehicle (DDV).

Nonetheless, dynamism of phage shells is suggested by cryo-electron microscopy (cryo-EM)
analysis. After expulsion of DNA from phage HK97, the shell “bows out” more than it does
before expulsion [31]. Similarly, T7 capsid II is found 1.4% larger than the mature capsid when
purified [25] and in lysates [32]. If one makes the assumption that HK97-type shell proteins have
incompressible components, without capacity for storing and releasing energy, the above result
with HK97 is impossible. The reason is that DNA expulsion releases pressure from packaged DNA.
This would cause contraction, not expansion, if one makes this assumption. Therefore, the shell of
HK97 and probably T3/T7 can move internally to store and release energy.

Less direct evidence for shell dynamics arises from analysis of the leakage of DNA from (tail-free)
phage T3 heads. The heads are obtained from a T3 mutant; almost no T3 and T7 heads are without a
tail in a wild type infection [26]. The DNA leaks from heads in quantized amounts. This phenomenon
is seen via the formation of sharp bands during agarose gel electrophoresis of the DNA remaining
packaged after 1-hit restriction endonuclease digestion. The DNA remaining packaged is obtained
by (1) DNase I-digestion of external DNA; and (2) expulsion from the capsid of DNA remaining
packaged [26]. This leakage-quantization phenomenon is best explained by quantized gp10 shell
contraction that evolved via selection for control of the rate of infection-initiating DNA injection [26,33].

In addition, some multi-site T3 mutants undergo enhanced in vivo production of the following
gp10-shell variants of capsid II: hyper-expanded and contracted. Identification of hyper-expanded
capsid II is made by both (1) electron microscopy and (2) calculation of hydration from the density
during buoyant density centrifugation in Nycodenz density gradients of a Nycodenz-impermeable
(low density, high hydration) capsid II [34,35]. A DNA-free version of these capsids was initially
investigated [34].

Next, a DNA-containing version of hyper-expanded capsid II was isolated via its Nycodenz
impermeability (sealing) and accompanying low density [35]. This particle underwent contraction
in the presence of magnesium ATP, but not magnesium ADP. Binding of ATP to gp10 was proposed
to be the source of energy [35]. The following was evidence that the sealing had been evolutionarily
selected. For wild type capsid II, cryo-EM revealed the complexity of inter-gp10 subunit interactions
to be so high [25] that accidental sealing was improbable. Thus, these capsids were proposed [35] to be
in states selected for function during DNA packaging (details [36]). The hyper-expansion required
shell thinning to the point that β-sheet was proposed as the likely dominant conformation of gp10
major shell protein [35].

2.2. α-Sheet, Rather than β-Sheet, in Size-Altered Capsid II?

α-sheets resemble parallel β-sheets in having a parallel and extended conformation. However,
if the amino acids all have the same chirality (as they do in almost all current proteins), then amino
acids alternate side chain positions. That is to say, the conformation is not a helical array of amino
acids. If constituent amino acids either alternate in chirality or are all glycine, then an α-sheet can
be a helical array of amino acids [21–23,37,38]. The above has suggested the possibility that α-sheets
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began existence abiotically, when proteins were glycine-rich and other amino acids involved were not
chiral [37,38].

An α-sheet-like peptide of 3–6 amino acids is called a nest. Nests are typically glycine-rich.
α-sheets and nests have α-amino groups segregated on one edge and α-carboxyl groups segregated
on the opposing edge [21,37,38]. Nest-associated α-amino groups are known to bind anions, such as
phosphate, via the α-amino group edge. P-loop ATP-binding sites typically have a phosphate-binding
nest [37,38]. Thus, one projects that a more extensive α-sheet is also likely to bind phosphates, including
those part of ATP.

α-sheets were discovered via model building in 1951 [21] and were originally called parallel
pleated sheets before parallel β-pleated sheet was known to be the more frequent structure. However,
extensive α-sheets were found, by the discoverers, to be unlikely for the real world of left-handed
amino acids. The reason was “steric hindrance between adjacent side chains” [23] for left-handed,
non-glycine amino acids. Bending of α-sheets can reduce steric hindrance enough to make extensive
α-sheet possible [22].

Additional unfavorable energetics are expected from the charge separation of α-sheets in the
absence of multiple sheet layers. The α-carboxyl edge is negatively charged; the α-amino edge
is positively charged at physiological pH. Indeed, stable proteins have only a small percentage of
α-sheet-like nests. Among the proteins stable enough to be characterized, α-sheet-like nests are found
primarily in ATP binding sites and in the lining of transmembrane pores [37,38].

The expected increase of α-sheet content for abiotically generated peptides suggests that nests are
imprints from times before the existence of living organisms. The idea is that this structure was not
completely replaced when increased diversity and chirality arrived for biological amino acids [37,38].

In theory, evolutionary retention of α-sheet structure would be increased if (1) the α-sheet is
curved; (2) cooperativity is symmetry-promoted by incorporation of the protein in a symmetrical
structure and (3) the protein binds a nest-stabilizing ATP molecule, thereby initiating a cooperative
transition to α-sheet structure. Thus, we propose the following hypothesis. During DNA packaging,
the observed T3 capsid II shell dynamics (hyper-expansion and contraction) are caused by the adopting
by gp10 of ATP-responsive, dynamic α-sheet conformations.

Specifically, single-layered α-sheet is the proposed structure for gp10 in the shell of the most
hyper-expanded version of T3 capsid II (Figure 2a; orientation in the shell is discussed in the next
paragraph). The thickness is 0.6–0.9 nm [21,37], which is thin enough to make possible covering of the
entire surface of the observed hyper-expanded T3 capsid II [35]. In addition, the proposed structure
for the contracted versions of T3 capsid II is multi-layer α-sheet (Figure 2c), generated by an event
approximating the folding of the single-layered α-sheet (Figure 2b), without loss of gp10 subunits.
This latter conversion would be assisted by favorable electrical charge-charge interactions (Figure 2b).

Assembly of multiple Figure 2a-like subunits will be inhibited by charge-charge interactions
unless the radial positions of neighboring subunits vary so that the negatively and positively charged
edges of neighboring subunits are juxtaposed (Figure 2d). This “staggering” of radial position will
cause increase in apparent shell thickness when a shell is visualized in a two-dimensional projection of
the three-dimensional structure.

Given the polar nature of the two edges of alpha-sheet, one edge is predicted to be at the outer
surface of the capsid’s shell; the other is predicted to be at the inner surface of the shell. Most likely,
the negatively charged edge will be at the outer surface to minimize interaction with other intracellular
proteins, most of which are negatively charged at neutral pH [39].

2.3. Test of a Prediction: Surface Charge

We have tested the prediction of a relatively high negative surface charge for the gp10 shell
of hyper-expanded T3 capsid II. This was done for capsid II that had incompletely packaged
DNA, abbreviated ipDNA; an ipDNA-containing capsid is called an ipDNA-capsid. The test was
performed by native agarose gel electrophoresis in two dimensions (2d-AGE) (recent reference [26]):
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0.30% agarose gel in the first dimension; 2.0% agarose gel in the second dimension. A band of
hyper-expanded ipDNA-capsid II was seen (labeled HE-CII in Figure 3a) after GelStar staining, nucleic
acid-specific. This band was also seen after Coomassie staining, protein-specific. The effective origin of
electrophoresis is indicated by the letter o. For comparison, the position of wild type T3 capsid II was
also determined by 2d-AGE (dot labeled WT-CII in Figure 3a). The latter 2d-AGE was performed in a
separate first and second dimension gel embedded in the same agarose frame as the gel in Figure 3a.
The position of capsid I was determined from a separate analysis (dot labeled CI).

Figure 3. Analysis by 2d-AGE of hyper-expanded T3 ipDNA-capsid II. The ipDNA-capsid II is from
the Nycodenz gradient-isolation in Figure 4b of reference [35]. Two fractions of the Nycodenz density
gradient were analyzed by 2d-AGE, the (a) 1.073 g/mL and (b) 1.099 g/mL fractions. The procedure of
2d-AGE is described in reference [26]. The first dimension was run in a 0.30% agarose gel at 2.0 V/cm
for 5.0 h. The second dimension was run in a surrounding 2.0% agarose gel at 1.8 V/cm V/cm for
16.0 h. The electrophoresis buffer was 0.09 M Tris-acetate, pH 8.3, 0.001 M MgCl2. The temperature
was 25 ± 0.3 ◦C. Seakem LE agarose was used (Lonza, Basel, Switzerland). The arrowheads indicate
the leading edges of sample wells. The arrows indicate the directions of the first (I) and second (II)
dimension electrophoresis. The curved dashed lines indicate the profile of variable length DNAs
(no protein attached) from the DNA fraction of the same Nycodenz gradient. The DNA profile was
obtained in a separate quadrant embedded in the same agarose frame as the gels of (a,b).

The effective radius of a particle (RE), together with the radius of the gel’s effective pore (PE),
uniquely determine the straight line drawn from the effective origin to the position of a particle in
the gel. This line (dashed) is indicated for the WT-CII position in Figure 3a (RE = 28.6 nm by small
angle X-ray scattering [40]). The angle, θ, decreases as RE increases [26]. Thus, the particles of the
HE-CII band are confirmed in Figure 3a to be relatively large. The shape and orientation of HE-CII
band indicate that these particles are also heterogeneous in RE.

The average particle of the HE-CII band also had an average electrical surface charge density, σ,
that was negative and was increased in absolute value. The reasoning is the following. The value of
σ has, in general, been found to be proportional to the electrophoretic mobility in the absence of a
gel. This mobility has been found to be independent of internal contents, such as ipDNA ([26] and
included references). The ratio of σ value for HE-CII to σ value for WT-CII was 1.9. This ratio was
determined from the ratio of average distances migrated in the first (low sieving) dimension, corrected
for an estimated 5% greater effect of sieving on HE-CII in the first dimension. When CI was substituted
for HE-CII, this ratio was also 1.9.

The source of the relatively high negative σ of hyper-expanded ipDNA-capsid II had to be
either (1) the σ at the surface of shell-associated gp10 or (2) leakage from the capsid of a segment
of (negatively charged) ipDNA, without dissociation of the ipDNA. We concluded that the former
possibility was correct because electron micrographs did not reveal any leaked DNA [35]. Thus,
qualitatively, the above prediction was confirmed.
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Finally, the relatedness of HE-CII and WT-CII particles was confirmed in the 2d-AGE profile of a
higher density fraction from the same Nycodenz density gradient. In this case, the HE-CII band was
connected to a WT-CII-like band by an arc formed by capsid II particles with intermediate RE and σ

values (Figure 3b and inset). Contrast enhancement was used in the inset of Figure 3b to make the arc
more easily seen. Presumably, the arc-forming particles were also intermediate in structure.

2.4. Electron Microscopy

In previous electron micrographs of specimens negatively stained with sodium phosphotungstate,
hyper-expanded ipDNA-capsids appeared full [35]. This appearance was caused by impermeability
to the negative stain, not by filling with DNA [35]. The low-electron density interior was occupied
by dried buffer components. The appearance was similar after negative staining with uranyl acetate
(Figure 4). However, the following feature was exaggerated in some particles of hyper-expanded NLD
capsid II. A thin, dark layer of negative stain separated the light interior from the light gp10 shell
(Figure 4). Apparently, after drying of most of the interior, negative stain leaked through the gp10
shell and then dried in a thin layer. In contrast, a contaminating wild type capsid II-like particle had
the traditional negative stain-filled appearance (arrow in Figure 4). The shell of the latter capsids is
2 nm thick.

In the shell-revealing regions of hyper-expanded ipDNA-capsid II particles, the shell usually
appears 3–5 nm thick. However, the thickness of the shell is likely to be significantly less than that
(Section 2.2). This difference is enough so that a staining alone is unlikely to be the cause. Thus,
the cause of the above difference resides in changes to the gp10 shell that occur in the latter stages of
negative staining.

Details were suggested by the observation that, in some regions, the gp10 shell appeared
doubled (arrowhead in Figure 4). The radial position staggering proposed in Figure 2d explained the
observed doubling via an increase in the staggering distance at the latter stages of negative staining.
By this explanation, embedding in the negative stain limited shell disruption to sub-observable levels.
The regions of apparent shell thickening, without doubling, could be explained by smaller increase
in the staggering distance and superposition of images from multiple planes perpendicular to the
direction of observation. In summary, the electron microscopy produced images that were explained
by a gp10 structure similar to the one in Figure 2d. Higher resolution, direct determination of structure
is needed to test more directly for α-sheet and other structures.

Figure 4. Electron microscopy of hyper-expanded NLD capsid II. The sample was the same as the
sample used for Figure 2a. Particles in the sample were negatively stained with 1% uranyl acetate.
The procedures of specimen preparation and EM were the same as used in reference [35].
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2.5. Possible Pathway to Anti-Viral Therapeutics

The above analysis by 2d-AGE has been performed only for phage T3. This analysis is also a
relatively simple, inexpensive, sensitive way to determine whether other viruses produce size-altered
capsids like those of phage T3. For now, we make the following extrapolation. Pathogenic viruses do
make extensive α-sheet-containing shell intermediates, at least in the case of the capsids of viruses
with a double-stranded DNA genome, such as herpes viruses.

If, indeed, this is true, then the following is a possible strategy for anti-viral therapy. Find or
design therapeutic compounds that target the backbone of extensive α-sheets. The low frequency of
extensive α-sheets suggests low toxicity. This strategy has the projected advantage of being insensitive
to bypass via single mutations. In addition, a relatively broad spectrum of viruses is likely to be
susceptible. Two major factors in reducing the success of anti-viral drug therapies are evolution of
resistant viral mutants and presence of narrow drug specificity (examples [41]).

3. Dynamic States and Neurodegenerative Disease

3.1. Some Details

Neurodegenerative diseases are all characterized by the presence of protein aggregates collectively
called amyloid. This name is derived from starch-like texture. The aggregate-forming protein
varies with the neurodegenerative disease (reviews: ALS [42], Alzheimer [43], Huntington [44],
Parkinson [45], prion-associated [46]). When various proteins form amyloid, they convert from an
original mixed-element structure to a predominantly β-sheet structure.

Although β-sheet is the predominant conformation of accumulating amyloid protein, computer
simulations reveal that α-sheet is (1) accessible to amyloid-forming proteins [47,48] and (2) selectively
accessible to them at low pH, especially in the protein region thought to initiate the transition to
amyloid [48]. The proposal has been made that charge-charge interactions assist assembly to form an
α-sheet intermediate that subsequently converts to β-sheet during the formation of amyloid. Molecular
dynamics simulation has shown the possibility of conversion of α-sheet to β-sheet [47–49].

Given the association of nest-like structures with membrane pores, the theory is that extensive
α-sheet-containing amyloid proteins, which are minority species, generate toxicity by making pores
in cell membranes [37,38,47,48]. Mature amyloids are complex enough so that the amount of α-sheet
associated with the β-sheet structure is, to our knowledge, not known.

Returning to the biology, the hypothesis has previously been proposed [50] (and expanded [51])
that one of the normal (non-toxic) functions of amyloid-forming proteins is innate immunity.
This innate immunity occurs via neutralizing of products of both pathogen-generated and physical
insults. By this hypothesis, neurodegenerative disease occurs when control of this insult-neutralizing
activity is lost and, in some cases, the innate immune proteins start neutralizing themselves. A result is
accumulation of toxic aggregates. Indeed, more recent studies have shown anti-bacterial and anti-viral
effects of the amyloid for Alzheimer disease [52,53].

The expanded proposal [51] originally was that the neutralizing interaction occurred via the
extension by innate immune proteins of β-sheet structure generated by the insult. However, the above
considerations suggest substitution of α-sheet structure for β-sheet structure.

3.2. A Proposal for Reduction to Practice

We propose the following working assumptions to implement the basics-focus principle for
neurodegenerative diseases. (1) Pathogenic viral infection and other insults trigger activation of
amyloid-forming host innate immune proteins. These proteins convert to extensive α-sheet structure
and, then, co-assemble with and inactivate extensive α-sheet-rich structures generated by the insults.
These activities are currently obscure; (2) Extensive α-sheets are rare to non-existent in endogenous
proteins of the virus host, other than activated innate immune system proteins; (3) Neurodegenerative
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diseases are caused by α-sheet-dependent damage caused by hyper-produced, activated innate
immune proteins. These proteins eventually form β-sheet-rich amyloid.

Other virus-induced innate immunity activities (cytokine-induced neuroinflammation,
for example) are known to be associated with the onset of neurodegenerative disease [54]. By the
above hypothesis, these activities are secondary.

The proposal of (1)–(3) includes the fundamental idea that higher organisms have retained an
immune system that has anciently derived targets and mode of action. This system is based on an
abiotically derived protein structure. This system is difficult to analyze because proteins with more
recently evolved composition and structure force both the innate immune system and its targets into
intermittent status.

A way to reduce these ideas to practice is the following, as similarly suggested [51] before
the introduction of the above α-sheet proposal. (1) Select for low-pathogenicity viruses that yield
unstable, α-sheet-rich complexes when innate immune system proteins co-assemble with intracellular
intermediates of this virus; (2) Infect patients with these viruses. To manage adaptive immunity,
several such viruses would be used in succession. To isolate the needed viruses, one could begin by
trying to find cases of spontaneous (presumably limited) disease-remission that have a correlation with
a previous virus infection. The correlation would presumably not be dramatic and finding it would
require determination. The reason is that most infections are expected to have the opposite effect, i.e.,
to trigger disease [54,55]. Therefore, the desired post-infection remissions are likely to be rare.

Of course, selecting for any immune system-avoiding virus has an obvious potential
danger of ending with a problem of virus virulence. Presumably, virus virulence would be
carefully monitored during selection. In any case, the selection would include screening for low
virulence. Low virulence might, indeed, be necessarily co-selected during selection for an immune
complex-disrupting phenotype.

4. Phage Assembly and Development of Gated, Targeted Drug Delivery Vehicles

4.1. Avoiding Immune Systems

Here, we change direction to discuss use of phage capsids as DDVs for the therapy of
cancerous tumors. Administration of phage capsids is accompanied by the problem of phage capsid
removal/neutralization by host immune systems. Both adaptive and innate immune systems will act
to remove or neutralize foreign nanoparticles, including phages [56]. Optimization of a DDV-based
strategy must include a response to this problem. One response to adaptive immunity is to serially
change the phage-source of the DDV, in analogy to what is proposed above for low-virulence,
therapeutic, eukaryotic viruses. In addition, phages propagate rapidly enough so that directed
evolution can be used to reduce removal of a phage-derived DDV by any immune system.

However, probably the most significant potential advantage of a phage capsid-DDV is gating via
the connector (formed by gp8 for T3/T7; Figure 1). The connector of phages T3 and T7 also exists for
all other studied double-stranded DNA phages (reviews [57,58]). Thus, if connectors can, in general,
be used as gates to capsid-DDVs, nature will provide many immunologically unrelated DDVs.

Before adaptive immunity becomes limiting (which takes 1–2 weeks in the case of phage K [56]),
innate immune systems reduce effectiveness of any unprotected nanoparticle. Apparently the most
active system is the mononuclear phagocyte system (MPS), formerly called the reticuloendothelial
system. The MPS moves nanoparticles primarily to the liver and spleen [59,60]. Published tests of the
efficiency of the MPS have been made with phages lambda, P22 and K. Phages lambda and P22 are
lysogenic. When in a lysogenic state, lambda and P22 presumably could not have experienced and
adapted to their environments. In contrast, phage K is lytic and had continuously experienced and
adapted to its environment. Therefore, one expects that past genetic adaptation would cause phage K
to have a longer lifetime in mouse circulation. This is the case. Complete removal occurs in over 24 hr
for phage K [56] and 3–4 h for phages lambda and P22 [61,62].
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That the above difference in lifetimes can be adaptive for phage lambda was shown by 10-cycles of
the following: mutagenic growth, followed by mouse passage [61]. The adapted lambda was removed
from mouse circulation more slowly than wild type lambda. Removal was by approximately a factor
of 10 per day, several orders of magnitude more slowly than before adaptation [61]. A comparable
removal rate was found for lytic phage T3 without any laboratory adaptation [63]. Apparently,
the needed adaptation had occurred for T3 in the wild. Systematic attempts to make lytic phages more
long-lived in circulation have not been made to our knowledge.

4.2. Targeting Tumors

Perhaps the most dramatic potential application of the basics-focus principle is to the therapy of
cancerous tumors, including metastatic tumors. Focus on details (rather than basics) leads to targeting
of either tumor-concentrated biochemistry or a patient’s immune systems. However, the biochemistry
of tumors overlaps the biochemistry of normal cells. Thus, essentially all drug and radiation therapies
are toxic, which limits the extent of the therapy and makes patients sick [64–66]. Multi-faceted toxicity
of immunotherapy is emerging as a problem [67]. In addition, when a cancer becomes metastatic,
none of the above therapies can systematically block bypass of the therapy via evolution of cancer cells.

However, tumors do have one targetable, basic characteristic that they apparently cannot evolve
to eliminate. This characteristic is the presence of 10–200 nm-sized pores in the blood vessels that feed
tumors. Healthy blood vessels do not have these pores [68,69].

Thus, one should be able to achieve specific drug delivery to tumors with the following strategy:
use of a DDV small enough to fit in these pores, but too large to pass through healthy blood vessels.
In addition, tumors have relatively poor lymphatic drainage. Thus, when a DDV enters a tumor,
it is slow to leave. The combined effect of the pores and the poor drainage is called the enhanced
permeability and retention (EPR) effect [68,69].

Knowledge of the EPR effect is not new. The EPR effect has been the foundation for improved drug
delivery via liposomal DDVs. Several products are FDA approved [70], the earliest being Doxil [71].
However, results have been disappointing. A recent review indicates the following limitations [72]:
(1) “rapid loss of the drug cargo . . . often immediately after . . . systemic administration”; (2) “in many
cases, less than 1% of the administered nanoparticle dose reaches the malignant tissue”; (3) “lack
of release of drug in tumors”; (4) safety of the DDV; (5) safety of impurities (bacterial endotoxin
which can generate a cytokine storm); (6) immunotoxicity (complement-generated, for example) and
(7) standardization during manufacturing scale-up. A major uncertainty is the extent of the EPR effect
in early metastases.

In evaluating the use of a phage capsid-DDV, we initially note that phages have never been
found to be toxic to humans. Phages T3 and T7 were presumably isolated from sewage [73] and have
passed through humans many times with the associated likelihood that they and their capsids already
have evolved to avoid human immune systems. Furthermore, phage capsids with DDV potential
are assembled in vivo and easily purified with structure uniform enough to obtain a 3–4 Å cryo-EM
structure of the shell in the case of T7 [25]. If gated, a phage capsid is well on its way to removing the
above limitations.

Indeed, one form of T3 capsid II is sufficiently gated so that it does not allow Nycodenz (molecular
weight = 821) in its internal cavity until the temperature is raised. That is to say, the elevated
temperature opens a gate. The gate is closed by lowering temperature, with the loaded Nycodenz not
leaking detectably. The connector is the likely location of the gate [74].

4.3. Adequate Loading of a Phage Capsid-DDV

Nonetheless, a major barrier still exists to implementation of a gated T3 phage capsid-DDV.
When we used elevated temperature to increase permeability (open the gate) in the presence of
10 mg/mL doxorubicin, the T3 gp10 shell was damaged. Native gel electrophoresis suggested
disassembly to small aggregates, possibly monomers of gp10 (unpublished data). This limitation was
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possibly caused by detergent characteristics of doxorubicin, which has a positively charged and a
hydrophobic region. These two regions are also present in most anti-cancer drugs.

Although this limitation has not yet been bypassed, we have found that the T7 counterpart of the
loadable T3 capsid II is much more stable (80–83 ◦C). Future work will focus on the T7 version of this
capsid II.

5. Prospects for the Future

Hypothesis-derived theory and practice can differ, possibly because of variables not in the theory.
Also, hypotheses can be incorrect. The above proposals for treating neurodegenerative disease and
cancerous tumors are not exempt from this pattern. Nonetheless, when basic considerations point in
a simple direction, attempts to go in that direction should, it seems to us, be made. However, in the
absence of a change in priorities, the probability is very close to zero that the above strategies will be
tested experimentally within the next few years.

As support for this pessimism, exhibit A is the current status of phage therapy of infectious
disease. For phage therapy, the basics point in a clear direction (details [17]). In addition, going in
this direction is supported by (1) historical [6,7,73] and present-day [16] examples of dramatic success
of doing that and (2) recent development of technologies that should dramatically improve results,
if deployed. These include technologies of computerized database use/phage storage/phage retrieval,
in addition to updated procedures of phage isolation and characterization. Yet, few, if any, systematic
attempts at implementation are being made. Phage therapy is performed on an ad hoc basis [16,75],
which slows implementation, sometimes to the point that it is too late.

6. Relationship to Scientific Details

In Section 1.1, we gave examples of scientific output triggered by de facto past clinically oriented
use of the basics-focus principle. The finding of a curative, low-virulence virus, as proposed above,
should do the same in the case of neurodegenerative diseases. Existence of such a virus would likely
trigger experiments that use the virus to determine the interaction of virus metabolism and assembly
with cellular events. Cellular events would be better understood. One finding might be that the above
assumptions need to be modified or abandoned. However, the overall direction embodied in the
assumptions could still be accurate enough to obtain a cure.

A gated, uniform-size, uniform-structure DDV can also be used to track the progression of tumors
via the loading of the DDV with a trackable compound. Nycodenz, for example, is x-ray opaque and
can be tracked by use of micro-CT. Such tracking would be used both clinically and also to analyze
pathways of receptor mediated endocytosis and lysosome targeting of endocytic vesicles.

In other words, the division between basic science and clinical practice is not sharp.
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Abstract: Clostridium perfringens is one of the most common causes of food-borne illness. The increasing
prevalence of multidrug-resistant bacteria requires the development of alternatives to typical antimicrobial
treatments. Here, we isolated and characterized a C. perfringens-specific virulent bacteriophage CPS2
from chicken feces. The CPS2 phage contains a 17,961 bp double-stranded DNA genome with 25 putative
ORFs, and belongs to the Picovirinae, subfamily of Podoviridae. Bioinformatic analysis of the CPS2 genome
revealed a putative endolysin, LysCPS2, which is homologous to the endolysin of Clostridium phage
phiZP2 and phiCP7R. The enzyme showed strong lytic activity against C. perfringens with optimum
conditions at pH 7.5–10, 25–65 ◦C, and over a broad range of NaCl concentrations. Interestingly, LysCPS2
was found to be highly thermostable, with up to 30% of its lytic activity remaining after 10 min of
incubation at 95 ◦C. The cell wall binding domain in the C-terminal region of LysCPS2 showed a binding
spectrum specific to C. perfringens strains. This is the first report to characterize highly thermostable
endolysin isolated from virulent C. perfringens bacteriophage. The enzyme can be used as an alternative
biocontrol and detection agent against C. perfringens.

Keywords: bacteriophage; endolysin; Clostridium perfringens

1. Introduction

Clostridium perfringens is a Gram-positive anaerobic bacterium that has the ability to form
spores [1]. C. perfringens is responsible for a wide range of diseases: including gas gangrene (clostridial
myonecrosis), necrotic enteritis, and non-foodborne gastrointestinal infections [2]. Approximately 5%
of all C. perfringens strains produce C. perfringens enterotoxin (CPE), which causes diarrhea and
abdominal cramping symptoms. Most CPE-positive stains are classified as type A, and food poisoning
by cpe-producing C. perfringens type A is the second most common foodborne illness in developed
countries [3]. In addition, C. perfringens has become a significant problem in the poultry industry
because it is a causative agent of necrotic enteritis, characterized by outbreaks with high mortality
and small intestinal mucosal necrosis [4]. Increased mortality, economic loss, and contamination
of poultry products for human consumption are important concerns regarding C. perfringens in the
poultry industry.

Furthermore, the increasing incidence of antibiotic resistance of bacterial pathogens and the lack
of novel antibiotics have become serious worldwide problems. Bacteriophages (phages) and gene
products such as endolysins have been attracting considerable attention as alternatives to antibiotics.
Endolysins are phage-encoded peptidoglycan hydrolases that break down the bacterial peptidoglycan
at the end of their reproduction cycles to release the viral progeny [5]. The purified endolysin

Viruses 2018, 10, 251; doi:10.3390/v10050251 www.mdpi.com/journal/viruses48



Viruses 2018, 10, 251

protein has potent hydrolytic activity against Gram-positive bacteria when applied exogenously.
In addition, endolysins have significant advantages over classic antibiotics, such as narrow host
specificity, high sensitivity, and low probability for development of resistant bacteria [6].

To date, there have been few reports on C. perfringens phage endolysins. Most studies have
attempted to isolate endolysin from the prophage because of the relative difficulties in isolating the
phage from anaerobic C. perfringens. N-acetylmuramidases of C. perfringens phage phiSM101 and
N-acetylmuramoyl-L-alanine amidase of ϕ3626 phage were isolated from lysogenic C. perfringens
strains and characterized [7,8]. CP25L endolysin was examined for the activity to kill C. perfringens,
and endolysin delivery by Lactobacillus johnsonii was reported [9]. Two endolysins from the clostridial
phages ΦCP39O and ΦCP26F have been reported to have lytic activity against C. perfringens stains [10].
However, detailed information about these endolysins have not been reported.

Here we isolated novel virulent C. perfringens bacteriophage CPS2 from chicken feces, and its
predicted endolysin LysCPS2 was identified in the genome of bacteriophage CPS2. The gene was
cloned and expressed in Escherichia coli, and the purified endolysin was biochemically characterized
for its potential as an antimicrobial and a detection agent.

2. Materials and Methods

2.1. Bacterial Strains, and Growth Conditions

C. perfringens ATCC 13124 was used as a host strain for isolation and propagation of the
bacteriophage CPS2. E. coli BL21 was grown in Luria-Bertani (LB) broth (Difco, Detroit, MI, USA) at
37 ◦C and used as the host for expression of the recombinant LysCPS2. Bacterial strains that were
used for antimicrobial spectrum determination are listed in Table 1, along with the results. All of the
bacterial strains were routinely grown at 37 ◦C in Brain Heart Infusion (BHI) broth medium (Difco)
under anaerobic conditions.

2.2. Isolation and Propagation of Bacteriophage CPS2

To isolate a bacteriophage, we applied the same method as described in the previous study [11].
Isolated phages were amplified by serial propagation and concentrated by polyethylene glycol
precipitation and subsequent CsCl density gradient ultracentrifugation (78,500× g at 4 ◦C for 2 h).
The concentrated phages were dialyzed using 2 L of standard dialysis buffer (10 mM NaCl, 10 mM
MgSO4 and 1 M Tris-HCl; pH 8.0) for 2 h. The phage stock obtained was stored in glass vials at 4 ◦C.

2.3. Transmission Electron Microscopy (TEM) Analysis

Purified CPS2 (1 × 109 PFU/mL) was placed on carbon-coated copper grids and negatively
stained with 2% aqueous uranyl acetate (pH 4.0) for 20 s. The morphology of CPS2 was analyzed
by TEM (LEO 912AB transmission electron microscope; Carl Zeiss, Wezlar, Germany). Images were
scanned at the National Academy of Agricultural Science (Jeonju, South Korea).

2.4. DNA Purification and Whole Genome Sequencing of Bacteriophage CPS2

To extract genomic DNA from CPS2, host DNA was removed by treatment of the virions with
DNaseI and RNaseA (1 μg/mL each) at room temperature for 30 min. The virions were then lysed
by reacting with proteinase K mixture (50 μg/mL proteinase K, 20 mM ethylenediaminetetraacetic
acid (EDTA), 0.5% sodium dodecyl sulfate (SDS)) at 56 ◦C for 1 h. After lysis, the DNA was purified
by the phenol-chloroform extraction [12] and concentrated by ethanol precipitation [13]. The purified
genomic DNA of CPS2 was sequenced using the GS-FLX Titanium sequencer (Roche Holding AG,
Basel, Switzerland). Total 23,050 sequencing reads obtained were assembled using the GS De Novo
Assembler version 2.9 (Roche Holding AG, Basel, Switzerland) with default parameters. Additional
DNA sequencing of phage was performed to identify end regions of genomic DNA sequence using
primers (CPS2endF, 5’-CAC CCT GGA GCA TTT ACA C-3’; CPS2endR, 5’-TCC ATA ACA GAC AAT
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AAA AAT TTT AAA T-3’) in Macrogen inc. (Seoul, South Korea). The position of open reading frames
(ORFs) was predicted by bioinformatics tools, including Glimmer 3.02 [14] and Rapid Annotation using
Subsystem Technology (RAST) software [15]. The function of each ORF was predicted using NCBI
BLASTP and InterProScan [14] databases. Based on the information, each ORF’s name was annotated
manually. The gene encoding endolysin was identified, and its domain structure was investigated
using InterProScan databases. The complete genome sequence of CPS2 phage was deposited in
GenBank under accession number MH248069.

2.5. Cloning, Expression, and Purification of LysCPS2

The endolysin gene (lysCPS2) was amplified from the genomic DNA of the bacteriophage CPS2
by polymerase chain reaction (PCR) using primers lysCPS2F (5’-GCG GGA TCC ATG AAA ATA ATA
CAA TCA AAT ATC CAT TTT-3’) and lysCPS2R (5’-CGC AAG CTT TTA GTC TTT TTT AAT ATA TTT
TGC GGA-3’). The PCR product was cloned into pET28a (Novagen, Madison, WI, USA), which has
an N-terminal hexahistidine (His)-tag sequence. Plasmid with a correct insert was transformed
into competent E. coli BL21 (DE3). Expression of the recombinant LysCPS2 was induced with
0.5 mM isopropyl-b-D-thiogalactopyranoside, with adjusted OD600 to 0.6–0.8, followed by incubation
for an additional 15 h at 30 ◦C. Bacterial cells were suspended in lysis buffer (50 mM Tris-HCl,
100 mM sodium chloride, pH 7.5) and disrupted by sonication (Branson Ultrasonics, Shanghai, China).
After centrifugation at 15,000× g for 40 min, the supernatant was collected, mixed with 500 μL of
nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen, Hilden, Germany) and incubated at 4 °C for 1 h
with gentle shaking. The flow-through was discarded and the resin was serially washed with 10 mL of
10 mM imidazole and 5 mL of 20 mM imidazole. An elution buffer (50 mM Tris-HCl, 100 mM sodium
chloride, and 250 mM imidazole; pH 7.5) was used to elute the protein. The purified protein was
stored at −4 ◦C until use, after the buffer was changed to the storage buffer (50 mM Tris-HCl, 200 mM
sodium chloride, pH 7.5, 30% glycerol) using PD Miditrap G-25 (GE Healthcare, Little Chalfont, UK).

2.6. Lytic Activity Assay

The lytic activity of the endolysin against bacterial cells was assayed by monitoring the decrease
in OD600. All tested bacteria were cultivated to the exponential phase. Cells were harvested and
resuspended with reaction buffer (50 mM Tris-HCl, 200 mM NaCl, pH 7.5) to OD600 to 0.8–1.0.
The endolysin (50 μL) was added to the cell suspension (950 μL), followed by incubation at room
temperature, unless indicated otherwise. OD600 values were monitored over time. The lytic activity was
calculated after 40 min as follows: {ΔOD600 test (endolysin added)-ΔOD600 control (buffer only)}/initial
OD600. Antimicrobial spectrum was tested by plate lysis assay as previously described [16]. In brief,
10 μL of diluted endolysin in reaction buffer (32 μM; final concentration) was spotted onto a freshly
prepared bacterial lawn on BHI agar plates. Spotted plates were air-dried in a laminar flow hood for
15 min and incubated overnight at 37 ◦C. To evaluate the effect of pH on LysCPS2 enzymatic activity,
the endolysin (162 nM) was added to C. perfringens cells suspended with a universal pH buffer [17].
The universal buffer consists of 50 mM KCl, 10 mM KH2PO4, 10 mM Na-citrate, and 10 mM H3BO4,
and was adjusted to different pH values—between 4 and 10—using 5 M NaOH or 5 M HCl. Different
temperatures (25–95 ◦C) were applied to test the effect of temperature on LysCPS2 (162 nM) enzymatic
activity. To evaluate the stability of the endolysin, the lysis assays were performed against C. perfringens
ATCC 13124 at room temperature and pH 7.5 after the enzyme was incubated for 10 min at different
temperatures. The influence of NaCl on lytic activity of LysCPS2 (162 nM) was tested with the addition
of concentrations of 0, 100, 200, 300, 400, and 500 mM NaCl. The effects of metal ions on lysis activity
were determined as previously reported [6]. To chelate metal ions attached to the endolysin, thereby
inhibiting its catalytic function, EDTA (100 mM; final concentration) was added to the endolysin
(4.86 μM) and incubated at 37 ◦C for 1 h. The EDTA was removed by exchanging the endolysin into the
reaction buffer using a PD trap G-25 column. The EDTA-treated enzyme was added to cell suspensions
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with metal ions (MgCl2, CaCl2, MnCl2, ZnCl2, CuCl2; 1.0 mM final concentration), and the lysis activity
was assayed in the reaction buffer.

2.7. CBD Binding and Fluorescence Microscopy

The gene encoding the putative CBD (between bases 457–681 of lysCPS2) was amplified from
the genomic DNA of CPS2 by PCR using primers lysCPS2_CBDF (5’-GCG GGA TCC GGA AAC
TTA GAT TTA AAC AAA TTA AGA ACA GAT GTA AAC-3’) and lysCPS2_CBDR (5’-CGC AAG
CTT TTA GTC TTT TTT AAT ATA TTT TGC GGA-3’). The resulting PCR product was cloned using
the BamHI and SalI restriction sites into pET28a-mCherry (mCherry gene inserted between NdeI
and BamHI sites into pET28a) [18]. mCherry-tagged LysCPS2_CBD protein was produced in E. coli
BL21 and purified by affinity chromatography, as described earlier [19]. Purified protein at a final
concentration of 100 μM was added to C. perfringens cells, and the mixture was then incubated for
10 min at 25 ◦C. Subsequently, cells were collected by centrifugation and washed twice with Dulbecco’s
phosphate-buffered saline (PBS). For fluorescence microscopy, images were captured on a DE/Axio
Imager A1 microscope (Carl Zeiss) with a charge-coupled-device camera using AxioVision release 4.7
(Carl Zeiss, Oberkochen, Germany).

3. Results and Discussion

3.1. Morphology of Phage CPS2

The C. perfringens phage CPS2 was isolated from chicken feces using C. perfringens isolate as a
host stain. Morphological observation of phage CPS2 revealed that it belongs to the family Podoviridae
due to the presence of short and non-contractile tails (Figure 1A). The diameter of the icosahedral head
was approximately 40 nm and the length of non-contractile tails (from baseplate of virion to tail fiber)
was 15 nm.

Figure 1. Characterization of C. perfringens virulent phage CPS2. (A) TEM image of CPS2; (B) bacterial
challenge assay of CPS2 against C. perfringens ATCC 13124. The closed circle indicates non-phage-treated
C. perfringens ATCC 13124, and the closed triangle indicates phage-treated C. perfringens ATCC 13124;
(C) genome map of CPS2. Red: structure and packaging, blue: DNA replication, green: host lysis, black:
hypothetical protein. Twenty-five putative ORFs were predicted in the CPS2 genome.
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3.2. Antibacterial Properties of Phage CPS2

The bacterial challenge assay was performed to evaluate the growth inhibition ability of the CPS2
phage. When phage CPS2 was added to exponentially growing C. perfringens at a multiplicity of
infection (MOI) of 1.0, complete inhibition of host cells was observed 1 h after phage infection, and
growth inhibition was maintained for up to 6 h (Figure 1B). A host range test showed that CPS2 can
inhibit the growth of only C. perfringens ATCC 13124, and C. perfringens human stool isolate 3 out of
the 10 tested C. perfringens strains. CPS2 phage did not show lytic activity against other clostridial
bacteria or other Gram-positive bacteria, indicating very narrow host specificity (Table 1).

Table 1. Antimicrobial spectra of the CPS2 and LysCPS2, and binding spectrum of LysCPS2_CBD.

Bacterial Strain CPS2 Plaque Formation
Lysis Zone Formation

by LysCPS2
Binding Activity
of LysCPS2_CBD

Reference or Source

Clostridium strains
C. perfringens H3 Lysis from without + + [20]

C. perfringens ATCC 3624 Lysis from without + + ATCC a

C. perfringens ATCC 13124 + + + ATCC
C. perfringens FORC25 − + + This study

C. perfringens human stool isolate 1 − + + This study
C. perfringens human stool isolate 2 − + + This study
C. perfringens human stool isolate 3 + + + This study
C. perfringens human stool isolate 4 Lysis from without + + This study

C. histolyticum ATCC 19401 − − − ATCC
C. indolis ATCC 25771 − − − ATCC

Other Gram-positive bacteria
Bacillus cereus ATCC 10987 − − − ATCC
Bacillus subilis ATCC 23857 − − − ATCC

Listeria monocytogenes EGD-e − − − [21]
Staphylococcus aureus RN4220 − − − [16]

a ATCC, American Type Culture Collection; +, positive activity; −, negative activity.

3.3. Genomic Analysis of CPS2

The complete genome of C. perfringens bacteriophage CPS2 comprises 17,961-bp with an overall
G + C content of 33.30%. Twenty-five putative ORFs were identified, and no tRNA genes were detected.
The functional ORFs were clustered into 4 functional groups of DNA replication, host lysis, structure
plus packaging, and additional function (Figure 1C). The sequence analysis showed the linear structure
of CPS2 double-stranded DNA, as well as the inverted terminal repeats (ITR) of 366 nucleotide pairs
on the phage genomic termini. Furthermore, the CPS2 genome encoded a putative Type-B DNA
polymerase that is utilized in a protein-primed replication mechanism, implying the presence of
terminal proteins for DNA replication [22]. These findings suggest that CPS2 belong to the Podoviridae
sub-family Picovirinae [23]. Importantly, the toxin production- and bacterial virulence-associated genes
were not identified in the CPS2 genome. Genes associated with lysogenization were not detected,
suggesting that CPS2 is a virulent phage.

3.4. Identification and Expression of the LysCPS2 Endolysin

The putative endolysin gene was identified from the CPS2 genome and designated as
LysCPS2. Pfam and Conserved Domain Database analysis revealed that LysCPS2 is a putative
N-acetylmuramoyl-L-alanine amidase that consists of N-terminal amidase_2 domain (PF01520) as an
enzymatically active domain (EAD) and a C-terminal SH3_3 (PF08239) as a cell wall binding domain
(CBD). Amino acid sequence alignment revealed that LysCPS2 was highly homologous to endolysins
of Clostridium phage phiZP2 and phiCP7R at the amino acid sequence level (Figure 2B) [22] The
N-terminal region from LysCPS2 showed 51% sequence identity with previously reported Clostridium
phage vB_CpeS-CP51 endolysin. Although BLAST analysis revealed many proteins homologous
to LysCPS2, most of them were autolysins. The LysCPS2 was cloned and expressed in E. coli with
an N-terminal His-tag. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
showed a single band of the purified endolysin (Figure 2C). Turbidity reduction assay revealed that

52



Viruses 2018, 10, 251

32 nM of the purified LysCPS2 showed saturated lysis activity against C. perfringens ATCC 13124
cells (Figure 2D). These results indicate that LysCPS2 is highly active compared to endolysin from
C. difficile phage ΦCD27, in which a similar amount of endolysin had barely exhibited lytic activity
against C. difficile [24].

Figure 2. Modular structure and lytic activities of the LysCPS2 endolysin from CPS2. (A) Schematic
representation of LysCPS2. The conserved amidase2 domain is shown; (B) Sequence alignment of
various Clostridial phage endolysins; CPS2 phage endolysin, phiZP2 phage endolysin, phiCP7R
phage endolysin; (C) SDS-PAGE analysis of purified LysCPS2. M: standard molecular weight marker,
LysCPS2: purified LysCPS2 fraction; (D) Lysis of C. perfringens ATCC 13124 cells treated externally
with various concentrations of recombinant LysCPS2. Optical density was measured periodically after
LysCPS2 treatment.

3.5. Antimicrobial Spectrum of LysCPS2

Antimicrobial activity against Clostridium and other Gram-positive bacterial strains was examined
(Table 1). All of the tested C. perfringens strains were susceptible to LysCPS2, indicating a much
broader antimicrobial spectrum of LysCPS2, considering the narrow host range of the CPS2 phage.
However, other Clostridium species such as C. histolyticum and C. indolis were not lysed by treatment
of LysCPS2, meaning that its enzymatic activity requires species-specific moieties of the cell wall
component. This enzyme did not show lytic activity against other Gram-positive bacteria, such as
Bacillus cereus, Bacillus subtilis, Listeria monocytogenes, and Staphylococcus aureus. B. cereus, B. subtilis,
and L. monocytogenes have an A1γ type peptidoglycan directly cross-linked with meso-diaminopimelic
acid (m-DAP), and S. aureus has an A3α type cross-linked by penta-glycine bridges in its peptidoglycan.
C. perfringens has a different type of peptidoglycan structure containing L,L-DAP and glycine instead
of m-DAP in the A1γ type peptidoglycan [25].
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3.6. pH, Temperature, NaCl, and Metal Effects on LysCPS2 Activity

To determine optimum conditions for the endolysin activity, the biochemical properties of
LysCPS2 were evaluated. Analysis of lytic activity at different pH levels showed that LysCPS2
had the highest lytic activity at pH 7.5–10 (Figure 3A). More than 60% residual lytic activity was
observed in the temperature range from 25 ◦C to 65 ◦C (Figure 3B). The effect of ionic strength on the
lytic activity of LysCPS2 was assessed at various concentrations of NaCl, ranging from 0 to 500 mM
(Figure 3C). LysCPS2 retained its lytic activity even at 500 mM NaCl, suggesting that LysCPS2 is
highly stable in a broad range of NaCl concentrations in contrast to the C. perfringens phage phiSM101
endolysin that showed reduced activity in the presence of more than 200 mM of NaCl [7]. Even though
phiSM101 endolysin showed 36% amino acid sequence identity with LysCPS2, it was the only
C. perfringens endolysin that could be compared with the influence of NaCl on the lytic activity
of LysCPS2. To examine the effect of metal ions on the enzyme activity of LysCPS2, metal ions were
initially removed from the endolysin with 100 mM EDTA. Addition of EDTA showed little effect
on the LysCPS2 activity, indicating that LysCPS2 activity is independent of the presence of divalent
cations. All tested metal ions except Ca2+ decreased enzymatic activity of LysCPS2, and the enzyme
was completely inactivated in the presence of Zn2+ (Figure 3D). Although many divalent ions have
been reported to enhance the enzymatic activity of endolysin, the inhibition effect by certain metal ions
on endolysin activity has also been reported in several studies [26,27]. The peptidoglycan hydrolase
of Burkholderia pseudomallei phage ST79 showed reduced lytic activity in the presence of Zn2+, Mg2+,
or Mn2+ [28]. The inhibition effect of Zn2+ is also found in the T5 phage endolysin [29].

Figure 3. Effects of pH, temperature, NaCl and metal ions on the lytic activity of LysCPS2. Effects of (A)
pH, (B) temperatures, (C) NaCl, and (D) metal ions on the lytic activity of LysCPS2 against C. perfringens
ATCC 13124 cells. Each column represents the mean of triplicate experiments, and error bars indicate
the standard deviation.

3.7. Determination of Thermal Stability

Generally, endolysins are not heat stable, and most lose their hydrolase activity above 50–60 ◦C [30].
However, few endolysins such as listerial phage endolysins HPL511, HPL118, and HPLP35 have
been reported to be thermostable, showing residual activity after 10 min incubation at 90 ◦C [31].
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Stenotrophomonas maltophilia phage endolysin P28 retained 55% of its activity after treatment at 70 ◦C
for 30 min [32], and a thermostable chimeric endolysin, PlyGVE2CpCWB, targeting C. perfringens has
exhibited 57% residual activity at 55 ◦C [33]. LysCPS2 showed remarkable heat stability. The lytic activity
after pre-incubation of the enzyme at temperatures between 4 ◦C and 65 ◦C was not reduced compared
with the heat-untreated control. LysCPS2 retained more than 30% of its activity after heating at 95 ◦C for
10 min and 60% after heating at 75 ◦C for 10 min (Figure 4). This is the first report to characterize highly
thermostable endolysin isolated from virulent C. perfringens bacteriophage. This enzyme will provide
powerful tools for many applications in molecular biology, biotechnology, and medicine [34].

Figure 4. LysCPS2 thermal stability. LysCPS2 was incubated at different temperatures for 10 min,
then cooled on ice before enzyme assay at 25 ◦C. Relative lytic activities are calculated using the activity
of enzyme stored at 4 ◦C, which showed the maximal activity.

3.8. Binding Activity of LysCPS2_CBD

The specific bacterial binding activity of the putative LysCPS2_CBD was identified with an mCherry
(red fluorescent protein) fusion protein (Figure 5). As shown in Table 1, all tested C. perfringens cells were
decorated by mCherry_LysCPS2_CBD, whereas other Clostridium species and other Gram-positive
bacteria could not be labeled by the fusion protein (Table 1). These results demonstrated that
LysCPS2_CBD specifically binds to C. perfringens cells, which is consistent with the antimicrobial
spectrum of the LysCPS2. The specificity and affinity of LysCPS2_CBD could be useful for developing
an efficient bio-probe against C. perfringens.

Figure 5. mCherry_LysCPS2_CBD binding activity. LysCPS2_CBD binds to C. perfringens human
isolate cells. Bright field (A), fluorescence (B) and merged (C) images are shown.

4. Conclusions

In this study, we isolated a C. perfringens virulent phage CPS2 and identified a gene encoding
LysCPS2 endolysin from CPS2 genome. LysCPS2 is a highly thermostable endolysin showing 30% of
its lytic activity against C. perfringens even after 10 min of incubation at 95 ◦C. Optimum conditions
for LysCPS2 were at pH 7.5–10, 25–65 ◦C, and over a broad range of NaCl concentrations, suggesting
that LysCPS2 has high potential as an effective antibacterial agent to control C. perfringens. The cell
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wall binding domain in the C-terminal region of LysCPS2 showed a binding spectrum specific to
C. perfringens strains. Taken together, LysCPS2 would be useful for the development of a powerful
biocontrol and detection agent against C. perfringens.
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Abstract: The extremely rapid spread of multiple-antibiotic resistance among Gram-negative
pathogens threatens to move humankind into the so-called “post-antibiotic era” in which the most
efficient and safe antibiotics will not work. Bacteriophage lysins represent promising alternatives to
antibiotics, as they are capable of digesting bacterial cell wall peptidoglycans to promote their
osmotic lysis. However, relatively little is known regarding the spectrum of lysin bactericidal
activity against Gram-negative bacteria. In this study, we present the results of in vitro activity
assays of three putative and newly cloned Myoviridae bacteriophage endolysins (LysAm24, LysECD7,
and LysSi3). The chosen proteins represent lysins with diverse domain organization (single-domain vs.
two-domain) and different predicted mechanisms of action (lysozyme vs. peptidase). The enzymes
were purified, and their properties were characterized. The enzymes were tested against a panel of
Gram-negative clinical bacterial isolates comprising all Gram-negative representatives of the ESKAPE
group. Despite exhibiting different structural organizations, all of the assayed lysins were shown to
be capable of lysing Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella pneumoniae, Escherichia
coli, and Salmonella typhi strains. Less than 50 μg/mL was enough to eradicate growing cells over
more than five orders of magnitude. Thus, LysAm24, LysECD7, and LysSi3 represent promising
therapeutic agents for drug development.

Keywords: bacteriophages; Myoviridae; bacteriophage-derived lytic enzyme; enzybiotics; endolysin;
in vitro activity; ESKAPE

1. Introduction

Antibiotic microbial resistance (AMR) is a natural aspect of microbe evolution under selective
pressure. Because most antibiotics currently in use have natural analogues with similar native
structures, AMR-associated genes of environmental bacteria can easily be distributed to clinically
important strains through horizontal gene transfer [1,2]. The misuse, such as for the treatment of
viral infections; underuse (premature antibiotic treatment termination); and overuse of antibiotics in
agriculture leads to the catastrophic spread of AMR among bacteria surrounding human habitats [3–7].
According to a World Health Organization (WHO) report [3], the greatest attention needs to be paid to
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pathogens of the ESKAPE group (Enterococcus faecium, Staphylococcus aureus, Acinetobacter baumannii,
Pseudomonas aeruginosa, Klebsiella pneumoniae, and other Enterobacteriaceae species). These pathogens
represent the greatest threat among the so-called superbugs, which can rapidly acquire resistance to
several classes of antibiotics and are able to cause a variety of nosocomial infections, such as bacteremia,
pneumonia, and wound and skin infections [3,8].

Bacteriophages were used to control microbial populations long before penicillin was
discovered [9]. The revived interest in bacteriophages and their enzymes as antibacterial agents
is an expected consequence of entry into the so-called “post-antibiotic era,” when most efficient and
safe antibiotics will not provide a sufficient level of defense against bacterial pathogens. The use
of bacteriophages has many advantages [10]. However, virus-based drugs also have significant
drawbacks, including their labor-intensive acquisition and associated stringent safety requirements;
also, they are unstable during storage and need constant pharmacokinetic monitoring [11,12].
Moreover, bacteriophages are highly immunogenic agents, which can reduce the effectiveness of
their repeated use [9–11]. The primary problem in the application of bacteriophage-based therapeutics
is their unpredictable action toward patient-specific infections, necessitating the performance of
additional in vitro tests prior to treatment.

Drugs based on bacteriophage enzymes, such as lysins, rather than the viruses themselves, can
have much more predictable results. Bacteriophage lysins are enzymes encoded by bacteriophages that
cleave peptidoglycans (PGs) in the cell walls (CW) of bacteria. During their life cycle, bacteriophages
secrete lysins to deliver phage DNA into cells during bacterial infection as well as to release new
virions from the cell [13]. The catalytic domains of bacteriophage lysins can possess different classes of
PG-degrading activities, including transglycosylase, glucosaminidase, lysozyme-like, amidase, and
endopeptidase activities [14]. Among the benefits of lysins are their high rate of lytic action, their
ability to act upon antibiotic-resistant bacterial strains (including bacteria growing under different
metabolic conditions), as well as their degradation of bacterial biofilms [15] and the low probability of
the development of bacterial resistance to lysins. A wide spectrum of endolysin activities, comparable
to modern antibiotics, would solve one of the primary problems associated with bacteriophage use.
It could allow therapies to be compatible with the condition of patients with acute infections, and
the treatment outcome would be more predictable under conditions when there is a lack of time for
preliminary in vitro testing.

In contrast, endolysins are traditionally believed to have lytic activity against the specific hosts of
the phages from which they were isolated. Thus, individual endolysins are proposed to act against
specific strains and species or, rarely, more broadly against the genera of Gram-negative bacteria [16,17].
Thus, most studies have focused on identifying the effects of these enzymes and their modified
variants against the host species of parental phages [16,18,19]. However, the conserved PG structure of
Gram-negative bacteria make the application endolysins potentially useful with respect to their breadth
of action [20–22]. Recently, additional evidence has demonstrated the activity of specific endolysins
toward Gram-negative bacteria [23,24], at least for prophages of Escherichia coli and A. baumannii.
However, few studies have described the broad activity of bacteriophage-encoded lysins against
Gram-negative bacteria, and growing evidence suggests that many bacteriophage lysins are capable of
much more than just acting against parental phage-specific hosts.

To study the activity of lysins against a wide spectrum of Gram-negative bacteria, we cloned three
putative endolysins from Myoviridae bacteriophage family members (LysAm24, LysECD7, and LysSi3)
and studied their activity extensively in vitro. Bacteriophages encoding the selected lysins belong to
different genera of the Myoviridae family. Importantly, the selected enzymes represent lysins with
diverse domain organization (single-domain vs. two-domain) and different predicted mechanisms
of action (lysozyme-like vs. peptidase). All of the enzymes were affinity purified and tested under
different in vitro conditions against a panel of Gram-negative clinical bacterial isolates, including
Gram-negative representatives of the ESKAPE group of pathogens (P. aeruginosa, A. baumannii,
K. pneumoniae, E. coli, and Salmonella typhi strains). All three assayed lysins exhibited a wide spectrum
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of activity against the assayed bacteria, and less than 50 μg/mL of each enzyme was sufficient to
eradicate growing cells of the tested bacterial strains over more than five orders of magnitude.

2. Materials and Methods

2.1. Bacterial Strains

The bacterial strains used in the study included both reference strains and clinical isolates
of Gram-negative representatives of the ESKAPE group of pathogens, including A. baumannii,
P. aeruginosa, K. pneumoniae, E. coli, and S. typhi as well as Staphylococcus haemolyticus and S. aureus
from the collection of the N.F. Gamaleya Federal Research Center for Epidemiology and Microbiology,
Ministry of Health of the Russian Federation (Table 1). Three strains of K. pneumoniae (B3060, Osh-2k,
I6208) were from the state collection of pathogenic microorganisms and cell cultures “GKPM-Obolensk.”
All of the strains were stored at –80 ◦C and cultivated in LB broth at 37 ◦C and 240 rpm overnight
before the assays were performed.

Table 1. Bacterial strains used in the study and the sources of their isolation.

Strain Source

Pseudomonas aeruginosa Ts 38-16 Patient’s sputum, hospital strain ICU 1

Pseudomonas aeruginosa Ts 43-16 Patient’s wound fluid, hospital strain ICU
Pseudomonas aeruginosa Ts 44-16 Patient’s urea, hospital strain ICU
Acinetobacter baumannii Ts 50-16 Patient’s sputum, hospital strain ICU
Acinetobacter baumannii Ts 53-16 Patient’s sputum, hospital strain ICU
Acinetobacter baumannii Ts 58-16 Infusion pump, hospital strain ICU
Acinetobacter baumannii Ts 54-16 Infusion pump, hospital strain ICU
Klebsiella pneumoniae Ts 141-14 Patient’s urea, hospital strain Inpatient hospital
Klebsiella pneumoniae Ts 08-15 Patient’s sputum, hospital strain ICU
Klebsiella pneumoniae F 104-14 Patient’s sputum, hospital strain Outpatient hospital

Klebsiella pneumoniae B3060 Patient’s liquor, hospital strain Inpatient hospital
Klebsiella pneumoniae Osh-2k Patient’s blood, hospital strain ICU
Klebsiella pneumoniae I6208 Patient’s oral pharynx, hospital strain Inpatient hospital

Escherichia coli M15 Reference laboratory strain -
Salmonella typhi MVP 728 Reference laboratory strain -

Staphylococcus aureus Z 73-14 Patient’s nasal swab Outpatient hospital
Staphylococcus haemolyticus G 58-0916 Patient’s urethra Outpatient hospital

Escherichia coli BL21(DE3) pLysS Laboratory expression strain -
1 ICU: intensive care unit.

2.2. Recombinant Expression and Purification of Proteins

The coding sequences for the selected endolysins were PCR amplified from inactivated phage
lysates (kindly provided by Dr. Eugenie O. Rubalskii) and were subsequently cloned into the
expression vector pET42b(+) (kanamycin resistance) and checked for errors via Sanger sequencing
(for primers, see Table S1). All of the proteins contained a C-terminal 8-His tag for affinity purification.
The expression vectors were introduced into the competent E. coli cells, strain BL21(DE3) pLysS
(chloramphenicol resistance) using a heat shock transformation protocol.

The E. coli cells were grown in LB broth (37 ◦C, 240 rpm) to an OD600 value of 0.55–0.65 and then
induced with β-D-1-thiogalactopyranoside (1 mM IPTG) at 37 ◦C for 3 h. The cells were harvested by
centrifugation (6000× g for 10 min at 4 ◦C) and resuspended in lysis buffer (20 mM Tris HCl, 250 mM
NaCl, and 0.1 mM EDTA, pH 8.0), incubated with 100 μg/mL lysozyme at room temperature for
30 min, and disrupted by sonication. The cell debris was removed by centrifugation (10,000× g for
30 min at 4 ◦C) and the supernatant was filtered through a 0.2 μm filter. The proteins were purified on
an NGC DiscoveryTM 10 FPLC system (Bio-Rad, Hercules, CA, USA) with a 5 mL HisTrap FF column
(GE Healthcare, Chicago, IL, USA) pre-charged with Ni2+ ions. The filtered lysate was mixed with
30 mM imidazole and 1 mM MgCl2 and loaded on the column that was pre-equilibrated with binding
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buffer (20 mM Tris HCl, 250 mM NaCl, and 30 mM imidazole, pH 8.0). The fractions were eluted using
a linear gradient to 100% elution buffer (20 mM Tris HCl, 250 mM NaCl, and 500 mM imidazole pH
8.0). The collected protein fractions were dialyzed against 20 mM Tris HCl (pH 7.5). The purity of the
proteins was determined by 16% SDS-PAGE.

The protein concentrations were measured using a spectrophotometer (Implen NanoPhotometer,
IMPLEN, Munich, Germany) at 280 nm and calculated using a molar extinction coefficient of
E0.1%

280nm.

2.3. Antibacterial Assay

Overnight bacterial cultures (OD600 = 1.4–1.6) were used as stationary phase cultures or were
diluted 30-fold in LB broth and grown to exponential phase (OD600 = 0.6). Subsequently, the cells
were harvested by centrifugation (3000× g, 10 min) and resuspended in the same volume of 20 mM
Tris HCl (pH 7.5). Each suspension was diluted 100-fold in the same buffer to a final density of
approximately 106 cells/mL. Afterwards, 100 μL of the bacterial suspension and 100 μL of the protein
at the appropriate concentration were mixed in 96-well plate wells, and buffer without endolysins
was used as a negative control. The mixtures were incubated at 37 ◦C for 30 min with shaking at
200 rpm and then were diluted 10-fold in PBS (pH 7.4). Subsequently, 100 μL of each dilution was
plated onto LB agar, and bacterial colonies were counted after overnight incubation at 37 ◦C. All of the
experiments were performed in triplicate, and the antibacterial activity is expressed as log10 of the
number of surviving bacterial colonies.

The spectrum of antimicrobial activity was tested against a panel of sixteen Gram-negative
bacterial strains and two Gram-positive bacterial strains (Table 1) using the conditions described above.

The effects of pH, salts, and buffers (Na or K phosphate buffers, pH 7.5) on the specific activity of
endolysins were analyzed using the A. baumannii strain Ts 50-16 cultured to the logarithmic growth
phase. The bacteria were incubated with the proteins in 20 mM Tris HCl buffer with different pH
values (5.0 to 9.0); 5, 10, or 50 mM of Na or K phosphate buffer (pH 7.5) and 5 mM of Na or K phosphate
buffer (pH 7.5) supplemented with different NaCl or KCl salts (0 to 500 mM). The effect of EDTA on
the bactericidal activity of lysins at different pH values was assessed as mentioned above after the
addition of 0.5 mM of permeabilizer during cell incubation with the lysins.

2.4. Storage Stability

To investigate the storage stability of the endolysins, the proteins were exposed to different
temperature conditions (4, –20, and –80 ◦C) for one week or one, two, or three months. The protein
samples were stored in 20 mM Tris HCl, 100 mM KCl, and 50% glycerin at pH 7.5. Antimicrobial
activity was assessed as described above using the A. baumannii strain Ts 50-16.

2.5. Dynamic Light Scattering

The hydrodynamic diameters of the protein particles in solution were measured using a ZetaSizer
Nano-ZS (Malvern Instruments LTD, Malvern, UK) in polystyrene cuvettes with an optical path length
of 1 cm and a laser wavelength of 633 nm. The protein samples (approximately 1 mg/mL) were assayed
in 10 mM sodium phosphate buffer (pH 7.5). The samples were heated from 25 to 70 ◦C with 2.5 ◦C
step increases. The data were analyzed using Dispersion Technology version 5.10 (Malvern, PA, USA).

3. Results

3.1. Sequence Analysis, Expression, and Physicochemical Properties of Recombinant Enzymes

In this study, three putative endolysin-encoding genes from lytic phages of the family Myoviridae
were assayed. The genes encoding LysAm24, LysECD7, and LysSi3 from Acinetobacter phage AM24
(NCBI: txid1913571), which infects A. baumannii, Escherichia phage ECD7 (NCBI: txid1981499, E. coli)
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and Enterobacteria phage UAB_Phi87 (NCBI: txid1197935, S. typhi), respectively, were cloned and
expressed in E. coli (Table 2). None of these endolysins had been previously cloned or characterized.

Table 2. Endolysins used in the study.

Enzyme Enzyme Source Phage Host
GB

Accession No.

LysAm24 Acinetobacter phage AM24 A. baumannii APD20282.1
LysECD7 Escherichia phage ECD7 E. coli ASJ80195.1

LysSi3 Enterobacteria phage UAB_Phi87 S. typhi YP_009150069.1

BLAST searches for the deduced amino acid sequences derived from the cloned nucleotides showed
a strong similarity to the phage-related lysozyme-like superfamily (muramidases, GH24 family) for the
LysAm24 and LysSi3 proteins, whereas LysECD7 contained a D-alanyl-D-alanine carboxypeptidase
domain (peptidase M15 family). Furthermore, whereas LysECD7 and LysSi3 contained only
one enzymatic catalytic domain (ECD), the deduced amino acid sequence of LysAm24 included
an additional CW-binding domain (CBD) at the N-terminus and an ECD at the C-terminus (Figure 1a).
Such an inverted orientation of the CBD and ECD has been shown to be characteristic of Gram-negative
bacteriophage endolysins [25,26].

To clone the selected lysins, their coding sequences were amplified from inactivated phage lysates.
Subsequently, the amplified fragments were fused to an 8-His tag at the C-terminus of the encoded
protein and were inserted into the E. coli expression vector pET42b(+). The proteins were purified using
NiNTA affinity chromatography followed by SDS-PAGE gel analysis, which showed the monomeric
form of the individual proteins with apparent molecular masses of 25.9, 16.1, and 18.5 kDa for LysAm24,
LysECD7, and LysSi3, respectively (Figure 1b).

The use of dynamic light scattering allowed the hydrodynamic diameter as well as the thermal
and structural stability of proteins molecules to be evaluated. The results showed that hydrodynamic
diameters for all three enzymes had narrow peaks corresponding to 5.29 ± 0.97, 3.94 ± 1.33,
and 3.69 ± 0.87 nm for LysAm24, LysECD7, and LysSi3, respectively (Figure 1c), indicating that
all of the recombinant molecules are stable as primarily monomers in solution.

Figure 1d presents the results showing the dependence of the light scattering intensity parameters
on temperature. The observed sharp increase in the total light scattering intensity and in the
hydrodynamic diameter of the enzymes particles indicates the beginning of the aggregation of
the proteins. The aggregation of LysAm24, LysECD7, and LysSi3 was observed to begin at 55,
50, and 42.5 ◦C, respectively. Thus, the results showed that LysAm24 possesses slightly increased
thermostability compared to LysECD7 and LysSi3.

3.2. Bactericidal Activity and Biochemical Properties of Recombinant Lysins

The bactericidal activity of endolysins varies significantly depending on the protein of interest
and the bacterial species and strains used. According previous studies, the optimal concentrations
for endolysins vary from 10 to 500 μg/mL [24,27,28]. To initially evaluate bactericidal activity,
the A. baumannii strain Ts 50-16 (for LysAm24 and LysSi3) and the E. coli strain M15 (for LysECD7)
were used. The bactericidal activities of LysAm24, LysECD7, and LysSi3 against exponentially growing
bacterial cells were shown to be concentration-dependent (Figure 2a). The minimal active concentration
after 30 min of incubation in 20 mM Tris HCl buffer (pH 7.5) was observed to be 0.5 μg/mL for
LysAm24 and LysECD7 and 10 μg/mL for LysSi3. Specifically, reductions of over 2 and 1.35 logs,
respectively, were observed after treating the bacterial cells with 0.5 μg/mL of LysAm24 and LysECD7,
and a reduction of approximately 3 logs was observed after the cells were treated with 10 μg/mL of
LysSi3. In general, LysSi3 exhibited 10-fold lower activity than LysECD7 and LysAm24 against the
selected bacterial strains. Lysin concentrations of more than 5 μg/mL (LysAm24 and LysECD7) and
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50 μg/mL (LysSi3) eliminated bacterial growth completely, suggesting that recombinant LysAm24,
LysECD7, and LysSi3 can exert bactericidal action without additional membrane permeabilization.

Figure 1. Domain organization, purification, and physicochemical properties of LysAm24, LysECD7,
and LysSi3. (a) Putative domain organization of LysAm24, LysECD7, and LysSi3 predicted from
the deduced amino acid sequences. The prediction was done with the protein BLAST search (https:
//blast.ncbi.nlm.nih.gov/Blast.cgi). (b) SDS-PAGE gel analysis of purified endolysins. The PageRuler
Broad range Unstained Protein Ladder (Thermo Scientific, Vilnius, Lithuania) was used (c) Evaluation
of the hydrodynamic diameter of E. coli-produced endolysins by DLS analysis. Statistical distribution
of particle size by number. The data are presented as the mean values of three measurements
± SD. (d) Temperature dependence of the total light scattering intensity (upper panel) and the
hydrodynamic diameters of the particles (lower panel). The data are presented as the mean values of
three measurements made with an interval of 15 s ± SD.
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Figure 2. Bactericidal activity and biochemical properties of LysAm24, LysECD7, and LysSi3.
(a) Bactericidal activity of different concentrations of LysAm24 against A. baumannii Ts 50-16, LysECD7
against E. coli M15 and LysSi3 against the A. baumannii Ts 50-16 in exponential phase. Cell cultures
without incubation with endolysins were used as controls. The number of surviving cells after 18 h is
expressed as reduction in log10 CFU/mL compared to the control. NS, no statistical significance of
the data compared to the untreated culture is observed (p > 0.05, Mann–Whitney test). (b) Activity of
lysins against both exponentially growing cells (Exp) and stationary-phase cells (Stat) of A. baumannii
Ts 50-16 without and in the presence of EDTA. The residual activity after 18 h of growth compared to
the untreated culture is shown. NS, no statistical significance of the data compared to the exponential
growth phase is observed (p > 0.05, Mann–Whitney test). (c) Effects of salts on the bactericidal activity
against A. baumannii Ts 50-16. The residual activity after 18 h of growth compared to the untreated
culture is shown. NS, no statistical significance of the data compared to the untreated culture is observed
(p > 0.05, Mann–Whitney test). For all experiments, the mean values are shown (± standard error
of the mean (SEM)) from three independent experiments. Asterisk (*) indicates significant effect on
bactericidal activity.

It is a known fact that lysins are generally less active against stationary-phase bacteria compared
to exponentially growing bacterial cells. Indeed, for A. baumanii Ts 50-16, the addition of 10 μg/mL
LysAm24, LysECD7, or LysSi3 reduced the viability of exponentially growing cells (OD600 = 0.6)
by 76%, 70%, and 80% respectively, while reducing the viability of stationary-phase bacteria
(OD600 = 1.4–1.6) by 47%, 33%, and 23% only. Even a concentration of endolysins of 100 μg/mL
did not allow complete elimination of bacteria (Figure 2b). However, the addition of 0.5 mM EDTA
restored the activity of lysins, indicating that the problem is related to the ability of the enzymes to
overcome the bacterial outer membrane but not bactericidal activity itself.

For the effective use of endolysins, it is essential that they retain their activity under physiological
conditions (high salt content, pH close to the physiological values present in the blood, oral cavity or
on skin (7.4, 7.0, and 5.5, respectively), and exhibit resistance to proteolytic cleavage). Thus, the effect
of the composition of the buffer system used and the salts present in the solution (Figure 2) on the
preservation of the activity of endolysins was assessed.
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We evaluated the effects of the presence of salts (NaCl or KCl) on the activity of the endolysins
(Figure 2c). Both KCl and NaCl had an inhibitory effect on lysin activity, and the presence of both
salts reduced the activity of all three assayed enzymes. The activity of LysAm24 was decreased by
almost two-fold in the presence of 25 mM NaCl, while KCl had the same effect at 50 mM. For LysECD7,
100 mM of either salt significantly decreased bactericidal activity, while the activity of LysSi3 was
inhibited in the presence of 50 mM NaCl or KCl. In general, all three lysins tolerated the presence of
KCl better than NaCl.

Different buffer systems, specifically sodium or potassium phosphate buffers, at various
concentrations and at pH 7.5 were also investigated, as these solutions are likely to be more suitable and
cost-effective for future animal and human applications than buffers containing Tris HCl. The results of
assays evaluating the effects of phosphate buffers at concentrations of 5, 10, and 50 mM on the activity
of the enzymes showed that the most appropriate concentration was 5 mM, with potassium–phosphate
buffer (pH 7.5) being optimal for LysAm24 and sodium–phosphate buffer (pH 7.5) being optimal for
LysECD7 and LysSi3.

In addition, the stability of the enzymes during stock storage in the presence of 100 mM KCl and
50% glycerol at three temperatures (+4, −20, and −80 ◦C) for three months was tested. Bactericidal
activity was tested in Tris HCl buffer pH 7.5. All of the preparations retained their initial activity
after up to two months of storage. However, after three months, the activity of LysAm24 was almost
undetectable, while that of LysECD7 and LysSi3 decreased significantly (for all three enzymes, the
inhibition of the growth of bacterial colonies was only 1- and 0.5-orders of magnitude of that of the
control, respectively, rather than 5-orders of magnitude). These results indicate that storage condition
optimization is necessary for these enzymes.

3.3. Effect of EDTA on the Bactericidal Activity of Lysins at Different pH Values

A separate series of experiments was carried out to investigate the activity of LysAm24, LysECD7,
and LysSi3 over a broad range of pH values in vitro (Figure 3), the results of which showed that all three
enzymes had similar bactericidal activity in Tris HCl buffer at different pH values. The highest activity
of LysAm24, LysECD7, and LysSi3 was observed under moderate acidic conditions (pH = 5.0–6.0).
The activity of all three enzymes decreased when the pH was increased to 6.5–7.0, with LysAm24,
LysSi3, and LysAm24 exhibiting 45%, 30%, and 60% of their initial activity, respectively. At higher pH
values (7.5–8.0), the activities of all three enzymes recovered, albeit to different degrees.

The effect of EDTA, which is used as a membrane permeabilizer to enhance the bacteriolytic
activity of lysins, was also evaluated (Figure 3). The synergy between EDTA and the enzymes was
observed under neutral and alkaline conditions (pH 6.5–8.5). The most pronounced effect of the
presence of EDTA was observed for LysAm24 and LysSi3, for which almost the complete recovery of
activity was observed at pH values of 6.5–7.0, whereas this effect occurred to lesser degree for LysECD7.

3.4. Broad Substrate Specificity and Antibacterial Properties of Recombinant Phage Endolysins

The spectrum of activity of the three endolysins was tested against a panel of eighteen bacterial
isolates from patients, including A. baumannii, P. aeruginosa, and K. pneumoniae as well as a collection
of reference strains (E. coli and S. typhi) (Table 1). The results of the antimicrobial assays of the three
endolysins towards these bacterial species are presented in Figure 4. All of the enzymes showed
a wide but diverse range of bactericidal activity and efficiently inhibited the growth of several strains
each from P. aeruginosa, A. baumannii, and K. pneumoniae (Figure 4). When the proteins were added to
exponentially growing cultures of bacteria, no growth of the host cells was observed within 18 h of the
treatment. However, the strains P. aeruginosa Ts 44-16 and K. pneumoniae F 104-14 were only moderately
susceptible to the lysins. The strain E. coli BL21(DE3) pLysS, when used for the recombinant expression
of lysins, was partly resistant to action of LysAm24 and LysSi3. Additionally, LysSi3 had no activity
against the K. pneumoniae B3060, Osh-2k, and I6208 strains. Among the Gram-positive bacterial strains,
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no activity was found against S. aureus 73-14, but LysAm24 and LysSi3 partially inhibited the growth
of S. haemolyticus G58 (to 45% and 10%, respectively).

Figure 3. Effects of pH and EDTA on the antibacterial activity of LysAm24, LysECD7, and LysSi3
against exponentially growing cells. The residual activity after 18 h of growth compared to the untreated
culture is shown. For all experiments, the mean values are shown (±SEM) from three independent
experiments. NS, no statistical significance of the data compared to the untreated control culture
(p > 0.05, Mann–Whitney test). All other data points were statistically significant compared to the
untreated control culture.
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Figure 4. Endolysin activity against different strains of Gram-negative bacteria. Bacterial count
(cfu/mL) was used as the method of choice for all strains: (a) LysAm24, (b) LysECD7, (c) LysSi3.
For all experiments, the mean values are shown (±SEM) from three independent experiments.
NA, no bactericidal activity was detected. All other data points were statistically significant compared
to the untreated control culture (p < 0.05, Mann–Whitney test).

Interestingly, although all three assayed lysins were active or moderately active against the E. coli
BL21(DE3) pLysS expression strain, extensive cells lysis of these cells was not detected during the
expression and purification procedures, indicating that either internal cell membrane penetration did
not take place or that lysis of the expression strain occurred to some degree with no significant effect
on the efficiency of protein production.

67



Viruses 2019, 11, 284

4. Discussion

All three phage endolysins assayed in this study were obtained from members of the family
Myoviridae that differ in their taxonomic assignments: Escherichia phage ECD7, Tevenvirinae subfamily;
Enterobacteriaphage UAB_Phi87, Ounavirinae; and Acinetobacter phage AM24, different unclassified
genus. The significance of the multiple-drug resistance of these phage hosts is reflected in the recent
classification of these species as “Priority 1: Critical” pathogens on the WHO priority pathogens list for
the R&D of new antibiotics [3]. The genomes of the selected bacteriophages are highly variable in terms
of both size and organization. Since most bacteriophages of this family are lytic, they have potential
use as antibacterial agents by themselves. Taking into account the size of the cloned lysins in this study
(25.9, 16.1, and 18.5 kDa for LysAm24, LysECD7 and LysSi3, respectively), we expected them to be
endolysins, because virion-associated lysins (VALs) have molecular weights of greater than 40 kDa [13].
Small endolysins are compatible with cost-effective biotechnological production, and our results show
that LysAm24, LysECD7, and LysSi3 can be efficiently and cheaply produced in E. coli. Furthermore,
it was shown that the assayed enzymes have good stability profiles and possess wide bactericidal
activity, as they were capable of inhibiting the growth of all assayed Gram-negative representatives of
the ESKAPE group. The bactericidal effect against Gram-positive bacterial strains was not pronounced.
No activity was found against S. aureus 73-14, while LysAm24 and LysSi3 partially inhibited the growth
of S. haemolyticus G58 (to 45% and 10% respectively). More strains of Gram-positive bacteria need to
be tested to assess the activity of the studied lysins on this group more carefully.

The endolysins chosen for this study represent proteins with diverse domain organizations,
including those with the most common catalytic domains; glycosidases, which hydrolyze glycosidic
bonds in glycan strands; and endopeptidases, which cleave the cross-bridges between strands and
are proposed to have distinct mechanisms of bactericidal action. This set of endolysins allowed us to
study the general patterns of activity in this class of proteins.

Endolysins from phages infecting Gram-positive bacteria are believed to not exhibit broad lytic
activity and are typically limited to particular bacterial genera, species, or even strains [29–31]. This is
probably due to the highly diverse structures of the CW peptidoglycans of Gram-positive bacteria
needed to evade the host immune system [20–22]. Thus, the bacteriophage lysins from a Gram-positive
background may require tailoring to the CW, leading to a narrowing of their spectrum of specificity.
In addition, bacteriophages infecting Gram-positive bacteria need to control the activity of lysins
released from newly lysed cells to prevent the premature lysis of neighboring cells, which are
suitable for infection by the released bacteriophage progeny. The firm fixation of endolysins on
the CW debris of lysed Gram-positive bacterial cells could prevent their activity toward the CW
surface of neighboring cells. This explanation seems to be feasible [13] and is supported by CBD
domains being most commonly present in the endolysins of phages that infect Gram-positive bacteria
and mycobacteria [14,32]. It was previously shown that the omission of the CBD in Gram-positive
endolysins significantly improves their activity and broadens the range of their bacterial targets [33,34].
Thus, the presence of specific CBD and diverse PG structures makes the activity of Gram-positive
endolysins narrowly targeted [35,36].

In contrast, Gram-negative bacteria possess an outer membrane (OM) which explains the
conservative nature of Gram-negative bacterial PG structures [20–22]. Endolysins of Gram-negative
bacteria are small molecules that commonly have a single-domain globular structure. With some
exclusions, lysins that act against Gram-negative bacteria do not have a CBD domain [25,37].
Thus, because the absence of a CBD domain in targeting endolysins is the norm for Gram-negative
bacteria, such lysins should generally be much less specific.

Some experimental evidence of the broad lytic activity of endolysins against Gram-negative
bacteria has come from studies of E. coli and A. baumannii prophages [23,24,27]. An E. coli prophage
lysin (PlyE146) has been shown to lyse a wide range of Gram-negative bacteria (K. pneumoniae,
A. baumannii, P. aeruginosa, E. coli, and S. enterica) [24], and A. baumannii prophage lysin (AcLys)
exhibits a similar range of bactericidal activity [23]. Our results show that the wide bactericidal activity
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of endolysins from Gram-negative-infecting bacteriophages is a much more general phenomenon
than was previously appreciated. In the present study, we demonstrated that three different lysins
(LysAm24, LysECD7, and LysSi3) from Myoviridae bacteriophage family members that exhibit diverse
domain organization (single-domain vs. two-domain) and different putative mechanisms of action
(lysozyme vs. peptidase) have equally wide activity profiles. Notably, even LysAm24, which contains
an additional glycan-binding domain that is typically associated with strain-specific lytic activity,
showed a broad spectrum of activity with respect to the assayed bacteria. A quantity of 50 μg/mL of
lysins was enough to eradicate growing bacterial cells by over more than five orders of magnitude
for the assayed P. aeruginosa, A. baumannii, K. pneumoniae, E. coli, and S. typhi strains. In contrast,
PlyE146 [24] only displayed wide specificity at a concentration of 400 μg/mL. Moreover, similar results
were achieved at lower concentrations of this enzyme (below 1 μg/mL) only after cells were partially
permeabilized by hypotonic conditions, freezing during storage or after the cells were washed with
water [23].

Importantly, none of the recombinant enzymes assayed in our study (LysAm24, LysECD7,
and LysSi3) required a specialized OM penetration approach to exert full bactericidal activity at
an acidic pH and low salt concentration on exponentially growing cells. We previously showed that the
recombinant endolysin L-KPP10 only exhibits pronounced activity in the presence of 0.5 mM EDTA [28]
and that L-KPP10 alone does not possess significant lytic activity even on exponentially growing
cells. Thus, EDTA and organic acids that displace divalent cations and destabilize the bacterial cell
membranes could be an optional solution for the use of such endolysins [13]. Alternatively, the addition
of a positively charged peptide (SMAP-29) at the C-terminus of the endolysin L-KPP10 (generating
AL-KPP10) eliminated the need for EDTA permeabilization [28]. The effectiveness of this approach
has been demonstrated in several other studies [16,17], suggesting that the use of positively charged
peptide fusion may be a more convenient way to ensure efficient outer membrane permeabilization.

Interestingly all three assayed lysins were active or moderately active against the E. coli BL21(DE3)
pLysS expression strain used for the production of recombinant enzymes (Figure 4). The strain
was fully sensitive to LysECD7 (100%) and partly resistant to the action of LysAm24 (70%) and
LysSi3 (10%). Moreover, all proteins were shown to be soluble when expressed intracellularly. In our
previous studies of L-KPP10 endolysin fused with the strong cell penetration peptide SMAP-29 [28],
we were able to purify it from inclusion bodies (insoluble condensed matter). All attempts to
produce it in a soluble form led to either a lack of protein expression or the production of a soluble
protein with no bactericidal activity. Lysins described in the current paper do not possess specific
membrane penetration peptides. It is not clear whether studied endolysins can be obtained from the
cytoplasm, where recombinant proteins are expressed, into periplasmic space where they can exert their
bactericidal action. On the one hand, there is evidence that, for efficient permeabilization, some lysins
require additional phage-encoded proteins for the control of inner membrane permeabilization [14].
For the lysins under study, the necessity of additional membrane permeabilizing proteins is not
known and requires further investigation. On the other hand, as we mentioned above, buffer
conditions, salts, pH, and membrane permeabilizers significantly affect the bactericidal activity of
lysins. Thus, the intracellular conditions might be not optimal for enzymatic action, allowing soluble
endolysins to be produced intracellularly in the strain that is sensitive to its action from outside.

The finding that none of our enzymes required a chemical permeabilizer under some conditions
was unexpected. Some lysins are known to possess a natural ability to penetrate the bacterial OM due
to positively charged segments that can disorganize or disrupt the OM [13,23], and the recombinant
enzymes assayed in this study likely possess such sequences. Specifically, the C-terminal sequences of
LysAm24 and LysSi3 contain a positively charged α-helix with nine lysine and arginine residues in
30-aa stretch. For proteins with homologous domain structures, this region was speculated to be an OM
penetration sequence [24]. In contrast, no such positively charged stretch of amino acids is present
in LysECD7. In ChiX, an L-Ala-D-Glu endopeptidase from Serratia marcescens that is homologous to
LysECD7, the formation of a sugar-binding site presumably occurs through three tryptophan residues
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(Trp87, Trp89, and Trp116) that occupy the outer edge of the active site cleft [38]. However, LysECD7
only contains two of these residues (Trp80 and Trp105), and whether these amino acids possess
permeabilization activity is not yet clear. An alternative explanation for the cell permeabilization
activity of the recombinant enzymes assayed in this study is that they contain an 8-His tag sequence
at the C-terminus with adjacent sequences that form a positively charged cluster that is capable of
improving membrane penetration (KLEHHHHHHHH). To test this hypothesis, we performed assays
over a range of pH values with and without added permeabilizer (EDTA).

The observed pH-dependent changes in the dynamics of the assayed endolysin activities indirectly
confirmed this hypothesis. Decreased activity in response to increasing pH values is known to affect
other endolysins [24]. The additional protonation of C-terminal cationic peptides of LysAm24 and
LysSi3 increase their destabilizing activity toward the bacterial OM at low pH values. Indeed, the
charges of LysAm24 and LysSi3 C-termini changed from +12.8/13.8 at pH 5.0 to 1.8/2.5 at pH 9.0.
Since LysECD7 does not contain similar peptides, with the exception of the His-Tag sequence at the
C-terminus, and the change of its C-terminus charge from +8.0 at pH 5.0 to −1.0 at pH 9, this effect
was less pronounced for LysECD7, and it retained up to 65% of its activity. Under pH values with
C-termini charges of less than 10.0, LysAm24 and LysSi3 activity decreased significantly in the absence
of EDTA. Detailed information on the influence of different pH values on the protein charge and
activity is summarized in Table 3.

Table 3. Heatmap of estimated endolysin C-termini charges over the pH range and the residual
antibacterial activity within this range (http://protcalc.sourceforge.net/). Min to Max pKa and residual
activity is indicated with the color scale from red to green background. For all experiments, the mean
values of three independent experiments are shown.

pH
C-Termini Charge (pKa) Residual Antibacterial Activity, %

LysAm24 LysECD7 LysSi3 LysAm24 LysECD7 LysSi3

5.00 12.80 8.00 13.80 98.8 100.0 99.8
5.50 11.60 7.30 12.60 99.,4 100.0 100.0
6.00 10.20 6.10 11.20 97.2 97.6 99.9
6.50 8.00 4.00 9.00 55.0 75.0 57.2
7.00 5.80 1.80 6.80 45.0 62.5 29.2
7.50 4.40 0.50 5.40 62.5 94.5 88.5
8.00 3.40 −0.30 4.40 57.5 96.5 98.8
8.50 2.60 −0.70 3.50 16.0 90.0 69.0
9.00 1.80 −1.00 2.50 45.0 50.0 65.0

To differentiate the permeabilization ability from the bactericidal activity of the endolysins,
the effect of pH in the presence of EDTA, which was used as a membrane permeabilizer, was evaluated.
In the presence of EDTA, the activity of all lysins increased under neutral and basic pH conditions
(Figure 3). These results indicate that the decrease in activity of the proteins associated with changes in
pH is primarily associated with the ability of the lysins to overcome the cell membrane rather than
by changes in their bactericidal activity. Our results suggest that there is a correlation between the
structural changes in proteins under different pH values and their endogenous ability to penetrate
the bacterial membrane (Spearman’s rank correlation coefficients r = 0.86, 0.73, and 0.53 for LysAm24,
LysECD7, and LysSi3 correspondingly). The charges of the C-termini can explain the observed changes
but not the recovery of their activity over a narrow range of physiological pH values (approximately
pH 7.5). Further detailed structural studies of these proteins will shed light on this issue.

The bactericidal activity of all studied lysins was concentration-dependent with one exception.
At the highest concentration point (100 μg/mL), LysAm24 had two times weaker activity on the
stationary phase bacterial cells (Figure 2) compared to at the lower concentration (10 μg/mL).
For LysSi3 with putative muramidase activity, as well as for LysECD7 with putative peptidase
activity, this effect was not observed. This is an interesting fact that we suggest is characteristic
of some endolysins. Previously, we have shown the same effect for endolysin with putative

70



Viruses 2019, 11, 284

N-acetylmuramidase activity—artificial lysin AL-KPP10 fused with antimicrobial peptide SMAP-29
and tested against P. aeruginosa [28]. It was significantly less active at a concentration of 100 μg/mL
than at concentrations of 25 and 50 μg/mL. The possible explanation for this lysin activity drop off
under high concentrations is that some lysins might be prone to self-aggregation (e.g., dimerization of
molecules). Interestingly, the presence of EDTA fully compensated for this drop in activity.

The presence of potassium and sodium chlorides negatively affected the activity of all studied
endolysins. Interestingly, the bactericidal activity of LysAm24 and LysSi3 was restored to up to
60–80% that of the control at a concentration of 250 mM of either salt. For LysECD7, this effect was
less pronounced and seemed to move to a higher salt concentration, at least for potassium chloride.
Proteins usually have a particular optimal salt concentration because salt affects the intermolecular
interactions. Thus, this effect can hardly be explained by the properties of the recombinant proteins
alone. The bactericidal activity was tested on a complex system that included live bacterial cells.
To exclude the factors pertaining to the live bacterial cells, experiments with pure peptidoglycan
would be very useful. The specificity of bacteriophages and their encoded endolysins is considered
to be a benefit for their practical use and preparation [16,17]. However, we believe that endolysins
with activity toward specific bacteria are disadvantageous, as this would make patient treatment
outcomes less predictable and would likely require preliminary sensitivity evaluations. Our results
show that a large number of bacteriophage lytic enzymes can have broad bactericidal activity toward
Gram-negative bacteria, demonstrating their potential in the development of medicines with reliable
and predictable effectiveness.

Supplementary Materials: The following data are available online at http://www.mdpi.com/1999-4915/11/3/
284/s1. Table S1: Sequences of all the primers used to clone the lysins assayed in this study.
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Abstract: Bacteriophage-derived endolysins have gained increasing attention as potent antimicrobial
agents and numerous publications document the in vivo efficacy of these enzymes in various rodent
models. However, little has been documented about their safety and toxicity profiles. Here, we present
preclinical safety and toxicity data for two pneumococcal endolysins, Pal and Cpl-1. Microarray,
and gene profiling was performed on human macrophages and pharyngeal cells exposed to 0.5 μM of
each endolysin for six hours and no change in gene expression was noted. Likewise, in mice injected
with 15 mg/kg of each endolysin, no physical or behavioral changes were noted, pro-inflammatory
cytokine levels remained constant, and there were no significant changes in the fecal microbiome.
Neither endolysin caused complement activation via the classic pathway, the alternative pathway,
or the mannose-binding lectin pathway. In cellular response assays, IgG levels in mice exposed to
Pal or Cpl-1 gradually increased for the first 30 days post exposure, but IgE levels never rose above
baseline, suggesting that hypersensitivity or allergic reaction is unlikely. Collectively, the safety and
toxicity profiles of Pal and Cpl-1 support further preclinical studies.

Keywords: endolysin; Pal; Cpl-1; safety; toxicity; immune response; Streptococcus pneumoniae

1. Introduction

Streptococcus pneumoniae is the most common cause of bacteremia, pneumonia, meningitis,
and otitis media in children. Despite a successful vaccine campaign against pneumococcal disease
over the past two decades, a Global Burden of Disease Study suggests that over 500,000 deaths still
occur annually due to S. pneumoniae infection [1] and the World Health Organization estimated that
5% of all-cause mortality in children under five years of age is related to pneumococcal infection [2].
Furthermore, there has been a worldwide increase in antibiotic-resistant strains of S. pneumoniae [3,4],
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with high rates of resistance reported for penicillin (34.2%), trimethoprim-sulfamethoxazole (31.9%),
and erythromycin (29.5%) [5]. The remarkable variability among S. pneumoniae strains further
complicates vaccine approaches, with at least 92 capsular serotypes having been identified to date [6]
and current conjugate vaccines only covering a small subset (i.e., 7–13 serovars) of the most common
capsule serotypes. Therefore, alternative antimicrobial approaches to pneumococcal disease are
highly desirable.

Bacteriophages, as viruses that infect and kill bacteria, use lytic proteins to destroy the bacterial
membrane and peptidoglycan, resulting in lysis of the cell and the release of progeny phage. Among
these proteins, endolysins are enzymes that function to break chemical bonds in the peptidoglycan.
Appreciably, these enzymes can cause “lysis from without” on susceptible Gram-positive bacteria in
the absence of phage due to their actions on the external cell wall and subsequent osmotic lysis of the
unprotected bacterial membrane. Because of this unique property, endolysins have been shown to be
highly effective antibacterial agents that represent an alternative to antibiotics [7–9].

Several pneumococcal-specific endolysins have been described in the literature. The two most
notable of these endolysins are Pal, which is derived from the streptococcal Dp-1 phage [10], and Cpl-1,
which is derived from the streptococcal Cp-1 phage [11]. These enzymes have been validated for
efficacy in mouse pneumococcal bacteremia models [12,13]. Additionally, Pal and Cpl-1 have been
validated in a mouse nasopharyngeal colonization model [14,15], and Cpl-1 has shown efficacy
against S. pneumoniae-induced endocarditis in rats [16], meningitis in rats [17], and by aerosolized
delivery in a mouse model of fatal pneumococcal pneumonia [18]. Lastly, the combinational use
of Pal, which possesses an N-acetylmuramoyl-L-alanine amidase activity, and Cpl-1, which has an
N-acetylmuramidase activity, displayed in vitro and in vivo synergistic efficacy [13,19].

Preclinical safety and toxicity profiles on mammalian cells and tissues are critically important for
future translational development of endolysins. Here, we present a safety assessment of Pal and Cpl-1,
including an in vivo assessment of safety in a mouse model and gene expression profiling to identify
potential effects of these enzymes on human cell functions as well as non-cellular immunological
complement cascades in vitro and ex vivo. Immune response assessment further includes inflammatory
maker testing (i.e., IL-6) and endolysin-specific IgG and IgE antibody induction, with the latter
providing an overall assessment of potential allergic reactions (type I hypersensitivity) [20,21].

2. Materials and Methods

2.1. Protein Expression

Two endolysins—Pal (Acc. no. YP_004306947) from Streptococcus phage Dp-1, and Cpl-1
(Acc. no. CAA87744) from Streptococcus phage Cp-1—were investigated. The genes for Cpl-1 and Pal
were originally amplified directly from the Cp-1 phage and the Dp-1 phage, respectively, into the
Gateway cloning system. Subsequently, primers incorporating a C-terminal 6×-His tag were used to
amplify from template plasmids containing the native genes. The resulting amplicons were cloned into
a pBAD24 expression plasmid. Vectors were expressed in E. coli B834(DE3) cells (EMD), and grown
at 37 ◦C with shaking in Luria-Bertani (LB) broth, supplemented with 10 g/L NaCl and ampicillin
(100 μg/mL) (all from Sigma-Aldrich, Europe), until OD600 reached 1.0. Then, the bacterial culture was
cooled to 20 ◦C and protein expression was induced by the addition of arabinose at a final concentration
of 2 g/L. The culture was subsequently incubated overnight at 20 ◦C with aeration by shaking.

2.2. Protein Purification

Bacteria were harvested using centrifugation and suspended in phosphate buffer (50 mM
Na2HPO4, 300 mM NaCl, pH 8), which was supplemented with PMSF (1 mM) and lysozyme
(0.5 mg/mL). The slurry was incubated for 6–7 h on ice and lysed using the freeze-thaw method. Mg2+

(up to 0.25 mM), DNAse (10 μg/mL), and RNAse (20 μg/mL) were then added to the extract and
allowed to incubate on ice for an additional 3 h. The fractions were separated using centrifugation
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(12,000× g, 45 min, 4 ◦C) and the soluble fraction (supernatant) was collected. The samples were
then incubated with NiNTA agarose (Qiagen, Hilden, Germany) at room temperature for 10 min and
washed with PBS (5× volume of the agarose) and an increasing concentration of imidazole (0 mM,
20 mM, 100 mM, 250 mM, and 500 mM). The 100 mM and 250 mM fractions containing the eluted
endolysins were dialyzed against PBS at 4 ◦C. Next, proteins were separated using gel filtration
(fast protein liquid chromatography) on a Superdex 75 10/300 GL column (GE Healthcare Life Sciences,
Chicago, IL, USA). The final step was LPS removal, which was performed with an EndoTrap Blue
column (Hyglos GmbH, Munich, Germany). Purified, endotoxin-free protein samples were dialyzed
against PBS and filtered through sterile 0.22-μm polyvinylidene difluoride filters (Millipore, Burlington,
MA, USA). All the purification steps were monitored using SDS-PAGE electrophoresis and the LPS
(endotoxin) content was determined using the EndoLISA assay (Hyglos GmbH, Munich, Germany)
and confirmed to be 0.6–1.6 endotoxin units (EU) per mL for all of the microarray gene expression
profiling and less than 10 EU per animal in animal experiments.

2.3. Microarray Gene Expression Profiling

The cell lines FaDu (human pharynx squamous cell carcinoma, ATCC HTB-43) and SC
(human peripheral blood macrophages, ATCC CRL-9855) were cultured in media recommended
by the manufacturer with and without protein solutions containing Pal or Cpl-1 (0.5 μM, i.e.,
17.5 and 20 μg/mL, respectively) for 6 h. This time was chosen to allow for the development of
cellular responses to external factors at the cellular gene expression level. Control cells were cultured
with an equivalent amount of albumin (Sigma, Poznan, Poland). After incubation, cells were harvested
and the total RNA was immediately isolated with RNeasy Mini Kit (Qiagen). For this study, we used
SurePrint G3 Human Gene Expression v3 8 × 60 K Microarrays (Agilent Technologies, Santa Clara,
CA, USA). The One-Color Microarray-Based Gene Expression Analysis Protocol (version 6.9.1) was
used to process the arrays.

After amplification, the total RNA was labeled with Cy3 using the Low Input Quick Amp Labeling
Kit (Agilent Technologies, USA). The labeled RNA was purified (RNeasy Kit, Qiagen, USA), and the
RNA yield (nanograms of complementary RNA (cRNA)) as well as specific activity (picomoles of Cy3
per microgram of cRNA) were measured using a NanoQuant plate (Tecan Group, Germany) in an
Infinite 200 PRO reader. Next, the labeled cRNA was fragmented and placed on the microarray slide
after mixing with the hybridization buffer. Microarrays were incubated for 17 h at 65 ◦C and then
washed twice in GE wash buffer (Agilent). Agilent’s High-Resolution C Microarray Scanner was used
to scan the slides according to the 8 × 60 K array format. The scanned images were analyzed with the
Agilent Feature Extraction software v. 12.1 (Agilent Technologies, Santa Clara, CA, USA). The final
analysis included dye normalization (linear and LOWESS), background subtractions, and filtering of
outlier spots.

2.3.1. Differentially Expressed Genes

GeneSpring GX 13 (Agilent, USA) was used to further analyze the data after extraction. The cut-off
was set to 1.5-fold for the determination of significant differential expression (up or down regulation).
A moderated Student’s t test was used to determine significant differences, defined as p ≤ 0.05,
for gene expression.

2.3.2. Enriched Gene Ontology Terms & Pathway Analysis

Lists of differentially expressed genes were uploaded to the DAVID 6.7—Database for Annotation,
Visualization and Integrated Discovery Classification System to analyze their ontologies and
participation in curated pathways, and to perform a Gene Set Enrichment Analysis (GSEA). Ontologies
and pathways were assigned independently to upregulated and downregulated gene lists. Annotations
(official gene symbols) were limited to Homo sapiens and the genome of this species was used as a
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background for analyses. For the pathway analysis, a Kyoto Encyclopedia of Genes and Genomes
(KEGG) was used as a reference database.

2.4. Animal Experiments

Six- to twelve-week-old male mice, either C57BL6/J (N = 6) or BALB/c (N = 5 or 7), were bred at
the Animal Breeding Centre of the Institute of Immunology and Experimental Therapy (IIET). All the
animal experiments were approved by the 1st Local Committee for Experiments with the Use of
Laboratory Animals, Wrocław, Poland (projects no. 76/2011) and performed according to EU directive
2010/63/EU. All the animal experiments adhered to the ARRIVE (Animal Research: Reporting of In
Vivo Experiments) guidelines [22].

For the general health condition (Section 2.5), the microbiome assessment (Section 2.6), and the
inflammatory/cytokine assessment (Section 2.7), BALB/c mice were injected with Pal or Cpl-1
intraperitoneally in one dose at 0.3 mg per mouse (15 mg/kg) for each protein. The negative control was
inoculated with PBS and a positive control of inflammation was inoculated with LPS (2000 EU/mouse).
Murine blood was collected into clotting tubes under anesthesia from the tail vein. Serum was
separated from the blood using double centrifugation (2250× g for 5 min and 10,000× g for 10 min).
The sera were stored at −20 ◦C.

2.5. Overall Health Scoring Matrix of Mice

A composite scoring matrix indicating the general health of mice was calculated on a 15-point
scale by adding the scores of five aspects, each rated from 0 to 3 (with mid-values possible), where the
highest score represented the worst condition. The specific criteria used included: Activity (0 = alert
and active, or calm and resting; 3 = slow to move or non-responsive when coaxed or violent reaction
to stimuli); Fur (0 = normal, well groomed; 3 = very rough hair coat); Eyes (0 = normal, open, clean,
no exudate; 3 = closed, sunken or covered with suppurate exudates); Abdomen (0 = normal; 3 = large
abdominal mass and/or edema); and Skin (0 = normal, healthy skin; 3 = wounds, dermatitis, lesions).

2.6. Microbiome Assessment of Mice

Mice were injected i.p. with Pal, Cpl-1, or PBS (control), as described in Section 2.4, and fresh
fecal samples were analyzed prior to treatment or 24 h after treatment. DNA isolation from mice
feces was performed with a QIAamp DNA Stool Mini Kit preceded by physical homogenization
with 0.1 mm zirconia beads. A total of 1 mL of InhibitEX buffer was added to the tubes containing
the beads and stool samples. The samples were vortexed for 1 min and then incubated at 95 ◦C for
5 min. Next, each sample was vigorously vortexed for 3 min and centrifuged for 1 min at 14,500 rpm.
Further isolation was performed according to the manufacturer’s instructions with additional cleaning
utilizing the Zymo Clean & Concentrator. The DNA was eluted with deionized water and the samples
were stored at –20 ◦C for further use.

A preliminary measurement of the isolated DNA was performed with the Qubit 2.0 fluorometer
using the Qubit™ dsDNA HS assay kit (Life Technologies Corp., Eugene, OR, USA). Three samples of
the highest quality from each group were selected for further processing. The Ion 16S Metagenomics
Kit (ThermoFisher, Waltham, MA, USA) was used to amplify DNA coding for the 16S rRNA V2, V3,
V4, V5, V6–7, V8, and V9 hypervariable regions, according to the manufacturer’s instructions using 5
ng of DNA for each sample. Barcoded libraries were created using the Ion Xpress™ Plus Fragment
Library Kit with the Ion Xpress Barcodes. The final library concentration was quantified by RT-qPCR
with the Ion Library TaqMan Quantitation Kit according to manufacturer’s protocol. Emulsion PCR
and a bead enrichment step were performed on an Ion OneTouch™ 2 System with the Ion PGM Hi-Q
View OT2 kit. Enriched template beads were mixed with reagents from the Hi-Q View 400 Sequencing
kit and loaded onto Ion Torrent 314 V2 chips. Sequencing parameters standard for 16S rRNA Targeted
Sequencing were used based on the manufacturer’s protocol.

77



Viruses 2018, 10, 638

Unaligned binary data files (Binary Alignment Map (.BAM)) generated by the Ion Torrent PGM
were uploaded to IonReporter version 5.6. An analysis was performed with the base pair cut-off
number set at 150, minimum alignment coverage at 90%, and minimum abundance at 10 copies.
Curated MicroSEQ 16S Reference Library v2013.1 was used as a reference database to identify the
reads obtained. The results received by the workflow described were visualized using KRONA
software integrated into IonReporter 5.6.

2.7. Cytokine Assay

The progression of the inflammatory reaction in the murine blood was monitored by measuring
interleukin-6 (IL-6) serum levels using a commercially available Human/Mouse IL-6 Mini ABTS
ELISA Development Kit (PeproTech Inc., Rocky Hill, NJ, USA) following the recommendations of
the manufacturer.

2.8. Specific Sera Induction

For specific IgG induction, C57BL6/J mice were challenged s.c. with Pal or Cpl-1 (0.05 mg per
mouse) on day 0. Murine blood was collected into clotting tubes under anesthesia from the tail vein
every 3–5 days. Serum was separated from the blood using double centrifugation (2250× g for 5 min
and 10,000× g for 10 min). The sera were stored at −20 ◦C.

2.9. Measurement of Specific IgG and IgE Antibody Levels

MaxiSorp flat-bottom 96-well plates (Nunc, Thermo Scientific, Waltham, MA, USA) were sterilely
coated overnight at 4 ◦C with endolysins or PBS as control using 100 μL per well at a concentration of
10 μg/mL. Subsequently, wells were washed 5 times with PBS and blocked for 1 h with 1% albumin or
SuperBlock Blocking buffer (Life Technologies Europe BV, Bleiswijk, The Netherlands) at 150 μL per
well at room temperature. Solution was removed and the plates were washed 5 times with 0.05% Tween
20 (AppliChem GmbH, Darmstadt, Germany) in PBS at 100 μL per well. One hundred microliters per
well of diluted serum (1:100 in PBS) was applied to the wells coated with endolysins as well as control
wells. Each sample was investigated in duplicate. The plates were incubated at 37 ◦C for 2 h after
which serum was removed and the plates were washed 5 times with 0.05% Tween 20 in PBS at 100 μL
per well. One hundred microliters per well of diluted detection antibody (peroxidase-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch Laboratories, Cambridgeshire, UK) or IgE (ThermoFisher,
Waltham, MA, USA)) was applied to the plates and incubated for 1 h at room temperature in
the dark. The antibody solution was removed and the plates were washed with PBS with 0.05%
Tween 20 5 times at 100 μL per well. TMB (50 μL) was used as a substrate reagent for peroxidase
according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA) and incubated
for 30 min. Twenty-five microliters of 2N H2SO4 was added to stop the reaction and the absorbance
was measured at 450 nm (main reading) and normalized by subtracting the background absorbance at
570 nm.

As a reference level of specific IgE antibody induction, an oral mouse allergy model to ovalbumin
(OVA) was utilized. Allergy to OVA was induced in mice using a dedicated adjuvant as described [23].
Briefly, the mice were injected subcutaneously with OVA (50 μg/mouse) with Al(OH)3 as an adjuvant
promoting the hypersensitivity reaction. The injection was repeated after 14 days. Seven days after the
second sensitization, the mice were given 20% Egg White Solution (EWS) (Sigma, Poznan, Poland) in
the drinking water. IgE levels specific for OVA were evaluated using ELISA as described above and
compared to control mice injected with PBS instead of OVA.

2.10. Complement System Activity Test

Complement assays were performed with the WIESLAB® Complement System kits
(Euro Diagnostica, Lundavagen, Sweden) to test the activation of the three complement pathways
in the presence of Pal or Cpl-1. Briefly, the kits contained pre-coated plates with specific activators
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for the classic pathway (CP), alternative pathway (AP), or mannose-binding lectin (MBL) pathway
(LP). Blood samples were collected from six healthy human donors. Blood was collected in clotting
tubes and incubated for 60 min at room temperature, followed by 10 min centrifugation at 2000× g,
and isolated serum was immediately used for the tests. First, human serum was incubated at 37 ◦C
for 10 min with 2 μg/mL of Pal, Cpl-1, or PBS in equal volumes. Then, sera were diluted with the
provided buffers at 1: 200, 1:18, 1:100 for the CP, AP and LP pathways, respectively, and transferred to
the WIESLAB plate and processed according the manufacturer’s guidelines. Positive and negative
controls included in the test kit served as quality control of the assay.

2.11. Research Ethics Involving Human Subjects

All the subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Bioethics Committee of Regional Specialist Hospital in Wrocław (Project identification
code: KB/nr 2/2017).

3. Results

3.1. Microarray Gene Expression Profiling in Human Cells Exposed to Pal or Cpl-1

Analysis of gene expression profiles in eukaryotic cells and their potential changes after exposure
to investigated agents provides a sensitive tool for the detection of effects that those agents exert in
eukaryotic cells, including potential toxicity and harmful effects. Therefore, gene expression patterns
were tested in two human cell lines, normal SC macrophages and a pharyngeal carcinoma cell line,
FaDu. Cell lines were exposed to 0.5 μM Pal or Cpl-1 (17.5 and 20 μg/mL, respectively), or albumin
(BSA) as a control, for 6 h. DNA microarray analysis (SurePrint G3 Human Gene Expression v3
8 × 60 K Microarrays; Agilent Technologies, USA) showed no statistically significant (p < 0.05) changes
in gene expression in either cell line when exposed to endolysins using two different types of statistical
analysis, the Bonferroni Holm method for the family-wise error rate (FWER) and the Benjamini
Hochberg method for the false discovery rate (FDR) (Supplementary Tables S1 and S2). Taken together,
these results demonstrate that Pal and Cpl-1 had no negative effects on the human cells, including
provocation of a toxicity or inflammatory response.

3.2. Effect of Pal and Cpl-1 on Complement System Activity in Human Blood Ex Vivo

The complement system is a non-cellular component of blood that plays an important role in
immune responses. Therefore, in addition to the cellular assays, potential effects of endolysins on
the complement system were also measured ex vivo in human blood with or without Cpl-1 and Pal.
Diagnostic complement activity tests included those for the classic, alternative, and MBL-dependent
pathways. As can be seen in Figure 1, neither Cpl-1 nor Pal had any effect on the activation of the
complement system compared to the control. These results demonstrate that Cpl-1 and Pal do not
activate the first line of non-cellular immune response in humans.
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Figure 1. Ex vivo activity of the complement system in human serum incubated with Cpl-1, Pal or
PBS. Pal and Cpl-1 tested at a concentration of 2 μg/mL. IC: control of inactivated complement system
(as supplied by the manufacturer), dash line—control of normal complement activity (as supplied by
the manufacturer).

3.3. Overall Health Condition, Inflammation, and Microbiome Assessment in Mice Challenged with Pal
or Cpl-1

Side effects of potential therapeutics may be demonstrated in vivo even though the in vitro and
ex vivo assays suggest relative safety of the investigated therapeutics. To this end, we assessed the
overall health condition of mice treated with Pal or Cpl-1, as well as the levels of the inflammatory
marker, interleukin 6 (IL-6). The composite health status of the mice was assessed and scored 2 h
and 5 h after injection with Pal and Cpl-1. Negative controls were treated with the same level of
LPS as contained in the purified endolysin solutions and a toxic dose of LPS (2000 EU per mouse)
served as a positive control of toxicity. Neither Pal nor Cpl-1 displayed any negative effects on the
composite health status of mice compared to the negative controls (Figure 2). In contrast, the mice
that received the high LPS dose had a marked, negative effect on their scoring matrix at both time
points. A potential inflammatory response to Pal or Cpl-1 was further assessed using measurements
of IL-6 levels in murine blood 5 hours after treatment with the endolysins. No significant differences
were noted between Pal- or Cpl-1-treated mice compared to control mice for IL-6 production, yet a
significant response was seen with mice given a high LPS dose (Figure 3), which recapitulates the
health scoring results.

Because endolysins specifically destroy bacterial cells, their therapeutic use can potentially affect
the microbiome of living individuals similar to the actions of traditional antibiotics. Abnormalities of
microbiome composition can, in turn, affect the overall health status of an individual. Therefore, in mice
treated i.p. with Pal or Cpl-1, the fecal bacterial microbiome composition was assessed using 16S rRNA
targeted sequencing. Analysis of microbiome before treatment and 24 h after treatment revealed
no meaningful changes in the general composition of bacterial groups (Supplementary Table S3,
Figures S1 and S2). Specifically, the major groups remained unchanged (and no loss was observed in
the Firmicutes group, which contains bacteria sensitive to Pal and Cpl-1).
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Figure 2. Composite health matrix of mice treated intraperitoneally with Pal and Cpl-1. Pal: mice
treated with 0.3 mg of Pal; Pal control: mice treated with PBS containing the same residual LPS content
as Pal (0.6 EU); Cpl-1: mice treated with 0.3 mg of Cpl-1; Cpl-1 control: mice treated with PBS containing
the same residual LPS content as Cpl-1 (8 EU); positive control: mice treated with a toxic LPS dose
(2000 EU). Upper panel: 2 h after treatment; Lower panel: 5 h after treatment.

Figure 3. IL-6 cytokine levels in murine blood 5 h after intraperitoneal treatment with Pal or Cpl-1. Pal:
mice treated with 0.3 mg of Pal; Pal control: mice treated with PBS containing the same residual LPS
content as Pal (0.6 EU); Cpl-1: mice treated with 0.3 mg of Cpl-1; Cpl-1 control: mice treated with PBS
containing the same residual LPS content as Cpl-1 (8 EU); positive control: mice treated with a toxic
LPS dose (2000 EU).

3.4. Antibody Induction in Mice Challenged with Pal and Cpl-1

Specific immune responses to Pal and Cpl-1 were assessed in a mouse model through the
analysis of specific antibody induction. The serum levels of IgG were measured to evaluate the
normal antibody response and serum IgE levels were determined for a potential hypersensitivity
response to the endolysins. Murine sera were collected at days 1, 5, 10, 15, 20, 25, 30 and 50 after
a single-dose application of each enzyme. As expected, a typical pattern of IgG induction was
observed, with a slow increase in the specific antibody titer until ~day 30, then the titers leveled off
(Figure 4). Importantly, during the entire 50-day evaluation period, no increase was observed for
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Pal- or Cpl-1-specific IgE relative to control mice (p < 0.05) (Figure 4). As a control to demonstrate
the induction of IgE hypersensitivity, the same assays were performed on mice sensitized to OVA,
which showed a large IgE response after 21 days (Supplemental Figure S3). Thus, we detected no
propensity for the development of an IgE-mediated allergic reaction to Pal or Cpl-1.

Figure 4. Specific IgG and IgE antibody levels in mice challenged with Pal or Cpl-1. Mice (N = 6)
were injected intraperitoneally with enzymes 50 μg per mouse and control animals were injected
with the relevant amount of LPS. Serum samples were collected on days 1, 5, 10, 15, 20, 25, 30,
and 50 and tested using ELISA with Pal or Cpl-1 as the antigens. Pal: Pal-specific antibody level in
mice treated with Pal; control Pal: Pal-specific antibody level in control mice; Cpl-1: Cpl-1-specific
antibody level in mice treated with Cpl-1; control Cpl-1: Cpl-1-specific antibody level in control mice.
Positive control reference level in IgE: antibodies specific to a model antigen (OVA) in allergic mice
(Supplementary Figure S3).

4. Discussion

Bacteriophage endolysins have received increasing attention as potent alternatives to traditional
antibiotics in the past decade and at least three companies are enrolling patients for Phase 2 clinical
trials with endolysin-based therapeutics, according to clinicaltrials.gov. Nonetheless, there are
few published articles describing the safety or toxicity of endolysins. The exception is SAL200,
a pharmaceutical composition containing the SAL-1 endolysin, which targets Staphylococcus aureus.
SAL200 showed no toxicity in rodent and dog single- and repeated-dose studies and pharmacology
studies demonstrated no signs of toxicity in central nervous and respiratory system function tests [24].
Next, SAL200 was tested in monkeys to obtain pharmacokinetic and safety information. No laboratory
abnormalities or adverse events were detected after injection of a single dose (up to 80 mg/kg per day)
or injection of multiple doses (up to 40 mg/kg per day) [25]. Finally, the results for the human Phase 1
study of SAL200, the first in-human study for a bacteriophage endolysin-based drug, were recently
published [26]. SAL200 was well-tolerated, and no serious adverse events were observed in this clinical
study, with most adverse events being mild, self-limiting, and transient. Furthermore, no clinically
significant values with respect to clinical chemistry, hematology, coagulation, urinalysis, vital signs, or
physical examinations were observed.

In the present study, two pneumococcal endolysins, Pal and Cpl-1, were investigated for their
potential effect on mammalian cells, cellular and non-cellular immune responses, microbiome changes,
inflammatory response, and overall safety in a single-dose study in mice. We found that in most cases,
Pal and Cpl-1 were neutral and exerted minor or no effect on cell or systemic functions.

Microarray and gene profiling analyses of human SC macrophages and human pharyngeal FaDu
cells were analyzed after exposure to Pal and Cpl-1. Macrophages were chosen as they allow for the
identification of potential effects of the endolysins on immune responses, whereas the pharyngeal
cells represent non-immunological cells from a body site commonly colonized by S. pneumoniae [27,28].
In both types of cells, no statistically significant changes in the expression levels of over 16,000 genes
were noted compared to albumin-treated cells (Tables S1 and S2), indicating that no specific pathways,
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like apoptosis or inflammatory responses, were activated by the enzymes, thus strongly supporting the
safety of Pal and Cpl-1. It should be noted that Entenza et al. found increased serum pro-inflammatory
cytokine (i.e., IL-1β, IL-6, TNF-α, and INF-γ) levels in a rat endocarditis model of S. pneumoniae
when treated with high, continuous levels of Cpl-1 [16]. However, both our gene profiling results
as well as the direct serum measurements of IL-6 (Figure 3) showed no increase due to endolysins,
suggesting that the results of Entenza et al. reflect responses to the lysed bacterial cells rather than
endolysins themselves. This is supported by Witzenrath et al., who showed that lower levels of
Cpl-1 reduced pro-inflammatory cytokines in infected mice relative to untreated, infected mice [29].
It was hypothesized that higher concentrations of Cpl-1 generate a more complete digestion of the
peptidoglycan, thereby generating more pro-inflammatory fragments to induce a response. Due to
the lytic nature of these enzymes, detailed dosing studies in conjunction with safety profiles will
be needed to achieve an optimal safe, effective dose. Nonetheless, our results demonstrate that the
purified enzymes themselves cause no inflammatory responses.

Our results show that an IgG response is generated toward endolysins, which is not unexpected
due to the proteinaceous nature of these enzymes. However, it has been reported that antibodies
do not neutralize the catalytic activity of endolysins. Specifically, hyperimmune serum raised
against Cpl-1 only slowed the killing kinetics of Cpl-1 against S. pneumoniae in vitro compared to
identical experiments using pre-immune serum [12] (Figure S4). Likewise, Cpl-1 equally reduced
the pneumococcal titer in the blood of both naïve mice and mice previously vaccinated with Cpl-1
in a bacteremia model. Similar results demonstrating high titer, but non-neutralizing effects of
antibodies directed against endolysins have been reported for the MV-L and ClyS staphylococcal
endolysins [30,31]. At present, it is not known why antibodies do not neutralize the activity of
endolysins, but it is known that endolysins bind epitopes on the bacterial surface with nanomolar to
picomolar affinities [32,33], which could out-compete the binding of the antibodies. The accumulated
results suggest that endolysins, including Pal and Cpl-1, may be used as therapeutics repeatedly
without diminished activity due to antibody response. Moreover, our results demonstrate for the first
time in any pneumococcal endolysin that Pal and Cpl-1 do not generate an IgE response associated
with hypersensitivity and allergic reaction.

One advantage of endolysin therapy is the exquisite specificity, often confined to a single species,
displayed by the endolysins [8,9]. The targeted killing by endolysins prevents collateral bacteriolytic
effects on commensal organisms and dysbiosis often associated with conventional antibiotic therapy.
In the case of Pal and Cpl-1, the pneumococcal specificity is defined by C-terminal choline binding
domains in each enzyme that bind with high affinity to the choline-containing wall teichoic acids of
S. pneumoniae [34]. This is an advantage of Cpl-1 and Pal over other endolysins; only a few related oral
bacteria from the mitis group are poorly susceptible compared to the rapid bactericidal activity on
pneumococci. In this line of evidence, it is unlikely that Cpl-1 or Pal would have substantial bactericidal
activity on the bacteria present in the fecal microbiome. As such, changes in the microbiome were
not anticipated, and indeed were not observed (Supplementary Table S2, Figure S2). Cheng et al.
showed that low doses (5 μg) of LysEF-P10 did not affect the gut microbiome, but that high doses
(100 μg) did affect the microbiome, specifically lowering members of the geneus Enterococcus [35].
In contrast, our results showed that 300 μg of either Cpl-1 or Pal had no effect on the fecal microbiome.
This is likely attributable to either the broad specificity of LysEF-P10 or the natural abundance of the
enterococci in the fecal microbiome compared to the very narrow specificity of Cpl-1/Pal and the low
natural abundance of pneumococci in the fecal microbiome.

We also tested the safety of both endolysins in vivo, at concentrations (0.3 mg/mouse; ~15 mg/kg
based on a 20 g mouse) higher than previously used to show the efficacy of Cpl-1 in a pneumococcal
sepsis model [13]. The overall composite health score indicated no adverse effects of endolysin
treatment (Figure 2). Only the Cpl-1 and the Cpl-1 control showed any signs that deviated from perfect
health, although the signs did not even reach the level of a slight effect. Additionally, the endotoxin
levels in the Cpl-1 preparations was >10 times higher than the levels in the Pal preparations (8 EU vs.
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0.6 EU), underscoring the importance of endotoxin removal and testing. Taken together, our preclinical
safety results of Pal and Cpl-1 support the implementation of future escalating-dose safety studies,
as well as pharmacokinetic and pharmacodynamic studies in larger mammals and primates.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/10/11/638/
s1, Table S1: Statistical data from the analysis of gene expression in SC cells exposed to Pal or Cpl-1 compared to
albumin (Alb), Table S2: Statistical data from the analysis of gene expression in FaDu cells exposed to Pal or Cpl-1
compared to albumin (Alb), Table S3: Composition of bacterial microbiome component in mice after treatment
with Pal or Cpl-1, Figure S1: Shannon and Simpson indexes for bacterial microbiome in the gut of mice challenged
with Pal or Cpl-1, Figure S2: Composition of bacterial microbiome component in mice before and after treatment
with Pal or Cpl-1, Figure S3: Serum levels of IgE specific for OVA, positive reference of allergy in mice. Figure S4:
Bacterial culture density 15 min after treatment with Cpl-1 or Pal lysins (final concentration: 25 μg/mL).
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Abstract: The R-type pyocins are high-molecular weight bacteriocins produced by some strains of
Pseudomonas aeruginosa to specifically kill other strains of the same species. Structurally, the R-type
pyocins are similar to “simple” contractile tails, such as those of phage P2 and Mu. The pyocin
recognizes and binds to its target with the help of fibers that emanate from the baseplate structure
at one end of the particle. Subsequently, the pyocin contracts its sheath and drives the rigid tube
through the host cell envelope. This causes depolarization of the cytoplasmic membrane and cell
death. The host cell surface-binding fiber is ~340 Å-long and is attached to the baseplate with its
N-terminal domain. Here, we report the crystal structures of C-terminal fragments of the R1 and
R2 pyocin fibers that comprise the distal, receptor-binding part of the protein. Both proteins are
~240 Å-long homotrimers in which slender rod-like domains are interspersed with more globular
domains—two tandem knob domains in the N-terminal part of the fragment and a lectin-like domain
at its C-terminus. The putative substrate binding sites are separated by about 100 Å, suggesting that
binding of the fiber to the cell surface causes the fiber to adopt a certain orientation relative to the
baseplate and this then triggers sheath contraction.

Keywords: R-type pyocin; bacteriocin; contractile injection systems; Pseudomonas aeruginosa; X-ray
crystallography; receptor-binding protein

1. Introduction

The chromosomes of many Pseudomonas species carry a cluster of genes for one or both of
the two types of high-molecular-weight pyocins, the R type and the F type [1]. For example,
the “laboratory” strain P. aeruginosa PAO1 contains a cluster of both pyocins (the R upstream of
the F, genes pa0610-pa0648) between the trpE and trpG genes of its tryptophan operon [1]. The cluster
is controlled by a common 5’-end regulatory element comprising the activator PrtN (PA0610) and
its repressor PrtR (PA0611) [2]. Production of pyocins is triggered by UV irradiation or mitomycin
C treatment that cause activation of RecA, which cleaves the repressor, PrtR, allowing the positive
regulator, PrtN, to initiate transcription.

Morphologically and functionally, the R-type pyocins resemble the contractile tails of Myoviridae
bacteriophages [3–6]. These systems recognize the target cell with the help of fibers or, more generally,
receptor-binding proteins that emanate from the baseplate of the particle. Attachment of the fibers to
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the target cell surface causes structural changes in the baseplate that, in turn, trigger contraction of the
external sheath, which drives the internal rigid tube through the host cell envelope. As the pyocins
have no capsid, the cell’s cytoplasm becomes open to the external milieu, which causes uncontrollable
leakage of ions, destroys the membrane potential, and results in cell death [7]. Mass-spectrometry
and bioinformatics show that the mature particle contains 12 proteins that are orthologous to those
comprising the conserved core part of the phage T4 tail (Table S1) [8,9].

The killing mechanism of the pyocins is not specific to Pseudomonas, and their spectrum is fully
determined by the fibers [10–12]. The N-terminal part of the fiber attaches it to the baseplate whereas
the rest of its structure participates in target cell recognition. The latter can be replaced with a
receptor-binding protein from an Escherichia coli, Salmonella enterica or, Yersinia pestis bacteriophage,
resulting in a chimerical pyocin particle with a killing spectrum that is the same or wider than that of
the donor phage [10–12]. The folding of phage and pyocin fibers and, in some cases, their attachment to
the particle are controlled by chaperones, which are often encoded by a gene immediately downstream
from the fiber gene [13]. In the case of the pyocin with chimerical fibers, both the donor fiber chaperone
gene (if present) and the cognate pyocin fiber chaperone gene are required for particle assembly [10].

Five R-type pyocins, called R1 to R5, each with a unique killing spectrum, have been
described [14,15]. Their spectra can be represented by a “spectrum tree” with two branches in
which R5 is at the root, R1 is one branch, and R2, R4, and R3 form another branch, in that order [16].
The phylogenetic tree of their fiber sequences is roughly similar and contains two branches—R1- and
R2-type (Figure S1). The amino acid sequences of the fiber proteins of all the five subtypes are nearly
identical from the N-terminus through about one half of the protein. The second half contains stretches
of 100% sequence identity and completely dissimilar regions [10], and averages to have slightly greater
than 50% identity. Interestingly, the chaperones of these fibers display a significantly greater sequence
diversity [10]. It was shown that the L-Rha residue and two distinct D-Glc residues of the outer core of
the P. aeruginosa lipopolysaccharide (LPS) are part of the receptor sites for R1-, R2-, and R5-pyocins,
respectively [17].

The process of host cell recognition and attachment by a bacteriophage or pyocin remains poorly
understood. The initial and reversible interaction of receptor-binding proteins with the host cell surface
is somehow converted into an irreversible attachment of the particle to the host [18]. It is clear, however,
that the overall conformation of receptor-binding proteins changes little upon ligand binding even
in proteins that display an enzymatic activity towards cell surface polysaccharides [19–21]. Instead,
changes in the supramolecular conformation, such as reorientation or other types of global movement
of receptor-binding proteins, relative to the rest of the particle appear to initiate the cascade of structural
transformations that commit the particle to irreversible host cell binding [22,23].

Here, we present the crystal structures of the R1 and R2 pyocin fiber fragments comprising
about two thirds of the fiber and lacking the particle-binding N-terminal domain. These structures
represent some of the most complete atomic models of fibrous proteins ever studied in tailed phages
or pyocins [8,24–28]. We found that both R1 and R2 pyocin fiber fragments form a ~240 Å-long
homotrimer that contains a rod-like and a shaft-like domain, two tandem knob domains, and the
C-terminal lectin-like domain. The most diverse regions of the fiber amino acid sequence, which likely
determine the killing spectrum, map onto the second knob and C-terminal domains, which are about
100 Å away from each other. Such a distribution of binding sites makes it possible to orient the fiber
relative to the target cell surface and fix it in an orientation that will lead to subsequent conformational
changes in the baseplate.

2. Materials and Methods

2.1. Engineering and Choice of the Construct for Expression

The R2 pyocin fiber and chaperone genes (pa0620 and pa0621 of P. aeruginosa PAO1, respectively)
were cloned into two separate and compatible expression vectors, pTSL and pATE, respectively.

88



Viruses 2018, 10, 427

pTSL (AmR) is described elsewhere (NCBI database accession number KU314761) [8]. pATE (CmR)
is a pACYCDuet-1 derivative with a single instance of the multiple cloning site and a Tobacco Etch
Virus (TEV) protease cleavage site downstream from a 5′-end His-tag (GenBank database accession
number MH593819). The PA0620 fiber was expressed as a downstream fusion to the following
construct: an N-terminal His-tag, a SlyD domain (FKBP-type peptidyl-prolyl cis-trans isomerase
folding chaperone that was introduced to enhance protein solubility), and a linker containing a TEV
protease cleavage site [8]. The PA0621 chaperone was tagless.

The full-length protein was soluble but showed a tendency to aggregation and therefore was
unsuitable for structural studies. Treatment of this protein with trypsin resulted in two stable
fragments, the compositions of which were analyzed by mass spectrometry. These fragments had intact
C-terminus and comprised the residues, 173–691 and 124–691. We called these fragments PA0620d1
and PA0620d2, respectively. Both fragments were cloned into the same plasmid system, expressed,
and purified. The PA0620d2 mutant behaved similarly to the full-length protein. The PA0620d1 mutant
was soluble and could be crystallized although the crystals diffracted poorly and this direction was
eventually abandoned.

It was shown that a pyocin particle with a chimeric fiber that is composed of residues 1–164 of the
cognate R2 pyocin fiber and residues 291–669 of the phage P2 fiber is active against E. coli C (phage
P2 host) [10]. This P2 fiber fragment corresponds to residues 323–691 of the R2 pyocin fiber in the
sequence alignment. We cloned this R2 pyocin fiber fragment (which we called PA0620d3) into the
pTSL expression system and found that this fragment was soluble when co-expressed with the PA0621
chaperone, could be purified to homogeneity, and gave diffraction quality crystals.

We then cloned a PA0620d3-like fragment of the R1 pyocin fiber PLES_06171 (residues 323–701)
and its chaperone PLES_RS03160 from P. aeruginosa LESB58 into the same dual plasmid expression
system. The R1 fiber fragment was a more difficult protein to work with than PA0620d3, but it was
also eventually crystallized and gave reasonably well diffracting crystals.

2.2. Protein Expression and Purification

Protein expression was performed in the B834 (DE3) strain of E. coli (a methionine auxotroph).
The transformed cells were grown at 37 ◦C in the 2xTY medium (supplemented with ampicillin at
a concentration of 200 μg/mL) with aeration by orbital shaking at 200 rpm until the optical density
at 600 nm (OD600) reached a value of 0.6. The medium was cooled on ice to a temperature of
18–20 ◦C and the protein expression was induced by an addition of IPTG to a final concentration of
1 mM. After further incubation at 18 ◦C overnight (approximately 16 h), the cells were harvested by
centrifugation at 5180× g for 15 min at 4 ◦C. The cell pellet was resuspended in 1/50th of the original
culture volume of a 20 mM Tris-HCl pH 8.0, 300 mM NaCl, 5 mM imidazole buffer. The cells were
lysed by sonication with the sample kept on ice. The cell debris was removed by centrifugation at
35,000× g for 15 min at 4 ◦C. The supernatant was loaded onto a Ni2+-precharged 5 mL GE HisTrap FF
Crude column (GE Healthcare Life Sciences, Chicago, IL, United States) that was equilibrated with
a 20 mM Tris-HCl pH 8.0, 300 mM NaCl buffer. The non-specifically bound material was removed
by washing the column with a buffer containing 50 mM Tris-HCl pH 8.0, 250 mM NaCl, and 50 mM
imidazole. The affinity-bound material was eluted with a buffer containing 20 mM Tris-HCl pH 8.0,
250 mM NaCl, and 200 mM imidazole. Fractions containing the target protein were pooled together
and set up at 25 ◦C for an overnight digestion with the TEV protease at a protease/protein ratio of
1/100 (w/w). This reaction mixture was simultaneously dialyzed against a 10 mM Tris-HCl pH 8.0,
3 mM DTT, 1.5 mM EDTA buffer, resulting in cleavage of the His-SlyD expression tag. The digested
protein was filtered and purified by ion-exchange chromatography using a GE MonoQ 10/100 GL
column and 0 to 650 mM NaCl gradient in a 20 mM Tris-HCl pH 8.0 buffer. Relevant fractions were
combined and concentrated using Sartorius (Sartorius AG, Göttingen, Germany) ultrafiltration devices
with a molecular weight cutoff of 50,000 to a volume of ~5 mL. This sample was loaded onto a GE
HiLoad 16/60 Superdex 200 size-exclusion column equilibrated with 10 mM Tris-HCl pH 8.0, 150 mM
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NaCl. Fractions containing the pure protein were combined and concentrated with the help of a
similar Sartorius ultrafiltration unit. Proteins were stored in the same buffer at +4 ◦C until they were
used for crystallization. All purification buffers and the final protein solution contained NaN3 at a
concentration of 0.02% (w/v).

To produce a Se-methionine (SeMet) derivative of R2 PA0620d3, the cells were first grown in
the 2xTY medium until OD600 of 0.3, then pelleted by centrifugation at 3315× g for 10 min at 20 ◦C,
and transferred to the SelenoMet Medium (Molecular Dimensions, Newmarket, Suffolk, UK) prepared
according to the manufacturer’s instructions and supplemented with ampicillin at a concentration
of 200 μg/mL. All the subsequent steps including the expression at low temperature and protein
purification were the same as for the native protein.

2.3. Crystallization, Data Collection, and Structure Determination

For crystallization, purified R1 and R2 pyocin fiber fragments were concentrated to 9 and
11 mg/mL, respectively. The initial crystallization screening was carried out by the sitting drop method
in 96 well 2-lens MRC plates (SWISSCI AG, Neuheim, Switzerland) using JBScreens (Jena Bioscience,
Jena, Germany) crystallization screens. Optimization of crystallization conditions was performed in
Jena Bioscience SuperClear pregreased 24 well plates by hanging drop vapor diffusion. Crystallization
drops of the 24 well plate setup contained 1.5 μL of the protein solution in 10 mM Tris-HCl pH 8.0,
150 mM NaCl mixed with an equal volume of the well solution. Best R1 and R2 fiber crystals were
obtained at +18 ◦C with the protein concentration at 7.4 and 7 mg/mL equilibrated against 750 μL of the
well solution containing 4% PEG 4000, 100 mM PIPES pH 6.1, 140 mM Na2(C3H2O4) (sodium malonate)
and 5% PEG 6000, 100 mM Tris-HCl pH 8.5, 180 mM KCl, respectively. For data collection, the crystals
were incubated for 20–45 s in a cryo solution that contained all the well solution components and,
additionally, 30% (v/v) of glycerol for the R1 and 25% (v/v) of ethylene glycol for the R2 fiber, and flash
frozen in a vaporized nitrogen stream at 100 K.

Crystallographic data collection was carried out at the X06SA PXI beam line of the Swiss Light
Source (SLS) at the Paul Scherrer Institute (SLS, Villigen, Switzerland). Although best crystals of R2
PA0620d3 diffracted to better than 1.7 Å resolution, the resolution of the collected diffraction data had
to be limited to 1.9 Å even when using a PILATUS 6M detector (424 × 435 mm2, 2463 × 2527 pixels)
because of the excessive spot overlap due to a large unit cell and a relatively high mosaicity (Table 1).
The structure was solved by the single-wavelength anomalous diffraction (SAD) technique using a
SeMet derivative [29]. The SAD data were collected at a wavelength of the maximum Se adsorption
(K-line) that was established with a fluorescent scan. For both proteins (R1 and R2) the native data
were collected at a wavelength of 1 Å (Table 1).

The diffraction data was indexed, integrated, and scaled with the program XDS [30,31]. The Se
sites were located with the SHELX_CDE program suite [32] using the HKL2MAP interface [33].
The program SOLVE [34] was used for the refinement of sites found by SHELX and for phasing.
The SOLVE phases were improved by non-crystallographic symmetry (NCS) averaging and solvent
flattening with the program RESOLVE [34]. The program ARP/wARP [35] was used for automated
model building. Further refinement of the atomic model was performed with the programs Coot [36],
Refmac5 [37], and PHENIX [38] with TLS [39]. Details of data reduction and refinement are given in
Table 1.

The structure of the R1 pyocin fiber was solved by the molecular replacement method [40] with
the PHASER [41] program as part of the CCP4 program package [42] using the PA0620d3 structure
as a search model. Similar to the R2 fiber structure, Coot and PHENIX with TLS were used for the
refinement of the atomic model of the R1 fiber.
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Table 1. X-ray data collection, reduction, and refinement statistics for R2 and R1 pyocin fiber structures.

Crystal R1 Fiber Native R2 Fiber Native R2 Fiber SeMet

Data collection

Wavelength (Å) 1.0000 1.0000 0.9797
Number of frames 720 780 1440
Frame width (◦) 0.25 0.25 0.25
Space group P212121 P212121 P212121
Cell dimensions

a, b, c (Å) 144.08, 154.46, 198.83 56.12, 126.35, 431.25 56.20, 126.82, 433.43
Resolution (Å) 50.0–2.3 (2.46–2.32) 50.0–1.9 (2.01–1.90) 50.0–2.4 (2.54–2.40)
Rmeas (%) 10.5 (61.4) 13.0 (55.0) 7.1 (18.0)
I/σI 8.8 (2.1) 8.8 (2.6) 20.8 (8.2)
CC 1/2 (%) 99.5 (81.0) 99.4 (81.3) 99.8(98.0)
Completeness (%) 99.2 (96.2) 99.6 (98.5) 99.3 (96.1)
Redundancy 3.4 (3.2) 3.8 (3.8) 6.7 (6.2)
Anomalous signal * 0.77 (0.65) 0.81 (0.75) 1.42 (0.78)

Refinement NA **
Resolution 47.69–2.32 49.96–1.90
No. reflections used in refinement 192,247 246,066
No. atoms (non-H) 18,886 20,843

Protein 16,848 16,720
Ligand/ion 10 98
Water 2028 4025

Rwork/Rfree 0.169/0.206 0.160/0.208
Average B factor (Å2) 60.7 24.8

Protein 61.3 22.2
Ligand/Ion 91.1 29.5
Water 56.1 35.7

R.m.s. deviations
Bond lengths (Å) 0.003 0.009
Bond angles (◦) 0.600 0.886

Ramachandran plot statistics
Favored (%) 97.49 97.24
Allowed (%) 2.51 2.76
Outliers (%) 0.00 0.00

Protein Data Bank accession code 6CL5 6CL6

Statistics for the highest resolution shell are shown in the parentheses. * As defined by the program XDS [30].
** Neither refinement nor Protein Data Bank (PDB) deposition of the SeMet derivative structure of the R2 fiber
was pursued.

2.4. Molecular Graphics, Analysis of Surface Properties, and Bioinformatics

All molecular graphics figures were prepared with the program UCSF Chimera [43].
The electrostatic potential was calculated with the program APBS [44,45]. The sequence diversity
analysis was performed with a non-redundant set of protein sequences that were identified with the
help of the Basic Local Alignment Search Tool (BLAST) [46]. The molecular surfaces were calculated
with the program MSMS [47] as implemented in UCSF Chimera. Bioinformatic analysis was performed
with the web servers BLAST [46], HHpred [48,49], and Phylogeny.fr [50].

2.5. Pyocin Fiber Competition Assay

106 CFU/mL of P. aeruginosa strain 13s was incubated for 10 min at 37 ◦C with varying amounts
of the R2 fiber fragment PA0620d3 that carried the His-SlyD expression tag. 108 KU/mL of the R2
pyocin that was purified from the P. aeruginosa PAO1 strain [10] was then added and incubated for an
additional 20 min (KU, a killing unit, is defined as the amount of activity required to kill a single cell;
in this case, it corresponds to a single pyocin particle). The cells were then diluted and spotted onto an
LB agar plate. See [10] for KU calculation, strains specification, and pyocins purification protocol.

91



Viruses 2018, 10, 427

3. Results

3.1. R1 and R2 Fibers Are Structurally Similar

The R1 and R2 fiber fragments have a similar domain organization and overall structure
(Figure 1). Each protein is a ~240 Å-long fiber that is formed by three intertwined polypeptide
chains comprising five domains. Four copies of the “helix-plus-turn” motif create the N-terminal “Rod”
domain (residues 328–356). It is followed by two tandem “Knob” domains (Knob1, residues 357–439,
and Knob2, residues 445–528) that have similar folds. The two Knobs are followed by a “Shaft” domain
(residues 529–598) that is ~93 Å long and contains a buried iron ion approximately in the middle.
The remaining C-terminal domain (residues 599–691) is a β-sandwich with a lectin-like fold. About 45%
of the total surface area of each monomer is buried in the trimeric interface (32,719 Å2 for R1 and
31,680 Å2 for R2 fiber). The estimated dissociation energy for R1 and R2 fiber trimers is 196.1 kcal/mol
and 192.7 kcal/mol, respectively. This is consistent with the fiber being an SDS-resistant trimer at room
temperature as is the case for many other interdigitated fibrous proteins [51,52].

Figure 1. The structure and domain organization of the R1 (panel A) and R2 (panel B) fibers.
Domain dimensions, position of the metal ion sites, and residues at strategic positions are indicated.
Polypeptide chains are showed in the ribbon representation. Monomers are colored in plum, tan, and sky
blue for the R1 molecule (A), and gold, cornflower blue, and aquamarine for the R2 molecule (B).

3.2. The Rod and Shaft Domains Are Built Using a Helix-Plus-Turn Motif

The folds of the Rod and Shaft domains are characterized by a low secondary structure content
and complex topology in which the three polypeptide chains extensively interdigitate (Figure 2).
Both contain a repeating unit, which we termed the “helix-plus-turn” motif, that consists of a very
short α-helix (3–4 residues) followed by a sharp clockwise turn (Figure 2A,B). The motifs are connected
by linkers of variable lengths (two to seven residues). The α-helical part of the helix-plus-turn motif is
identified as the “niche4r” motif by PDBeMotif [53].
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Figure 2. Detailed analysis of the Rod and Shaft domains. The fold and schematic topology overview
of the Rod (A) and Shaft (B) domains. Linkers of variable length connecting the α-helices (α1–α4)
are labeled L1, L2, and L3. (C) Side view and N-to-C end-on view of the iron-binding motif that is
located approximately in the middle of the Shaft domain. The sidechains of histidines constituting
the binding site are showed in a stick representation. The centrally positioned iron ion is shown
as a rust-colored sphere. The Bijvoet difference Fourier synthesis map is shown as a red mesh and
contoured at 4.0 standard deviations above the mean. His-Nε2-Fe coordination bonds are showed with
dashed lines. One monomer is colored in magenta and the other two are colored in transparent grey.
The R2 fiber model was used for illustration. (D) The fold and schematic topology overview of the
stem domain fragment of phage phi29 head fiber. R.U. stands for Repeating Unit.
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The helix-plus-linker motif is topologically similar to the helix-turn-helix motif of the stem domain
of the phage phi29 head fiber Figure 2D [54]. The phi29 stem domain is highly regular: Each turn
raises the subsequent α-helix by approximately 10 Å. Additionally, the double-helix repeat units of
the super helix region (helices 4–9) related by a 45◦ turn and a translation of 19.5 Å along the helical
axis (Figure 2D). The structure of the pyocin fiber is not as regular because of the varying length of the
linkers connecting the helix-plus-turn motifs (Figure 2A,B). Nevertheless, the Shaft and Rod domains
have a nearly constant diameter throughout.

Repeats are a common theme in the organization of many fibrous proteins [8,55]. In many cases
they can be detected at the amino acid sequence level, such as the heptad repeats in α-helical coiled
coils [56] or valine-glycine repeats in β-helices [57,58]. In other cases, where the repeat is short, such as
the one described here (Figure 2A,B), it can only be identified at the level of the protein structure.
A repeating structure allows for adjustment of the length of the fiber and shows that most fibers are
evolving by reusing the same structural element by means of domain or motif duplication events.
The function of many fibrous proteins, such as pyocin and phage fibers, involves the binding of cell
surface moieties that represent an extremely diverse set of ligands. A structure built with repeats
makes it possible to fine tune this binding both spatially and temporarily to the ligand at hand and
coordinate it with subsequent conformational changes in the pyocin/phage particle.

3.3. R1 and R2 Fibers Contain Buried and Solvent Exposed Metal Ions

The interior of the Shaft domain in R1 and R2 fibers contains two metal ions—an iron roughly
in the middle and a hydrated magnesium in its very C-terminal part where the Shaft transitions into
the C-terminal lectin domain. The presence of the iron ion was first detected with X-ray fluorescent
spectroscopy. Its location in the structure was then established with the help of the Bijvoet difference
Fourier synthesis (Figure 2C). In addition to the buried metal ions, the R1 and R2 fibers contain solvent
exposed sodium and calcium ions, respectively, bound to the tip of the C-terminal lectin domain
(Figure 3). The identification of these ions is based on the analysis of the coordination geometry,
temperature factors of these ions, and those of the surrounding residues, as well as on the correlation
with the electron density map. The corresponding statistics are given in Table 2 and Table S2.

The parameters of the magnesium, sodium, and calcium binding sites suggests that these ions are
bound to the protein structure in their most common oxidation state (Table 2). The CheckMyMetal
web server [59,60] indicates that the valence and therefore the oxidation state of iron ions incorporated
into pyocin fibers is (II). As Fe(III) is more stable in solution, it is likely that iron is reduced to Fe(II)
after it binds to the protein. The crystallographic refinement statistics for the Fe(II) and Fe(III) ions are
nearly identical.

The iron-binding site has an octahedral geometry and is composed of six histidine residues—three
symmetry-related copies of His561 and His563 in R1 and His562 and His564 in R2 (Figure 2C).
Similar iron-binding sites created by the same HxH motif are found in the structure of the T4 long
tail fiber protein gp37 (PDB code 2XGF) [26] and in the central spike proteins of phage P2 (gpV, PDB
codes 3QR7 and 3QR8) [52], phage phi92 (gp138, PDB codes 3PQI and 3PQH) [52], and R2 pyocin
(PA0616, PDB codes 4S36 and 4S37). Phage T4 short tail fiber protein gp12 also contains an HxH
motif, but its crystal structure contains a zinc ion in place of the more common iron [24,25]. However,
the purification process of gp12 involved a heat denaturation step and reconstitution in the presence
of a zinc salt, so it is unclear whether the zinc ion is the natural ligand of that site in the wild type
gp12 protein.

The water shell of the buried hydrated magnesium ion has a nearly perfect octahedral geometry
(Figure 3A–C,E, Table 2). The ion is coordinated by three symmetry-related copies of the main chain
oxygen of Val596 and side chain of Asp612 in the R1 fiber (Val597 and Asp613 in R2) (Figure 3C,E).
The structure of this site is somewhat similar to that of the phage T4 cell-puncturing gp5 protein,
where a hydrated magnesium ion is buried in a hydrophobic cavity where it is coordinated by three
glutamate residues [61].
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The function of the buried iron and magnesium ions is most likely related to protein folding.
They might form “reference points” for three nascent protein chains that are about to fold into
a trimer [52,62], although there is no experimental data to support this hypothesis at this point.
The metal-binding sites could also give the fiber the required balance of stiffness and flexibility because
crystal packing forces can elastically bend, but not break, the iron-containing Shaft domain (see
Figure S2).

Figure 3. Structure of the R2 fiber C-terminal domain with bound metal ions and ligands. Side view
(A) and C-to-N end-on view (B) of the R2 pyocin receptor binding domain. Cut-away side view
(C) and C-to-N end-on view (E) of the magnesium site. (D,F) Structure of two different calcium ion
binding sites. The three protein chains comprising the trimer are colored in gold, cornflower blue,
and aquamarine. The dashed rectangles in the top panels mark the area of detail enlarged in the
bottom panels. The magenta rectangle outlines the location of the magnesium ion. The red and
black rectangles mark two different calcium-binding sites. The arrows in panel (C) represent the ideal
coordination geometry for a calcium ion. The hydrogen and coordination bonds are showed as dashed
lines. The distances of H-bonds between the outer and inner coordination shells are indicated in Å.
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Table 2. Validation and coordination geometry analysis of metal-binding sites in R1 and R2 pyocin fiber
structures with the CheckMyMetal web server [59,63]. ABC and DEF indicate the three chains of the two
independent trimers comprising the asymmetric unit. The B-factor column gives the isotropic atomic
displacement factor for the metal ion and its valence-weighted environmental average in parentheses.
Ligands are the elemental composition of the coordination sphere. Valence is the overall bond valence,
the average of individual bond valence values for all metal-ligand bonds. For an ideal site, the valence
parameter should be the same as the charge of the metal ion. nVECSUM is a summation of the ligand
vectors, weighted by bond valence values, and normalized by the overall valence. In a complete
coordination sphere, the ligand vectors should sum to zero. The value increases as the coordination
sphere becomes less complete. Geometry is a pattern of three-dimensional arrangement of ligands
around the metal ion, as defined by the coordination chemistry: OH—Octahedral; TB—Trigonal
Bipyramidal; PB—Pentagonal Bipyramidal. gRMSD is the overall root mean square deviation of the
geometry angles (L-M-L angles) compared to the ideal geometry, in degrees. Vacancy is the percentage
of unoccupied sites in the coordination sphere for a given geometry. The values of parameters are
scored as “acceptable”, “outlier”, or “borderline” according to [59]. The outliers are bold-highlighted,
and “borderline” values are underlined.

Metal Ion B-Factor (Å2) Ligands Valence nVECSUM Geometry gRMSD (◦) Vacancy

R1 fiber

Fe2+ 1 (ABC) 81.0 (102.7) N6 1.8 0.05 OH 5.7 0
Fe2+ 2 (DEF) 68.7 (79.7) N6 1.9 0.10 OH 4.2 0
Mg2+ 3 (ABC) 153.5 (87.5) O6 1.6 0.15 OH 5.8 0
Mg2+ 4 (DEF) 89.8 (63.9) O6 1.5 0.10 OH 11.5 0
Na+ 5 (ABC) 65.6 (78.0) O5 0.9 0.18 OH 13.0 16%
Na+ 6 (ABC) 75.8 (83.8) O5 1.0 0.25 TB 13.2 0
Na+ 7 (ABC) 77.9 (94.7) O6 0.9 0.18 OH 23.0 0
Na+ 8 (DEF) 84.6 (66.2) O5 0.9 0.17 OH 14.0 16%
Na+ 9 (DEF) 138.4 (98.4) O5 1.2 0.08 OH 16.1 16%
Na+ 10 (DEF) 75.5 (91.1) O5 0.9 0.21 OH 17.3 16%

R2 fiber

Fe2+ 1 (ABC) 41.6 (33.3) N6 1.5 0.04 OH 4.4 0
Fe2+ 2 (DEF) 34.7 (35.2) N6 1.6 0.11 OH 4.2 0
Mg2+ 3 (ABC) 23.5 (22.8) O6 2.0 0.07 OH 9.0 0
Mg2+ 4 (DEF) 26.1 (21.2) O6 1.8 0.07 OH 9.2 0
Ca2+ 5 (ABC) 16.7 (20.4) O7 2.1 0.11 PB 11.4 0
Ca2+ 6 (ABC) 13.9 (16.8) O7 2.2 0.11 PB 9.7 0
Ca2+ 7 (ABC) 15.1 (20.0) O7 2.4 0.09 PB 9.9 0
Ca2+ 8 (DEF) 19.7 (22.9) O7 1.9 0.16 PB 11.5 0
Ca2+ 9 (DEF) 18.0 (19.3) O7 1.9 0.11 PB 10.4 0
Ca2+ 10 (DEF) 19.5 (21.6) O7 2.0 0.11 PB 10.2 0

3.4. A Small Compound is Buried in the Hydrophobic Interior of the Knob2 and Shaft Domains

The Knob2 and Shaft domains of R1 and R2 fibers display 53% and 74% sequence identity and
have a nearly identical main chain traces, which can be superimposed with a root mean square
deviation (RMSD) of 0.73 and 0.82Å, respectively. However, their interchain hydrophobic cores display
an interesting structural difference. A flat and nearly perfectly triangular density is located on the axis
of the Knob2 of the R1 fiber, but no such feature is present in the R2 (Figure S3). A similar triangular
density is buried in the N-terminal part of the Shaft of the R2 fiber (residues Phe534-Tyr539), but
there is no such “molecule” in the Shaft domain of the R1 fiber (Figure S4). Remarkably, in both cases,
the threefold axis of the “molecule” is not parallel to the axis of the trimer and the “molecule” thus
does not interact with its threefold environment in a threefold symmetric fashion. The deviation of the
“molecule’s” axis from the threefold axis of the fiber is more prominent in the Knob2 domain of the R1
fiber (Figure S3C). All residues of the Knob2 domain cavity in the R2 structure are conserved except
Ile491 of R1 is replaced with His491, which gives the cavity a slightly different configuration. In the R2
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Shaft domain cavity, the situation is more mysterious as the residues forming the cavity in both fibers
are identical (Figure S4G), but the cavity of the R1 fiber is empty.

We attempted to determine the identity of the “molecule” corresponding to the triangular electron
density by crystallographic refinement of different compounds possessing a threefold symmetry
(nitrate and carbonate ions) or pseudo threefold symmetry (acetate ion and acetone), as well as three
water molecules placed in the vertices of the electron density feature. Unfortunately, none of the
ligands were a clear favorite because all gave acceptable refinement statistics, agreed with the electron
density, and did not distort the surrounding protein residues (Figures S3 and S4). The height of the
resulting map peaks, map correlation coefficients, and temperature factors for each refined ligand are
given in Table S3. In the structures of R1 and R2 pyocin fibers deposited to the Protein Data Bank,
these electron density features are interpreted as water molecules.

3.5. Knob-Like Domains Are Found in Saccharide-Binding Tail Fibers and Tailspikes

The tandem Knob domains, Knob1 and Knob2, have a similar fold that is, essentially,
an antiparallel β-sheet with five or six strands (Knob1 and Knob2, respectively) that are connected by
loops of variable lengths (Figure 4). One such loop in the Knob2 domain is 16 residues long (S471–R486
in the R2 fiber) and contains a six residue-long α-helix. The loops curve toward the β-sheet and create
a partially closed structure. The loops form the outer surface of the molecule whereas the β-sheets
are buried in the trimeric interface (Figure 4B). As a consequence, both sides of the β-sheet display
hydrophobic side chains. One set of hydrophobic residues points towards the axis of the fiber and
mediates interactions between the three chains comprising the trimer. The other, together with the
side chains donated by the loops, creates the actual hydrophobic core of the Knob domain (intra-chain
interactions). Because of their unusual multi-hydrophobic core structure, Knob-like domains are
likely to play an important role in folding of this and other trimeric proteins. The Knob1 and Knob2
domains are connected by a helix-plus-turn motif that is similar to those of the Rod and Shaft domains
(Figure 2).

The two Knob domains of the R2 fiber show 20.0% sequence identity on superposition with
201 aligned Cα atoms (out of 254) and a root mean square deviation (RMSD) of 2.13 Å (Figure 4B).
These domains have clearly evolved from a single ancestor as a result of yet another gene duplication
event. Some residues have been retained, but repurposed, in this process. F445 plays a very important
role in the structure of Knob2. Its side chain is fully buried and positioned so that it constitutes an
integral part of both the inter- and intra-chain hydrophobic cores of the Knob2 domain. The main chain
of F445 is exposed to the solution, “sealing” both cores. The equivalent residue in the Knob1 domain is
F335. Its side chain is partially exposed to solution, and it is a component of the last helix-plus-turn
element (V354–R357) preceding the Knob1 domain.

A search for protein structures similar to Knob1 and Knob2 domains (performed with DALI [64])
identified similar trimeric domains in other viral proteins, such as the putative receptor-binding
proteins gp45 (PDB code 5EFV, Z = 9.8, RMSD = 2.2 Å) [65] and gp144 (PDB code 5M9F, Z = 8.2,
RMSD = 2.1 Å) of Staphylococcus phages Phi11 and K, respectively, and T4 proximal long tail fiber
protein gp34 (PDB code 5NXF, Z = 7.6, RMSD = 2.5 Å) [27]. In particular, the C-terminal “tower” of
the putative receptor-binding protein of Staphylococcus phage Phi11 (PDBID 5EFV) features two such
domains in tandem, identical to the R-type pyocin fiber organization (Figure 5).

Endosialidase tailspike proteins of phages K1F (PDB code 3JU4) [66,67], and Phi92 (PDB code
4HIZ) [51] as well as the KflA tailspike of K5A (PDB code 2X3H) [68] and gp42 tailspike of A. baumannii
phage AS12 (PDB code 6EU4, N. I. M. Taylor, M. M. Shneider, P. G. Leiman, unpublished data) all
also possess a Knob-like domain. It is called a β-prism in the K1F endosialidase and is located
downstream from the sialidase domain (Figure 5B). The Knob-like β-prism domain is further extended
by a triple-stranded β-helix. The module comprising the β-prism and the triple-stranded β-helix of
endosialidases is, in turn, structurally similar to the C-terminal, membrane-puncturing module of
central spike proteins of contractile tail bacteriophages [52,69,70]. In all these proteins, the transition
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between the Knob-like β-prism and triple-stranded β-helix is very smooth—a ladder-like trace of
the polypeptide chain of the Knob-like β-prism domain is continued by the triple-stranded β-helix
without interruption. Thus, β-prisms, Knob-like fiber domains and the triple-stranded β-helices are
likely to have a common ancestor.

The presence of Knob-like domains in host cell recognition and binding proteins of pyocins and
phages is clearly dictated by their conserved function. A Knob-like domain of phage K1F endosialidase
was shown to bind a fragment of sialic acid [66,67] (Figure 5C,F), which is the host cell surface molecule
that is recognized by K1F during infection [71]. Knob-like domains are likely to be involved in host
cell recognition and binding in other pyocin/phage systems.

Figure 4. Structure of the two tandem Knob domains Knob1 and Knob2. (A) The trace of one of the
three chains comprising the trimer. A side view (B) and an N-to-C end-on view (C) of the superimposed
Knob1 and Knob2 domains. Residues are numbered with the color code of the corresponding domain.
The R2 fiber model was used in all panels.
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Figure 5. Comparison of the Knob domains with their orthologs from other receptor-binding proteins.
Location of the Knob-like domains in the pyocin fiber (A), in the putative receptor-binding protein
gp45 of phage phi11 [65], and (B) in the endosialidase tailspike of phage K1F (where it is called
β-prism) [66,67] (C). The dashed-line rectangles outline the area of detail shown enlarged in panels
(D–F). Each face of the Knob-like β-prism of the K1F endosialidase (panel F) is composed of three
polypeptide chains (three different colors). The β-prism forms a smooth extension of the triple-stranded
β-helix domain.

3.6. The C-Terminal β-Sandwich Domain Has a Lectin-Like Fold with a Negatively Charged Surface Groove

Residues 596–691 and 595–701 comprise the C-terminal β-sandwich domain of the R2 and R1
fibers, respectively. Six of the eight β-strands of the β-sandwich form a jellyroll fold-like structure
giving rise to an asymmetric sandwich with five and three strands per “side” (Figure 3A). The folds of
the R1 and R2 fiber domains are similar and the two structures can be superimposed with an RMSD
of 1.35 Å between 249 equivalent Cα atoms in the alignment (out of 318 atoms in R1 and 285 in R2)
(Figure S5). The sequence identity of this superposition is 40%.

The greatest difference in the two structures is at the tip of the fiber because the loops connecting
the β-strands have different lengths and conformations (Figure S5). The molecular surfaces of the
fibers feature prominent surface grooves in this region, which might be involved in binding to the
lipopolysaccharide (LPS) (Figure 6). In the R1 fiber, the grooves start at the threefold axis and extend
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radially outwards (Figure 6A) whereas in the R2 fiber the grooves are connected at the threefold axis,
creating a “supercavity” at the tip of the fiber (Figure 6A). In both fibers, the cavity displays a strong
negative charge and contains a metal-binding site—the R1 fiber contains three sodium ions, and the
R2 fiber three calcium ions (Figures 3 and 6, Table 2 and Table S2). The calcium cavity of R2 is located
on the interface of two polypeptide chains and is much deeper than the sodium cavity of R1, which is
formed by residues belonging to the same polypeptide chain. On superposition of the two fibers,
the distance between the calcium and sodium ions is about 8 Å (Figure S5). The calcium ions of the R2
fiber are significantly more solvent exposed than the sodium ions of R1. The coordination polyhedra
of the calcium ions are mostly complete, with some water molecules replaced by ethylene glycol
molecules that diffused into crystal during cryo protection (Table 2). On the contrary, the coordination
polyhedra of the sodium ions are mostly incomplete, which can be due to the poor quality of the
electron density map in those regions (Table 2).

The role of the sodium and calcium ions in the structure and function of pyocin fibers is unclear
at the moment. The sodium ion could be incorporated into the structure of R1 fiber during protein
purification or crystallization. The calcium ion in the R2 structure takes its origins in the cell cytoplasm
as the protein was never exposed to calcium containing salts during purification or crystallization.
On the one hand, these ions could be important for the folding or stability of the structure. On the
other hand, these ions occupy a strategic position in the fiber and might mediate binding to the cell
surface LPS. Notably, a chelating agent that is used during the purification procedure does not remove
the calcium ion from the R2 fiber.

A search for protein domains with folds resembling that of the C-terminal domain of the
pyocin fiber using the Dali server [64] identified several structures that are trimeric and either
confirmed or presumed to be able to bind and/or degrade surface polysaccharides (Table 3). The most
similar structures were those of Acinetobacter baumannii phage AP22 tail fiber (PDB code 4MTM)
and tailspike (PDB code 4Y9V), Helix Pomatia agglutinin (PDB code 2CGZ) [72] and Discoidin-II
(PDB code 2VM9) [73] lectin-binding proteins, and another two phage receptor-binding proteins—the
C-terminal domain of the phage Sf6 tailspike (PDB code 2VBK) [74] and the C-terminal domain of the
Lactococcus lactis phage bIL170 fiber (PDB code 2FSD) [75]. None of these domains, however, display a
prominent negatively charged cavity at its tip that is indicative of metal ion binding. Nevertheless,
the structural similarity of the C-terminal domain of the pyocin fiber to other sugar-binding domains
and phage fibers shows that it is likely involved in binding to the saccharide portion of the
LPS molecule.

Table 3. Structural orthologs of the C-terminal domain of the R1 and R2 pyocin fibers. In all columns,
the first and second number corresponds to the R1 and R2 structures, respectively. RMSD is the root
mean square deviation of all aligned Cα atoms. Lali stands for the number of residues used in the
superposition; # res is the number of residues in the compared structure; % id is the percent of sequence
identity in the compared structures.

PDB Code Z-Score RMSD (Å) Lali # res % id Hit Description

4MTM 11.2/12.6 2.3/2.0 90/91 137 26/30 Tail fiber of bacteriophage AP22
3WMP 8.0/7.6 2.7/2.2 82/73 94 13/15 SLL-2, galactose-binding lectin
2VME 7.8/7.8 4.1/3.7 88/80 256 17/13 Discoidin-2; oligosaccharide-binding lectin

2CGZ 7.8/6.5 2.6/2.1 81/71 101 20/15 Helix pomatia agglutinin;
oligosaccharide-binding lectin

4Y9V 6.9/6.5 3.3/3.1 87/80 603 13/13 Tailspike of bacteriophage AP22
2VBK 5.9/6.1 3.3/3.2 79/75 511 13/8 Tailspike of bacteriophage SF6
2FSD 4.7/5.5 3.2/3.0 82/83 110 10/11 Tail fiber of bacteriophage bIL170
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Figure 6. Surface properties of pyocin fibers. (A) Surface-mapped electrostatic potential of the R1
(top panel) and R2 (lower panel) fibers. (B) Sequence diversity of the surface residues of the R1
(top panel) and R2 (lower panel) fibers. The color code is given as a color bar. Panels on the left: side
view. Panels on the right: C-to-N end-on view.

Based on pairwise similarity, the fiber sequences of the five previously characterized subtypes of
R-pyocins can be divided into two groups—R1-like (R1 and R5) and R2-like (R2, R3, and R4) (Figure S1).
As the overall folds of R1 and R2 fibers are very similar, the differences in substrate specificity must
be determined by the surface properties of the proteins. We compiled a list of diverse sequences of
R1-like and R2-like fibers available in the GenBank, aligned them, and mapped the degree of sequence
diversity and conservation onto the structure of R1 and R2 pyocins fibers (Figure 6B). The most diverse
regions are in the Knob2 domain and in the C-terminal domain. A similar trend is displayed when
the two known R1-like (R1 and R5) and three R2-like fibers (R2, R3 and R4) are compared to each
other, although in this case the surface of the Knob2 domain showed greater diversity than that of the
C-terminal domain. Furthermore, the C-terminal domains of R2-like fibers had only one conserved
amino acid substitution at the very apex of the structure: His655 of R2 and R4 was replaced with
Gln655 in R3. Thus, the Knob2 domain appears to play a greater role than the C-terminal lectin-like
domain in determining the spectrum of R-type pyocins. In the structure of the R2 pyocin fiber, ethylene
glycol molecules that mimic various parts of the LPS bind to the Knob2 and C-terminal domains.
In the latter case, the interaction of the ethylene glycol molecule with the protein involves calcium ions,
further supporting the role of calcium ions in binding to the LPS (Figure 3D, Figure S5).
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3.7. The Binding Constant of the Pyocin to the Pseudomonas Cell Surface Is Three Orders of Magnitude Greater
than That of the Free Fiber

Earlier experiments showed that the killing spectrum of the pyocin is determined by the
fibers [10–12]. We nevertheless decided to investigate the nature of fiber-cell surface interaction
with the help of a competition experiment where binding of the pyocin particle to the cell is blocked
by free fiber present in the same reaction mixture (Figure 7). We assayed the number of R2-sensitive
P. aeruginosa 13s cells that survived coincubation with the R2 pyocin in the presence of varying
concentrations of the PA0620d3 R2 fiber fragment used for structure determination (which carried the
SlyD expression tag). We found that an increasing concentration of the fiber protects the cells from the
pyocin. This experiment allows us to compare the interaction between the pyocin particle and its free
fiber with the cell surface.

Figure 7. Pyocin fiber—pyocin competition assay. Recovery of viable P. aeruginosa 13s cells after
pre-incubation with different concentrations of Ni-NTA purified fragment of R2 pyocin fiber followed
by incubation with R2 pyocins. The concentration of the fiber in different columns varied as
follows: 1—50 μg/mL; 2—5.0 μg/mL; 3—0.5 μg/mL; 4—0.05 μg/mL; 5—none, pyocin treatment only;
6—P. aeruginosa 13s cells alone. The rows are a 10-fold dilution series of the plated cells.

In the experimental conditions shown in Figure 7, the inhibition effect of the R2 fiber becomes
apparent at a concentration of 0.5 μg/mL, which is equivalent to 2.7 nM (assuming the SlyD-fiber
construct is trimeric with a molecular weight of 183 kDa) or ~1012 fibers per ml. This is six orders
of magnitude greater than the amount of cells used in this assay (106 CPU/mL) and four orders of
magnitude greater than the amount of pyocin particles (108 killing units per mL). In other words,
there are 106 fibers and 102 pyocin particles (with six fibers each) per each bacterial cell in this system.
Considering that the recombinant fibers and the fibers on the pyocin particle are identical and they
compete for binding to the same substrate, the three orders of magnitude difference (106 vs. 6 × 102)
in the molar amounts represents the difference in the equilibrium binding constant. The latter is likely
due to a higher avidity of the pyocin to the substrate compared to that of the fiber [76]. The fiber
is a trimer with several substrate binding sites, and thus is also likely to possess avidity towards
the substrate. However, each pyocin particle carries six fibers that emanate from the baseplate and
the binding of one fiber to the substrate promotes the binding of the others because of their spatial
arrangement. The affinity of the pyocin to its substrate is therefore not a sum of the affinities of its six
fibers, but is instead a cooperative non-linear function of thereof.

Notably, in this system, the fraction of the fiber that can be immobilized on the cell surface at any
given time is very small. The area of the bacterial cell surface is ~4 μm2 or 4 × 108 Å2. Depending on
the orientation, the fiber can occupy an area of 3000 to 15,000 Å2 of the cell surface, which means that
104–105 fibers will cover the cell surface as a continuous layer. As this constitutes only 1 to 10% of the
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total amount of the fiber per cell present in the system, it is possible that the fibers do cover the cell
surface as a continuous layer. The pyocin particle thus needs to outcompete several surface-bound
fibers for successful attachment to the cell surface. The pyocin’s avidity is likely to play an important
role in this process.

4. Discussion

Similar to other cell-surface binding proteins of phages, pyocin fibers are unlikely to change their
structure upon cell surface binding [20,51,74,77]. At the same time, this binding initiates a cascade of
structural changes that commits the phage or pyocin particle to irreversible binding to the cell (e.g., in
the case of R-type pyocin—to sheath contraction). This creates an obvious paradox: The cell surface
recognition signal must be transmitted to the particle along the length of fiber (about 340 Å) while the
structure of the fiber changes little upon cell surface binding. Structural analysis and bioinformatics
suggest Knob2 and C-terminal domain of the pyocin fibers, which are separated by a distance of about
100 Å, are likely involved in cell surface binding. This finding makes it possible to explain how the
signal of cell surface binding is transmitted to the rest of the particle (Figure 8).

Because of the two sets of spatially separated ligand binding sites on the Knob2 and C-terminal
domains, the fiber likely adapts a certain orientation upon interaction with the cell surface. This fiber
remains bound to the cell surface while the pyocin particle is buffeted around by the surrounding
solvent because of Brownian motion and/or cell swimming. Eventually, the second, third, etc. fiber
binds to the surface receptor in the same or similar orientation as the first fiber. In this configuration,
the pyocin particle becomes oriented perpendicular to the cell surface. At the same time, because the
fibers act as rigid bodies or levers, they “unravel” the baseplate, causing it to initiate sheath contraction.
We propose that this generic mechanism is employed by all contractile tail-like phages and pyocins
that carry only one set of fibers (e.g., phage P2, Mu, etc.).

 

Figure 8. Function of the fiber in triggering sheath contraction. (A) A particle of R2 pyocin
negatively-stained with uranyl acetate and imaged in a transmission electron microscope. The inset
shows the molecular surface of the fiber fragment structure determined by X-ray crystallography.
(B) Two spatially separated substrate-binding sites cause the fiber to bind at a certain angle relative to
the cell surface. Here, the fiber is shown to be perpendicular to the cell surface, but the actual angle is
determined by the structure of the substrate. (C) Binding of the second and subsequent fibers to the host
cell surface requires their orientation relative to the cell surface to be identical or very similar to that of
the first fiber. This requirement also orients the pyocin particle to be perpendicular to the cell surface.
The configuration of the baseplate with all the fibers pointed towards the cell surface is unstable
and causes it to initiate sheath contraction. (D) The sheath contracts and drives the tube through
the cell envelop. The central spike protein dissociates to initiate leakage of ions from the cytoplasm.
The interaction of the fibers with the bacterial surface polysaccharides is indicated with yellow stars.
The fiber-to-baseplate “triggering signal” is shown with a red multipointed star. Bacterial O-antigen,
outer membrane (OM), peptidoglycan layer (PG) and inner membrane (IM) are labeled.
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Abstract: Bacteriophage research is gaining more importance due to increasing antibiotic resistance.
However, for treatment with bacteriophages, diagnostics have to be improved. Bacteriophages
carry adhesion proteins, which bind to the bacterial cell surface, for example tailspike proteins
(TSP) for specific recognition of bacterial O-antigen polysaccharide. TSP are highly stable proteins
and thus might be suitable components for the integration into diagnostic tools. We used the
TSP of bacteriophage Sf6 to establish two applications for detecting Shigella flexneri (S. flexneri),
a highly contagious pathogen causing dysentery. We found that Sf6TSP not only bound O-antigen of
S. flexneri serotype Y, but also the glucosylated O-antigen of serotype 2a. Moreover, mass spectrometry
glycan analyses showed that Sf6TSP tolerated various O-acetyl modifications on these O-antigens.
We established a microtiter plate-based ELISA like tailspike adsorption assay (ELITA) using a
Strep-tag®II modified Sf6TSP. As sensitive screening alternative we produced a fluorescently labeled
Sf6TSP via coupling to an environment sensitive dye. Binding of this probe to the S. flexneri O-antigen
Y elicited a fluorescence intensity increase of 80% with an emission maximum in the visible light
range. The Sf6TSP probes thus offer a promising route to a highly specific and sensitive bacteriophage
TSP-based Shigella detection system.

Keywords: Shigella flexneri; bacteriophage; tailspike proteins; O-antigen; serotyping; microtiter plate
assay; fluorescence sensor

1. Introduction

Shigella spp. cause gastrointestinal disease, ranging from mild diarrheal episodes to complicated
dysentery. Approximately 65,000 of the 190 million cases reported worldwide each year are fatal,
mostly of children under five years [1,2]. Thereby, most infections in developing countries are caused
by Shigella flexneri (S. flexneri) strains, with serotype 2a as the most prominent [3]. Although humans are
the primary reservoir of Shigella spp. [4], an increasing number of resistant Shigella strains are found [5],
with livestock farming as a potential source [6]. These emerging resistances against antimicrobial
agents force the community not only to find new drugs but also to keep outbreaks and contaminations
to a minimum by fast and reliable diagnostic tools. Shigella spp. and closely related entero-invasive
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E. coli (EIEC) acquired a large virulence plasmid (pINV) as they evolved from ancestral E. coli [7,8].
It is therefore a demanding task to specifically distinguish these strains especially in the presence of
other, non-invasive E. coli strains [9].

A number of certified protocols describe the detection of Gram-negative pathogens with
antibodies as well as with classic selective microbiological media, also in combination with Real-Time
PCR [10]. The time frame of these methods, however is often limited by the bacterial enrichment
procedures to increase cell numbers to the limits of detection of any given method. A suitable sensor
hence should give a rapid signal even at low concentrations. For example, as little as ten colony
forming units (cfu) per milliliter of S. flexneri can cause an infection in the host [11]. In complement to
the ongoing development of immunochromatographic dipsticks for use at the patient’s bedside [12],
bacteriophage-based devices are promising alternatives for pathogen detection at low cfu numbers.
Here, either complete engineered luminescent phage particles or isolated cell-wall binding proteins
have been employed to identify concentrations of 102 to 103 cfu/mL; also, a Shigella specific T4-like
reporter phage has been employed lately [13–17]. Recent shigellosis outbreaks also stimulated the
isolation of 16 new phages specific for Shigella spp. [18]. Tailed bacteriophages contain a variety of
proteins to mediate initial cell wall contacts [19–21]. In O-antigen specific bacteriophages, tailspike
proteins (TSP) are essential mediators for host-cell adsorption and infection initiation [22]. They bind
and enzymatically cleave O-polysaccharides of Gram-negative bacteria with high specificity [23].
This high specificity of TSP towards bacterial cell wall glycan structures together with their high
stability makes them promising candidates for diagnostic applications [24–26]. Moreover, especially in
Shigella spp., the O-antigen has been described as an important virulence factor [27,28] that might be
addressed by a specific TSP-based probe.

The tailspike protein of the temperate S. flexneri podovirus Sf6 (Sf6TSP) binds the S. flexneri
serotype Y polysaccharide (gp14) (Scheme 1a) [29–35]. This high specificity makes Sf6TSP
suitable to be used as a sensor for selective S. flexneri strain detection. The structures of
S. flexneri O-antigen repeat units (RUs) have serotype specific glucosylation and O-acetylation
patterns on a rhamnose-rich backbone structure [36–38]. Sf6TSP has endorhamnosidase
activity and cleaves α-(1→3) linkages between two rhamnoses. Main hydrolysis products of
serotype Y O-polysaccharides are octasaccharides consisting of two RUs with the structure:
[→3)-α-L-RhapI-(1→3)-β-D-GlcpNAc-(1→2)-α-L-RhapIII-(1→2)-α-L-RhapII-(1→] (Scheme 1b) [33].
Bacteriophage Sf6 has been described to infect S. flexneri with serotype Y and X but was unable to
use serotype 2a cells as a host [39]. In the present work, we have exploited the capacity of using
Sf6TSP as a S. flexneri-sensitive probe. We show that engineered Sf6TSP constructs can be applied in a
rapid microtiter plate-based assay or as sensitive fluorescent probes for S. flexneri detection. Moreover,
we analyzed the specificity range of the Sf6TSP probe and found that it was also able to recognize
S. flexneri serotype 2a O-antigen.
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Scheme 1. (a) Sf6 tailspike (TSP) is located in the non-contractile podovirus tail (framed in blue,
EMDB: 1222). The trimeric β-helix structure of the Sf6TSP without capsid head binding domain (ΔN)
crystallized with an octasaccharide (sticks, Rhap = green, GlcpNAc = blue) is shown as cartoon
in gray, brown and yellow for each subunit (PDB ID: 4URR) [30,40]. (b) S. flexneri O-antigen
repeat units of serotypes Y and 2a are depicted according to the symbolic nomenclature for glycans
(SNFG) [41]. Serotypes Y and 2a can include non-stoichiometric O-acetylation at RhapIII-O3/4 or
GlcpNAc-O6 [36,42]. The cleavage site of the Sf6TSP endorhamnosidase is indicated by the red arrow.

2. Materials and Methods

2.1. Materials and Bacterial Strains

Phosphate buffered saline (PBS): 16 mM Na2HPO4, 4 mM KH2PO4, 115 mM NaCl, pH 7.6.
TE-buffer: 50 mM Tris/HCl, 5 mM ethylenediaminetetraacetic acid (EDTA), pH 7.6. PBS-T: PBS buffer
supplemented with additional 200 mM NaCl (final conc. 315 mM NaCl) and 0.2% (v/v) Tween20.
IANBD: 2-iodo-N-methyl-N-[2-[methyl(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]ethyl] acetamide
(Invitrogen, Thermo Fisher Scientific GmbH, Dreieich, Germany). All chemicals were of analytical
grade, and ultrapure water was used throughout. Shigella strains were characterized and provided by
the National Reference Centre for Salmonella and other Bacterial Enterics in Wernigerode, Germany
(Wernigerode collection) [43]. While S. flexneri 2a O-antigen icosasaccharide fragments of the structure
[→2)-α-L-RhapIII-(1→2)-α-L-RhapII-(1→3)-[α-D-Glcp-(1→4)]-α-L-RhapI-(1→3)-β-D-GlcpNAc-(1→]4-
O(CH2)2NH2 was synthesized as previously published [44]. Lipopolysaccharide (LPS) of S. flexneri Y
and 2a was a gift from Nils Carlin (Scandinavia Biopharma, Solna, Sweden). Sera for O-serotyping
were purchased from Sifin GmbH (Berlin, Germany). Cloning and purification of Sf6TSPwt (wild type)
and of the hydrolysis deficient mutant Sf6TSP E366A/D399A have been described [29,30].

2.2. Cloning and Protein Purification

An N-terminal His6-tag and TEV protease cleavage site were introduced by amplification PCR
based on described plasmids [29,30]. All cysteine mutants were derived using the QuickChange kit
(Agilent, Santa Clara, CA, USA). To add an N-terminal Strep-tag®II (IBA, Göttingen, Germany), Sf6TSP
E366A/D399A genes were excised with restriction enzymes SfoI and EcoRI after introduction of a
SfoI cleavage site by single point mutagenesis PCR and the fragment was ligated into the plasmid
pPR-IBA102 (IBA, Göttingen, Germany) and sequenced (GATC Biotech AG, Konstanz, Germany).

Sf6TSP E366A/D399A and cysteine mutants were obtained from heterologous expression of the
corresponding plasmids in E. coli BL21(DE3) as described [29]. Proteins were purified via Ni-chelating
affinity chromatography and the His6-tag was proteolytically removed by TEV protease. Purification
of StrepII-Sf6TSP and Sf6TSPwt has been described elsewhere [24,29].
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2.3. Oligo- and Polysaccharide Preparation

Detoxified LPS consisting of O-antigen and core (polysaccharide) from natural S. flexneri isolates
was purified as described [45,46]. Briefly, bacteria were grown in 10 L LB medium overnight at
37 ◦C. Bacteria pellets were washed twice with 10 mM Tris/HCl, 2 mM MgCl2 pH 7.6 and twice
with water before suspension in 100 mL 10% acetic acid. Bacteria were hydrolyzed twice for 1.5 h at
99 ◦C. Collected supernatants were adjusted to pH 7.0 and the polysaccharide was precipitated in 80%
ethanol at −40 ◦C for 2 h. Pellets were solubilized in 10 mM Tris/HCl, 4 mM MgCl2 pH 7.8 and treated
with 2 U μL−1 benzonase for 3 h at 37 ◦C and 15 μg mL−1 proteinase K for 3 h at 65 ◦C and purified
by ethanol precipitation and treatment with DEAE sepharose. Purity of polysaccharide samples was
assumed if A260 and A280 were beyond 0.1 for a 1 mg mL−1 solution. Polysaccharide cleavage by TSP
and capillary electrophoresis laser induced fluorescence (CE-LIF) of the reaction products have been
described [30].

Oligosaccharides were prepared as described [45,46]. For this purpose, S. flexneri polysaccharide
(38 mg mL−1) was incubated with 50 μg mL−1 Sf6TSPwt overnight at room temperature (RT) and
freeze dried. Mixtures were purified via size exclusion chromatography on a HiLoad 26/60 Superdex
30 column (GE Healthcare, München, Germany) with water as the mobile phase. Oligosaccharide
elution was monitored with a refractive index detector and their purity assessed with matrix-assisted
laser-desorption ionization mass spectrometry (MALDI-TOF MS) as described elsewhere [24,30].

2.4. ELISA Like Tailspike Adsorption (ELITA) Assay

The ELITA principle and set up have been described [24]. Briefly, bacteria were grown in 10 mL LB
medium until OD600 = 0.7–1.0. Bacteria were harvested and inactivated with 2% glutaraldehyde for 1 h.
After two wash steps PBS, 200 μL bacterial suspensions in PBS at OD600 = 0.1 were adsorbed overnight
at 4 ◦C to a 96-well microtiter plate (Nunc F Maxisorp, Thermo Fisher Scientific GmbH, Dreieich,
Germany). Adsorbed bacteria were washed twice with 210 μL PBS. Each well was blocked with 220 μL
1% BSA in PBS for 2 h at RT and washed once with 220 μL PBS. Each well was incubated with 190 μL
30–80 nM StrepII-Sf6TSP for 20 min under shaking. Four wash steps with 200 μL PBS-T removed
unbound TSP. For detection, each well was incubated with 190 μL HRP-Strep-Tactin® conjugate (IBA,
Göttingen, Germany) (1:10,000 in PBS-T) for 15 min at 130 rpm. Unbound conjugate was removed
by three washings steps with 200 μL PBS-T and one washing step with 210 μL PBS. Binding was
quantified by adding 200 μL 1 mg mL−1 O-phenylenediamine with 0.03% H2O2 (v/v) in 50 mM citrate
buffer pH 6.0 for 5 min and absorption was analyzed at 492 nm after stopping the reactions with 50 μL
2 M H2SO4.

2.5. Fluorescence Labeling

Cysteine mutants of Sf6TSP E366A/D399A (1 mg mL−1) were treated with 20 mM
Tris(2-carboxyethyl)phosphine (TCEP) in 400 mM sodium phosphate pH 7 at 4 ◦C overnight and the
reducing agent was removed by ultrafiltration. Reduced protein samples (1 mg mL−1 in 50 mM sodium
phosphate pH 7) were fluorescently labeled in the dark with 10 mM IANBD in 20% (v/v) DMSO for 1 h
at 56 ◦C. Free dye was removed by size exclusion chromatography on a PD10 column and protected
from light. Purity of labeled protein solutions was determined by size exclusion chromatography with
a Superdex 200 10/300 column with fluorescence detection (λex = 492 nm, λem = 545 nm). Labeling
efficiency was calculated as described elsewhere: Cf/Cp = (A478·ε280-TSP)/((A280·ε478-IANBD) −
(A478·ε280-IANBD)) with ε280-TSP = 54,320 M−1cm−1, ε478-IANBD = 50,300 M−1cm−1 and ε280-IANBD =
1745 M−1cm−1 [47].

2.6. Fluorescence Spectroscopy

Intrinsic protein fluorescence was excited at 280 nm and emission was monitored between 300 and
450 nm as described [30]. The N-methyl-N-[2-[methyl(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]ethyl]
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(NBD) label was excited at 492 nm and emission spectra were monitored between 500 and 650 nm.
Spectra were recorded 3 min after addition of oligo- or polysaccharides and dilution-corrected. Binding
constants were obtained from fitting the data to the binding isotherms obtained from amplitude
changes at 340 nm (protein) and 540 nm (NBD), respectively, as described elsewhere [48].

2.7. Surface Plasmon Resonance

The experiment was performed as described previously [45]. Briefly, immobilization and
interaction measurements were recorded at a BIAcore J instrument (GE Healthcare Europe GmbH,
Freiburg, Germany) with filtered (0.45 μm pore size) and degassed buffers at 25 ◦C. Flow
rates in the BIAcore J instrument are not further quantified than low, medium, and fast by
the instrument instructions. Immobilization and measurements were performed at a low and
a medium flow rate, respectively. For immobilization, the carboxymethyldextran surface chip
CMD200d (Xantec, Düsseldorf, Germany) was activated with 0.05 M NHS (N-hydroxysuccinimide)
and 0.05 M EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) in 50 mM MES pH 5.0
(2-(N-morpholino)ethanesulfonic acid) for 6 min. Protein samples (182 μM) were immobilized in 20 mM
sodium acetate buffer pH 4 by five consecutive injections for 6 min each. Residual reactive groups
on the chip surface were inactivated with a 6 min injection of 1 M ethanolamine pH 8. The reference
channel was immobilized with P22TSPΔN accordingly. Interaction experiments were performed in
10 mM sodium phosphate buffer pH 7 with oligosaccharide concentrations between 0–800 μM for 60 s.
Response unit maxima were recorded 2 s before the end of the injection.

3. Results

3.1. Sf6TSP Binds and Enzymatically Cleaves the S. flexneri Serotype 2a O-Antigen

The Sf6TSP binding site has been well characterized to interact with O-antigen fragments of
serotype Y that lack branching glucose modifications (cf. Scheme 1) [16]. Accordingly, phage Sf6 can
lyse S. flexneri serotype Y strains. However, although S. flexneri 2a strains were found insensitive for
Sf6 lysis, they showed a weak adsorption of Sf6 phage particles [32]. Thus, we purified S. flexneri
2a lipopolysaccharide (LPS), incubated it with Sf6TSPwt, and analyzed the products with capillary
electrophoresis (Figure 1a). Sf6TSPwt released oligosaccharides from serotype 2a O-antigen that had
shifted retention times when compared with octa- and dodecasaccharide obtained from serotype Y.

It was shown before that Sf6TSP could release tetrasaccharides from serogroup Y oligosaccharides
and polysaccharides [29,30]. However, in the present analysis we did not observe tetrasaccharide
products in digests of 2a LPS with Sf6TSPwt (Figure 1a).

We used the enzymatically inactive Sf6TSP variant E366A/D399A to compare binding affinities
of the different O-serogroup oligosaccharides. From binding isotherms obtained from surface
plasmon resonance spectroscopy (SPR) on immobilized Sf6TSP we calculated a dissociation constant
KD of 43 ± 7 μM for serogroup Y octasaccharides (Figure 1b). However, the amount of sample
consumption prevented further measurements with longer fragments of other serotypes with SPR.
Intrinsic protein fluorescence here can be alternatively employed, given that binding elicits a detectable
signal change [45]. Whereas serogroup Y octasaccharides showed no influence on intrinsic protein
fluorescence, a fully synthetic serotype 2a O-antigen fragment containing four repeat units notably
increased the intrinsic fluorescence of the enzymatically inactive Sf6TSP variant E366A/D399A
(KD = 186 ± 91 μM; Figure 1c). The Sf6TSP oligosaccharide binding site thus tolerated an α-(1→4)
glucosyl modification at RhapI as present in serotype 2a, although at reduced affinity when compared
to serotype Y ligands.
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Figure 1. (a) Capillary electrophoresis laser induced fluorescence CE-LIF analysis of oligosaccharide
products obtained by Sf6TSP cleavage from S. flexneri lipopolysaccharide (LPS) preparations of
serotype Y (red) or 2a (black). Purified serotype Y dodecasaccharide (violet) or octasaccharide
(blue) standards are also shown and numbers indicate the size of the oligosaccharide fragments.
(b) Normalized surface plasmon resonance signals of S. flexneri oligosaccharides binding to
surface-immobilized Sf6TSP E366A/D399A at 25 ◦C. The solid line represents the isotherm
obtained from the fit to a single independent binding site model and yielded a KD of
42.81 ± 6.69 μM for the octasaccharide ligand. Standard deviations from three independent
measurements are indicated at selected concentrations. (c) Increase of Sf6TSP E366A/D399A
intrinsic protein fluorescence upon addition of a synthetic S. flexneri serotype 2a fragment:
[→2)-α-L-RhapIII-(1→2)-α-L-RhapII-(1→3)-[α-D-Glcp-(1→4)]-α-L-RhapI-(1→3)-β-D-GlcpNAc-(1→]4-
O(CH2)2NH2 in 50 mM sodium phosphate buffer pH 7.0 and 184 nM Sf6TSP. Fitting of the data to a
single independent site binding isotherm resulted in a dissociation constant KD of 186 ± 91 μM.

3.2. Binding of Sf6TSP to S. flexneri O-Antigens with O-Acetyl and Glucosyl Modifications

Characterization of S. flexneri from isolates of notifiable dysentery cases usually encompasses
slide agglutination tests with monoclonal antibodies in either monospecific or polyspecific reagent
mixtures. Moreover, the O-antigen gene polymerase wzx serves as genetic marker for a PCR-based
analysis [49]. However, these methods do not always return consistent results for unambiguous
identification of S. flexneri. We obtained four S. flexneri Y and 2a isolates of the Wernigerode collection
(Table 1). One of these strains had been designated as S. flexneri 2a by slide agglutination but was
negative in the PCR test.
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Table 1. Shigella flexneri natural isolates characterized by slide agglutination with monospecific
antibodies and PCR-based genetic analysis.

Bacterial Isolate 1
Anti-S. flexneri Monoclonal Antibody

PCR (wzx) 2

Group 3,4 (Y) Type 2

S. flexneri Y 99-2001 + − +
S. flexneri Y 03-650 + − +

S. flexneri 2a 03-6557 + + +
S. flexneri 2a 08-7230 + + -

1 Nomenclature of bacterial strains is according to the numbering system of the Wernigerode collection; 2 Genotyping
with primer sequences for the O-antigen polymerase gene wzx as published in Reference [49].

To further characterize the composition of O-antigen structures found in the four S. flexneri
isolates, we prepared the polysaccharide and incubated it with Sf6TSPwt to obtain oligosaccharides.
Moreover, we used two serotype Y and 2a lipopolysaccharides isolated at Scandinavia Biopharma
(ScBp). Cleavage products were separated by size exclusion chromatography (Figures S1–S6) and
their composition was analyzed by MALDI-TOF mass spectrometry (MALDI-MS) (Figure 2 and
Tables S1–S6). Oligosaccharides composed of up to seven repeating units could be identified (Figure S6,
Table S6), with octa- and decasaccharides as the main products for serotype Y and 2a, respectively.
Depending on the S. flexneri strain analyzed, we found different oligosaccharide O-acetylation patterns.
Strains with a larger variety of modifications also showed more heterogeneous oligosaccharide
mixtures in size exclusion chromatography. Y strain 99–2001 showed mainly non-O-acetylated
octasaccharide and about 10% mono-O-acetylated species whereas in Y strain 03–650 about half
of the octasaccharide was mono- or di-O-acetylated (Figure 2a–c). Our MALDI-MS analysis set-up
could not identify the positions of O-acetylations in the respective oligosaccharides, but NMR studies
had shown before that RhapIII of serotype Y strains was acetylated at O3 to 30% and at O4 to 20%;
additionally, 40% of GlcpNAc-O6 were acetylated [36]. Moreover, the degree of O-acetylation in these
positions was clearly increased in S. flexneri serotype 2a O-antigens.

The 2a strains used in this work also had O-acetylated species. However, these S. flexneri
2a isolates showed smaller fractions of O-acetylated oligosaccharides compared to the 2a ScBp
(Figure 2d). For the latter, we observed a complex distribution of oligosaccharide compounds after
Sf6TSPwt cleavage, with for example up to four O-acetylations found in a decasaccharide. In contrast,
oligosaccharides released from the 2a strains in this work contained high amounts of non-O-acetylated
decasaccharides (Figure 2e–f). Moreover, minor peaks were detected with masses corresponding
to oligosaccharides that lacked one glucose moiety resulting from the glucosylation process of the
undecaprenyl pyrophosphate-O-antigen conjugate as non-glucosylated first repeating unit, what
provides a measure for the amount of O-antigen chains [50,51]. Thus, oligosaccharide release analysis
from strains with serotype Y and 2a O-antigens confirmed that Sf6TSP enzymatic digest is allowed for
different degrees of O-acetylation, as naturally found in strains encountered in the field. Moreover,
Sf6TSP could enzymatically cleave the S. flexneri 2a O-antigen, i.e., it tolerated a modification of the
general serotype Y backbone by an α-(1→4) glucosylation at RhapI.
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Figure 2. MALDI-TOF MS analysis of oligosaccharides enzymatically released from S. flexneri O-antigen
(overnight at room temperature) by Sf6TSPwt and isolated by size exclusion chromatography (see
Figures S1–S6 and Tables S1–S6). (a,d) S. flexneri Y and 2a probes from ScBp. (b,c,e,f) S. flexneri isolates
from the Wernigerode collection. Oligosaccharide structures are given with monosaccharides in SNFG
representation [41] (Rhap: green triangle, GlcpNAc: blue square, Glcp: blue circle). Modifications by
O-acetylation (black diamonds), and monoglucosylated products (black crosses) are indicated.

3.3. ELITA: ELISA Like Tailspike Adsorption Assay for Detection of S. flexneri

The specificity of Sf6TSP therefore suggested applying the protein as probe in an ELISA-like
tailspike adsorption assay (ELITA) for rapid screening of bacteria in a microtiter plate-based format [24].
To apply Sf6TSP as specific S. flexneri probe in ELITA, we cloned an enzymatically inactive Sf6TSP
E366A/D399A mutant carrying a N-terminal Strep-tag®II (StrepII-Sf6TSP). In ELITA, bacteria are
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grown to stationary phase, surface-adsorbed and serotype specifically detected with the N-terminally
Strep-tag®II-modified tailspike proteins that can be quantified via Strep-Tactin® labeled horseradish
peroxidase [24]. The ELITA with Sf6TSP as a probe unambiguously identified all four isolates as
S. flexneri strains, while control strains of E. coli and Salmonella Typhimurium (S. Typhimurium) did
not elicit a signal (Figure 3a) [24]. The ELITA was also positive on a bacterial isolate that had been
designated as S. flexneri 2a by slide agglutination, but was negative in the PCR test (Table 1). Signal
intensities were about six times higher for S. flexneri Y strains compared to the 2a strains. The latter
showed comparable ELITA signal intensities with a P22TSP control that bound S. Typhimurium [24].
Accordingly, the Salmonella-specific P22TSP exhibited baseline values against all four Shigella isolates
tested. To confirm that detection was solely due to specific binding between Sf6TSP and the S. flexneri
O-antigen, bacteria were incubated with enzymatically active Sf6TSPwt to remove bacterial surface
O-antigen chains. This reduced the ELITA signals to 62% on Y and to 24% on 2a strains (Figure 3b).
As a further control, we added a serotype Y polysaccharide preparation to the test. In this set-up,
O-antigen binding sites on the bacterial surface competed with the free O-antigen polysaccharide in
solution. Consequently, we now found a loss of signal because the Sf6TSP probe was quenched by the
free polysaccharide and could no longer bind to the bacteria. Both controls are important to state that
ELITA monitors an exclusively O-antigen specific process and that no unspecific binding of the TSP to
other parts of the immobilized bacteria occurs. Hence, the ELITA protocol, initially established for
Salmonella spp. detection, was successfully adapted as diagnostic tool to specifically identify S. flexneri
Y and 2a species with the bacteriophage Sf6TSP probe.

Figure 3. ELITA (ELISA-like tailspike adsorption assay). (a) Strep-tagged TSP probes of StrepII-Sf6
(pink) and StrepII-P22 (gray) were used for analysis of the indicated Shigella and Salmonella strains.
E. coli and 1 mg/mL BSA were used as a negative control for both proteins. (b) To control the O-antigen
specificity of the detection process, enzymatically active Sf6TSPwt (30 nM) was added to immobilized
bacteria (dark red) before detection with StrepII-Sf6TSP. To compete with bacteria-associated O-antigen,
an S. flexneri Y O-polysaccharide preparation (50 μg mL−1 Sf Y PS) was co-incubated with the
StrepII-Sf6TSP (violet). For comparison, pink bars reproduced from (a) show StrepII-Sf6TSP detection
of S. flexneri Y and 2a without further treatment (pink). Error bars show standard deviations from three
sample replicates.
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3.4. Construction of an Sf6TSP Probe with O-Antigen Specific Fluorescence Amplitude Increase

As an alternative to a microtiter plate-based assay we wanted to exploit Sf6TSP’s high sensitivity
for identification of S. flexneri with fluorescence detection. We chose the environment-sensitive
N-methyl-N-[2-[methyl(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]ethyl] (NBD) dye label to specifically
elicit a signal only upon O-antigen binding. With NBD covalently linked to Sf6TSP binding of S. flexneri,
O-antigen should then elicit an increased fluorescence emission signal in the visible spectrum due to
a higher hydrophobicity around the conjugated label [52]. To couple NBD to Sf6TSP we introduced
six-single-point cysteine mutations in and around the octasaccharide binding site of an enzymatically
inactive Sf6TSP E366A/D399A variant (Table 2).

Table 2. N-methyl-N-[2-[methyl(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]ethyl] (NBD)-fluorescent
labelling of Sf6TSP E366A/D399A via cysteine residues.

Sf6 TSP E366A/D399A
Cysteine Mutant

Labeling Efficiency %
NBD Fluorescence Amplitude

Increase at 540 nm 1 %

V204C 19.4 −10
S246C 42.8 53
T315C 43.2 −15
N340C 66.7 78
Y400C 48.3 25
T443C 63.3 12

1 Signal change after addition of 24 μg mL−1 S. flexneri serotype Y polysaccharide to 184 nM NBD labeled Sf6TSP
E366A/D399A cysteine mutant.

The high stability of Sf6TSP enabled a subsequent fluorescent labelling step at elevated
temperatures (56 ◦C) and in the presence of 20% DMSO (Figure S7). Under these conditions, labelling
efficiencies of approximately 20 to 60% were reached. Fluorescence amplitude increases at 540 nm
were recorded upon addition of purified O-antigen preparations of S. flexneri serotype Y for the NBD
labels placed at the different positions around the binding site. When NBD was coupled to a cysteine
replacing for residue N340, the fluorescence intensity increased by about 80% upon polysaccharide
binding (Table 2 and Figure 4a). Half saturation of the signal was reached at about 4 μg mL−1 in
the presence of 184 nM labelled protein (Figure 4b). The NBD-labelled mutant S246C also showed
an intensity increase of about 50%, whereas the other positions tested either showed low signals
or were completely insensitive for O-antigen binding (Table 2). Furthermore, for the NBD-labelled
Sf6TSP E366A/D399A N340C (Sf6TSP-NBD) we analyzed polysaccharide dissociation rates (Figure S8).
The resulting kinetic relaxation traces of Sf6TSP-NBD upon polysaccharide binding did not change
compared to those of the unlabeled protein described earlier [30]. This confirmed that polysaccharide
binding was not essentially affected by the fluorescent label and the introduction of the cysteine
mutations. In conclusion, we state that Sf6TSP-NBD is an efficient O-antigen detecting probe as the
protein combines good labelling efficiencies with a strong increase of the fluorescence amplitude.
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Figure 4. (a) Fluorescence emission spectra at 10 ◦C of Sf6TSP (184 nM) covalently linked to a
N-methyl-N-[2-[methyl(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]ethyl] (NBD) dye label in the absence
(purple) or presence of increasing amounts of S. flexneri serotype Y polysaccharide preparations at
λex = 492 nm (Polysaccharide concentrations in μg mL−1: purple = 0; dark blue = 4; light blue = 8;
green = 12; yellow = 16; orange = 20; and red = 24). (b) Binding isotherm of polysaccharide binding to
Sf6TSP-NBD. Data was fitted to a single binding site model to obtain a polysaccharide half-saturation
concentration of 4.1 μg mL−1 (Color of data points correspond to curves in (a)).

4. Discussion

In this work we have explored the possibilities for using Sf6TSP, the receptor binding protein of
bacteriophage Sf6, as a sensor for S. flexneri. For this, we have analyzed the specificity of Sf6TSP towards
the two S. flexneri serotypes Y and 2a. Moreover, we established two types of diagnostic read-out via
an ELITA assay on microtiter plates or using a fluorescent probe sensitive for O-antigen binding.

4.1. Binding Specificity of the Sf6TSP Endorhamnosidase

O-antigen specific bacteriophages using TSP for receptor binding encounter cell surface glycans
with highly variable structures, the latter depending on factors like other prophages or bacterial
phase variations [24,53,54]. This leads to a continuous diversification of O-antigen structures, which is
especially well illustrated when regarding the very diverse glucosylation and O-acetylation patterns of
S. flexneri surface polysaccharides [36]. In O-antigen specific phages, TSP adsorption and enzymatic
cleavage of the O-polysaccharide is a strictly necessary step for infection and can lead to DNA ejection
in vitro, although the subsequent steps leading to particle opening are not yet understood to molecular
detail [22]. The temperate bacteriophage Sf6 infects S. flexneri with serotypes X and Y but failed to
infect all other serotypes including 2a [32,33,39]. O-antigen binding is necessary for Sf6 to infect its
host, however, Sf6 also infected a related E. coli K-12 strain when this strain was mutated to express
a serotype Y O-antigen [32]. In the present study however, we could show that Sf6TSP bound and
cleaved all three S. flexneri serotype 2a O-antigens analyzed. The 2a O-antigen contains an additional
α-(1→4)-linked glucose branch on RhapI compared to the Y O-antigen (cf. Scheme 1). This modification
most likely does not hamper the Sf6TSP O-antigen binding mode found for serotype Y octasaccharide.
In the corresponding serotype 2a decasaccharide the additional glucose could be accommodated in
the binding site because it would point away from the protein surface into the solvent [30]. Hence,
in serotype 2a strains other processes necessary for phage injection are hampered besides O-antigen
recognition and cleavage.

For bacteriophage Sf6, additional recognition of OmpA and OmpC protein receptors has been
described, however, also ompA-ompC deletion strains can still be infected by Sf6 although with
reduced efficiency [55]. Moreover, extracellular loops 2 and 4 of OmpA have been proposed to
determine the ability of Sf6 to overcome the extracellular membrane [56]. It has also been found
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that the Shigella O-antigen polyrhamnose backbone is highly flexible and that glucosylation-related
conformational changes can alter the presentation of proteins in the membrane [28,57]. As a
consequence, certain O-antigens might have conformations that hamper phage particle access to
other membrane components. In addition, it has so far not been excluded that the kinetics of
O-antigen breakdown matches the timing of the phage particle opening step, the latter being highly
temperature-sensitive [58]. As a consequence, Sf6 particles may rapidly clear off the S. flexneri serotype
2a O-antigen receptor whereas the irreversible phage cell surface adsorption cannot be completed at
the given temperature [32]. It has also been shown for Y. enterocolitica-specific phages that expression
of Omp-phage receptors was highly regulated by temperature [59].

When analyzing the O-antigen compositions of S. flexneri isolates used in this study, we found
highly heterogeneous non-stoichiometric O-acetylation patterns that might be due to lysogens and
consequently interfere with phage infection. O-Acetylation is conferred by O-acetyl transferases.
The gene oacB encodes for an O-acetyltransferase which has been described to acetylate O3,4 on
RhapIII and O6 on GlcpNAcIV leading to non-stoichiometric modification of S. flexneri O-antigen
serotypes 1a, 1b, 2a, 5a, and Y [36,37]. OacB has been found in about 60% of all Y and in more than
90% of all serotype 2a strains. Sf6TSP recognized all different O-acetylation patterns found on Y
and 2a strains in this study. Accordingly, the extended O-antigen binding site of Sf6TSP covered
the epitopes of at least three common S. flexneri serotyping antibodies, i.e., group 3,4, type II, and
factor 9 [60–62]. However, a complex O-antigen O-acetylation pattern might also interfere with the
Sf6TSP endorhamnosidase activity as observed in one 2a strain analyzed in this work. Here, Sf6TSP
could not fully break down the polysaccharide but produced a mixture of oligosaccharides with
lengths between two and seven RUs. However, an earlier study had shown that Sf6TSP was unable
to cleave O-antigen from serotype 2a LPS preparations [35]. This may be interpreted as additional
O-acetylation hampering Sf6TSP cleavage. By contrast, in a recently isolated set of 16 new S. flexneri
phages, a majority was active on serotype Y as well as on 2a [18]. This illustrates that during a local
shigellosis outbreak these two serotypes were simultaneously addressed by bispecific phages, although
the study did not analyze whether these phages used an O-antigen specific adsorption mechanism or
whether other receptor interactions prevailed.

In conclusion, we can state that Sf6TSP was able to bind to strains with various O-acetylation
patterns, although we have not analyzed their composition to molecular detail. An NMR analysis was
hampered by the limited amounts of polysaccharides obtained from these strains. For determining the
full range of ligands specifically bound by Sf6TSP, synthetic oligosaccharides are therefore a promising
alternative. Synthesis provides defined glycan sequences and excludes heterogeneity [44]. Especially
for S. flexneri 2a, synthetic O-antigen oligosaccharides are available from anti-Shigella vaccine design
studies [61,63–65]. Our present work shows that in principle elongated synthetic fragments can be
used for rapid quantification of Sf6TSP binding affinities. In future experiments, this system could be
expanded to all types of O-acetylation patterns to precisely define the Sf6TSP specificity range for all
variants. Furthermore, measurements on surfaces, with conjugates or in lipid bilayers are simplified
using synthetic oligosaccharides [66,67].

4.2. Sf6TSP as a Pathogen Sensor for S. flexneri

Typically, Shigella spp. are identified by phenotyping on selective media and with slide
agglutination serotyping tests. Moreover, in case of S. flexneri, genotyping targets the pINV B virulence
plasmid, i.e., ipgD and mxiA as parts of the secretion and invasion machinery [68,69]. Combining these
approaches usually can also distinguish the pathovars EIEC and Shigella spp. [70]. In the present work,
we have established a microtiter plate-based ELITA as a useful tool which can be added to diagnostic
laboratory procedures.

Usually, freshly grown S. flexneri adsorbed to the plate elicited high signals that did not vary
between the different serotypes. This is in contrast with an ELITA test described earlier, using
StrepII-P22TSP to screen a Salmonella library [24]. Here, different signal intensities were observed
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for different Salmonella Typhimurium strains. However, we did not quantify the number of bacterial
cells that were adsorbed to the surface nor did we relate their adsorption behavior to the presence
of proteinaceous adhesive components in the cell wall. Therefore, we cannot exclude that amplitude
differences in the test are due to different number of immobilized bacteria. However, Strep-tagged
TSP have been tested before as probes for detecting bacteria free in solution with flow cytometry [24].
Here, signal intensity variations found for different strains were similar to those observed in ELITA
on the microtiter plate. From this data it was concluded that primarily the affinity of TSP towards
the respective O-antigen dominates the intensity of the signal rather than the number of immobilized
bacteria. Hence, as we only investigated four different S. flexneri strains, further test series should
apply more extended strain libraries and quantify the numbers of surface-adsorbed bacteria. Diagnosis
here may focus on serotype 2a strains, because serotype Y is not essential in the field. As a perspective,
epidemiological surveillance could then match areas for a 2a serotype-specific vaccine.

Still, the tests outlined above require cultivation of bacteria and more rapid and direct detection
tools are desirable to overcome this drawback. The Sf6TSP-NBD fluorescent sensor has the advantage
that its signal amplitude increases upon binding of the S. flexneri O-antigen. This is in contrast to
constitutively fluorescent probes that might in principle result in false positive results upon unspecific
binding. Our proof-of-principle experiment with Sf6TSP-NBD and purified S. flexneri O-polysaccharide
preparations was the starting point for optimizing the set-up in various directions. First, we note that,
due to material limitations, we have not tested Sf6TSP-NBD on S. flexneri serotype 2a O-polysaccharide.
In principle, Sf6TSP-NBD is not intended to distinguish serotypes Y and 2a, but should elicit a
positive signal on both. Further developments thus should aim at isolating an exclusively 2a-specific
bacteriophage TSP for that purpose [18].

Moreover, in the given test format, the different fluorescent signal-to-noise ratios at various
protein concentrations have to be investigated. At the concentrations of Sf6TSP-NBD applied in our
cuvette-based experiment, the half maximal concentration of S. flexneri serotype Y polysaccharide that
could be detected was about 4 μg mL−1, which can be seen as the detection limit under the given
conditions (cf. Figure 4b). With approximately 3.4% of the bacterial dry mass being LPS, a rough
estimate yields about 4 fg polysaccharide per single bacterial cell [71,72]. Given a mean O-antigen
chain length of 15 RUs in our preparation, this means that the amount detected with our set-up
would correspond to roughly 1000 cfu mL−1 S. flexneri. This detection limit would not be sufficient
to detect in the necessary count range of 10 cfu mL−1 as lowest infectious level for S. flexneri [11].
Further improvements could be made by increasing the labeling efficiency or by protein high affinity
engineering [73]. Moreover, TSP could also be useful in concurrent enrichment on solid matrices, flow
cytometry-based approaches or modified for immune-PCR [24,74].

5. Conclusions

Sf6TSP has proven to be applicable as an S. flexneri sensor both in microtiter plate-based ELITA
and as a fluorescently engineered probe with high O-antigen specificity. We found that Sf6TSP bound
to S. flexneri serotypes Y and 2a in various O-acetylation states. Our study shows that bacteriophages
cell surface recognition proteins can be readily incorporated in different detection set-ups. With the
growing number of phages isolated from various bacterial habitats this emphasizes the general
importance also to characterize and collect their receptor binding proteins. With this, more specific and
faster bacterial diagnostics tools can be obtained employing low technology assays as ELITA. Based
on the high specificities found in bacteriophage receptor binding proteins, the resulting “tailtyping”
procedures may be important in the future to combine with sero-, geno-, and lysotyping.
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Abstract: The genus Listeria includes foodborne pathogens that cause life-threatening infections in
those at risk, and sensitive and specific methods for detection of these bacteria are needed. Based on
their unrivaled host specificity and ability to discriminate viable cells, bacteriophages represent an
ideal toolbox for the development of such methods. Here, the authors describe an ultrasensitive
diagnostic protocol for Listeria by combining two phage-based strategies: (1) specific capture and
concentration of target cells by magnetic separation, harnessing cell wall-binding domains from
Listeria phage endolysins (CBD-MS); and (2) highly sensitive detection using an adaptation of the
A511::luxAB bioluminescent reporter phage assay in a microwell plate format. The combined assay
enabled direct detection of approximately 100 bacteria per ml of pure culture with genus-level
specificity in less than 6 h. For contaminated foods, the procedure included a 16 h selective enrichment
step, followed by CBD-MS separation and A511::luxAB detection. It was able to consistently detect
extremely low numbers (0.1 to 1.0 cfu/g) of viable Listeria cells, in a total assay time of less than
22 h. These results demonstrate the superiority of this phage-based assay to standard culture-based
diagnostic protocols for the detection of viable bacteria, with respect to both sensitivity and speed.

Keywords: bacteriophage; diagnostics; Listeria monocytogenes; endolysin; magnetic separation;
reporter phage

1. Introduction

The opportunistic human pathogen Listeria monocytogenes is exclusively transmitted via
contaminated food, and poses a serious threat to immunocompromised individuals, children,
and the elderly. Listeriosis is a disease which can cause severe symptoms such as meningitis,
septicemia, and, in pregnant women, spontaneous abortion [1]. Although the incidence of listeriosis is
relatively low, it is still of major concern due to reported average mortality rates of up to 30% [1–3].
As L. monocytogenes can multiply at refrigeration temperatures, even low contamination levels are
considered a potential risk. Since foods that harbor Listeria generally feature a highly abundant and
diverse background flora, highly sensitive diagnostic protocols are required. Standard culture-based
methods for the detection of Listeria in foods such as the International Organization for Standardization
(ISO) standard plating method (ISO 11290-1:2017) are still considered as the gold standard; however,
they require a minimum of 96 h to obtain preliminary results. This emphasizes the need for alternative
rapid screening and diagnostic protocols. A number of culture-independent detection methods for
bacterial pathogens have been described, including polymerase chain reaction (PCR)-based protocols,
mass spectrometry (MS), and immunological techniques. However, each of these methods has
important drawbacks, such as the necessity for lengthy pre-enrichment procedures, the inability to
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distinguish between live and dead cells (PCR), the requirement for expensive devices (MS), or a lack in
sensitivity and/or specificity (immunological assays) [4–6]. Over the past two decades, bacteriophages
have emerged as ideal tools for bacterial diagnostics, particularly due to their extraordinary specificity
for their target cells, their robustness and inexpensive production, and their ability to selectively
detect viable cells [7]. A unique approach for the rapid detection of viable Listeria is the luciferase
reporter bacteriophage A511::luxAB [8]. This derivative of the broad-host-range virulent Listeria phage
A511 was constructed by inserting a fused luxAB gene from Vibrio harveyi downstream of the strongly
expressed major capsid protein gene of the phage [8]. Upon infection of Listeria cells present in a
given sample, a measurable bioluminescence signal is produced within approximately 60–150 min.
A511::luxAB was then used for the detection of L. monocytogenes from artificially contaminated food
and environmental samples [9]. With a total assay time of 24 to 48 h, the method was significantly faster
than the standard plating protocols, while featuring similar sensitivity. However, the original assay
format was somewhat impractical due to the use of single large plastic tubes with all manual handling,
and could not be automated. In addition, the lower detection limit of approximately 1 × 103 cfu/mL
did not meet the stringent requirements in food safety testing.

The aims of this study were to adapt the reporter phage assay to a 96-well microwell plate format
to enable high throughput screening of samples; to enhance the luminescent light signal by the addition
of sodium azide (NaN3); and to combine the assay with upstream bead-based magnetic separation
utilizing cell wall-binding domains from endolysins specific for Listeria spp. (CBD-MS) [6] in an effort
to improve detection sensitivity and reduce the overall assay time. The functionalized magnetic beads
allow rapid and efficient capturing and magnetic separation of Listeria cells from contaminated food
samples, with genus-level specificity and high target cell affinity.

2. Materials and Methods

2.1. Bacteria and Culture Conditions

All bacteria used in this study were taken from the Weihenstephan Listeria collection (WSLC).
L. monocytogenes strains EGDe (serovar 1/2 a), WSLC 1001 (ATCC 19112) (sv 1/2c), WSLC 1685 (ScottA)
(sv 4b), WSLC 2012 (ATCC 33091) (sv 6b), and Listeria ivanovii WSLC 3009 (sv 5) were grown in
half-concentrated brain heart infusion medium (BHI 1

2 ) (Oxoid, Hampshire, UK), at 30 ◦C. Cultures
were incubated for 16 h, diluted fivefold in fresh medium, incubated for another 2 h, and subsequently
diluted in phosphate buffered saline (PBS) supplemented with Tween 20 (Sigma-Aldrich, Buchs,
Switzerland) (PBST; 50 mM Na2HPO4; 120 mM NaCl; 0.1% Tween 20; pH 8.0) to the desired
concentration of cells.

2.2. Production of CBD Fusion Proteins and Coating of Magnetic Beads

N-terminally 6xHis-tagged fusion proteins consisting of the green fluorescent protein (GFP) and
cell wall-binding domains (CBDs) from bacteriophage endolysins Ply118 and Ply500 (HGFP_CBD118
and HGFP_CBD500) were expressed in Escherichia coli and purified as previously described [6,10,11].
No glycerol was added to the purified protein preparations. Concentrations of purified proteins
were adjusted to 2.5 mg/mL by the addition of PBS (50 mM Na2HPO4, 120 mM NaCl, pH 8.0).
Protein preparations were stored at −20 ◦C until use. Paramagnetic polystyrene beads (Dynabeads
M-270 Epoxy; Dynal, Oslo, Norway) were activated and coated with the purified CBDs as described
previously [6].

2.3. Propagation of A511::luxAB

Bacteriophage A511::luxAB was propagated as described previously [9]. Phage concentration was
adjusted to 1.0 × 109 pfu/mL by the addition of SM buffer (SMB; 94 mM NaCl, 8 mM MgSO4 × 7H2O,
100 mM Tris, pH 7.4), and phage stocks were stored at 4 ◦C until use.
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2.4. Downsizing the A511::luxAB Reporter Phage Assay from Single Tube to Microwell Format

For the adaptation of the A511::luxAB luciferase reporter phage assay [8,9] to microplate format,
the optimum conditions concerning the bacteria/phage ratio, incubation time, and incubation
temperature were determined. Experiments were carried out using pure cultures of L. monocytogenes
ScottA, and the preparation of bacterial cells was as described above, with a slight modification:
dilutions of subcultures were prepared using BHI ( 1

2 ) medium instead of PBST to ensure metabolic
fitness of bacterial target cells during phage infection. Dilutions of subcultures with bacterial
concentrations ranging from 3.0 × 103 to 1.0 × 106 cfu/mL were incubated with varying concentrations
of phage particles ranging from 1.0 × 106 to 3.0 × 108 pfu/mL. The incubation temperature was
varied in a range from 20 ◦C to 30 ◦C, whereas the incubation time was varied from 120 to 180 min.
For each experiment, 200 μL of bacterial suspensions were mixed with 20 μL of phage suspensions
in individual wells of a 96-well microwell plate (Black/White Isoplates (black frames with white
well inserts), Perkin Elmer, Schwerzenbach, Switzerland). Measurements were performed using
a multilabel microplate reader equipped with dual injectors (Viktor3, Perkin Elmer). Following
preliminary experiments, the consecutive steps of the optimized measurement protocol were as
follows: injection of 12 μL of a sodium azide (NaN3; Sigma-Aldrich) solution (1% in H2O, resulting in
a final concentration of 7.6 mM), immediately followed by the injection of 12 μL of a nonanal (nonyl
aldehyde, Sigma-Aldrich) solution (0.25% v/v, in 70% ethanol) (Loessner et al., 1996a). Measurement
of light emission was performed using 10 s intervals for integration and calculation of relative light
units (RLUs). The average value of RLUs per second was displayed as cps (counts per second).

2.5. Effect of NaN3

To determine the effect of NaN3 on the signal intensity in the A511::luxAB reporter phage assay,
experiments with L. monocytogenes WSLC ScottA subcultures were carried out essentially as described
above. Cell concentrations in samples ranged from 5.0 × 104 to 5.0 × 106 cfu/mL. The treatment
of samples and subsequent measurements were performed at optimum conditions as determined
before, with and without the use of NaN3 in the assay. Injection of 12 μL of a NaN3 solution (stock
concentration: 1%, corresponding to 153.8 mM; final assay concentration: 7.6 mM) prior to the injection
of 12 μL nonanal solution was then incorporated into the optimized protocol (see above).

2.6. Evaluation of the Combined CBD-MS/A511::luxAB Assay

One ml aliquots of Listeria cultures of the different strains tested (L. monocytogenes WSLC 1001,
Listeria innocua WSLC 2012, L. monocytogenes ScottA, L. monocytogenes EGDe, and L. ivanovii WSLC 3009)
containing approximately 1.0 × 102–1.0 × 105 cfu/mL, were mixed with 20 μL of CBD118-coated beads
and 20 μL of CBD500-coated beads (2 × 107 beads in total). The magnetic separation procedure was
performed as previously described [6]. In brief, samples were incubated in an overhead rotator
(NeoLab, Heidelberg, Germany) at 10 rpm for 40 min, and subsequently magnetic beads were
separated using a MPC magnetic tube holder (Dynal, Oslo, Norway). Following careful removal
of the supernatant, beads were washed with 1 mL of PBST, separated again, and finally resuspended
in 200 μL of BHI ( 1

2 ). The bead suspension with captured bacterial cells was incubated in a horizontal
shaker (Kühner, Birsfelden, Switzerland) at 37 ◦C and 180 rpm for 180 min and subsequently mixed
with 20 μL of A511::luxAB to yield a final assay concentration of 1.0 × 108 pfu/mL, followed by
incubation at 24 ◦C for 140 min. Since preliminary testing indicated that the presence of beads could
interfere with light emission, beads were magnetically separated as described above, and supernatants
were collected and transferred to a microwell plate. To determine background luminescence, negative
control samples containing either bacteriophages (1.0 × 108 pfu/mL) but no Listeria cells, or Listeria
cells (1.0 × 106 cfu/mL) but no phage, were included in the experiments. All experiments were carried
out in triplicate. The exact numbers of cells in each experiment used were determined by triplicate
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plating of 100 μL aliquots of appropriate dilutions of Listeria subcultures on BHI agar, and subsequent
incubation at 37 ◦C for 16 h.

2.7. Testing Artificially Contaminated Foods

A set of nine different food items, including sliced iceberg lettuce, chocolate milk, mozzarella
cheese, Swiss “Vacherin” red smear soft cheese, Swiss “Tomme” white mold soft cheese, ready-to-eat
shrimp, minced meat, smoked salmon, and smoked turkey breast, was used in these experiments.
All food samples were purchased at local retailers. First, each sample was aseptically divided into
portions of 25 g each in a laminar flow hood. While one portion of each food was tested for the
presence of Listeria (i.e., natural contamination) by standard procedures, all others were packed into
sterile polypropylene plastic bags and immediately frozen at −80 ◦C. Samples that were free of Listeria
were used for artificial contamination. Samples were thawed and inoculated with 1 mL each of
diluted subcultures of either L. monocytogenes EGDe (serovar 1/2 a) or L. monocytogenes ScottA (serovar
4b) to obtain initial contamination levels ranging from 0.1 to 100 cfu/g food. In the case of solid
foods, the inoculum was distributed on the surface of the sample by carefully massaging the bag.
Exact initial contamination levels of food samples were determined by triplicate plating of 100 μL
aliquots of appropriate dilutions of subcultures used for contamination. To determine the background,
blank samples were prepared by adding 1 mL of PBST containing no Listeria cells to one sample of
each food item.

All samples were then stored at 4 ◦C for 22–24 h, in order to simulate more realistic storage and
sampling conditions. The authors did not observe any growth of the spiked Listeria cells during this
period, which confirms other studies that have reported no significant increase in L. monocytogenes
viable counts during initial storage at 4 ◦C for 24 h [12,13]. Subsequently, the 25 g food samples
were homogenized with 50 mL of citrate buffer (for dairy products; 58 mM tri-sodium citrate
dihydrate in H2Odd, pH 7.5) or PBS (other products) using a stomacher laboratory blender (Seward,
West Sussex, UK). Samples were subjected to 16 h of selective enrichment in 175 mL tryptic soy broth
(TSB, pH 7.5; Biolife, Milan, Italy) containing 12 mg/L acriflavine, 52 mg/L nalidixic acid and 64 mg/L
cycloheximide (all from Sigma-Aldrich) (IDF 143A:1995).

Detection of Listeria spp. in enrichment cultures was performed essentially as described above.
However, 100 μL of 10× PBST (tenfold concentrated) was added to each 1 mL sample taken from the
enrichment cultures to adjust the pH values. Individual samples of each food item, contaminated with
different numbers of cells of either L. monocytogenes EGDe or ScottA, were prepared. Analysis of each
sample was carried out in duplicate.

2.8. Statistical Analysis

One-way analysis of variance (ANOVA) with a post hoc Dunnett’s multiple comparisons test
was applied for comparison of log-transformed cps values with the respective control values in the
combined CBD-MS/A511::luxAB assay. Two-way ANOVA followed by Sidak’s multiple comparisons
test was used for comparing mean normalized cps values from reporter phage assays with and without
the use of NaN3.

3. Results

3.1. Adaption of the Luciferase Reporter Phage Assay to Microwell Plates

In order to allow higher throughput processing of samples, the A511::luxAB reporter phage assay,
developed for use in a single tube luminometer [8,9], was adapted to a 96-well microplate format for
processing in a semi-automated multi-label microplate reader equipped with programmable injectors.
The different types of microwell plates initially tested yielded very different signal-to-noise ratios;
the best results were obtained using black frame plates with white well inserts. Next, the impact of
sample volume, bacteria-phage ratio, incubation temperature, and incubation time on light signal
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emission was determined. The results obtained with the reduced sample volumes (200 μL) in
the microplate format only slightly differed from those measured in standard single tube-based
measurements using 1 mL samples [8,9]. An incubation time of 140 min yielded the highest signal
intensity, which confirmed that phage infection and luciferase-catalyzed light emission are largely
independent on the test volume and luminescence detector. An increase of incubation temperature
from 20 ◦C to 24 ◦C yielded a slightly higher signal intensity, without affecting the stability of the
heat-sensitive LuxAB fusion protein synthesized in phage-infected target cells [6,8]. The variation of
the phage concentration in the assay ratio revealed that 1.0 × 108 pfu/mL is sufficient for the infection
of Listeria target cells at variable concentrations up to 1.0 × 106 cfu/mL. With the addition of more
phage, no increase in signal intensity could be achieved, whereas lower concentrations resulted in a
decrease in signal intensity (Figure 1).

Figure 1. Evaluation of optimum bacteria:phage ratios in a 96-well microplate-based A511::luxAB
assay. Increasing concentrations of Listeria monocytogenes ScottA (3.0 × 103 to 1.0 × 106 cfu/mL) were
incubated with luciferase reporter phage A511::luxAB (1.0 × 106 to 3.0 × 108 pfu/mL). Bacteria were
exposed to phage in 200 μL of half-concentrated brain heart infusion medium (BHI 1

2 ) in 96-well plates,
and incubated at 24 ◦C for 140 min. Bioluminescence measurements were performed over a total
period of 10 s, and are reported as counts per second (cps). The dotted horizontal line indicates the
level of background light emission (noise) of the assay, determined in the negative control sample
(without phage).

3.2. Sodium Azide Enhances the Bioluminescence Signal

The azide anion (N3
−) from NaN3 inhibits the enzyme cytochrome oxidase in the respiratory

chain [14,15]. This inhibition leads to a shift in the equilibrium of the reaction FMN → FMNH2 to its
reduced form FMNH2. Here, FMNH2 is a co-factor required for the luciferase-driven oxidation of
the aldehyde substrate in the A511::luxAB assay [8], and a limiting factor of the reaction. Therefore,
an increase in FMNH2 concentration should result in increased light emission. To test this hypothesis,
the effect of NaN3 on light emission from the reporter phage assay was evaluated. Following several
rounds of optimization, the authors found that the injection of 7.6 mM NaN3 immediately prior
to the injection of the nonanal luciferase aldehyde substrate significantly (p < 0.0001) increased the
bioluminescence signal at all cell concentrations tested (Figure 2).
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Figure 2. Effect of sodium azide (NaN3) addition on bioluminescent signal intensity. Different
concentrations of Listeria monocytogenes ScottA cells ranging from 5.0 × 104 to 5.0 × 106 cfu/mL
were infected with 1.0 × 108 pfu/mL of A511::luxAB. Bacteria were incubated with phages in 200 μL
of BHI 1

2 in microwell plates at 24 ◦C for 140 min. Measurements were performed in parallel with
identical samples with and without the addition of 7.6 mM NaN3 as signal enhancer. For each
bacterial concentration, bioluminescence signals have been normalized to the control sample (without
NaN3). Asterisks indicate significant differences between values obtained with and without NaN3.
****, p < 0.0001; ns, non-significant.

3.3. Combining CBD-MS Listeria Cell Separation with A511::luxAB Infection Yields Superior Sensitivity

To further increase sensitivity and shorten the assay time, the authors combined the previously
described CBD-MS method [6] with the microwell A511::luxAB assay. For this, paramagnetic
microbeads coated with CBD118 and CBD500 from two different Listeria phages [11] were used
to capture and separate Listeria cells of different strains, from dilute suspensions. The combined
binding range of the two CBDs used here covered strains from all Listeria species and serovars [11].
Immediately following separation, the bacterial cells immobilized on the beads were resuspended in
fresh media in the microplate wells, and allowed to recover for 3 h at 30 ◦C. Infection by the reporter
phage and incubation at 24 ◦C were followed by bioluminescence measurement. The combined assay
was able to reliably detect cell concentrations ≤ 3 × 102 cfu/mL. The minimum bacterial concentrations
yielding cps values significantly higher than the control were 3.0 × 102 cfu/mL for L. monocytogenes
ScottA, 1.0 × 102 cfu/mL for L. monocytogenes EGDe, 2.0 × 102 cfu/mL for L. monocytogenes WSLC
1001, 1.6 × 102 cfu/mL for L. ivanovii WSLC 3009, and 0.9 × 102 cfu/mL for L. innocua WSLC 2012,
within a total time of 6 h or less (Figure 3). Generally, an increase in bacterial concentrations resulted
in an increased luminescent signal intensity measured in the reporter phage assay. Negative control
blank samples containing either no Listeria cells (Figure 3), or no bacteriophages yielded background
signals (noise) ranging from 24 to 30 cps (mean = 28.1, SD = 1.83).

132



Viruses 2018, 10, 626

Figure 3. Detection of Listeria spp. strains employing the combined cell wall-binding domain-based
magnetic separation (CBD-MS)/A511::luxAB assay. Dilutions of pure cultures of five different Listeria
strains representing different serovars were used for evaluating the combined CBD-MS/A511::luxAB
assay. (a) L. monocytogenes ScottA (serovar [SV] 4b); (b) L. monocytogenes EGDe (SV 1/2a);
(c) L. monocytogenes WSLC 1001 (SV 1/2c); (d) L. ivanovii WSLC 3009 (SV 5); (e) L. innocua WSLC
2012 (SV 6b). The dotted horizontal bar indicates the level of background light emission (noise) of the
assay, determined in the negative control sample (no bacteria). Asterisks indicate significant differences
between values obtained from samples with bacteria and the respective control values. ****, p < 0.0001;
***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, non-significant.

3.4. Detection of Listeria in Artificially Contaminated Food

Finally, the authors evaluated the combined assay using nine different food items spiked with
Listeria EGDe (serovar 1/2a) or ScottA (serovar 4b), at viable cell concentrations ranging from 0.1 to
100 cfu/g. The exact initial numbers added to the food samples was determined by serial plating on
selective agar plates and yielded levels between 0.1 and 0.15 cfu/g for the lowest, and between 100
and 150 cfu/g for the highest contamination for both strains. The tested foods included chocolate milk,
mozzarella cheese, sliced iceberg lettuce, ready-to-eat shrimp, minced meat, smoked salmon, smoked
turkey breast, Vacherin-type red smear soft cheese, and Tomme-type white mold soft cheese. Following
inoculation, the food samples were stored at 4 ◦C for 24 h to simulate more realistic conditions and give
the bacteria time to accommodate to the environmental conditions. Samples of 25 g were then taken,
and following a 16 h selective enrichment step, subjected to the combined CBD-MS/A511::luxAB assay,
as depicted in Figure 4.

The detection limits in these trials ranged from 0.1 cfu/g (for both strains in smoked salmon) to
100 cfu/g (for EGDe in “Tomme” soft cheese), and was between 0.1 and 1.0 cfu/g for most of the tested
food items, except for the two soft cheeses, which yielded higher detection limits (Figure 5). The total
assay time was 22 h. The data indicate that the signal intensity obtained from a specific sample nicely
correlates with the number of target cells present, and also confirm that the different food items used
in the experiments provide different growth conditions for the bacteria.
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Figure 4. Schematic representation of the workflow of the combined CBD-MS/A511::luxAB assay.
(1) food sample; (2) selective enrichment; (3) CBD-based magnetic separation; (4) A511::luxAB phage
infection and generation of bioluminescent signal.

Figure 5. Detection of different concentrations of cells of L. monocytogenes ScottA and L. monocytogenes
EGDe, in artificially contaminated food samples with the CBD-MS/A511::luxAB assay. Eight samples
for each food item were spiked with bacteria of either ScottA or EGDe strains, at contamination levels of
0.1, 1.0, 10.0, or 100.0 cfu/g. Additionally, one blank sample for each food item was prepared by adding
sterile buffer without bacteria. All samples were tested for the presence of Listeria spp. in parallel.
Error bars represent SD from two replicates. Asterisks indicate significant differences between values
obtained from samples contaminated with bacteria and the respective blank samples. ****, p < 0.0001;
***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, non-significant.

4. Discussion

The detection of pathogenic bacteria from potentially contaminated foods represents a major
challenge for food producers, particularly when regulations allow only low bacterial concentrations
or even require the complete absence of the pathogen (zero tolerance). The Draft Guidance for
Industry on the “Control of Listeria monocytogenes in Ready-To-Eat Foods” by the U.S. Food and Drug
Administration (FDA, 2017) recommends the implementation of listeriocidal process steps that ensure
that L. monocytogenes is non-detectable in the final product. The current European Union legislation
(Commission Regulation (EC) No 2073/2005) requires the absence of Listeria monocytogenes in 25 g
of any food product that can support its growth until the end of shelf life. Therefore, any diagnostic
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protocols for Listeria must be highly sensitive and specific in order to prevent false-negative and
false-positive results, respectively. Additionally, testing should ideally produce results within one
day, to avoid recalls of products that have already reached the market by the time the test results are
available. Further important factors include ease of use to allow application in the food industry and
the ability to distinguish between viable and inactivated cells.

Standard selective plating methods like the International Dairy Federation (IDF) Standard
143A:1995 or the ISO 11290-1:2017 still represent the state of the art of Listeria detection in the food
industry. Those selective enrichment/plating methods are specific and sensitive, and they can be
applied in any standard laboratory. However, with any of these standard procedures, preliminary
results will not be available within less than 96 h. Furthermore, insufficient recovery of stressed cells
during food processing and slow or no growth on agars containing selective agents represent a possible
disadvantage of these methods [16].

Over the past decades, many efforts have been made to improve the detection of L. monocytogenes
in food by using culture-independent methods [17]. Nevertheless, almost all of these methods have
certain drawbacks. Most currently available molecular detection methods are based on nucleic acid
amplification, including conventional PCR [18], multiplex PCR [19,20], and quantitative real-time
PCR [21,22]. Cost-effective alternative amplification methods that do not require thermal cycling have
also been reported, and include loop-mediated isothermal amplification (LAMP) [23] and nucleic acid
sequence-based amplification (NASBA) [24]. The popularity of PCR-based and similar methods likely
lies in the potential of these techniques to detect very low concentrations of target DNA with maximum
specificity, at reasonable cost, using readily available apparatus, with the possibility for automation.
However, a major problem of PCR-based methods in food diagnostics is that the DNA polymerases
are frequently inhibited by common food ingredients. To overcome this hurdle, some researchers have
combined PCR with immunomagnetic separation (IMS) [25–28]. Using specific IMS, target cells may be
separated from inhibitory substances and simultaneously concentrated, which increases the sensitivity
of the assay. Although some of the studies reported detection of as low as 1.0 cfu/g from artificially
contaminated foods [26], all PCR-based methods have another crucial disadvantage that cannot be
eliminated: they cannot differentiate between inactivated and viable target cells. Even though primary
contaminations of many raw food ingredients are usually eliminated by treatments such as temperature
or high-pressure pasteurization, samples would still produce a positive signal.

Examples for other PCR-independent molecular diagnostic methods developed for Listeria
include mass spectrometry techniques (MALDI-TOF) [29,30], assays that use biosensors measuring
surface plasmon resonance [31,32], or methods based on flow cytometry [33,34]. Although these
techniques may be of particular scientific interest, and some of them provide low detection limits,
their application in the food industry has been limited due to the requirement for sophisticated and
expensive equipment, and specifically trained operators.

Other approaches combined standard plating methods with antibody-based IMS or IMS-like
procedures to improve sensitivity and reduce assay time [35–38]. Although a reduction of the required
time down to 48 h could be achieved in these studies, and detection limits ranged from 1.0 cfu/25 g [38]
to 1.0 cfu/g [39], the approaches have other disadvantages. A major problem of IMS is the lack of
proper specificity of the antibodies used, and undesired cross-reactivity with other organisms than the
target organism is quite frequent [36,37,39].

The authors addressed this problem by replacing antibodies with cell wall-binding domains
(CBDs), which are recombinant high-affinity domains derived from Listeria phage endolysins.
They work extremely well for the functionalization of paramagnetic beads, and for the subsequent
magnetic capture and separation of L. monocytogenes from artificially and naturally contaminated food
samples [6]. The CBDs generally feature high affinity and extreme specificity for their target cells,
with no cross-reaction with other bacteria. This CBD-MS assay was shown to be superior compared
to the standard plating protocols in both time requirement (48 h) and sensitivity, with relatively low
detection limits for most of the food items tested. However, the assay still relied on surface plating
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following magnetic separation, which accounted for half of the total assay time. To further shorten
the time required to obtain results, the authors employed in this study A511::luxAB reporter phage
detection of the captured bacteria, including scaling to microplate format, and further optimizations
such as optimized incubation temperature, phage concentration, and use of a light emission enhancer.
Altogether, the combined CBD-MS/A511::luxAB assay consisted of four steps: (i) selective separation
of Listeria cells from an enrichment culture or other sample by CBD-MS; (ii) washing and concentration
of Listeria cells immobilized on beads, followed by enrichment in non-selective medium in order
to improve the sensitivity of the assay and resuscitate injured cells; (iii) infection with A511::luxAB;
and (iv) removal of magnetic beads and measurement of light emission in a semiautomatic plate reader,
following injection of signal enhancer and luciferase substrate.

Using pure bacterial cultures, as few as 90 cfu/mL could be detected in as little as 6 h by the
assay. When contaminated foods are examined, the assay includes a selective pre-enrichment step.
This selective step is necessary because of the high number of organisms in the background flora
of many food products, which would otherwise overgrow the Listeria cells. However, the selective
pre-enrichment is significantly shorter than in the conventional culture-based protocols, and the
authors’ method achieved a detection limit of 0.1 to 1.0 cfu/g in less than 24 h for most food items.
This renders the assay significantly faster than the initial CBD-MS [6] and A511::luxAB reporter phage
methods [9], with improved sensitivity.

Besides sensitivity and speed, the CBD-MS/A511::luxAB assay has another important advantage
compared to magnetic-separation methods that use plating on selective agar as an end-point detection.
Due to food processing, microorganisms present in food are often subjected to sublethal stresses.
As these cells might be non-cultivable in selective media, they may remain undetected by the plating
method. In this study, the incubation of Listeria immobilized and separated on CBD-coated beads
serves as a resuscitation step and certainly improves detection of physiologically injured cells.

An important advantage of this bacteriophage-based assay is its extreme specificity, essentially
eliminating undesired cross-reactivity with other bacterial genera by including three independent
Listeria-specific selection steps: (i) selective enrichment for Listeria cells; (ii) CBD-MS using CBDs
that have been demonstrated to be specific for Listeria [11]; and (iii) infection by a reporter phage
based on the strictly genus-specific A511 phage [40]. It should be noted, however, that the assay as
described here will not only signal the presence of L. monocytogenes, but it will also indicate other
Listeria species sensitive to A511 infection. Yet, the authors believe that information on the presence
of Listeria species is of great value, whereas testing for L. monocytogenes alone may not provide the
full picture, that is, information on insufficient processing or potential contamination sources and
routes is missing. Yet, if such specificity is desirable, a combination of the CBD-based enrichment and
L. monocytogenes-specific PCR can also be used, as reported earlier [41].

A limitation of the assay is that A511::luxAB infects approximately 95% of all relevant
Listeria monocytogenes strains of serovars 1/2 and 4 [40,42].Therefore, up to 5% of potential target
strains may not be detected by this approach. However, it should be noted that available evidence
suggests that the resistance of Listeria to phages such as A511 and others is due to loss of cell-wall
associated carbohydrate decorations in their wall teichoic acids [43], and that these strains reveal a
strongly attenuated virulence [44].

It is therefore concluded that, due to their unrivaled specificity for their hosts, genetically
engineered reporter phages and phage-derived affinity proteins such as the CBDs represent very
versatile and powerful tools for the detection of target host cells, including pathogenic bacteria.
In this study, the authors combined two such phage-based techniques into one detection protocol,
thereby harnessing the extraordinary specificity of bacteriophage in different ways. In terms of
both sensitivity and time requirement, the assay seems superior to previous methods, including
culture-based protocols.
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Abstract: Vertical transmission of Streptococcus agalactiae can cause neonatal infections. A culture
test in the late stage of pregnancy is used to screen for the presence of maternal S. agalactiae for
intrapartum antibiotic prophylaxis. For the test, a vaginal–rectal sample is recommended to be
enriched, followed by bacterial identification. In some cases, Enterococcus faecalis overgrows in the
enrichment culture. Consequently, the identification test yields false-negative results. Bacteriophages
(phages) can be used as antimicrobial materials. Here, we explored the feasibility of using phages
to minimize false-negative results in an experimental setting. Phage mixture was prepared using
three phages that specifically infect E. faecalis: phiEF24C, phiEF17H, and phiM1EF22. The mixture
inhibited the growth of 86.7% (26/30) of vaginal E. faecalis strains. The simple coculture of E. faecalis
and S. agalactiae was used as an experimental enrichment model. Phage mixture treatment led to
suppression of E. faecalis growth and facilitation of S. agalactiae growth. In addition, testing several sets
of S. agalactiae and E. faecalis strains, the treatment with phage mixture in the enrichment improved
S. agalactiae detection on chromogenic agar. Our results suggest that the phage mixture can be usefully
employed in the S. agalactiae culture test to increase test accuracy.

Keywords: phage; Enterococcus faecalis; Streptococcus agalactiae; culture enrichment

1. Introduction

Streptococcus agalactiae (also called group B Streptococcus) is vertically transmitted to the newborn
during delivery, and can cause neonatal infections [1,2]. Common early-onset diseases caused by this
organism in infants include sepsis and pneumonia, and (rarely) meningitis [1,2]. To prevent such
infections, a prenatal S. agalactiae culture test is recommended in the late stage of pregnancy [1,2].
In the case of a positive test result, the pregnant carrier is prophylactically treated with antibiotics to
prevent vertical transmission of S. agalactiae during the intrapartum period [1,2].

For the S. agalactiae culture test, the Centers for Disease Control and Prevention highly recommend
an enrichment culture, followed by conventional S. agalactiae identification [3,4]. In the culture test,
a swab is taken from the vaginal and anorectal areas, and the samples are inoculated and cultured in an
enrichment culture broth selective for S. agalactiae. After the enrichment culture, bacterial identification
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is performed, e.g., using the Christie–Atkins–Munch-Petersen test, serologic identification, growth on
chromogenic agar, and nucleic acid amplification [4]. However, although a selective culture broth is
used for the enrichment culture, S. agalactiae is poorly recovered along with overgrowth of Enterococcus
faecalis in some cases [5–8]. This may lead to false-negative results in the subsequent identification
tests [5–8]. To address this problem, selective antimicrobial agents to be included in the enrichment
broth should be reevaluated.

Bacteriophages (phages), i.e., bacterial viruses, infect specific bacteria. Some phages infect and lyse
bacteria at the specificity level of species and strains. These phage characteristics were used to eliminate
most cells in a bacterial population and facilitate the isolation of less prevalent environmental bacteria
that produce novel bioactive compounds [9]. Phage applicability for the isolation of food-poisoning
microbes in the food microbiology field was also examined [10]. Hence, potentially, phage application
might also be used to reduce the unwanted growth of E. faecalis in an S. agalactiae enrichment culture
and to facilitate S. agalactiae detection in clinical microbiology. Indeed, phages that specifically infect
E. faecalis were isolated from environmental samples, such as sewage and canal water [11–13]. In the
current study, we examined the applicability of E. faecalis-specific phages to suppress E. faecalis growth
in an S. agalactiae enrichment culture in an experimental setting.

2. Materials and Methods

2.1. Bacteria, Phages, and Culture Media

Strains of E. faecalis (n = 30), S. agalactiae (n = 7), Enterococcus avium (n = 5), and Enterococcus faecium
(n = 5) were isolated from vaginal swabs using the Chrom-ID Strepto B test (bioMérieux, Marcy-l’Étoile,
France). The swabs were obtained after random sampling at local hospitals in eastern Japan (Table S1).
Bacteria were cultured at 37 ◦C under aerobic or microaerobic (i.e., 5% CO2) conditions, as appropriate,
based on their specific growth requirements (Table S1).

Phage phiEF24C was isolated and characterized, as described elsewhere [12,14,15]. Phage phiEF17H
was newly isolated from canal water in Kochi (Japan). Phage phiM1EF22 was newly isolated from
sewage water in Tokyo (Japan) (Table S2). The isolation procedures are described in Reference [12].
E. faecalis strains KUEF01, KUEF25, and KUEF27, described in Table S1, were used as host bacteria for
phages phiEF24C, phiEF17H, and phiM1EF22, respectively, for phage amplification and plaque assay.
Bacterial-phage suspensions were cultured aerobically at 37 ◦C.

Enterococcus spp. and phages were cultured in tryptic soy broth or agar (TSA), and S. agalactiae
was cultured in Todd–Hewitt broth (THB), unless stated otherwise. Granada-type broth (GtB; 25.0 g/L
proteose peptone no. 3, 14.0 g/L soluble starch, 2.5 g/L glucose, 1.0 g/L pyruvic acid sodium salt,
0.1 g/L cysteine hydrochloride, 0.3 g/L magnesium sulfate, 11.0 g/L 3-(N-morpholino)propane
sulfonic acid, 10.7 g/L disodium hydrogen phosphate, 0.5 mg/L crystal violet, 10 mg/L colistin
sulfate, 10 mg/L metronidazole, and 15 mg/L nalidixic acid, pH 7.4) was originally prepared as the
S. agalactiae enrichment broth [16,17]. Alternatively, the pigmented enrichment Lim broth (modified
Lim broth; Kyokuto Pharmaceutical Industrial, Tokyo, Japan) was used as an S. agalactiae enrichment
broth. Unless stated otherwise, all culture media were purchased from Becton, Dickinson, and Co.
(Franklin Lakes, NJ, USA). All chemicals and reagents were purchased from Nacalai Tesque (Kyoto,
Japan) and FUJIFILM Wako Pure Chemical (Osaka, Japan).

2.2. Phage Genome Sequencing and Analysis

After phage amplification, phage particles were purified from 500 mL of phage lysate by CsCl
density-gradient centrifugation, as described elsewhere [18]. Phage genomic DNA was then prepared
by phenol–chloroform extraction of the collected purified phage band [18]. A shotgun library was
prepared for each phage DNA using the GS FLX Titanium rapid library preparation kit (Roche
Diagnostics, Indianapolis, IN, USA), according to the manufacturer’s instructions. The libraries
were analyzed using a GS Junior 454 sequencer (Roche Diagnostics, Risch-Rotkreuz, Switzerland).
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The sequence reads were assembled using the 454 Newbler software (version 3.0; 454 Life Sciences,
Branford, CT, USA). The genomes were annotated using a prokaryotic genome annotation pipeline,
DFAST (https://dfast.nig.ac.jp/) [19,20]. The phiEF17H and phiM1EF22 genome sequences were
deposited in GenBank under the accession numbers AP018714 and AP018715, respectively.

The genome sequences were analyzed using nucleotide Basic Local Alignment Search Tool
(BLASTn) at the National Center for Biotechnology Information (NCBI; https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome; last accessed: 5 May
2018). Moreover, the genomes of phages belonging to the family Myoviridae subfamily Spounavirinae
were downloaded from GenBank (last accessed: 20 September 2018), and the viral phylogeny was
analyzed using a proteomic tree analysis tool, ViPTree version 1.0 [21].

2.3. Multilocus Sequence Typing (MLST) of E. faecalis Strains

E. faecalis strains were cultured overnight, bacterial DNA was extracted, and MLST analysis
was performed, according to the procedures described elsewhere [22]. The sequence alleles were
analyzed using the E. faecalis MLST database (https://pubmlst.org/efaecalis/; last accessed: 5 January
2018) to designate sequence types (STs) [23]. The concatenating allele sequences were analyzed using
MEGA 7.0.18, and sequence alignment implemented in ClustalW was followed by phylogenetic tree
construction using the unweighted pair group with arithmetic mean (UPGMA) method [24].

2.4. Examination of Antibacterial Activity of E. faecalis to S. agalactiae

The anti-S. agalactiae activity of E. faecalis was examined using a spot-on-lawn assay, as described
elsewhere [25]. Briefly, 200 μL of overnight bacterial culture of a single S. agalactiae strain was mixed
with a melted 0.5% (w/v) soft agar and plated onto 1.5% (w/v) agar. One microliter of E. faecalis
overnight culture was spotted on the solidified top agar. After incubation overnight at 37 ◦C in a
microaerophilic condition, S. agalactiae growth around the spotted E. faecalis was examined.

2.5. Analysis of Phage Lytic Activity

The phage host range was determined by a streak test, as described elsewhere [12,15].
Briefly, 200 μL of overnight bacterial culture of a single bacterial strain was mixed with a melted 0.5%
(w/v) soft agar and plated onto 1.5% (w/v) agar. The phage suspension (ca. 1.0 × 108–9 plaque-forming
units (PFU)/mL) was streaked onto the solidified top agar. After incubation overnight at 37 ◦C,
bacterial lysis, with or without plaque formation, was examined.

2.6. Analysis of Bacterial Densities in S. agalactiae and E. faecalis Coculture with Phage Mixtures

A rifampicin-resistant mutant clone of S. agalactiae was isolated by aerobically culturing S.
agalactiae strain KUGBS2 on TSA containing 20 μg/mL rifampicin at 37 ◦C for two days. The putative
mutant clones were repurified at least three times; each repurification round was repeated for one
day under the same incubation conditions. One resultant rifampicin-resistant mutant clone of strain
KUGBS2 was obtained and was tentatively designated as strain KUGBS2rif. S. agalactiae strain
KUGBS2rif and E. faecalis strain KUEF08 were cultured individually until an optical density of
0.4–0.6 at 600 nm was attained. After diluting with the enrichment broth, suspensions of 3.0 × 104

colony-forming units (CFU)/mL S. agalactiae strain KUGBS2rif and 3.0 × 107 CFU/mL E. faecalis strain
KUEF08 were prepared. Each phage suspension was diluted with THB to ca. 3.0 × 106 PFU/mL or
3.0 × 104 PFU/mL. By mixing equal volumes of phage suspensions at the same dilution, mixtures of
two different dilutions of phages were prepared.

For the experiment, 100 μL each of S. agalactiae strain KUGBS2rif and E. faecalis strain KUEF08,
and 300 μL of phage mixture were added to 10 mL of the enrichment broth. As negative controls,
the same volume of THB was added instead of bacterial suspensions and/or phage suspensions.
The mixtures were microaerobically incubated at 37 ◦C for 24 h. Total bacterial density and S. agalactiae
strain KUGBS2rif and E. faecalis strain KUEF08 densities were determined. Total bacterial densities
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were determined on TSA. TSA supplemented with 20 μg/mL rifampicin and Enterococcus-selective
agar (EF agar base “Nissui”; Nissui Pharmaceutical Co., Tokyo, Japan) were used to determine the
densities of S. agalactiae strain KUGBS2rif and E. faecalis strain KUEF08, respectively. S. agalactiae strain
KUGBS2rif did not grow on the Enterococcus-selective agar; E. faecalis strain KUEF08 did not grow on
TSA containing 20 μg/mL rifampicin.

2.7. Detection of Bacteria on Chromogenic Selective Agar after S. agalactiae and E. faecalis Coculture with
Phage Mixtures

S. agalactiae and E. faecalis were cultured individually until an optical density of 0.4–0.6 at 600 nm
was obtained. S. agalactiae and E. faecalis cultures were diluted with THB to ca. 3.0–5.0 × 104 CFU/mL
and ca. 3.0 × 107 CFU/mL, respectively. After dilution of individual phage suspensions in THB to
ca. 1.0 × 107 PFU/mL, the phage mixture was prepared by mixing equal volumes of the diluted
phage suspensions.

For the experiment, 30 μL each of bacterial suspensions of S. agalactiae and E. faecalis, and 30 μL of
phage mixture were added to 3 mL of the enrichment broth. As a negative control, the same volume
of THB was added instead of the phage mixture. After 24-h incubation at 37 ◦C, a loopful of the
suspension was inoculated on the Chrom-ID Strepto B agar (BioMérieux, Marcy-l'Étoile, France).
After 24-h incubation at 37 ◦C in darkness, colony color and appearance on agar plates were examined.
All incubations were carried out under microaerophilic conditions.

2.8. Statistical Analysis

The data were statistically analyzed using EZR (Saitama Medical Center, Jichi Medical University,
Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing,
Vienna, Austria) [26]. Student’s t-tests were used to analyze differences between bacterial densities in
different treatments. A p-value < 0.01 was considered to indicate a statistically significant difference.

3. Results and Discussion

3.1. Phage Characteristics

Phages phiEF24C, phiEF17H, and phiM1EF22 were used in the current study. Phage phiEF24C,
one of the best-studied Enterococcus phages, is classified into the family Myoviridae subfamily
Spounavirinae [12,14,15]. The other two phages, phiEF17H and phiM1EF22, were newly isolated
and their whole genomes were sequenced. The whole-genome sequence similarity analysis using the
BLASTn showed that phages phiEF17H and phiM1EF22 are similar to phage phiEF24C (Table S3).
Thus, they were considered to be classified into the family Myoviridae subfamily Spounavirinae [27].
Moreover, the phylogenetic relationship of these three phages used in this study was analyzed with 33
other phages of the family Myoviridae subfamily Spounavirinae. Phages sharing this particular viral
taxonomy of the family Myoviridae subfamily Spounavirinae are highly virulent toward host bacteria [28].
The tree showed that phages phiEF24C, phiEF17H, and phiM1EF22 were phylogenetically clustered
but slightly different from each other among the Enterococcus phages belonging to this viral subfamily
(Figure 1A). These Enterococcus phages may be categorized into a new virus genus in this subfamily.

143



Viruses 2018, 10, 552

 
Figure 1. Enterococcus phages phiEF24C, phiEF17H, and phiM1EF22 and their lytic activity to
various E. faecalis strains. (A) Viral proteomic trees of Enterococcus phages phiEF24C, phiEF17H,
and phiM1EF22 in the family Myoviridae subfamily Spounavirinae. Enterococcus phages phiEF24C,
phiEF17H, and phiM1EF22 are shown in bold. Phage taxonomical names are shown followed by the
GenBank accession number in parentheses. The phages belonging to a certain viral genus are shown in
grey highlight, on which the viral genus names are indicated. (B) E. faecalis strains isolated from vaginal
swabs and their sensitivity to phages. Phylogenetic tree of E. faecalis strains was constructed based on
the concatenated multilocus sequence typing (MLST) alleles. In the phylogenetic tree, E. faecalis strain
names are followed by sequence types (STs) in brackets. Phage sensitivities to each phage and phage
mixture are shown below the phylogenetic tree.

3.2. Characteristics of E. faecalis Strains Isolated from Vaginal Swabs

The genetic background of E. faecalis strains isolated from the vaginal swabs in this study was
examined. MLST analysis of the E. faecalis vaginal swab isolates revealed that 43.3% (13/30) of
E. faecalis strains were phylogenetically closely related, representing either ST16 or ST179 (Figure 1B).
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The remaining strains (56.7% (17/30)) were genetically diverse. Moreover, E. faecalis strains do not
seem to show antibacterial activity (e.g., bacteriocin production) to S. agalactiae, while some of them
are able to show antibacterial activity to a variety of bacteria [5,29]. Testing the antibacterial activity to
S. agalactiae strains using the spot-on-lawn assay, no anti-S. agalactiae activity was observed among
these E. faecalis strains.

3.3. Phage Lytic Spectrum and Phage Mixture

Phage lytic activity was examined with a streak test using these E. faecalis strains (Figure 1B).
Phages phiEF24C, phiEF17H, and phiM1EF22 showed lytic activity toward 63.3% (19/30), 76.7% (23/30),
and 66.7% (20/30), respectively, of the tested E. faecalis strains. Because these phages have slightly different
genomes, they have different host ranges to E. faecalis strains. Moreover, lytic activities of the three phages
with other bacterial vaginal swab isolates (E. avium, E. faecium, and S. agalactiae strains) were also examined,
but no lytic activity was observed.

Phages phiEF24C, phiEF17H, and phiM1EF22 lysed different E. faecalis strains and also some
common strains. Theoretically, a combination of these three phages lysed a broader range of
E. faecalis strains than any single phage tested. A phage mixture containing the three phages was
prepared by mixing phage particles in a 1:1:1 ratio, which was also used in the following experiments.
The lytic spectrum of the phage mixture was then examined using the streak test described above.
The phage mixture showed lytic activity toward 86.7% (26/30) of E. faecalis strains tested (Figure 1B).
Four E. faecalis strains were not lysed by the phages, namely, KUEF02 (MLST ST47), KUEF18 (ST64),
KUEF15 (ST30), and KUEF28 (ST179). Because these bacterial strains may have several phage-resistant
mechanisms [30], they cannot be lysed with these phages in the phage mixture. In addition, the phage
mixture did not show any lytic activity with the other tested bacteria, i.e., E. avium, E. faecium,
and S. agalactiae, as seen in the assessments of lytic activity of individual phages as above.

The phage mixture may have been contaminated with anti-S. agalactiae agents during phage
mixture preparation (i.e., during phage propagation on the E. faecalis host). The antimicrobial activity
of the phage mixture to S. agalactiae was examined. Incubation of the phage mixture with S. agalactiae
for 30 min and 24 h did not influence bacterial viability, compared with a THB-treated negative control
(Figure S1), excluding the possibility of phage mixture contamination with anti-S. agalactiae substances.
Thus, the phage mixture could be used as anti-E. faecalis agents in the enrichment broth to examine the
suppression of E. faecalis growth in S. agalactiae enrichment culture.

3.4. Effect of Phage Mixture on S. agalactiae and E. faecalis Cell Densities in Experimental Enrichment
Cultures

The vaginal microbiome of pregnant women is majorly composed of Lactobacillus spp.,
together with the bacteria of phyla Actinobacteria, Firmicutes, and others in minor quantities [31–33].
During the culture of swab seed in S. agalactiae-selective enrichment broth, the growth of the majority
of vaginal microflora is inhibited and a minority, including S. agalactiae, E. faecalis, and other bacteria,
are selectively grown when they are presented in the swab. In this study, a situation in which E. faecalis
thrives and S. agalactiae grows poorly was mimicked in an experimental setting, using a simple
coculture of E. faecalis and S. agalactiae in S. agalactiae-selective enrichment broth. Using the model,
the effects of the phage mixture were then examined.

The simple coculture of E. faecalis and S. agalactiae in S. agalactiae-selective enrichment broth
was used as an experimental enrichment model, which mimicked the situation of poor recovery of
S. agalactiae. In the experimental enrichment model, S. agalactiae and E. faecalis cell densities were
monitored in the presence and absence of the phage mixture over time. To mimic the situation in
which S. agalactiae was poorly recovered, S. agalactiae strain KUGBS2rif and E. faecalis strain KUEF08
were inoculated into GtB at 3.0 × 102 CFU/mL and 3.0 × 105 CFU/mL, respectively. Either of the
two dilutions of phage mixture (at a multiplicity of infection (MOI) of each phage of 10−1 and 10−3 to
E. faecalis) was added. As a negative control, THB was used instead of the phage mixture.
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Bacterial cell densities (total bacteria, S. agalactiae, and E. faecalis) were then monitored over time
(Figure 2). Firstly, based on the determined total bacteria numbers in both the negative control and
phage treatment groups, bacteria grew exponentially for up to 12 h, following which the cultures
entered the stationary phase of growth (Figure 2). Hence, incubation for 12–24 h was sufficient
to achieve bacterial enrichment in that particular experimental setting. Moreover, S. agalactiae cell
densities were compared with E. faecalis cell densities at different time points in the negative control and
phage treatment groups. In the negative control group (i.e., no phage treatment), E. faecalis densities
were significantly higher than S. agalactiae at incubation for 6, 12, and 24 h (p < 0.01) (Figure 2A).
In contrast, in the phage treatment groups at MOIs of 10−1 and 10−3 of each phage, the cell density of
E. faecalis was significantly lower than that of S. agalactiae at incubation for 6, 12, and 24 h in the phage
treatment groups (p < 0.01) (Figure 2B,C).

We also evaluated the effectiveness of phage treatment in the experimental enrichment model
using the commercially available pigmented enrichment Lim broth (modified Lim broth) (Figure S2).
The experiments were performed using the same method described above. Inhibition of E. faecalis
growth, compared with the untreated group, was observed in the phage treatment groups at both
MOIs of each phage tested (i.e., 1 and 10−2) (Figure S3). These results indicate that the phage mixture
inhibited E. faecalis growth and facilitated S. agalactiae growth in both S. agalactiae enrichment broths.

Figure 2. Growth of E. faecalis and Streptococcus agalactiae cocultures in the presence or absence of
phage mixtures in Granada-type broth (GtB). No phage treatment (A); or treatment with phages at
10−3 (B) or at 10−1 (C) multiplicities of infection (MOIs) of each phage to E. faecalis. The means with
standard deviations were calculated from triplicate experiments, and are plotted as points with error
bars. Time points at which S. agalactiae density was significantly higher than that of E. faecalis are
indicated by asterisks (p < 0.01; Student’s t-test).

3.5. Efficient Detection of S. agalactiae after Experimental Enrichment Culture in the Presence of the
Phage Mixture

In the S. agalactiae culture test, bacteria are generally identified in a culture aliquot after
enrichment culture. Consequently, we then evaluated the efficiency of S. agalactiae identification
after the experimental enrichment culture. As the identification assay, we used growth on the
S. agalactiae chromogenic agar, in which S. agalactiae colonies are distinguished from E. faecalis colonies
based on color. Five S. agalactiae–E. faecalis sets were tested: KUGBS2–KUEF08, KUGBS1–KUEF24,
KUGBS6–KUEF26, KUGBS4–KUEF21, and KUGBS7–KUEF29. E. faecalis and S. agalactiae strains were
first inoculated at a 100:1 ratio in the Granada-type enrichment broth; then, the phage mixture was
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added (at an MOI of each phage at 10−1 to E. faecalis), and the cultures were incubated. Enrichment
culture aliquots were plated on chromogenic agar, and the resultant colony appearance was evaluated
(Figure 3). After enrichment of all phage-treated S. agalactiae–E. faecalis sets, S. agalactiae colonies
were dominant on the agar plates. By contrast, in enrichment cultures without phage treatment,
only a few S. agalactiae colonies were observed on the chromogenic agar, while E. faecalis colonies
were dominant. The same experiment was performed using the modified Lim broth and several
S. agalactiae–E. faecalis combinations (Figure S4). The data were in agreement with observations made
using the GtB. Thus, the phage mixture treatment is believed to improve the S. agalactiae culture test by
inhibiting the undesirable growth of E. faecalis.

Figure 3. Bacterial identification on chromogenic agar after experimental enrichment coculture of
S. agalactiae and E. faecalis. Combinations of single strains of E. faecalis and S. agalactiae were used to
inoculate GtB, and were cultured in the presence of the phage mixture (MOI of each phage to E. faecalis:
10−1) or Todd–Hewitt broth (THB). After enrichment culture, aliquots were spread on the chromogenic
agar, and the resultant bacterial colonies were evaluated. Colonies of S. agalactiae and E. faecalis are red
and blue, respectively. Top and bottom panels show photographs of chromogenic agar plates inoculated
with enriched cultures treated with THB or phage mixtures, respectively. Representative data for three
out of five S. agalactiae–E. faecalis sets are shown, namely, KUGBS2–KUEF08 (A), KUGBS1–KUEF24 (B),
and KUGBS6–KUEF26 (C).

3.6. Phage Application Potential in the Clinical Setting

In the current study, we showed that a specific phage mixture effectively inhibited the growth
of E. faecalis in an S. agalactiae culture test in the experimental setting. Before clinical application
and reagent manufacture, it is necessary to discuss issues such as the phage composition in the
phage mixture, the usage per assay (i.e., volume and phage density), storage of the phage mixture,
and production cost.

As a first consideration, strains insensitive to the phage mixture may occur at a higher than
expected rate in the clinical setting. To address this issue, phage sensitivity of E. faecalis strains should
be constantly examined. The effective spectrum of phages in a mixture can be modified by replacing
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and/or adding other phages, including newly isolated phages, naturally evolved phages, and/or
genetically modified phages [34,35]. For example, by adding six newly isolated phages to the phage
mixture developed in the current study, we increased the inhibition efficiency among the tested E.
faecalis strains to 96.7% (29/30). Hence, updating the composition of the phage mixture will help
address the problem associated with the phage-insensitive strains.

Next, we considered the usage per assay. Assuming that the volume of the enrichment broth is
ca. 3–4 mL, a drop of phage mixture suspension (i.e., 30–50 μL of a solution of ca. 1.0 × 107 PFU/mL
of each phage) would suffice for an assay. Such usage per assay is in line with the usage of the
phage mixture in the experiments performed in the current study (Figure 3). Thus, the phage mixture
complies with the usage expected in a clinical setting.

Importantly, the quality of the phage mixture should be guaranteed to allow its commercialization.
Phages are generally stable at 4 ◦C in culture media for a certain period of time [36,37], which suggests
that phage products can be distributed on a market scale using the cold chain. Accordingly, we examined
the infectious density of each phage solution during storage at 4 ◦C for 270 days; we did not observe any
substantial reduction in phage particle density during this period (Figure S5). The shelf life of culture
medium is generally up to six months [38]; no loss in sensitivity in S. agalactiae enrichment broths was
observed after at least four months [39]. Thus, the stability of the phage mixture appears to be in line with
the storage of the enrichment broths.

Finally, the use of phage mixture should be cost-effective. Phage production on a bioreactor scale
was recently investigated because of increased interest in phage therapy. Consequently, the cost of
phage production is estimated to be $4.4 × 10−13/phage particle [40–42]. Hence, the calculated cost
of the phage mixture per assay in the current study is only $2.2 × 10−7 ($4.4 × 10−13/phage particle
multiplied by the number of phage particles in the mixture, i.e., 1.0 × 107 PFU/mL × 50 μL). A number
of commercial phage companies were established worldwide [43]. Thus, in theory, phage mixtures
may be produced for the S. agalactiae culture test in a cost-effective manner.

After commercialization of the phage mixture, special attention should be devoted to the biological
characteristics of phages to avoid laboratory accidents, because clinical tests are at high risk of
interference by phage contamination via aerosols. For example, Enterococcus phages may contaminate
clinical E. faecalis culture tests and interfere with the test results in a clinical laboratory. To avoid
such accidents, appropriate good laboratory hygiene and sterilization practices should be instated
when preparing to use phage products. Such measures can include aseptic handling at a specified
bench (e.g., safety cabinet), change of gloves and ultraviolet (UV) irradiation of the bench after
usage, and storage in a specific cabinet [44]. We believe that the phage mixture is appropriate for
use in the clinical laboratory, as long as the knowledge about phage products is disseminated and
implemented. Thus, we anticipate that the phage mixture will become commercially available for
S. agalactiae enrichment broths in the future and will be used in the clinical setting.
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Abstract: Tuberculosis (TB) is caused by Mycobacterium tuberculosis (MTB) and transmitted through
inhalation of aerosolized droplets. Eighty-five percent of new TB cases occur in resource-limited
countries in Asia and Africa and fewer than 40% of TB cases are diagnosed due to the lack of accurate
and easy-to-use diagnostic assays. Currently, diagnosis relies on the demonstration of the bacterium
in clinical specimens by serial sputum smear microscopy and culture. These methods lack sensitivity,
are time consuming, expensive, and require trained personnel. An alternative approach is to develop
an efficient immunoassay to detect antibodies reactive to MTB antigens in bodily fluids, such as
serum. Sarcoidosis and TB have clinical and pathological similarities and sarcoidosis tissue has
yielded MTB components. Using sarcoidosis tissue, we developed a T7 phage cDNA library and
constructed a microarray platform. We immunoscreened our microarray platform with sera from
healthy (n = 45), smear positive TB (n = 24), and sarcoidosis (n = 107) subjects. Using a student t-test,
we identified 192 clones significantly differentially expressed between the three groups at a False
Discovery Rate (FDR) <0.01. Among those clones, we selected the top ten most significant clones and
validated them on independent test set. The area under receiver operating characteristics (ROC) for
the top 10 significant clones was 1 with a sensitivity of 1 and a specificity of 1. Sequence analyses
of informative phage inserts recognized as antigens by active TB sera may identify immunogenic
antigens that could be used to develop therapeutic or prophylactic vaccines, as well as identify
molecular targets for therapy.

Keywords: T7phage library; sarcoidosis; tuberculosis; microarray; immunoscreening

1. Introduction

Tuberculosis (TB) remains a serious global health threat with 10 million new cases and 1.7 million
deaths each year [1,2]. Currently, we have limited tools available to diagnose active TB, predict
treatment efficacy and the cure of tuberculosis, or to detect the reactivation of a latent tuberculosis
infection, and assay the induction of protective immune responses through vaccination. A major
obstacle to global control of TB remains inadequate case detection [3]. Efforts during the past decade
to consistently diagnose and treat most infectious cases have slowed the TB incidence rate, but have
not yielded substantial progress [3]. The existing TB diagnostic pipeline still does not have a simple,
rapid, inexpensive point-of-care test [3]. Qualified tuberculosis biomarkers are most urgently needed
as predictors of reactivation and cure, and indicators of vaccine-induced protection [3].
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Pulmonary tuberculosis has clinical and pathological similarities with sarcoidosis. Sarcoidosis is
a systemic granulomatous disease of unknown etiology with predominant involvement of the lungs,
among other organs [4–7]. Several studies have suggested that the cellular and humoral responses
associated with granuloma formation in sarcoidosis are the consequence of an exaggerated immune
response to specific Mycobacterium tuberculosis (MTB) antigens [4,8]. Sarcoidosis tissue has yielded
MTB components including, ESAT6 and catalase—peroxidase (mKatG) [9]. Despite the presence
of specific TB antigens in sarcoidosis lung tissues [8,10–12], patients with sarcoidosis negatively
respond to the tuberculin skin test and are considered to be anergic [13]. Additionally, sarcoidosis
subjects rarely ever develop tuberculosis. Lungs are highly involved both in sarcoidosis and TB.
Resident alveolar macrophages (AMs) play an important role in the pathogenesis and host defense
of both diseases [4,14–16]. It has been shown that AMs provide a reservoir for MTB and other slow
growing organisms [11,14,15,17]. Additionally, AMs play an integral role in autoimmunity and the
initiation of fibrosis [14]. Based on this knowledge, we hypothesized that bronchioalveolar cells
(BALs) of sarcoidosis subjects may harbor degradation products of specific pathogen(s), including
MTB. We constructed four T7 phage display cDNA libraries, two of which originate from sarcoidosis
BAL cells and white blood cells (WBCs), and two others derived from cultured human embryonic
fibroblasts and splenic monocytes, and combined all four libraries into a complex library [18,19]. We
randomly selected 1070 clones through biopanning and constructed a microarray platform with the
selected clones. Previously, upon immunoscreening of this platform with sera from healthy controls,
sarcoidosis and culture positive TB patients, we showed that we can detect highly sensitive and
specific biomarkers for TB in the sera of subjects with culture positive MTB [18,20]. In that study,
the TB patients were smear negative but culture positive and at the time of sera collection, they were
on treatment with anti-tuberculosis agents [18,20]. To investigate whether our display library also
detects specific biomarkers in sera from smear positive MTB patients and if these biomarkers differ
from those of smear negative but culture positive TB, we immunoscreened T7 phage display libraries
with sera of smear-positive TB patients. The objective of the present study was to identify the specific
diagnostic biomarkers from the sera of TB patients who had active TB. We discovered reactive clones
that distinguished sera from active TB patients from sarcoidosis patients and uninfected control sera
with a high sensitivity and specificity.

2. Materials and Methods

2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless specified
otherwise. LeukoLOCK filters and RNAlater were purchased from Life Technologies (Grand Island,
NY, USA). The RNeasy Midi kit was obtained from Qiagen, (Valencia, CA, USA). The T7 mouse
monoclonal antibody was purchased from Novagen (San Diego, CA, USA). Alexa Fluor 647 goat
anti-human IgG and Alex Fluor goat anti-mouse IgG antibodies were purchased from Life Technologies
(Grand Island, NY, USA).

2.2. Patient Selection

This study was approved by the institutional review board at Wayne State University, and the
Detroit Medical Center. Sera were collected from 3 groups: (1) healthy volunteers; (2) sarcoidosis
subjects; and (3) smear positive pulmonary TB patients. All study subjects signed a written informed
consent. All methods were performed in accordance with the human investigation guidelines and
regulations by the IRB (protocol No = 055208MP4E) at Wayne State University. All sarcoidosis subjects
were ambulatory patients. Sera from patients with tuberculosis were obtained from the Foundation for
Innovative New Diagnostics (FIND, Geneva, Switzerland). All TB patients had smear positive sputum.
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2.3. Serum Collection

Using standardized phlebotomy procedures blood samples were collected and stored at
−80 ◦C [18].

2.4. Construction and Biopanning of T7 Phage Display cDNA Libraries

We have used the same T7 phage display libraries as before [18,19]. Briefly, T7 phage display
libraries from BALs, WBCs, EL-1 and MRC5 were made to generate a complex sarcoid library
(CSL) [18,19]. Differential biopanning for negative selection was the performed using sera from
healthy controls to remove the non-specific IgG, and sarcoidosis sera for positive enrichment as
described previously [18,19].

2.5. Microarray Construction and Immunoscreening

A total of 1070 individually picked phage clones from the biopannings 3 and 4 for microarray
construction were same as used in previous studies [18,19]. The phage lysates were arrayed in
quintuplicates onto nitrocellulose FAST slides (Grace Biolabs, OR, USA) using the ProSys 5510TL robot
(Cartesian Technologies, CA, USA). The nitrocellulose slides were hybridized with sera and processed
as described previously [18].

2.6. Sequencing of Phage cDNA Clones

Individual phage clones were PCR amplified using T7 phage forward primer 5′ GTTCTAT
CCGCAACGTTATGG 3′ and reverse primer 5′ GGAGGAAAGTCGTTTTTTGGGG 3′ and sequenced
by Genwiz (South Plainfield, NJ, USA), using T7 phage sequence primer TGCTAAGGACAACG
TTATCGG. cDNA sequences of T7 phage clones obtained from Genwiz were translated into
peptide/protein sequences using ExPASy translate tool. The length of each peptide clone is determined
after the last amino acid of linker sequence (GDPNSS) inserted in frame of T7 phage till the stop codon
of the sequence. Using NCBI protein BLAST site each identified sequence was used for further BLAST.
For each peptide, we performed three BLASTs. First, the identified sequences were randomly blasted
to the sequence data without indication of specific species. Second, we used random BLAST to the
human genome and thirdly to the mycobacterium genome. We selected the proteins with highest
homology with our peptide sequence.

2.7. Data Acquisition and Pre-Processing

Following the immunoreaction, the microarrays were scanned in an Axon Laboratories 4100
scanner (Palo Alto, CA, USA) using 532 and 647 nm lasers to produce a red (Alexa Fluor 647) and green
(Alexa Fluor 532) composite image. Cy5 (red dye) labeled anti-human antibody was used to detect
IgGs in human serum that were reactive to peptide clones, and a Cy3 (green dye) labeled antibody
was used to detect the phage capsid protein [18]. Using the ImaGene 6.0 (Biodiscovery) image analysis
software, the binding intensity of each peptide with IgGs in sera was expressed as log2 (red/green)
fluorescent intensities. These data were pre-processed using the limma package in the R language
environment [19,21,22] and the normexp method was applied to correct the background [19,23]. Within
array normalization was performed using the LOESS method [18,23,24]. The scale method was applied
to normalize between arrays [23,24]. Intensity ratio of a clone in active TB samples divided by the
same clone intensity ratio from healthy control samples were calculated to determine the fold change
of a clone.

2.8. Statistical Analyses

To detect differentially expressed antigens for TB, we applied a two-tailed t-test. In order to
correct for multiple comparisons, we applied the false discovery rate (FDR) algorithm with a threshold
of 0.01 FDR [25]. We identified 192 significant clones at 0.01 FDR. All significant clones were sorted
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in an increasing order. The top ten highly significant clones were considered as “classifier clones”.
We randomly split the TB and healthy controls samples into: (i) training; (ii) test sets. Out of the
24 TB samples, 12 samples were randomly assigned to training set and 12 samples to testing set.
The training and testing sets for the 45 healthy controls were randomly selected to 23 training and
22 test sets. A t-test was applied between TB-training samples versus healthy controls training samples.
All 107 sarcoidosis samples were assigned to the testing set. To assess the performance of classifiers
clones, we applied principal component analysis (PCA), agglomerative hierarchal clustering (HC),
heatmap, and linear discriminant analysis (LDA). The LDA model was built on the training samples to
predict TB samples from others (healthy controls and sarcoidosis) samples, and tested the classification
model on the testing set (samples not used in the training set). We performed the classification on the
classifiers clones. We applied principal component analysis (PCA), agglomerative hierarchal clustering
(HC), and heatmap with all samples (training and testing) twice. Those analyses were first applied to
all clones (1070 clones) and then with the highly significant 10 classifier clones.

3. Results

3.1. Complex Sarcoidosis (CSL) Library Detects Unique Antigens in the Sera of Active Tuberculosis Patients

A panel of potential antigens was randomly selected from two highly enriched pools of T7
phage cDNA libraries through biopanning of the CSL library [18,19]. The constructed microarray
platform was immunoscreened with 176 sera (45 healthy controls, 24 smear-positive TB patients, and
107 sarcoidosis patients). The demographics of the study subjects are shown in Table 1. Following
immunoreaction, the microarray data were pre-processed and then analyzed. First, we performed an
unsupervised PCA using all 1070 clones with data from 176 study subjects. As shown in Figure 1A,
several healthy controls and sarcoidosis patients clustered together with TB subjects. We also
performed unsupervised hierarchical clustering with all 1070 clones on these 176 samples. We observed
the magenta cluster has a mix of samples and lacks specific sub-clusters of TB samples (Figure 1B).
Next, we applied a two-tailed t-test and identified 192 clones that were differentially expressed in sera
of smear-positive TB as compared to sarcoidosis patients and healthy controls at the FDR < 0.01. To
determine whether the selected 192 significant clones can improve the class separation of TB samples
from healthy controls and sarcoidosis patients, we constructed a PCA plot. As shown in Figure 1C,
there is a good separation of TB samples from sarcoidosis and healthy controls, in which twenty six
percent of variance was along the PCA1. Similarly, when clustering algorithm was performed using
192 TB clones on all subjects, we observed a distinct hierarchical linkage clearly separating TB samples
from healthy controls and sarcoidosis patients (Figure 1D). Furthermore, we constructed a PCA plot
using 10 classifier clones that can differentiate TB patients from healthy controls and sarcoidosis
patients. The result in Figure 1E shows a clear separation of TB samples from healthy controls and
sarcoidosis patients. Fifty four percent of variance was explained along the PCA 1. Similarly, when the
clustering algorithm was performed using 10 TB classifier clones, we observed a distinct hierarchical
linkage separating the TB patients from others (Figure 1F).

Table 1. Subjects demographics.

Characteristic Control Subjects Sarcoidosis Subjects TB Subjects

Age (Mean ± SEM) 40.3 ± 7.5 30.6 ± 11.8 40.5 ± 8.5

Gender, N (%)

Male 11 (25) 27 (25) 18 (64)

Female 34 (75) 80 (75) 10 (36)

Race, N (%)

African American 31 (69) 95 (89)

African - 4 (25)
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Table 1. Cont.

Characteristic Control Subjects Sarcoidosis Subjects TB Subjects

Caucasian - 12 (11)

Asians 14 (31) 20 (75)

BMI (Mean ± SEM) 27 ± 3.8 28 ± 10.5 28 ± 6.9

Organ involvement

Neuro-ophthalmologic NA 31 (29) -

Lung NA 101 (94) 24 (100)

Skin NA 46 (43) -

Multiorgan NA 65 (61) -

PPD a NA Negative -

TB smear b NA Negative Positive

NA = not applicable; a PPD = Mantoux test (purified protein derivative); b TB Smear obtained from sputum.
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Figure 1. PCA and Hierarchal clustering. (a) PCA score plots along PC1 and PC2 generated with
1070 clones of three groups: (1) healthy control samples (black circles); (2) TB samples (green squares)
and; (3) Sarcoidosis samples (blue triangle). Biomarker clusters along the PCA1 explain a variance
of only 0.15, while the variance along PC2 was about 0.14. (b) The hierarchal clustering was applied
on the healthy controls (black labels), TB patients (green labels) and sarcoidosis (blue labels) with
1070 clones. (c) PCA score plots along the PC1 and 2 results when applied on 192 TB clones. The PC1
explained 0.26 of variance, whereas PC2 explained 0.15 of variance. As shown, the TB samples are well
separated from the healthy controls and sarcoidosis samples. (d) Hierarchal clustering using only the
highly significant 192 TB clones. The blue and black clusters include sarcoidosis and healthy controls,
the green cluster includes all the TB samples except one. (e) PCA score plots along PC1 and 2 generated
with top 10 highly significant clones. The PC1 explained 0.54 of variance, whereas PC2 explained
0.11 of variance. (f) Hierarchal clustering using 10 top significant TB clones. This figure demonstrates
better clustering with 192 TB clones and the highly significant 10 TB clones (panels c, d, e, and f) when
compared the clustering using all clones (panels a and b).
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Figure 2A displays a heatmap plot of the distinct expression features of 192 TB clones among
the study subjects. The heatmap using ten significant TB clones (classifiers) among study subjects is
highlighted as a plot in Figure 2B.

Furthermore, we applied the classifier model and calculated the AUC values using 192 TB clones
on testing sets. As shown in Figure 3A, the AUC under the ROC using 192 clones was one with no
false positive and no false negative prediction. Next, we applied the classifier model on the test set
(12 TB patients, 107 sarcoidosis patients, and 22 healthy controls) using 10 classifier clones. Figure 3B,
shows that despite reduction of clones to 10, the AUC under the ROC remained one, again with no
false positive or false negative class labeling. These suggest robust classifier performance.
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Figure 2. Heatmaps generated based on 192 clones and the 10 highly significant clones from the data of
176 study subjects (45 healthy controls, 24 with TB, and 107 with sarcoidosis) (a,b). Each row represents
a clone, while each column represents a study subject. As shown in Figure 2, most of TB samples
clustered to the right side of heatmap plots, while sarcoidosis samples and healthy controls clustered
on the left side of the plot, indicating different expression profiles.

Figure 3. Classifiers to predict TB from healthy controls and sarcoidosis patients. (a) Performance
of 192 clones on test set. (b) Performance of the top 10 classifier clones on test set. The ROC curves
demonstrate excellent classification performance with AUC of 1 with sensitivity of 1 and specificity
of 1.
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3.2. Characterization of Ten TB Classifiers

Based on the results of training and test sets, we characterized the top 10 highly performing active
TB clones through sequencing. After obtaining the sequences of clones, the Expasy program was used
to translate the cDNA sequences to peptide/protein sequences [18,19]. Protein blast using algorithms
of the BLAST program were applied to identify the highest homology to identified peptides [18,19].
The identified clones were blasted with human and MTB genomes and then selected those specific
peptide sequences with the highest homology of amino acids sequence. All top 10 clones have the
highest homology with TB sequences. Additionally, we compared these results with corresponding
nucleotide sequences using nucleotide BLAST and determined the predicted amino acids in frame
with T7 phage 10B gene capsid proteins. All of the 10 classifier clones are coded by the inserted gene
fragments leading to out-of-frame peptides, therefore meeting the criteria of mimotopes [26] (Table 2).
As sera of active TB patients reacted with these out-of-frame peptides, it is likely that these TB clones
are produced as a result of altered reading frames or alternative splicing, as described in previous
studies [18,19,26]. Full length of peptides and genes of the ten classifiers clones are shown in Table
S1. Table 2 shows the 10 most significant TB antigens, gene names, sensitivity, specificity, and FDR
adjusted p-values. Figure 4 shows the ROC curves for six clones that are increased in TB, while Figure 5
shows ROC curves for four clones decreased in TB.

Table 2. 10 Top Significant TB Clones.

Clone
Increased in

Tuberculosis (TB)
Gene Name p Value

FDR
Corrected

p Value

AUC
95% CI

Sensitivity,
95% CI

Specificity,
95% CI

P51_BP3_38
Polyketide
synthase

Pks13
Rv3800c

4.7 × 10−7 2.79 × 10−5 0.98 1 0.97

P51_BP3_60 Hydrolase Rv1723 1.62 × 10−8 3.46 × 10−6 0.95 0.92 0.95

P51_BP3_72 Ferredoxin
fdxA

Rv2007c
1.36 × 10−9 7.27 × 10−7 0.92 0.91 0.89

P51_BP3_131
Dihydroxy acid

dehydratase
ilvD

Rv0189c
2.15 × 10−8 3.84 × 10−6 0.95 0.92 0.98

P51_BP3_137 Transketolase
TKT

Rv1449c
7.14 × 10−8 9.72 × 10−6 0.95 1 0.81

P197_BP4_1078 Signal peptidase
lepB

Rv2903
1.44 × 10−7 1.36 × 10−5 0.78 0.92 0.64

Decreased in
Tuberculosis (TB)

P51_BP3_334
TetR family

transcriptional
regulator

MRA_2532 4.02 × 10−10 4.3 × 10−7 0.98 1 0.91

P51_BP4_403
Menaquinone
biosynthesis

protein

menD
Rv0555

7.27 × 10−8 9.71 × 10−6 0.95 1 0.87

P51_BP4_497
Cobalamin

biosynthesis
protein

CobN
Rv2062c

1.11 × 10−8 2.96 × 10−6 0.88 0.92 0.78

P51_BP4_584 5-oxoprolinase
OplA

Rv0266c
5.82 × 10−9 2.10 × 10−6 0.94 1 0.83

158



Viruses 2018, 10, 375

Figure 4. ROCs for top 6 significant clones that are increased in TB sera compared to healthy controls
and sarcoidosis.

Figure 5. ROC for the top 4 significant clones that are decreased in TB sera compared to healthy controls
and sarcoidosis. This figure demonstrates reasonable classification performance when classification
was applied to one clone.

4. Discussion

Standard methods to diagnose TB and to monitor response to treatment rely on sputum
microscopy and culture. The current CDC/NIH roadmap emphasizes the need for development
of new TB biomarkers as alternative methods [2]. Recently, a tremendous effort has been put forward
elucidating the antibody responses to MTB antigens, which has implications for the development
of new antigens to diagnose and monitor successful treatment, as well as to develop effective
vaccination [27]. Most other studies searching for TB antigens have identified unspecific markers

159



Viruses 2018, 10, 375

primarily involving host response such as C-reactive protein, serum amyloid A and other non-specific
markers [28,29].

In view of this background, we hypothesized complex library derived from sarcoidosis tissue may
harbor degradation products of MTB antigens and these antigens can be used as a bait to specifically
and selectively bind to antibodies present in sera from active TB subjects. Our microarray platform
identified 10 highly significant TB clones that can discriminate TB patients from healthy controls and
sarcoidosis patients. All of these clones are TB specific and related to bacterial growth of M. Tuberculosis
and its metabolism (Table 2). We sequenced the top 10 highly significant clones for TB and identified
homologies in a public database. The range in length of identified peptides for TB antigens was
between 6–23 amino acids (AA). Among the 10 TB specific phage peptides, six out-of-frame peptides
were increased in sera of active TB patients (Table 2). One of the highly sensitive and specific peptide
antigens (P51_BP3_38) identified in sera from active TB subjects is polyketide synthase (PKS). There
are about 24 PKS encoding genes in M. Tuberculosis. This is an essential enzyme for mycolic acid
formation [30]. The cell envelope of M. Tuberculosis is distinctive and associated with its pathogenicity
and resistance. Mycolic acid is a long chain fatty acid found in the cell wall of M. Tuberculosis and
this compound constitutes major strategic elements of the protective coat surrounding the tubercle
bacillus [30]. Moreover, the cyclopropane ring of mycolic acid protects the bacteria from oxidative
stress [31]. Another identified peptide antigen (P51_BP3_60) highly reactive to sera of MTB patients was
hydrolase. M. Tuberculosis secretes hydrolases that have lipase activity and catalyzes lipid hydrolysis.
They are responsible for the degradation of host lipid material [31]. It has become clear that in vivo
MTB prefers to consume fatty acids and lipids over carbohydrates. Tubercle bacillus utilizes the host
derived lipids/fatty acids as nutrients for prolonged persistence in a hypoxic environment [31].

Ferredoxin is another antigen (P51_BP3_72) significantly increased in sera of MTB patients.
Ferredoxins are acidic, soluble iron–sulfur proteins. They act as redox partner for the cytochrome
P450 enzyme (CYP51B). The M. Tuberculosis genome contains 20 CYPs. They are involved in metabolic
processes such as epoxidation, sulfoxidation, and hydroxylation. M. Tuberculosis’s CYPs and their
redox partners such as ferredoxin are essential for pathogen viability [32]. Another important MTB
specific peptide antigen (P197_BP4_1078) belongs to the signal peptidase I (SPase I) enzyme. This is a
membrane-bound endopeptidase responsible for cleavage of signal peptides of secreted proteins [33].
SPase I is an attractive target for the development of novel anti-tuberculosis treatments because
first, it is essential for survival in all bacterial species; and secondly, bacterial SPase I is distinctively
different from eukaryotic SPase I. Similarly, peptide antigen (P51_BP3_131) dihydroxyacid dehydratase
(DHAD), which is involved in the growth of Mycobacterium is significantly increased. It is a key enzyme
involved in branched-chain amino acid synthesis and also catalyzes the synthesis of 2-ketoacids from
dihydroxyacids. It has been shown that the downregulation of this enzyme inhibits the growth of
M. Tuberculosis in vitro and in mice model of TB infection [34]. The peptide antigen (P51_BP3_137)
increased in MTB belongs to transketolase (Tkt) enzyme. This enzyme catalyzes the synthesis of
ribose-5-phosphate (R5P) from the intermediates of the oxidative pentose phosphate pathway. Studies
have shown that the depletion of Tkt using RNA silencing and protein degradation systems arrested
the growth of M. Tuberculosis in vitro. The studies further demonstrated, using an ex vivo model of
TB transfection in THP-1 cells, that Tkt-depleted bacteria showed less virulence as compared to wild
type bacilli, confirming the essentiality of this enzyme in intracellular growth [35]. The three peptide
antigens (transketolase, ferredoxin, and dihydroxy acid dehydratase) identified with the present
study were also identified in our previous published study using sera from culture positive but smear
negative patients [18]. These results clearly demonstrate the importance of these peptide antigens in TB.
Among ten mimotopes, we found four with decreased expression in TB patients (Table 2). Interestingly,
one of these four peptides with higher sensitivity and specificity (P51_BP3_334), belongs to repressor
transcriptional regulators such as TetR [36]. TetR is involved in the regulation of antibiotic resistance
and controls the expression of membrane-associated proteins involved in antibiotic resistance [37,38].
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In this study, we have identified 10 highly significant clones from the sera of smear positive TB
patients. These identified clones are mostly involved in the growth and virulence of M. Tuberculosis.
Most of these clones have high specificity and sensitivity. Previous studies using a combination of
ESAT-6 and CFP10 antigens, which are two Mycobacterium tuberculosis-specific antigens, to diagnose
TB provided a sensitivity of 73% and 93% of specificity [39,40]. While studies in countries with higher
TB prevalence has shown even lower sensitivity and specificity using various antigens including
ESAT-6 and CFP10 [41]. Interestingly, Drake and et.al showed that higher percentage of sarcoidosis
subjects (16/26) exhibit immunoreactivity to ESAT-6 and katG [9]. Our results appear to have a higher
sensitivity and specificity as compared with those studies. One limitation of our study is that we
did not include infected subjects with non-tuberculous mycobacteria. Although among the control
group, 16 Asian subjects had BCG vaccination and 6 had positive quantiferon gold tests, we did
not have enough power to detect possible differences between subjects with latent TB and active TB
infection. Larger studies using sera from diverse populations including, subjects with non-tuberculous
mycobacterial infection, latent TB infection and after BCG vaccination need to further validate the
sensitivity and specificity of our classifiers.

We detected these novel antigens using a heterologous library derived from sarcoidosis subjects.
Lungs are highly exposed to numerous bacteria and our library is predominantly derived from
sarcoidosis BAL cells and WBCs containing diverse immune cells, including macrophages that were
exposed to various pathogens. We postulate that the CSL represents a segment of the lung microbe
containing diverse antigens for TB, sarcoidosis, and cystic fibrosis [18–20].

There are various applications of a phage display. In the current work, we used a phage display
for the discovery of TB biomarkers. The same system can be applied to identify novel markers
for multi-drug resistance in TB, which is becoming a major issue in TB treatment. Additionally,
phage displays can be used for the development of specific targeted therapies [42]. The phage
display technology and immunoscreening has utilities not only in identifying diagnostic biomarkers,
but also may enable us to develop a novel targeted therapy utilizing the peptide sequences
(mimotopes) as vehicles to deliver specific drugs. The identified sequences can be used to develop
peptide/protein-coated magnetic nanoparticles for clinical testing or for applications in drug
delivery [43]. Additionally, this technology might enable us to discover unknown epitopes targeting
specific bacterial antigens leading to immunogenicity and antibody production in TB subjects, as well
as providing us with a better understanding of host immune defenses in TB subjects. For instance, TB
sera were less reactive to some of the identified clones (TetR, menD, CobN, and OplA), these clones
are less likely to be used for diagnostic purposes. However, these clones can be used to develop new
vaccine and to boost the immunity against TB infection. Furthermore, this microarray platform can be
hybridized to detect IgA in sputum of TB patients that may have clinical values. Moreover, antibody
detection in the sera of patients has a potential value in clinical practice, as it is non-invasive and
requires a minimal amount of blood or other bodily fluids.

The lack of sensitivity and specificity and cross-reactivity of biomarkers with other diseases
dampened the enthusiasm in TB biomarker discovery studies. However, our study shows excellent
sensitivity and specificity, not only as compared to healthy controls but also to another granulomatous
disease. Other studies using gene expression profiling between TB and sarcoidosis found 94%
similarities [44,45]. Our system has the advantage of detecting TB clones with high sensitivity and
specificity and is based on an immune reaction rather than gene expression. The detection of this
immune reaction, in form of antibodies, relies on a complex interaction between antigen presenting
cells, T cells and B cells that leads to a specific antibody production in response to a TB infection.
Highly specific biomarkers may have a potential role as candidate antigens in the development of
novel vaccination for TB or for multidrug resistant bacterial infections.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/10/7/375/s1,
Table S1: Full length of sequence analysis of top 10 TB phage clones using NCBI BLAST.
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Abstract: The development of phage engineering technology has led to the construction of a novel
type of phage display library—a collection of nanofiber materials with diverse molecular landscapes
accommodated on the surface of phage particles. These new nanomaterials, called the “landscape
phage”, serve as a huge resource of diagnostic/detection probes and versatile construction
materials for the preparation of phage-functionalized biosensors and phage-targeted nanomedicines.
Landscape-phage-derived probes interact with biological threat agents and generate detectable
signals as a part of robust and inexpensive molecular recognition interfaces introduced in mobile
detection devices. The use of landscape-phage-based interfaces may greatly improve the sensitivity,
selectivity, robustness, and longevity of these devices. In another area of bioengineering,
landscape-phage technology has facilitated the development and testing of targeted nanomedicines.
The development of high-throughput phage selection methods resulted in the discovery of a
variety of cancer cell-associated phages and phage proteins demonstrating natural proficiency
to self-assemble into various drug- and gene-targeting nanovehicles. The application of this
new “phage-programmed-nanomedicines” concept led to the development of a number of cancer
cell-targeting nanomedicine platforms, which demonstrated anticancer efficacy in both in vitro
and in vivo experiments. This review was prepared to attract the attention of chemical scientists
and bioengineers seeking to develop functionalized nanomaterials and use them in different areas of
bioscience, medicine, and engineering.

Keywords: phage display; landscape phage; major coat protein; nanomedicine;
diagnostics; biosensors

1. Introduction

Filamentous bacteriophages (shortly phages), remarkably tolerant of dramatic structural alteration,
are in every respect the perfect material for bioengineering. The structure of phage capsids is
encoded in small single-stranded circular DNA and can be reengineered using common DNA
techniques. Their capsids have a well-defined architecture, consistently adaptable for nanofabrication.
The precise structures of filamentous phages and their coat proteins have been determined, allowing
for the engineering of variants with precise arrangements of fused functional peptides and desired
shapes and functions of phage-originated nanocomposites. The development of phage-functionalized
biosensors and phage-targeted nanomedicines, which is the focus of this review, has been closely linked
to the advances in structural phage biology and phage display technology. For a complete summary of
Ff phage structure and biology, one can be referred to comprehensive reviews [1,2]. This review focuses
on Ff phage display vectors, as precursors of landscape phages and as major workhorses in phage
nanobiotechnology. It considers also those aspects of the structure and life cycle of Ff phages that are
of direct practical interest to chemical scientists and bioengineers seeking to develop phage virions
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as specifically functionalized nanoparticles and use them in different areas of bioscience, medicine,
material science, and engineering, as summarized in [3].

2. The History of Filamentous Phages

The story of bacteriophage discovery is told by Stent in his book Molecular Biology of Bacterial
Viruses [4]. After French microbiologist Félix d’Hérelle introduced phages as antibacterial therapeutic
agents, phage therapy soon became a boom and brought about great optimism in biomedical
scientists [5]. After the discovery of penicillin in 1928 [6] and its triumphal introduction in the 1940s,
the interest in the practical applications of phages as antibacterial agents faded, along with increasing
interest in phages as tools for fundamental biological studies [7]. On this new wave of “phage
renaissance”, in the early 1960s, a group of filamentous phages (M13, fd, and fl) infecting conjugative
F-pilus-positive Escherichia coli strains were isolated from sewage systems in the United States
and Europe [1]. These small male-specific filamentous coliphages incorporate a single-stranded
circular DNA encapsulated in a rigid tubular capsid (Figure 1). Because genomes of these phages
code for a small number of proteins, reproduction of the phages is mostly supported by host bacteria.
For this and other reasons, the small DNA phages became very popular model systems in molecular
biology and versatile tools in genetic engineering and biotechnology.

 

Figure 1. Electron microscopy image of filamentous phage (left) and electron density model (right)
of filamentous phage M13 (Courtesy of Lee Makowski and Gregory Kishchenko. Adapted from [8]).
Blue and red arrows depict the sharp and blunt ends of the phage capsid with attached minor coat
proteins pIII/pIV and pVII/pIX, respectively (five copies each). Major coat protein (~2700 copies)
forms the tubular capsid around viral single-stranded DNA.

3. Phage Engineering

In the mid-1970s, as a result of the development of the gene-splicing technique, the creation of
molecular chimeras became a novel stirring area in molecular biology and biotechnology [9]. For a
comprehensive presentation of the most commonly used molecular cloning systems, the reader is
referred to [10]. As oligonucleotide-directed mutagenesis and DNA sequencing grew into routine
genetic engineering techniques in the 1970s [9], filamentous phages emerged as unique DNA cloning
vectors, very convenient for gene reconstruction and protein engineering (reviewed in [11]). These
vectors provide a researcher with one of the two strands of vector DNA in a very useful form—easily
purified phage particles. The extracted single-stranded DNA serves then as a template for sequencing
and site-directed mutagenesis. The extendable tubular capsid of filamentous phages, oppositely to
spherical capsids, readily accommodate enclosed recombinant DNA of any length [2].
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In 1985, the emerged filamentous-phage recombinant DNA technique was adapted to design
a novel type of viral chimera that inspired the development of phage display technology [12].
To construct this type of viral chimera, an alien DNA fragment is inserted into a gene encoding
one of the phage coat proteins in such a way that the encoded “foreign” peptide is genetically fused to
a coat protein and, by these means, exposed on the surface of the phage particle. A phage display library
is a collection of fusion phage particles, containing diverse foreign DNA sequences and displaying
diverse fusion peptides on the surface. The inserted foreign DNA can be derived from a natural source
or it can be chemically synthesized. This technique has allowed for the constructing of phage libraries
displaying billions of random peptides on the phage surface, as reviewed in [13]. Surface exposure
of guest peptides presents a possibility of affinity selection, an essential aspect of phage display
technology [12]. Affinity selection of phages exemplifies a kind of natural selection or molecular
evolution in vitro, in which the phage library is comparable to a population of biological species
and affinity for the receptor is equivalent to the “fitness” that aids an individual organism to survive
and produce more offspring in the next generation. General principles and numerous applications
of phage display technology are covered in several books and reviews, for example [12–16]. Here,
the focus is on the logic and advances of the landscape phages—multivalent p8-type filamentous-phage
constructs, which stand out from traditional phage display systems as a result of their unique structure
and emerging properties [17]. Because of these characteristics, landscape phages can be of major interest
as a foundation of phage nanobiotechnology—a new area of material science and nanotechnology.
Many other filamentous phage vectors, suitable for other types of phage display systems (see below),
are presented in [15,18].

4. Classification of Filamentous Phage Display Systems

To compare the landscape phage with other types of filamentous phage display systems, it is
worth introducing a classification of phage display constructs [12,18]. Some display systems, mainly
pIII-type, are mostly monovalent, with one or even fewer peptides displayed per phage particle.
The monovalent type of display is advantageous when the goal is a high monovalent affinity of
displayed peptides to the target. Multivalent phage display vectors belong to the group n that includes
type 3, 8, 6, 7, and 9 systems, for which the foreign peptide is fused to all copies of the pIII, pVIII,
pVI, pVII or pIX protein. The phage vector genome harbors a single recombinant coat protein gene
(III, VIII, VI, VII, or IX). Landscape phages, which are constructed using type 8 vectors (Figure 2),
are an extreme variant of multivalent display, in which thousands of fusion peptides are arranged
in an ultra-high-density array on the surface of the virion (Figure 3). The dramatic alteration of
the phage architecture can lead to emergent properties of the whole particle that are not directly linked
to the properties of the individual fusion phage proteins and inserted peptides, as was observed
in [19]. Multivalent display in p8-type phage vectors (named the landscape phage) [17] undermines
selection for high affinity by disregarding individually weak and strong peptide ligands, which cannot
be distinguished between because of greatly increased avidity (effective affinity). There are many
applications, however, in which multivalent display is a distinctive advantage. As exemplified below,
polyvalent display in landscape phages is particularly effective in the engineering of dense, ideally
organized, robust interfaces in biosensors [20,21]; as diagnostic and therapeutic probes for targeting
multiple cellular receptors [22–25]; as leads for vaccine development; and for the assembly of a broad
spectrum of new materials [26].
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Figure 2. A type 8 vector (landscape-phage vector) contains multiple cloning sites in a single gene
gpVIII. A type 88 vector harbors two genes: VIII, the wild-type gpVIII, and a recombinant rec-gpVIII that
has the cloning sites. Type 88 phage capsids are composed of a mosaic of wild-type and recombinant
pVIII proteins. In type 8 + 8 systems, the recombinant version and the wild-type version of gene VIII
are on separate genomes: on a phagemid and on a helper phage ([11,27]). As for type 88 phage particles,
the helper and phagemid virions in the type 8 + 8 system have a mosaic composition of recombinant
and wild-type pVIII. In the type 8 + 8− system, the helper phage lacks gpVIII, and all pVIII proteins are
recombinant, as in the type 8 vector.

 

Figure 3. The landscape phage model (~10 nm segment of the full length). White: depicted atoms
belong to the foreign peptides; yellow: pictured random amino acids in the phage α-library [28];
red: depicted amino acids belong to a small displayed segment of the hydrophobic domain
predominantly buried in the capsid; grey: depicted amino acids belong to a “conservative” small
segment of amphipathic domain. Adapted from [20].

The first n-type pVIII phage display vectors [29] originated from the recombinant phage fd-tet [30].
They were the basis of the first peptide and antibody libraries [31–34] and were employed in many
different projects (for a review, see [12]). The remarkable feature of the fd-tet vectors is a small
number of double-stranded phage replicative form (RF) DNA molecules per cell, because of a defect
in the origin of replication that forces RNA polymerase to initiate the synthesis of a DNA replicative
form using inefficient alternative initiation sites. Because of its replication defectiveness, the fd-tet
vector produces in infected bacteria just several copies of RF DNA, which is hardly sufficient to
support the phage assembly but allows the prevention of “cell killing” caused by toxic effects of excess
fusion proteins.
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Table 1 exemplifies the type 8 phage display vectors. The most advanced vectors f8-5 and f8-6
are suitable for the insertion of random peptides into the pVIII protein using PstI, BamHI, NheI,
and MluI sites [27,35] (Figure 4). The presence of TAG amber stop codons between the cloning sites
PstI and BamHI in the f8-6 vector precludes the synthesis of the wild-type vector in a non-suppressor
strain, avoiding contamination of the library with vector phages.

Table 1. Type 8 vectors.

Name
Parent
Phage

Antibiotic
Resistance

Applications Reference

f8-1 fd-tet Tet Billion-clone 8-mer peptide library [17]
f8-5 fd-tet Tet Hundred-million-clone α-helical peptide library [27]
f8-6 fd-tet Tet Billion-clone 9-mer peptide library [35]

PM54 fd-tet Tet Small 6–16-mer peptide libraries [36]
PM52 fd-tet Tet Small 6–16-mer peptide libraries [36]

fdAMPLAY8 fd Amp Cloning of peptides [37]
fdH fd None Cloning of 4- and 6-mer peptides [38]

fdISPLAY fd None Cloning of peptides [39,40]
PM48 f1 None Ten-million-clone 8-mer peptide library; small 9-mer library [36,41]
M13B M13mp10 Amp Cloning of 5-mer peptides [42,43]

Tet: Tetracycline; Amp: ampicillin.

Figure 4. Cloning sites in p8-type filamentous phage vectors. Stop codons are underlined; asterisks
mark amino acids synthesized in repressor strains.
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5. Development of Landscape-Phage Libraries

“To the surprise of most phage biologists” [2], short guest peptides were displayed on
the N-terminus of the major coat protein pVIII, shortly after the phage display on the coat protein
pIII was developed [42–44]. The design of the first type 8 phage display constructs was motivated
mostly by the interest of researchers in universal polyvalent vaccines and artificial immunodiagnostics;
the foreign peptide was thus an epitope mimic interacting with an antibody [38,43,45,46]. They were
constructed using the p8-type phage vector M13B [47] (Table 1; Figure 4). Phage particles displayed
the foreign 5-mer peptide on every pVIII subunit [38,43], which led to the increasing of the phage mass
by 10% (Figure 5).

 

Figure 5. Configuration of a 5-mer peptide displayed on bacteriophage (phage) M13. Computer
rendering of a ~10 nm length of the surface of electron density maps of M13 (left), fusion phage with
5-mer peptide inserted in all copies of p8 proteins (center), and a rendering of the differences between
images (right). A cylinder of 2.5 nm radius was added to images to mask essentially identical interior
features of the phages. About half of each coat protein is visible in phage surface images. Adapted
from [48].

Surprisingly, such phage particles, with a dramatic distortion of their surface landscape, can
infect E. coli and replicate in bacteria to produce plentiful progeny phage particles. Such phage
particles were named the landscape phage to highlight the uniqueness of their architecture formed by
thousands of the guest peptides displayed in a compact, reiterating pattern over the whole length of
the phage capsid [17,25,27,41,49], as illustrated in Figures 3 and 5. The structures of these chimeric
phages and fusion viral p8 proteins were studied, in comparison with the wild-type phage fd, by low-
and high-resolution physical methods [44,48,50]. It was found that the inserted 5-mer peptides are
fused to each p8 subunit and agglomerate on the surface of the phage. It was observed, however,
that the size and structure of alien peptides, fused to the N-terminus of each phage protein p8, are
restricted [36]. For example, the filamentous phage f1 readily tolerates a high diversity of 6-mer
peptide fusion (resulting in an increase in the length of the major coat protein pVIII from 50 to 57 amino
acids), but only a portion of phages are infective with longer fusions. As was exemplified, 40% of
random 8-mer (59 amino acid long pVIII), 20% of 10-mer (61 amino acid long pVIII), and 1% of 16-mer
(67 amino acid long pVIII) survived. The replacement of the M13 vector for the low-copy-number
vector f8-1 (Table 1) allowed for the construction of the first multibillion-clone 8-mer landscape-phage
display library f8/8 [11,17] (Figure 4; Table 1). To overcome limitations in the sizes of foreign peptides,
we used a novel replacement strategy that combines the insertion of new peptides with the deletion
of peptides that are not essential for phage viability. Thus, in constructing the first landscape library
(named the f8/8 library) using the f8-1 vector, amino acids 2–4 (EGE) at the N-terminus of the mature
pVIII protein were deleted and replaced by random 8-mers. As a result, the length of the phage
fusion pVIII protein expanded only by five amino acids. In the f8/9 library, prepared using vector
f8-6 (Figure 6), the amino acids EGED were substituted by random 9-mers. During this reconstruction
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of the pVIII protein, its length expanded to 55 amino acids, as in phage particles displaying foreign
5-mers [38,43] and in the f8/8 library [17] (Figure 7). As could be expected, the replacement of
the negatively charged peptide EGDD for random peptides led to dramatic changes in the phage’s
physico-chemical and biological properties and, accordingly, to the censoring of the phage libraries’
diversity, as demonstrated in [35].

 

Figure 6. Phage display peptide libraries for vectors f8-5/f8-6 and f8-6. Characteristics of f8-6 vector:
Restriction sites PstI, BamHI, NheI, and MluI in pVIII gene; Tet resistance gene spliced in origin of
replication; low copy number of RF DNA and phages/cell; formation of tiny plaques on Tet-negative
and colonies on Tet-positive agar plates.

 

Figure 7. Models of landscape-phage libraries. Left: Ball-and-stick model of four neighboring
pVIII proteins with inserted 5-mer peptides (green). About 1% of the phage length is shown.
Right: Ball-and-stick model of three neighboring pVIII proteins with N-terminal random foreign
8-mer peptides (red) and mutagenized central segments (yellow) on the surface of the phage capsid
(blue contour). The courtesy of Lee Makowski and Gregory Kishchenko.
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Taking into account that the filamentous phage fd-tet can tolerate extension of the length of
the major coat protein to 59–61 amino acids [36], one can propose that landscape-phage libraries with
random 12–15-mer guest peptides can be designed using our replacement strategy. In particular,
the performance of this strategy was confirmed by the construction of a conformationally constrained
half-billion landscape-phage library, which displayed mutagenized amino acids 12, 13, 15–17, and 19 of
the α-helical amphipathic domain of the pVIII protein [28], as portrayed in Figure 7. Such a combination
of constrained and flexible random peptides grafted into the phage scaffold can mimic the architecture
of antigen binding sites—regions in antibodies containing a number of highly mutable peptide loops,
about 10 amino acids in length each, called hypervariable regions or complementarity-determining regions
(CDRs) [51]. Indeed, in experiments with representative antigens, it was shown that landscape phages
can serve as a new kind of substitute antibody that binds target antigens with a high affinity, specificity,
and selectivity [49]. As substitute antibodies, landscape phages recommended themselves very well in
biosensors and other analytical devices, as described below.

The multivalent display of peptides in p8-type landscape phages provides abundant freedom in
engineering robust phage nanomaterials with rationally designed or selectable properties, as well as
platforms for biospecific interactions. The phage-decorating foreign peptides constitute up to 25% of a
phage particle’s weight and cover about 50% of its surface (Figure 3). Because of the strong avidity
revealed by the interaction of landscape phages with various biomolecules and nanomaterials, they
are commonly used as substitute antibodies with subnanomolar effective affinities and high specificity
for counterpart antigens. As antibody mimics, landscape phages overcome some intrinsic restrictions
of antibody technology. Landscape phages are easily obtained from discontinuously growing
bacteria—an effective recombinant protein manufacture system. The robust landscape phage shows an
indefinite shelf life, without losing infectivity or specific functionality. These and other characteristics
attest that landscape-phage libraries are an ideal rich source for specifically functionalized filamentous
nanomaterials and recombinant peptide-fusion phage proteins. Landscape-phage probes have been
discovered for a range of organic and inorganic materials that comprise widespread complexity [8,20].
They efficiently serve as substitutes for antibodies against bacterial and cancer cells in biosensors
and targeted drug/gene delivery vehicles [49,52–56], as is exemplified below.

6. Landscape-Phage-Based Biosensors for Detection Monitoring of Biological Threats

Medical manifestations of disease, confirmed by biochemical, microbiological, and animal
tests, remain the gold standard in clinical diagnostic laboratories. Currently, new requirements
for fast, sensitive, accurate, and inexpensive detection platforms devalue the traditional detection
methods. Modern immunoassays and biosensors require a biorecognition probe, which is attached
to the interface of the analytical device, binding the target biological or chemical threat agent
and generating a measurable signal. Most analytic platforms rely on the use of monoclonal antibodies
as biorecognition probes. However, their broad application is limited by high cost, low specificity,
less-than-optimal affinity, and sensitivity to environmental stresses. Landscape-phage display is a
novel concept that allows for the development of diagnostic and detection interfaces that meet modern
criteria for biological detection and monitoring [20,21,49,52,57]. It was proved that the landscape
libraries represent an inexhaustible rich source of substitute antibodies—filaments that bind protein
and glycoprotein antigens with nanomolar affinities and high specificity [49]. Landscape-phage-based
interfaces performed in many ways much more effectively than their natural immunoglobulin
counterparts in the same detector platforms. Target-specific landscape-phage probes can be prepared
as described in commonly available protocols [58,59]. In my laboratory, Bacillus anthracis spore-specific
landscape phages were selected by incubation of the landscape-phage library with spores immobilized
in wells of enzyme-linked immunosorbent assay (ELISA) plates. Non-related phage particles were
discarded, and spore-bound particles were released with acid buffer and collected [60]. To discover
phage probes against the bacteria Salmonella typhimurium, a similar panning procedure was used,
along with a coprecipitation procedure, in which complexes of bacterial cells and phage particles were
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isolated by centrifugation [61]. After titering of the phage in the host E. coli strain, random phage
clones were used for the identification of selected displayed peptides by sequencing of recombinant
gpVIII DNA [61]. The specificity of the phage probes selected against the B. anthracis spores was
confirmed by ELISA, in which a phage-coated microtiter plate was incubated with spores and then
treated with B. anthracis specific antibody. Similarly, the specificity and selectivity of phage probes
against S. typimurium were confirmed by phage ELISA [61]. The established selection methods
were successfully used for the discovery of diagnostic probes against classical swine fever virus [62],
Vibrio parahaemolyticus [63], and Staphylococcus aureus [64]. For comprehensive reviews on phage-based
pathogen biosensors, one can be referred to [21,58]. Data on the performance of landscape-based
interfaces in different biosensor platforms are summarized in Table 2.

Table 2. Performance of landscape-phage-based interfaces.

Biosensor Interface Analyte
Sensitivity,

Detection Range
Reference

Quartz crystal
microbalance (QCM)

Phage coupled with
phospholipid via

biotin-streptavidin

β-galactosidase from
Escherichia coli (β-gal) Kd = 0.6 nM [57]

Phage immobilized by
physical adsorption

β-gal Kd = 1.7 nM [65]

Salmonella typhimurium 100 cells/mL [66]

Surface plasmon
resonance (SPR)

spectroscopy

Phage immobilized by
physical adsorption β-gal 1 pM to 1 nM [67]

Enhanced green fluorescent
protein (eGFP)

Phage in solution used
in competition assay

1.2 × 10−14 M
(in competiton assay)

[68]

Electrochemical
impedance cytosensor

Phage immobilized on
the electrode surface by

physical adsorption

Colorectal carcinoma
cells

79 cells/mL,
2 × 102–2 × 108 cells/mL [69,70]

Conjugate of the hybrid (8 +
8)-type M13 phage
and electronically

conductive polymer

Human serum albumin
(HSA) 100 nM to 5 μM [71]

Magnetoelastic particle
resonators

Phage immobilized by
physical adsorption

Bacillus anthracis spores 102–103 cfu/mL [21,72,73]

S. typhimurium 102–104 cfu/mL [74]

Magnetoelastic
microcantilever

Phage immobilized by
physical adsorption S. typhimurium Not determined [75]

Colorimetric
immunoassay

Conjugate of pVIII fusion
protein and cysteamine
(CS)–gold nanoparticles

(CS–AuNPs)

Staphylococcus aureus
(S. aureus) 19 cfu/mL/mL [64]

Conjugate of pVIII fusion
protein and protein–MnO2

nanosheets
Vibrio parahaemolyticus 15 cfu/mL,

20–104 cfu/mL [63]

Enzyme-linked
immunosorbent assay

(ELISA)

Phage immobilized by
physical adsorption

B. anthracis spores Not determined [60]

β-gal Kd = 30 nM [49,57]

Neutravidin

Not determined

[49]

Streptavidin [49]

Antibodies against
gonadotropin-releasing

hormone (GnRH) in
patient sera

[76]

Lyme disease patient
sera [77]

Free prostate-specific
antigen (f-PSA)

0.16 ng/mL,
0.825–165 ng/mL [78]

Total prostate-specific
antigen (t-PSA)

1.6 ng/mL,
3–330 ng/mL [79]

Differential pulse
voltammetry (DPV)
analytical platform

Phage conjugated to
the gold electrochemical

immunosensor

3 pg/mL,
0.01–100 ng/mL

Phage microarray Phage conjugated with
NHS-functionalized slide

Cellulytic endoglucanase
I (EG I) 5–500 nM [80]
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From these summarized data, one can conclude that landscape-phage display technology allows
for the construction of libraries of diverse nanostructures boarding on the phage capsid—an enormous
reserve of probes for the preparation of diagnostic and detection interfaces in analytical and biosensor
platforms. Landscape phages may also serve as unique robust and inexpensive molecular recognition
interfaces for field-use detectors and real-time monitoring devices for the control of biological
and chemical threats. The commercialization of landscape-phage-based analytical interfaces may
significantly enhance the performance of commercially valuable biosensors.

7. Diagnostic-Therapeutic Cancer Cell-Targeted Landscape

Targeted nanomedicines suggest a less toxic variant for cancer patients by reducing the drug
supply to non-cancer tissues and enhancing their accumulation in tumors. The development
and screening of targeted nanomedicines were recently facilitated by introducing the methods of
high-throughput selection of cancer cell-binding landscape-phage proteins and their self-assembly
into drug-loaded nanovehicles. These applications of the landscape-phage technology resulted in
the development of diagnostic probes and targeted nanomedicines towards human prostate, breast,
lung, pancreatic, and colorectal carcinoma cells [69,70,81–83]. The major paradigm that preceded
the development of the landscape-phage technology was that phage-derived analytical and medical
devices have to recognize the same antigens and receptors, which serve as targets in the course of
phage selection [53,55,84,85]. Indeed, the cell-interacting specificity of landscape-phage particles
and their isolated proteins was adequately translated to the phage protein-targeted nanomedicines,
improving their cytotoxic efficacy towards cancer cells both in vitro and in vivo [8,59,86–98].

It was presumed that not only the tumor-targeting specificity of landscape phages but also their
specific immunogenicity could be translated to the phage-driven nanomedicines. While intrinsic
immunogenicity of landscape phages can be favorable, for example, in the construction of phage-based
vaccines [12,14,43,99], it can create serious concerns about the efficacy and safety of phage-derived
nanomedicines, which is equally true for many biologics [100]. To reduce the potential immunogenicity
of phage-targeting micelles and liposomes, PEGylation was used to prevent nanoparticle aggregation
and thereby mask antigenic epitopes, as illustrated in Figure 8. Interestingly, the phage protein-fusion
peptides sheltered in the poly(ethylene glycol) (PEG) corona demonstrated expected targeting effects
and profound anticancer cell activity both in vitro and in vivo [82,83,85,87,89,92–96,98].

The fusion major coat protein pVIII is the universal construction material that can be used in
the preparation of cancer cell-targeted nanomedicines and diagnostics. The protein contributes ~90% to
the virion mass [55] and can be easily isolated from phage particles in pure form using fast and simple
procedures [55,85]. As a natural multifunctional membrane protein, pVIII readily associates with
lipid nanoparticles, such as micelles and liposomes [54,90,101]. Its spontaneous insertion into lipid
membranes (Figure 8), which is controlled by hydrophobic and electrostatic interactions and driven
by electrophoretic forces, is discussed in [55]. The major coat protein was used for the targeting of
liposomes [81,82,87,89,90,92,93,95,96] and micelles [81,83,94,98], as well as for the encapsulation of
DNA and RNA [86,102] (Figure 9). The later method mimics the natural ability of the phage coat protein
to encapsulate its genomic DNA during phage reproduction [101,103]. As noted above, the proficiency
of the selected landscape phage to bind and penetrate into cancer cells is translated both to their
individual proteins [91] and to phage protein-targeted nanomedicines. This was proved, for example,
in our experiments with paclitaxel-containing micelles targeted with phage fusion protein specific for
human breast cancer cells. It was shown that nucleolin-targeted micelles bind to their cognate target
cells and demonstrate a significantly higher specific cytotoxicity towards target cells in comparison
with non-targeted micelle nanomedicines. Thus, cancer cell-specific phage proteins obtained by phage
selection from landscape phage libraries demonstrated a high potential as a substitute antibody for
polymeric micelle-based pharmaceutical preparations [92–95,97,98].
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Figure 8. Preparation of landscape-phage pVIII-targeted paclitaxel-loaded PEGylated lipid micelle
particles [94,98]. Equilibrated micelles contain three distinctive regions: lipid hydrophobic core, ionic
interface, and poly(ethylene glycol) (PEG) corona. The fusion pVIII spans the core and displays
the foreign peptide in PEG corona. The insoluble in water drug (paclitaxel) is solubilized in the core.
Image of PEG-ylated sterically stabilized micelles is adopted from [104]. The model of pVIII phage
protein in lipid environment is adapted from [105].

Figure 9. Preparation of nanophages from fusion phage protein and siRNA. The complex
is formed during removal of protein-stabilizing cholate buffer. After the removal of cholate,
the complex of RNA and protein is stabilized as a result of (a) the hydrophobic interaction of protein
subunits, and (b) electrostatic interaction of positively charged C-terminus of the major coat protein
and negatively charged phosphates of siRNA. Displayed N-terminus of phage protein serves as
targeting ligand, which brings siRNA into the breast cancer cells. Adapted from [86].

In another scenario, fusion phage proteins were used as nanocarriers for the targeted delivery of
siRNA to breast cancer cells [86]. This approach mimics the assembly of phage protein and phage DNA
during different steps of the phage life cycle—and more specifically, the encapsulation of the nucleic
acid into the phage capsid during secretion of the phage from the cell membrane of the host bacterium.
Similarly, phage fusion proteins form a tubular vehicle for the accommodation and targeting of
nucleic acids, such as siRNA, to form nanoparticles (11 nm diameter), called nanophages (Figure 9).
In nanophages, the breast-cancer-targeting fusion phage protein not only protects siRNA from
nucleases, but at the same time directs the delivery of a siRNA cargo to the target breast cancer cells
and mediates knockdown of the targeted gene. Thus, nanophages exemplify elegant multifunctional
vehicles for the targeted delivery of therapeutic nucleic acids to the site of disease.
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8. Conclusions

In contrast to the most commonly used p3-type phage display vectors, which were designed to
discover a desired phage-displayed peptide, the p8-type landscape-phage technology was developed
with the goal to modify the properties of the whole fusion phage particle. In landscape-phage
libraries, introduced in this review, a significant portion of the virion’s mass (~10%) and surface
(~25%) varied between distinct phage clones, comprising a billion-clone population of phage particles
with unexpected emergent properties. The landscape-phage-based methodology for engineering of
novel materials and devices exploits very specific mechanisms of phage biosynthesis, involving
the precise self-assembly of phage particles. Landscape-phage libraries are a rich reservoir of
already functionalized landscape phages and their proteins, which can be readily discovered
using advanced methods of selection. Using landscape phages and phage fusion proteins for
the construction of nanodevices allows for bypassing the critical and troublesome conjugation steps.
No re-engineering of the landscape phage is required, as the phage particles are ready to be used as
they are or can be transformed into various phage-programmed biospecific materials. The concept
of a landscape phage has already contributed to various areas of biomedicine and nanotechnology,
including the development of novel biosensors and monitoring devices, imaging systems, targeted
nanomedicines, gene delivery platforms, universal vaccine leads, materials for bone and tissue repair,
and so forth. I hope that this review will help chemists, biochemists, and bioengineers stay up-to-date
with current trends in phage display and phage nanotechnology and encourage them to find new
avenues in realization of their goals.
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Abstract: Pathogenicity islands of Staphylococcus aureus are under the strong control of helper phages,
where regulation is communicated at the gene expression level via a family of specific repressor
proteins. The repressor proteins are crucial to phage-host interactions and, based on their protein
characteristics, may also be exploited as versatile molecular tools. The Stl repressor from this protein
family has been recently investigated and although the binding site of Stl on DNA was recently
discovered, there is a lack of knowledge on the specific protein segments involved in this interaction.
Here, we develop a generally applicable system to reveal the mechanism of the interaction between
Stl and its cognate DNA within the cellular environment. Our unbiased approach combines random
mutagenesis with high-throughput analysis based on the lac operon to create a well-characterized
gene expression system. Our results clearly indicate that, in addition to a previously implicated
helix-turn-helix segment, other protein moieties also play decisive roles in the DNA binding capability
of Stl. Structural model-based investigations provided a detailed understanding of Stl:DNA complex
formation. The robustness and reliability of our novel test system were confirmed by several mutated
Stl constructs, as well as by demonstrating the interaction between Stl and dUTPase from the
Staphylococcal ϕ11 phage. Our system may be applied to high-throughput studies of protein:DNA
and protein:protein interactions.

Keywords: gene expression regulation; molecular probe; macromolecular interactions; phage-
host interaction

1. Introduction

Staphylococcus aureus (S. aureus) pathogenicity islands (SaPIs) operate in the fine-tuned control
mechanism between phages and the host bacterial cell. SaPIs play an important role in spreading
virulence factors [1]. These mobile genetic elements usually encode toxins, antibiotic resistance genes,
and antigens responsible for the pathogenicity of the given strain. Pathogenicity islands are considered
to be similar to phages since these mobile elements can also move via horizontal transfer from one
strain to the other, hijacking the phage capsid. Under normal circumstances, the pathogenicity island
is under the repression of a transcription regulatory factor encoded by the island. The master repressor
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of a specific SaPI, namely SaPIbov1, is the Stl protein. Stl binding to a specific DNA segment within
SaPI [2,3] prevents the excision and replication of the mobile genetic elements. SaPIs can be mobilized
by infecting the bacteria with certain staphylococcal bacteriophages (e.g., Φ11 and 80α phages) or
by the induction of endogenous prophages [4]. Following bacteriophage infection, the excision and
replication of SaPIs is induced by the formation of a repressor:derepressor complex constituting
the master repressor and another phage-related protein. As a result, the repression is terminated
and SaPI becomes mobilized, i.e., the SaPI DNA is replicated and packaged into parallel maturing
phage particles in the bacterium [5]. In recent years, more and more of these repressor:derepressor
interactions have been discovered. Firstly, dUTPases from Φ11 and 80α phages were identified as
specific derepressors of Stl function. It has also been shown that Φ11 dUTPase has a stronger effect on
the mobilization of SaPIbov1 as compared to 80α dUTPase [4]. Interestingly, in addition to the Φ11 and
80α phage dUTPases, both belong to the trimeric dUTPase enzyme family, structurally very different
dimeric dUTPases (encoded by different phages) are shown to be also able to derepress the same SaPI
island [6,7].

The SaPIbov1 master repressor, Stl, has separate domains for DNA and protein binding [8].
The DNA binding function of Stl is performed through a helix-turn-helix (HTH) motif [8,9], as in
case of the λcI repressor protein of the lambda phage [10,11]. A similar domain architecture was
identified in other representatives of the family of Stl-like repressors encoded in different SaPIs as
well [8]. These repressor proteins are highly diverse considering their amino acid sequence and higher
order structure; however, there is considerable sequence conservation within their HTH segments.
Using in silico prediction tools, the HTH motif could be found in eight out of the 12 investigated master
repressors within the diverse S. aureus pathogenicity islands. In these repressors, the HTH motif was
invariably located at the N-terminal part, similar to Stl. The C-terminal domain of the SaPIbov1 Stl
repressor was proposed to contribute to the binding of protein interaction partner(s) [8]. The specific
DNA segment recognized by the HTH motif of Stl was also recently characterized in detail [3]
(cf. Figure 1 DNA sequence indicated in green). It was shown that Stl binds to a palindromic sequence,
constituted by two 6-mer repeat sequences interrupted with a five-nucleotide long non-specific segment.
Such palindromes can be found at the stl-str and the str-xis intergenic regions of the S. aureus genome,
which is the regulation site of Stl controlling the Str and Xis expression [2,3].

The identification of the cognate DNA binding segments for the Stl repressor offers a basis for
the design of a molecular switch. Switchable systems based on e.g., bacterial operons, transcription
factors, or repressor proteins have been bioengineered for decades and are used for basic research
as well as for various biotechnological applications. One of the first widely used systems for gene
expression control in bacteria is the lactose repressor system (the lac operon) described by Jacob
and Monod in 1961 [12]. Another extensively used switch-system for the regulation of recombinant
protein production relies on the Tet repressor (TetR) [13,14] that drives the transcription of a family of
tetracycline (tc) resistance determinants in Gram-negative bacteria. TetR can be used for the selective
control of the expression of single genes in some organisms (plants and lower eukaryotes) without
further modifications [14]. The several other commonly used inducible promoters include PBAD [15],
Ptac [16], Ptrc [17], and PT7 [18]. Besides these, popular two-hybrid reporter systems may also apply
transcription factors. In the bacterial two-hybrid system, one of the target proteins can be fused to the
dimeric bacteriophage λcI repressor [19].

Our aim was to design and implement a switchable system in which the macromolecular
interactions between Stl and its cognate DNA binding segments can be revealed. Despite our numerous
trials, neither the flexible Stl protein on its own nor its complex with DNA could be crystallized. Hence,
we needed another experimental approach to gain insights into the Stl:DNA interaction. Using the
Stl-based reporter system, the molecular components responsible for Stl binding to DNA can be
characterized in a high-throughput manner. We used Mycobacterium smegmatis (M. smegmatis) as the
cellular host system for our studies, as Stl expression in mycobacterial cells is already implemented [20]
and the large evolutionary distance between mycobacteria and S. aureus (Actinobacteria vs. Firmicutes,
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respectively) provides an opportunity to investigate the macromolecular interactions of Stl without
putative perturbing effects. Finally, we extended our test system to investigate the Stl interaction with
a phage protein, Φ11 dUTPase.

Figure 1. The design of the switch system. (A) In the absence of Stl-binding to its recognition sequence,
lacZ can be expressed in the cell, leading to blue colonies in the experimental setup. The exact sequence
from the SaPIbov1 genome (13733–13933) cloned into the lacZ promoter is shown. Specific Stl binding
sites are labeled with green, conserved sites are shown with capital letters; (B) Stl binding to the
promoter inhibits lacZ expression, leading to white colonies in the experimental setup; (C) The phage
dUTPase protein sequestrates StlWT from the promoter DNA segment, leading to blue colonies.

2. Materials and Methods

2.1. Bacterial Strains, Media, and Growth Conditions

The E. coli XL1-Blue and BL21 Rosetta strains were used for cloning and in vitro protein expression,
respectively. The M. smegmatis mc2155 strain used for further experiments was grown in Lemco liquid
culture or on solid plates with the addition of 15 g L−1 Bacto agar as described previously [21].
Kanamycin was added at 20 μg/mL, hygromycin B at 50 μg/mL, and chloramphenicol at 34 μg/mL.
X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) was used at 40 μg/mL, and tetracycline at
20 ng/mL for the induction of protein expression in M. smegmatis.

2.2. Cloning and Mutagenesis

For the construction of the p2NIL-LacZStr-INT vector, the Stl-regulated promoter region [3] was
PCR-amplified and cloned into the p2NIL vector using SalI and HindIII restriction sites. The lacZ gene
was PCR-amplified from pGOAL17 [22] and cloned upstream of the promoter containing Stl binding
sites using BglII and SalI restriction sites to generate the p2NIL-LacZStr vector. The integration cassette
from the pUC-Gm-Int plasmid [23] was PCR amplified and cloned into the p2NIL-LacZStr plasmid
using NotI restriction site to generate the p2NIL-LacZStr-INT construct.

The pKW08-StlC-term and the pKW08-StlAA were generated by inserting the truncated or mutant
Stl sequence amplified from pGEX-4T-1-Stl-CTD and pGEX-4T-1-StlAA, respectively [8], into the
pKW08-Lx vector using HindIII and BamHI restriction sites.

The colony PCR product of the random mutagenesis experiment was inserted into the pKW08
vector using BamHI and HindIII restriction sites to generate the pKW08-StlA236T plasmid.
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The pGex-4T-1-StlA236T plasmid was generated by site-directed mutagenesis (QuikChange
method, Stratagene) [24].

The pSJ27-ϕdut plasmid was constructed from the pSJ27 plasmid (kind gift of Graham F.
Hatfull [25]) using recombination cloning. The ϕ11 dut gene sequence was synthesized by GenScript.

Primers used in this study are summarized in Supplementary Table S2. Successful cloning and
mutagenesis was verified in all cases by sequencing of the appropriate region of the plasmid. All of
the plasmids used in this study are summarized in Supplementary Table S3.

2.3. Construction of the M. smegmatis Reporter Strain

p2NIL-LacZStr-INT plasmid (0.5 μg) was electroporated into electrocompetent wild-type
M. smegmatis to generate the LacZStr-carrying M. smegmatis strain. For inducible Stl expression, 0.5 μg
of pKW08-Stl generated in Reference [20] was electroporated into electrocompetent LacZStr carrying
M. smegmatis strain. Protein expression was verified by Western blot as previously described [20].

2.4. Analysis of Different Stl Mutants in the Reporter System

pKW08-Stl, pKW08-StlC-term, pKW08-StlAA, pKW08-StlA236T or pKW08-StlMUT (0.5 μg) was
electroporated into the electrocompetent LacZStr-carrying M. smegmatis strain. Then, 100 μL of
the transformants was parallelly plated on kanamycin, hygromycin B, and X-gal or on kanamycin,
hygromycin, X-gal, and tetracycline containing agar plates and incubated for 5 days at 37 ◦C.
Blue colonies indicate lacZ transcription (no repression of the promoter), while white colonies indicate
the functional repression of the promoter.

2.5. Random Mutagenesis of Stl

Random mutagenesis events were elicited using error-prone PCR conditions [26] comprising am
extra 6 mM MgCl2 and 0.5 mM MnCl2, resulting in less faithful replication by the RedTaq polymerase
(Sigma, St. Louis, MO, USA). The mutagenized product was cloned in pKW08-Lx using BamHI and
HindIII restriction sites generating the pKW08-StlMUT library. The pKW08-StlMUT library was then
electroporated into the LacZStr-carrying M. smegmatis strain reviewed in the previous paragraph.
The inserted stl sequence was amplified by colony PCR from selected blue colonies and subjected to
sequencing. Primers used for cloning, PCR, and sequencing are compiled in Supplementary Table S2.

2.6. Protein Expression and Purification

The E. coli strain BL21 Rosetta (DE3) was transformed with the pGex-4T1-Stl and pGex-4T-1-StlA236T

vectors and propagated in 500 ml Luria-Bertani broth (LB) to an OD600 of 0.6. The culture was then cooled
to 30 ◦C and induced with 0.5 mM iso-propyl-β-D-thiogalactoside for 4 h. Subsequent manipulation of the
harvested cells was carried out on ice. For Stl purification, cell pellets were solubilized in 30 mL of lysis
buffer (50 mM HEPES (pH 7.5), 200 mM NaCl) supplemented with 2 mM dithiothreitol (DTT), 2 μg/mL
RNase and DNase, and ethylenediaminetetraacetic acid (EDTA) free protease inhibitor (cOmplete ULTRA
Tablets, Mini). Cell suspensions were sonicated (60 s, four times) and centrifuged (16,000× g for 30 min).
Supernatant was loaded on a glutathione-agarose affinity-chromatography column. The column was
washed with 10 volumes of lysis buffer. On-column cleavage was then performed by the addition of
80 cleavage unit thrombin to remove the glutathione-S-transferase tag. Following overnight cleavage,
Stl was eluted from the column at >95% purity, as estimated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE).

2.7. Electrophoretic Mobility Shift Assay (EMSA)

EMSA experiments were performed using a 229-mer dsDNA oligonucleotide of the Stl regulated
promoter region based on our previous results [3] (cf. Supplementary Table S2). Complementary
oligonucleotides were custom synthesized by Eurofins MWG Operon and hybridized by controlled
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gradual cooling after 5 min of incubation at 95 ◦C. The investigated proteins were mixed with 100 ng
DNA in 20 μL total volume. After incubation for 5 min at room temperature, samples were loaded
onto 8% polyacrylamide gel. Pre-electrophoresis was performed for 1 h at 150 V in tris-borate-EDTA
(TBE) buffer, followed by sample electrophoresis for 70 min at room temperature at 100 V. Bands were
detected using GelRed (Biotium, Fremont, CA, USA) and a Bio-Rad gel documentation system.
The EMSA experiment was repeated three times.

2.8. Construction of the Double Switch System to Test Protein:Protein Interaction

For the construction of the Stl:ϕ11 dUTPase double switch system, pSJ27-ϕdut vector was
electroporated into the Stl- and LacZStr-carrying M. smegmatis strain.

3. Results

3.1. Design and Construction of a Reporter System to Characterize Different Functions of the Stl Protein

The exact DNA sequence of the cognate Stl recognition site within the SaPI promoter region has
already been determined [3]. Based on this knowledge, we constructed a switchable gene expression
system using the Stl:DNA interaction.

To explore the Stl:DNA interaction in the cellular environment, the reporter system shown
in Figure 1 was constructed in M. smegmatis. The reporter system is based on the widely used
blue-white colony selection strategy, i.e., the activity of a β-galactosidase reporter gene (lacZ) leads to
the conversion of the substrate X-gal to a blue-colored product providing a straightforward readout.
We fused the lacZ gene to the specific Stl binding sequence [3,27] so that the Stl:DNA interaction inhibits
lacZ transcription (white colonies). In the absence of Stl or when Stl:DNA binding is compromised,
i.e., when either a mutant Stl or a phage protein able to sequestrate Stl is present, lacZ is expressed,
leading to blue colonies (Figure 1).

The reporter plasmid also contained a L5 integration cassette [23] enabling it to integrate into the
mycobacterial genome to the specific attP site (Figure 2). As a result of stable integration, transformed
mycobacterium cells possess only one copy of the reporter system and therefore the color intensity
of the β-galactosidase reaction is not dependent on the copy number of the vector. For inducible Stl
expression, the cells containing the reporter construct were transformed with the plasmid pKW08-Stl
(generated in Reference [20]).

3.2. Validation of the Switch System Using Wild-Type and Mutant Stl Constructs

To test the system functionality, several Stl constructs with various DNA-binding abilities were
expressed. Full-length (i.e., wild-type) Stl was used as positive control. As described previously,
both specific truncation and rationally designed point-mutations within the Stl protein sequence could
lead to a significant reduction of the DNA-binding capability [8]. The StlC-term truncated construct
is practically unable to bind to DNA since it lacks the N-terminus of the protein encoding the HTH
motif, the bona fide segment for DNA binding. The mutant StlAA containing mutations within the
HTH motif was shown to be significantly perturbed in DNA-binding as well [8]. The results of the
validation experiment are shown in Figure 3. The Stl protein is presented as a molecular model in
the figure. This model was constructed based on vacuum circular dichroism (CD) experiments and
model building [8]. Blue colonies formed in all cases without the induction of Stl expression. Upon the
induction of Stl expression, white colonies formed with the full-length wild-type Stl as it is able to
fully repress the transcription of the lacZ gene (colony counting revealed that 70% of the colonies
were white). The expression of both the StlC-term and StlAA, having diminished DNA-binding ability
in vitro, leads to the formation of blue M. smegmatis colonies, confirming that the system is functional
(colony counting data: 100% blue colonies, i.e., no white colonies were observed).
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Figure 2. Workflow of the in vivo Stl:DNA binding assay: The p2NIL-LacZStr-int vector carrying the
desired Stl binding site in the promoter region of lacZ gene was electroporated into M. smegmatis
cells (Step 1). After electroporation, this vector integrates into the genome. This is followed by
Step 2: electroporation of pKW08-Stl vector into the Stl switch system. Stl expression is inducible in a
tetracycline-dependent way.

Figure 3. Validation of the switch system: To test the system functionality, several Stl constructs with
various DNA-binding abilities were used. Without induction, i.e., in the absence of the Stl expression
inducer tetracycline, cells form blue colonies in all cases. Upon the induction of the full-length wild-type
Stl, white colonies are formed as Stl is able to fully repress the lacZ gene. Both the truncated Stl
C-terminal domain construct and the HTH motif mutant Stl have diminished DNA-binding ability [8]
and, as expected, their expression in M. smegmatis leads to the formation of blue colonies. Note that the
difference in the number of colonies between variants represents the transformation efficiency.
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3.3. Random Mutagenesis-Based Search for Stl Mutations Affecting DNA-Binding

We wished to apply this switch system as a non-biased high-throughput approach to characterize
the Stl:DNA interaction with a focus on the protein residues that are involved in DNA-binding.
The Stl was therefore subjected to random mutagenesis. The random mutagenesis PCR reaction mix
contained excess Mg2+ and Mn2+ ions for a less faithful replication of the DNA by the polymerase [26].
The mutagenized product was cloned and electroporated into mycobacteria hosting the LacZStr

reporter system. Blue colonies indicating the lack of lacZ transcription were selected. These blue
colonies represented inefficient Stl:DNA interaction. The Stl coding sequence was therefore amplified
by colony PCR and sent to sequencing. A wide range of mutations were identified (cf. Supplementary
Table S1 for a full list). Figure 4A focuses on the several mutations occurring as single mutation events
in the Stl sequence (StlE59K, StlI123T, StlV144A, StlR177H, StlK214Stop, StlA236T, StlK238E). We projected these
mutations upon the previously published three-dimensional (3D) structural model of Stl [8] (Figure 4B).
The analysis of the 3D structural model revealed plausible causes for the perturbing effects for several
of the listed mutations. For example, the E59K mutation that results in changing the negatively
charged glutamate to a positively charged lysine in the vicinity of the HTH motif presumably alters the
electrostatic potential and hence may perturb DNA binding. Two of the mutations, I123T and R177H,
lead to steric clashes in the model suggesting a strongly perturbed protein structure. The effect of the
V144A mutation is not straightforwardly explained by in silico data only. The K214Stop mutant may
be too short to be functional. The K238E again represents a large change in the charge of the replaced
side chain. The hydrophobic to polar change in the A236T mutant may have impact on intramolecular
interactions that contribute to the flexibility of the 3D structure, although the functional effect of this
mutation predicted in the structural model is minor compared to most of the other mutations. We chose
to further investigate this hit both in vivo and in vitro in order to verify that the random mutagenesis
approach resulted in valid hits. This is indicative of the sensitivity of our screening system if even this
minor structural change represents a valid hit.

Figure 4. Probing DNA binding by random mutagenesis: Random mutagenesis PCR was carried out on
the Stl coding sequence generating various single mutations. The PCR product was cloned into pKW08
vector and electroporated into the Stl switch system. The depicted mutants showed blue phenotype in
the designed Stl switch system, suggesting defective DNA-binding ability. (A) The location of the hits in
the Stl full-length protein; (B) Mutants mapped on the Phyre2 structural model of Stl [8].

188



Viruses 2018, 10, 168

3.4. Analysis of the StlA236T DNA Binding Properties In Vivo and In Vitro

To exclude any background effect in the previous random mutagenesis experiment, we cloned
and expressed the StlA236T mutant in the Stl switch system (Figure 5A). The exclusive appearance
of blue colonies clearly showed that the mutation disrupted the DNA binding ability of Stl in the
cellular environment. As an in vitro test for DNA binding, we carried out EMSA using purified
proteins and a 229-mer dsDNA oligonucleotide of the Stl-regulated promoter region (Figure 5B shows
a representative experiment). It is clearly seen in the gel that the band corresponding to free DNA
disappears in conjunction with the appearance of various DNA-protein complexes upon the increase
of the protein concentration (Figure 5B). The densitometric analysis of the EMSA gel shows that the
free DNA disappears at 1.5 μM Stl concentration when wild-type Stl is added, while free DNA is still
present at even 4 μM concentration of the StlA236T mutant (Figure 5C). This indicates the diminished
DNA binding capability of the StlA236T mutant compared to the wild-type Stl. The fact that the StlA236T

does not lose its DNA binding capability completely in the EMSA indicates that its overall structure is
probably not affected by the mutation. This result also suggests that a relatively minor difference in
the structure and a moderate decrease in the in vitro DNA binding affinity could explain the loss of
in vivo DNA binding.

Both the in vivo and in vitro validation experiments using the StlA236T mutant demonstrated that
our Stl switch system is suitable for the identification of protein segments responsible for DNA binding.

Figure 5. Cont.
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Figure 5. Characterization of the StlA236T mutant (A) Testing the StlA236T mutant in the Stl switch
system. The structural model locates the A236T mutation at the C-terminal domain shown in blue.
The HTH motif is colored yellow and the N-terminal domain is colored maroon. The expression of
the StlA236T mutant resulted in blue colonies, verifying that it is defective in DNA binding in vivo;
(B) Comparative electrophoretic mobility shift assay (EMSA) with StlWT and StlA236T. StlA236T is less
prone to complex formation with DNA. Therefore, more of the free DNA is visible at the corresponding
bands than that of StlWT. The comparative EMSA was repeated three times with same results;
(C) Densitometry results of each of the species exhibiting different electrophoretic mobilities are
shown by colored bands. The discrepancy between the wild-type and mutant Stl is quite noticeable,
confirming our previous in vivo results. These data suggest that the DNA binding of StlA236T is
compromised in vitro.

3.5. The Investigation of Protein:Protein Complexation Using the LacZStr Reporter System

As it is known from the literature, complexation between Stl and different phage proteins
has immediate significance in spreading virulence factors. The LacZStr reporter system carries the
opportunity to test the interaction of Stl with phage proteins that remove Stl from its cognate DNA
binding site. We probed a known interaction with the ϕ11 phage dUTPase to test this hypothesis [24,28].
Figure 6A shows the workflow of the double switch experiment. ϕ11 phage dUTPase expression was
tuned up via a strong expression promoter, Phsp65, to ensure dUTPase excess relative to Stl. As a
result, we observed 100% of blue colonies (Figure 6B), indicating that Stl was effectively sequestrated
from the lacZ promoter. This experiment confirms that the switch system is applicable to the detection
of protein:protein interactions. This feature also presents the opportunity to test phage protein libraries
in search for new derepressing interactions.
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Figure 6. Workflow of the double switch system. (A) pSJ27-Φ11dut vector was electroporated into the
Stl switch system. The relatively high expression level of Φ11 phage dUTPase enzyme is provided by a
heat shock protein promoter (Phsp65). Φ11 phage dUTPase is a known partner of Stl, able to promote
Stl to release the regulated DNA [24,28]; (B) Validation of the detection of protein:protein interaction
using the LacZStr reporter system. Stl in complex with Φ11 phage dUTPase releases DNA, therefore,
blue colonies are formed. Note that the number of colonies represents the transformation efficiency.

4. Discussion

Switchable systems in molecular biology are associated with well-defined advantages and
far-reaching applications in medical and industrial biotechnologies. These systems are based on
cognate molecules that turn on/off metabolic pathways, signal transduction processes, and gene
expression regulation. The actual benefit for each of these systems is defined by their specificity and
applicability in various cellular models and/or organisms. In the present study, our aim was to exploit
the phage-bacterium interaction and to design a molecular switch using the components regulating
how phages modulate bacterial cell physiology.

The setup of our system is similar to that of the bacterial one-hybrid (B1H) system [29]; however,
the two systems differ in their applicability and the actual molecular components. The B1H system
was designed to identify target sites of a given DNA binding domain, while our system is constructed
to identify protein segments crucial for DNA binding. In the B1H system, DNA binding activates the
transcription of the reporter genes, whereas in the Stl-driven switch system, DNA binding blocks the
transcription of the reporter gene. In addition, the transcription factor is expressed as a fusion to a
subunit of RNA polymerase in the case of the B1H system, while the Stl repressor is able to bind and
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repress the promoter of the reporter gene at the same time and does not therefore need to be fused to
another protein.

Our system has unique advantages in investigating protein:DNA interactions. First, the DNA
binding segments of the protein can be identified in a single round of in vitro selection. Therefore,
no additional protein purification steps or antibodies are required. Additionally, our method can
potentially be used to discover phage-host protein:protein interactions by screening large DNA libraries.
In our approach we exploited the capability of the Stl repressor to bind to specific DNA segments in
a genetically engineered M. smegmatis strain that contained the marker β-galactosidase gene (lacZ)
and the Stl-specific DNA binding segments in close proximity on the bacterial chromosome. Due to
the integration vector relying on attP sites, both the lacZ gene and the Stl-specific DNA segment are
present in just a single copy. Thus, the signal generated in this engineered system is stable among all
cells present in the culture and there is no copy-number variation.

In contrast, Stl is expressed from an episomal vector. As an advantage, the amino acid sequence
of the Stl repressor can be optionally modified, e.g., by random mutagenesis, and high variety of
mutant repressors can be investigated in a high-throughput manner. In addition, protein expression
from this vector is inducible, allowing efficient control of the expression of wild-type or mutated Stl
proteins [20].

The application of the molecular switch system in the engineered M. smegmatis strain enabled
us to focus on the Stl:DNA interaction in an unbiased manner using a random-mutagenized Stl
library. Detailed characterization of protein:DNA interaction is of key current interest, with an
additional biomedical aspect in our case, as we investigate the Stl protein involved in the regulation
of pathogenicity factors in S. aureus. The virulence of S. aureus depends on helper phages which
promote SaPI derepression by sequestering Stl. Interestingly, it is the phage dUTPase enzyme that
interacts with Stl and conveys the derepression effect [4]. For the superfamily of dUTPases, Stl is
the first well-established protein interacting partner; however, previous observations also suggested
protein:protein interactions for dUTPases from other species [30,31].

In our engineered M. smegmatis strain, we exploit the β-Gal reporter system associated with a
straightforward, easy readout suitable for high-throughput studies. This reporter system derived from
the phage-bacterium interaction can be used to map DNA-binding protein surfaces in the living cell.

In this study, we demonstrated that the Stl switch system is capable of identifying side chain
mutations in the Stl protein that are functionally involved in the Stl:DNA macromolecular complex
formation. The random mutagenesis-generated mutations were projected on the 3D structural model of
Stl. Interestingly, we observed that several residues in the C-terminal domain may also contribute to Stl
DNA binding in the context of the full-length protein (cf. [8]). For some of these mutations, the actual
phenotype was simple to rationalize due to major changes in the character of the residue involved
in the mutation. We selected one specific mutant and subjected it to detailed in vivo and in vitro
characterization. Results confirmed that this hit was fully valid. Hence, the herein presented system is
capable of providing novel insights into macromolecular interactions involving Stl. As discussed earlier,
Stl is an important repressor in the lifecycle of Staphylococcal pathogenicity islands and Staphylococcal
phages [4]. Our test system is based on the perturbation of the Stl-induced switch in gene expression
control. As such, our test system is also amenable to further biotechnological applications focusing on
the identification of phage proteins that may perturb Stl-function. We have presented one such example
for the Stl-interacting phage dUTPase protein. Phage libraries can also be tested for Stl-perturbing
function in our switch system, where phage proteins can be investigated for their effect in a systematic
approach. Previously, similar approaches were performed within the Staphylococcal cell and as such
the possibility of identification of those proteins that may perturb Stl function and are essential for
the phage lifecycle was practically excluded [4,7]. Importantly, this limitation is overcome in our
system, which operates in the M. smegmatis environment and allows the investigation of complete
phage libraries.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/10/4/168/s1,
Table S1: Stl mutants identified with reduced DNA binding ability in the Stl switch system, Table S2:
Oligonucleotides used in the present study, Table S3: Plasmids used in the present study.
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Abstract: Highly periodic and uniform nanostructures, based on a genetically engineered M13
bacteriophage, displayed unique properties at the nanoscale that have the potential for a variety
of applications. In this work, we report a multilayer biofilm with self-assembled nanoporous
surfaces involving a nanofiber-like genetically engineered 4E-type M13 bacteriophage, which was
fabricated using a simple pulling method. The nanoporous surfaces were effectively formed
by using the networking-like structural layers of the M13 bacteriophage during self-assembly.
Therefore, an external template was not required. The actual M13 bacteriophage-based fabricated
multilayered biofilm with porous nanostructures agreed well with experimental and simulation
results. Pores formed in the final layer had a diameter of about 150–500 nm and a depth of about
15–30 nm. We outline a filter application for this multilayered biofilm that enables selected ions to
be extracted from a sodium chloride solution. Here, we describe a simple, environmentally friendly,
and inexpensive fabrication approach with large-scale production potential. The technique and the
multi-layered biofilms produced may be applied to sensor, filter, plasmonics, and bio-mimetic fields.

Keywords: M13 bacteriophage; biofilm; porous structure; filters; self-assembly

1. Introduction

Complex-free, cost-effective, non-lithographic, and highly ordered nanostructure fabrication
approaches are necessary for diverse applications. Self-assembly methods have attracted interest
because of their versatile functionalities resulting from the formations of highly ordered and
well-defined nanostructures [1–5]. The self-assembly approach has major advantages, including large
scale manufacturing capability, compatibility with experimental systems, device efficiency possibilities,
and low-cost manufacturing support [6–10]. Highly ordered, self-assembly based nanostructures
are generating interest in the filter, sensor, plasmonics, and photonics fields [11–13]. Despite the
developmental progress, difficulties remain regarding building hierarchically ordered and highly
complex nanostructures using self-assembled functional materials [14]. Understanding self-assembly
and the related highly ordered complex structural arrangements can be derived from biological systems.
Furthermore, biological materials and their self-assembled nanostructures can aid in the fabrication
of a variety of functional nanomaterials [15–21]. More importantly, such fabrication methods can be
eco-friendly and energy efficient [22]. Of these biological systems, viruses provide unique tools and
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examples of self-assembly from natural building blocks [23]. Advances in genetic engineering of viruses
are providing solutions to ongoing self-assembly problems. As such, we have many opportunities to
integrate viruses into various materials comprised of biologically inspired and highly self-ordered
nanostructures [24–28].

With a well-defined geometry and flexibility resulting from modifications introduced using genetic
engineering and chemical approaches, the M13 bacteriophage (M13 phage) is distinguished from other
viruses because of its unique self-assembly nature that has led to a variety of novel nanostructures
and devices [29–31]. Phages can be produced easily and cost-effectively by infecting a host bacterium,
hence the name bacteriophage. After infecting a host bacterium, the host’s metabolism is adapted by
the phage to continuously synthesize and secrete new phage particles, which leads to the production of
millions of copies after overnight culture. The M13 phage geometry is nanofiber-like, with a diameter
of approximately 6.6 nm and a height of about 880 nm, and it is covered by about 2700 copies
of a major coat protein (pVIII) and five copies of minor coat proteins (pIII and pIX) located at its
ends. Furthermore, due to the high fidelity of its biological reproduction, the M13 phage exhibits
monodispersity and highly anisotropic shape properties. These M13 phage properties enable it to
exhibit liquid crystalline (LC) behavior, and thereby form highly ordered nanostructures in suspensions.
Numerous applications of the M13 phage have been reported, such as in solar cells, phage displays,
imaging, biomimetic structures, photonic nose, battery, scaffolds, photo- and piezo-devices, cancer
therapy, gels, filters, sensors, gene delivery, catalysis, and tissue regeneration [32–46].

Here, we report the fabrication of a multilayered porous biofilm consisting of alternating M13
phages and polydiallyldimethylammonium chloride (PDDA) layers for filter applications. The negative
charge (E, glutamic acid) carried by the M13 bacteriophage was deliberately increased via genetic
engineering to enhance its properties for this type of application. Our fabrication approach differs from
those previously used to fabricate porous structures, such as previously described M13 phage-based
porous structures and the breath figure method [47–50]. The differences and advantages of our
fabrication from other such methods are discussed in the results and discussion section. The fabrication
method used in the present study was straightforward, non-lithographic, and can be scaled up to large
scale, low cost production. The formation of porous surfaces in the multi-layered biofilms produced
were confirmed experimentally and by simulation results.

2. Materials and Methods

2.1. Genetic Engineering

M13 phages were purchased from New England Bio-labs (Ipswich, MA, USA) and genetically
engineered using recombinant DNA methods. Using an inverse polymerase chain reaction (PCR)
cloning method, the peptide sequence positioned at the 25th of the N-terminus of the wild-type phage
pVIII coat proteins was engineered using PCR methods. The respective template and PCR primers
were as follows: M13KE (NEB, #N0316) vector with an engineered PstI site, and the inset sequence
was 5′-ATATATCTGCAGGAAGAAGAGG AACCCGCAAAAGCGGCCTTTAACTCCC-3′ respectively.
The reverse primer was designed as 5′-GCTGTCTTTCGCTGC-AGAGGGTG-3′ to ensure the vector
was linear and complementary to the engineered pVIII 3′-5′ region. Genetically engineered M13
phages with four glutamic (E) acids, Alu-Glu-Glu-Glu-Glu-Asp (or AEEED), were verified by DNA
sequencing analysis (Cosmo-Gentech, Seoul, Republic of Korea).

2.2. Phage Quantification

Concentrations of M13 phage solutions were measured using an ultraviolet-visible (UV-vis)
spectrometer (Evolution 300, Thermo Fisher Scientific, Waltham, MA, USA). 4E-type phage
concentrations were calculated from the absorbance spectra using the previously reported
formula [29,36,37]:

mg of phages/mL = (A269 − A320)/3.84
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where A269 and A320 represent absorbances of a phage suspension at 269 nm and 320 nm, respectively.

2.3. Fabrication of Multilayer Biofilm

The biofilms were fabricated using a commercial syringe pump (LEGATO 270, KD Scientific,
Holliston, MA, USA). Micro-centrifuge tubes were used to load the prepared 4E-type M13 phage
and polydiallyldimethylammonium chloride (PDDA) solutions. The concentrations of the 4E-type
M13 phage and PDDA solutions were 5 mg/mL and 2 wt %, respectively. The glass substrate was
attached to metal tweezers. The syringe pump’s built-in software was used to control dipping and
pulling speeds. Our biofilm consisted of 10 layers, 5 layers each of M13 phage and PDDA deposited
in an alternating manner. Oxygen (O2) plasma was used to clean the glass substrate and imbue
hydrophilicity, which was then dipped in cysteamine to facilitate cross-linking with the M13 phage.
To produce the multilayers, the glass substrate was dipped in the respective solutions for 3 s to form
each layer. The glass substrate was pulled out from solution(s) after every layer deposition and left
to dry naturally at room temperature for 30 min. The processes were repeated until all 10 layers had
been deposited.

2.4. Structural Characterization

AFM images were collected using an NX10 unit (Park Systems, Suwon, Korea) equipped with the
XEP 3.0.4 data acquisition program (Park Systems). Obtained AFM images were analyzed using the XEI
1.8.2 image processing program (Park Systems). All images were collected in true non-contact mode.
A specialized probe for non-contact mode was used for measurements (PPP-NCHR, Nanosensors,
Neuchatel, Switzerland). Optical images of M13 phage/PDDA multi-laminated films were obtained
by scanning electron microscopy (SEM; S4800, Hitachi, Tokyo, Japan).

2.5. Analysis of Adsorbed Ions on Multilayer Biofilms

The thin film surface elements were analyzed by X-ray photoelectron spectrometry
(XPS; ESCALAB 250, Thermo Fisher Scientific, Waltham, MA, USA) equipped with a hemispherical
analyzer and a twin anode non-monochromatic Al-Kα source. For selective ion filter application,
two types of films were prepared on glass slides: M13 phage only thin film and M13 phage/PDDA film.
These films were immersed in NaCl solutions with different concentrations (0, 0.1, 0.2, 0.5, and 1 M)
to bind ions, washed in distilled water to remove excess ions, and dried. Ions bound on surfaces in
films were then analyzed by XPS.

2.6. Theoretical Method

Reflectance simulations of multilayer biofilms were performed using three-dimensional (3D)
finite-difference time-domain (FDTD) simulations using a commercial package from Lumerical
Solutions (Vancouver, BC, Canada). The multilayered biofilm structure was surrounded by a perfectly
matched layer (PML) boundary conditions in the x, y, and z directions. To obtain accurate results, λ/400
elements of mesh size were applied. A broadband plane wave source was used for optical excitation,
and a power monitor was placed at top of the multi-layered biofilm structure in the air region to record
reflectance. At λ = 600 nm, refractive indices n of the slide glass, the M13 bacteriophage, and the PDDA
were 1.514, 1.45, and 1.375, respectively [51].

2.7. Reflectance Experiment

Reflectance measurements were recorded using a Thermo Scientific Evolution 300 UV-Vis
spectrophotometer, a xenon lamp, high resolution (1200 lines/mm) grating, and a silicon
photodiode detector.
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3. Results and Discussion

Information on the geometry of the M13 phage is provided in Figure 1a. The M13 phage has
a nanofiber-like structure about 880 nm long with a diameter of about 6.6 nm. The nanofibrous M13
phage contains about 2700 copies of pVIII amino acid sequences with pIII, pVI, PVII, and pIX amino
acid sequences at its ends. As described earlier, multi-layer nanoporous biofilms were fabricated
by pulling method (PM) using commercial syringe setup. A PM fabrication schematic is shown in
Figure 1b. A glass slide (the substrate), attached to a commercial syringe pump, was dipped in and then
removed from M13 phage and PDDA solutions in an alternating manner. The mechanism used to form
nanoporous surfaces in biofilms involves three steps: (1) deposition of initial layers with poor quality
rough surface quality based on initial M13 phage networking layer(s), (2) improve surface quality
by depositing additional layers leading to early stage pore formation, and (3) to form nanoporous
surfaces in final layers (Figure 2a).

Figure 1. (a) Illustration of the structure of M13 phage and pVIII, pVII/pIX, and pIII/pVI
amino acid sequences. pVIII genetic engineering site information shows conversion from
wild type to 4E-type phage. (b) Schematic of the pulling method used to produce M13
phage/polydiallyldimethylammonium chloride (PDDA) multilayered films on glass.

To create the initial layers, the flexible nature of the geometry of the M13 phage plays a crucial role.
During initial deposition, M13 phages are deposited randomly to form a nanofiber network, which
results in a poor quality and uneven surface (Figure 2b,c). This network structure can be achieved
by varying deposition time, speed, and M13 phage concentration. More importantly, these initial
layers are made possible by the liquid crystalline (LC) behavior of M13 phages during self-assembly.
When the substrate was subjected to PM, evaporation occurred more rapidly at the air-liquid-solid
meniscus, which resulted in the local accumulation and deposition of M13 phages on the substrate.
At this time, two crucial factors are thought to occur during self-assembly: local induction of chiral
LC structure phase transitions occurring at the meniscus, and dominance of interfacial forces acting
at the meniscus. By controlling the conditions mentioned above during biofilm growth, producing
different self-assembled nanostructures is possible. LC phases are classified as thermotropic or
lyotropic. Of these, the lyotropic phase plays a crucial role in the self-assembly of biological structures.
By varying temperature and concentration of biological particles, producing lyotropic LCs with many
phases is possible. Of the experiment conditions, the most critical factor is concentration (of M13
phage solution in this study), which dominantly affects the lyotropic LC phase. To fabricate a biofilm
layer with a network structure with an uneven surface, we prepared M13 phage solution at a low
concentration (five mg/mL). At this low concentration, M13 phages were distributed randomly on the
substrate, that is, an isotropic phase. Such conditions satisfy the needs of the initial layers with a poor
surface quality with a surface roughness of ~70 nm.
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Figure 2. (a) Fabrication of porous surfaces by depositing M13 phage and PDDA layers in an alternating
manner originating from a randomly distributed network-like structure. (b,c) AFM images of first
layer, (d,e) sixth layer, and (f,i) 10th layer surfaces. Violet and green scale bar colors represent five
and one μm, respectively. Scanning electron microscopy (SEM) images taken from a 10-layer biofilm:
(j) perspective view, (k) top view, and (l) cross-sectional view. Scale bars for (j–l) are two, one, and three
μm, respectively. The cracks shown in figure (k) were caused by platinum coating for SEM analysis.

PDDA films were then deposited in an alternating manner on the M13 phage layers. At this
point, the role of PDDA layers was to reduce the surface roughness of previous M13 phage layers.
Notably, uneven gaps created by poor surfaces in the network structures ranged from about 1 to 3 μm.
These gaps in the layers were gradually filled by depositing PDDA layers, and when around six layers
had been deposited, early stage pore formation was observed (Figure 2d,e) with better surface quality.
The surface roughness was now ~37 nm, which is an improvement of about 50%. However, at this
stage, a few surface nanopores with diameters of about 700–1200 nm (±20 nm) and depth of ~70–80 nm
(±5 nm) were evident. Further depositions of M13 phage and PDDA layers improved surface quality
and induced the formation of pores with decreasing diameters and depths. Clear porous surfaces
were seen after depositing the eighth layer. The porous surfaces eventually formed by the 10th layer
are shown in Figure 2f,i. Pore diameters ranged from ~150 to 500 nm (±20 nm) and depths from
~15 to 30 nm (±5 nm) in the 10th layer. The surface quality of the final layer improved by about 80%
when compared with the first layer (surface roughness of ~14 nm). This porous surface information
was well supported by the perspective (Figure 2j) and surface view (Figure 2k) of the SEM images.
After 10 layers, clear porous structures were observed with diameters ranging from ~150 to 500 nm.
The total thickness of the 10-layered bio-film was ~3.84 μm (SEM cross-sectional view, Figure 2l).

We then considered two porous structure fabrication concepts: breath figure (non-M13
phage-based structures) and M13 phage-based porous fabrication methods [47–50,52]. With the
breath figure method, careful optimization of experimental parameters is required to achieve highly
ordered porous structures. Furthermore, the open experimental process to fabricate porous structures
is difficult. For example, in static breath figure methods, fabrication processes were sealed from
external environmental lab conditions. Generally, in the breath figure process, water droplets formed
from condensation, acting as a template to create a porous structure. Condensation of water vapours
is vital in the breath figure process. Careful steps should be considered to prevent the water droplet
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template from effects such as a coalescence. Methods reported involving a combination of dip coating,
similar to our pulling method, and the breath figure only showed porous structure formation in the
presence of an external mesh template, such as nylon mesh [48,52].

When using fabrication methods involving M13 phages, porous structures were successfully
formed either based on a supporting macroporous film, like anodic aluminum oxide (AAO), or by
the freeze-drying method [49,50]. Nanoporous structures with diameters of about 200 nm formed
using AAO template also used the etching process. In previously reported layer-by-layer biofilms
involving M13 phages, ordered networking structures were formed but no nanoporous surfaces were
reported [53]. Please note, when a wild type M13 phage was used instead of 4E type, networking
structures were observed but no nanoporous surfaces were formed in the multilayer biofilm. Biofilms
involving 4E type phage formed nanoporous surfaces successfully due to repulsive charge properties
based on our fabrication method. Our fabrication method was simple, straightforward, and can be
performed in an open, room temperature lab conditions. More importantly, our method does not
require an external template to form a nanoporous structure. Our method is non-lithographic, and thus
no etching process is required. Additionally, large scale fabrication is possible at comparable low costs.
Given these advantages, our approach can facilitate the fabrication of nanoporous structures and might
open interesting possibilities for a variety of applications, such as separation, bio-mimetic structures,
plasmonics, sensors, etc. To justify our fabrication approach, we performed an optical investigation
that confirms the structural transitions.

3.1. Optical Results: Theoretical and Experimental

We confirmed structural transitions of biofilms from poor surface quality to the porous surface
using three-dimensional FDTD reflectance simulations and then performed experimental verification.
Topographic information for each layer obtained from AFM data was used to create a layer geometry in
FDTD. The biofilm structure was modeled as follows: no porous surfaces occurred during the first five
layers, and after that, porous surfaces were created during the subsequent layers (6–10 layer). Surface
roughness data obtained by AFM was found to be useful for creating uneven surfaces. We modeled
the pore shape as parabolic one using the following equation [54]:

z = cx2 (1)

The term “c” is defined by:

c = 4 × D
W2 (2)

where D and W are pore diameter and depth, respectively (Figure 3a). At λ of 600 nm, no absorbance
issues were observed for the glass substrate, M13 phage, or PDDA layer. This wavelength data
will help analyze the reflectivity, as no other complex optical information is related to these three
materials. Figure 3b shows the simulated and measured reflectivity data as function of layer number.
Layer number 0 corresponds to the glass substrate. The reflectance of 4.2% is typical of glass substrates,
and this well-matched the experiment and simulation results. From layer numbers 1 to 6, almost
no difference was observed in reflectance data. At layer 1, a poor surface morphology increased the
reflectance to ~6.5%, and up to layers 5 or 6, similar reflectance values were recorded. Furthermore,
this reflectance concurred with experiment results, with average reflectance values of ~7% being
measured for layers 1–6. Significant reflectance changes were observed from layer 7 to 10. At this point,
the influence of the porous surface played crucial role. Reflectance values increased from ~7% to ~9%,
due to the presence of porous nanostructures in the surface. For a 10-layered biofilm, ~8.7% reflectance
was obtained via simulation. Experimental data showed a similar trend for reflectance values and
a maximum value of ~9.5% was recorded for a 10-layer biofilm. This linear increase in reflectivity
values can be explained using a solid immersion lens (SIL) structure. Our pores were shaped like an
inverted SIL, which is parabolic shaped [54]. For pores with larger diameters and depths, light could
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be more easily transmitted, comparatively. With these dimensions, internal diffraction and reflection
can be minimized resulting in a smaller reflectance value. At smaller pore dimensions (smaller
diameter and depth), contributions from internal diffraction and reflections increase, resulting in an
increase in reflectivity. These optical properties aligned well with our simulation and experimental
results and support the proposed fabrication mechanism responsible for surface pore formation
arising from initially poorly deposited layers and the presence of randomly distributed network-like
structures. This approach opens an interesting path for the fabrication of self-assembled porous
multilayer biofilms.

Figure 3. (a) Parabolic-shaped pore depth versus diameter plot obtained using Equation (1) (z = cx2)
aligns well with observed pore shapes as determined using the line profile AFM data for a 10-layer
biofilm. (b) Experimental and modeled reflectance values obtained at λ = 600 nm for a 10-layer biofilm.

3.2. Filter Experiment

To investigate potential applications of the M13 phage and PDDA laminated nanoporous structure
as a functional filter, we examined its ability to extract ions from sodium chloride (NaCl) solution.
For this purpose, two types of films were tested: a M13 phage only film and a M13 phage-PDDA
multilayered nanoporous film. Figure 4a,b show the relative atomic ratios of the captured ions at
different NaCl solution concentrations for the two films. In the absence of a PDDA layer, Na+ ions were
captured more effectively by the negative charges of M13 phages. However, in the M13 phage-PDDA
multilayer biofilms, a larger number of Cl− ions were captured by the positively charged PDDA.
Although the laminated structure consists of the M13 phage, Na+ ions that permeated into pores and
bound to virus layers were not detected because of the limited skin depth of the XPS system. This result
indicates that Cl− ions bound effectively to the positive charges of PDDA in the multi-layered biofilm.
Eventhough the capture ratio of the Cl− ions was smaller at this time, further improvements will be
performed in the near future. Problems arise when performing selective ion extraction experiments on
a single-layered PDDA film. The success rate of PDDA film attached to the substrate when dipped into
NaCl solution was ~< 1%. Thus, we believe the ten layered biofilm is far better way to proceed. Finally,
our results confirm that multi-layer biofilms with a nanoporous structure can act as membranes for
selective ion extraction.

201



Viruses 2018, 10, 322

Figure 4. Calculated relative atomic percentages obtained from X-ray photoelectron spectroscopy (XPS)
measurements for (a) M13 phage only and (b) 10-layer M13 phage-PDDA nanoporous biofilms, which
confirm selective ion filtration.

4. Summary

In summary, we reported a straightforward fabrication approach to produce nanoporous
multilayered M13 phage-PDDA films using a pulling method. Our fabrication approach was
non-lithographic, and nanoporous structures with diameters of about 150 nm were formed without
the support of an external template. Good agreement between experiment and simulation results
support our suggested fabrication mechanism. M13 phage nanofiber geometry played a significant
role in pore formation during our fabrication process. The described process has the advantages of
straightforward fabrication, low-cost manufacturing, and compatibility with large-scale production.
The devised nanoporous multi-layer biofilm provides a novel option for selective ion filtration, and
may have interesting applications in the fields of plasmonics, photonics, and sensors.
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LT-10257 Vilnius, Lithuania; algirdas.kaupinis@gf.vu.lt (A.K.); mindaugas.valius@bchi.vu.lt (M.V.)

* Correspondence: eugenijus.simoliunas@bchi.vu.lt; Tel.: +370-6507-0467

Received: 3 December 2018; Accepted: 8 January 2019; Published: 11 January 2019
��������	
�������

Abstract: The recombinant phage tail sheath protein, gp053, from Escherichia coli infecting myovirus
vB_EcoM_FV3 (FV3) was able to self-assemble into long, ordered and extremely stable tubular structures
(polysheaths) in the absence of other viral proteins. TEM observations revealed that those protein
nanotubes varied in length (~10–1000 nm). Meanwhile, the width of the polysheaths (~28 nm)
corresponded to the width of the contracted tail sheath of phage FV3. The formed protein nanotubes
could withstand various extreme treatments including heating up to 100 ◦C and high concentrations
of urea. To determine the shortest variant of gp053 capable of forming protein nanotubes, a set of N-
or/and C-truncated as well as poly-His-tagged variants of gp053 were constructed. The TEM analysis of
these mutants showed that up to 25 and 100 amino acid residues could be removed from the N and C
termini, respectively, without disturbing the process of self-assembly. In addition, two to six copies of the
gp053 encoding gene were fused into one open reading frame. All the constructed oligomers of gp053
self-assembled in vitro forming structures of different regularity. By using the modification of cysteines
with biotin, the polysheaths were tested for exposed thiol groups. Polysheaths formed by 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.

Keywords: self-assembly; nanotubular structures; tail sheath protein; bacteriophage vB_EcoM_FV3

1. Introduction

Over the past decades, the construction of various nanostructures, based on self-assembling
biomolecules, is of special interest for both an understanding of the fundamental point of view
as well as due to the enormous potential for application in industry, medicine and many other
areas [1–3]. Self-assembling structures open up exciting opportunities for the development of various
tools, including biosensors, energy storage devices, drug delivery systems and nanobiopolymeric
scaffolds [4–7]. Therefore, it is not surprising that viruses, including bacteriophages, have been used
for the preparation of nanoscaled materials [8–15].

Filamentous bacteriophage M13 and its relatives are the phages of choice, most often used for
the construction of genetically engineered viruses, which have been adapted to build phage-based
nanosensors, liquid crystals and films [16,17], micro- and nanofibers [14,18], as well as having use
in tissue regeneration and to build other functional materials [19–23], or to fabricate nanorings [24].
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The construction of self-assembling structures, made from the genetically engineered recombinant
proteins of tailed bacteriophages, including podoviruses P22, phi29 [25,26] and myovirus T4 [4,27,28],
have also been reported.

During the morphogenesis process of the tailed bacteriophages, the assembly pathways of the
structural components follow a strict order and consist of many steps where the subsequent attachment
of proteins is controlled by different mechanisms [29–31]. Thus, tail sheath proteins alongside tail tube
proteins constitute a major part of the contractile tail of myoviruses [31,32]. The polymerisation of the
tail sheath proteins, which assemble around the tail tube, starts at the tail tip complex (the baseplate)
and is propagated to the end of the tube. The sheath subunits arrange into a stack of hexameric rings,
rotated relative to each other, thus creating a 6-start helix [33,34]. During the process of virion assembly
inside the cell, the length of the tail sheath is determined by the length of the tail tape measure protein,
which is used as a scaffold for the polymerisation of both tail tube and tail sheath proteins. When the
sheath reaches the length of the tube, the tail terminator protein binds to the tail tube terminator
protein and the last row of the tail sheath subunits to complete the tail, which then becomes available
for attachment to the head [31,33].

It has been demonstrated that, in the absence of the baseplate or the tail tube, the recombinant
tail sheath proteins of bacteriophages self-assemble both in vivo and in vitro into tubular structures
of variable lengths called polysheaths which have the same helical parameters as the contracted tail
sheath [35–38]. The polysheath is a stable structure, which withstands treatment with various chemical
and physical factors [39–41]. A number of deletion mutants of tail sheath proteins have also been
constructed and analysed [29,38,42,43].

In order to expand the current knowledge on biotechnologically attractive self-assembling structural
proteins from phages, a tail sheath protein (gp053) of E. coli infecting myovirus vB_EcoM_FV3 (FV3) [44]
was studied in detail. We showed that the recombinant gp053 self-assembled into long ordered and very
stable polysheaths. In addition, the gp053 mutants harbouring the deletions at the N and/or C terminus,
with or without the His-tag, as well as the genetically fused homooligomers of gp053 were constructed
and their tendency to form nanostructures was analysed.

2. Materials and Methods

2.1. Cloning Procedures

The PCR fragment of gene 053 (GeneID: 14011712) from phage FV3 was obtained by amplification
of the phage DNA using the primers presented in Supplementary Table S1. The purified PCR
products were cleaved with NdeI and BamHI/XhoI (Thermo Fisher Scientific, Vilnius, Lithuania) and
then inserted into the pET-16b or pET-21a (Novagene, Madison, WI, USA) vectors, digested with
the appropriate restriction endonucleases. The resulting vectors were amplified in E. coli DH10B
(Invitrogen, Dublin, Ireland) cells and verified by DNA sequencing. These vectors were used for
the production of a recombinant full-length gp053 and the truncated gp053 mutants with various
variations in length and His-tag (Supplementary Table S2). The construction scheme of the gp053
oligomers is presented in detail in Supplementary Figure S1.

2.2. Protein Expression

Protein production was carried out in the E. coli strain BL21 (DE3) (Novagene, Madison, WI, USA).
The 15 ml of cells that were transformed with the appropriate plasmid were grown at 37 ◦C to an OD600

of 0.5, induced with 0.1 mM IPTG and then incubated at 30 ◦C for 3 hours. The cells were harvested
by centrifugation at 4000× g for 5 min at 4 ◦C, resuspended in 1.5 mL TE (20 mM Tris–HCl (pH 7.8))
and 1 mM EDTA, 4 ◦C) buffer solution and then disrupted by sonication. The cells with expressed
His-tagged recombinant gp053 proteins, which were further purified by using a metal-chelating
sorbent, were resuspended in 1.5 mL His-Wash (50 mM sodium phosphate buffer (pH 7.7)), 300 mM
NaCl, 50 mM imidazole and 0.03% Triton X-100, 4 ◦C) buffer solution. The cells were sonicated on ice,
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in 2.0 mL tubes at 30% amplitude for 5 min of total ON time (30 s on/30 s off) by using the Bandelin
SonoPuls HD 2070 homogeniser (BANDELIN, Berlin, Germany). The crude extracts were centrifuged
at 4 ◦C for 15 min at 21,000× g to remove cell debris. The cell-free extracts and pellets were directly
analysed by SDS-PAGE as well as by TEM.

2.3. Protein Purification

The polysheaths formed by the recombinant gp053 were precipitated from the supernatant by
the addition of ammonium sulphate to a final concentration of 10%. After incubation for 10 min
on ice and centrifugation at 9000× g for 15 min at 4 ◦C, the supernatant was removed, and the
pellet was suspended in TE buffer (1/10 of the initial volume) and stored at 4 ◦C. The shorter, less
ordered polysheaths were purified by the addition of ammonium sulphate to a final concentration
of 15–20% and/or by repeated centrifugation at 9000× g for 15 min at 4 ◦C. Alternatively, the
recombinant His-tagged protein purification using the metal-chelating sorbent was performed by using
the His-Spin Protein Miniprep kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s
recommendations. The concentration of the recombinant protein was determined by using a method
described by Lowry et al. [45].

2.4. Limited Proteolysis of Recombinant Proteins with Trypsin

Trypsin (2 mg/mL) was added into the protein solution (~2 mg/mL) to form a final protease:protein
ratio of 1:100 (w/w), and the solution was then incubated at 22 ◦C. Aliquots (10 μL) were withdrawn
from the reaction mixture at different time intervals and mixed with 10 μL of SDS sample buffer (2×
concentrated). The reaction was stopped by heating the solution in boiling water for 5 min. The samples
were analysed by electrophoresis in SDS-polyacrylamide gel.

2.5. In-Gel Protein Digestion for Mass Spectrometry Analysis, Liquid Chromatography and Mass Spectrometry

In-gel trypsin digestion was performed according to the protocol described by Hellman et al. [46].
LC–MS data were collected as described previously [47]. Briefly, the liquid chromatographic analysis
was performed in a Waters Acquity ultra performance LC system (Waters Corporation, Wilmslow,
UK). The peptide separation was performed on an Acquity UPLC HSS T3 250 mm analytical column.
The MS data were acquired using the Synapt G2 mass spectometer and Masslynx 4.1 software (Waters
Corporation) in positive ion mode using data independent (DIA) acquisition (MSE).

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

The labelling of polysheaths with gold nanoparticles was carried out according to the published
procedure [48] with some modifications. The suspension of the purified recombinant gp053 was
treated with 1 mM of tris(2-carboxyethyl)phosphine (TCEP) (AppliChem, Darmstadt, Germany) to
reduce possible disulphide bonds. The reduced protein was dialysed against PBS (pH 7.5) for 1 h at
22 ◦C. After 1 hour of biotinylation at 22 ◦C, the mixture was dialysed against PBS (pH 7.5) buffer.
The efficiency of biotinylation was evaluated and the biotinylated polysheaths were incubated with
neutravidin-conjugated 10 nm gold nanoparticles (Nanopartz, Loveland, CO, USA) as described
previously [48]. The mixtures of polysheaths and nanoparticles were incubated for 1 to 5 days at 4 ◦C.
The incubation of non-biotinylated polysheaths with neutravidin-conjugated 10 nm gold nanoparticles
was carried out under the same conditions.

2.7. Transmission Electron Microscopy (TEM)

The images of gp053 were obtained by transmission electron microscopy of the negatively-stained
samples. Approximately 10 μL of the diluted sample solution was directly applied on the carbon-coated
nickel grid (Agar Scientific, Essex, UK), and the excess liquid was drained with filter paper before
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staining with two successive drops of 2% uranyl acetate (pH 4.5). The prepared sample was dried and
examined with a Morgagni 268(D) transmission electron microscope (FEI, Hillsboro, OR, USA).

2.8. Bioinformatics and Molecular Modeling

The bioinformatics analysis of gp053 was performed using the Fasta-Nucleotide, Fasta-Protein,
BLASTP, Transeq [49] and Clustal Omega [50]. The phylogenetic analysis was conducted using MEGA
version 5 [51]. The Protein Information Resource (PIR) server was used for calculating the predicted
molecular mass of the recombinant protein [52]. The search for the gp053 fold was conducted using
the HHpred server [53–55]. The I-TASSER server [56,57] was used to model the whole gp053. UCSF
Chimera [58,59] was used for the visualisation and analysis of the predicted molecular structure of gp053.

3. Results

3.1. Bioinformatics Analysis

Based on the results of the bioinformatics analysis, the tail sheath protein encoded by gene 053
(GeneID: 14011712) of the enterobacteria phage FV3 [44] had the closest identity (96–99%) to the tail
sheath proteins from the eleven Escherichia infecting bacteriophages, which belonged to the genus
V5virus within the subfamily Vequintavirinae (Supplementary Table S3).

The HHpred analysis of the amino acid sequence of gp053 revealed that it corresponded to the fold
of the two tail sheath proteins of bacteriophages. Hence, the residues 8 to 442 of gp053 were predicted
to adopt the fold of the tail sheath protein from Staphylococcus phage phi812 (PDB ref 5LI4) with a
probability of 97.05 (E-value, 0.047), whereas C-terminal fragment of gp053 (residues 258 to 442) was
predicted to adopt the fold of the C-terminal fragment (residues 470 to 643) of the tail sheath protein,
gp18, of the phage T4 (PDB ref 3J2M) with a probability of 97.2 (E-value, 3.4 × 10−4). In addition, the
HHpred analysis revealed that the predicted fold of gp053 was similar to the contractile phage-like
structures from bacteria. The residues 1 to 441 of gp053 were predicted to adopt the fold of the R-type
pyocins from Clostridium difficile (PDB ref 6GKW) and Pseudomonas aeruginosa (PDB ref 3J9Q) with a
probability of 99.51 (E-value, 1.2 × 10−14) and 98.6 (E-value, 9.9 × 10−7), respectively. The residues 18
to 442 were aligned with the tail sheath protein encoded by gene lin1278 from the prophage infecting
Listeria innocua (PDB ref 3LML) with a probability of 98.5 (E-value, 1.3 × 10−5). Furthermore, the
residues 16 to 442 were aligned to the tail sheath protein encoded by gene dsy3957 from the prophage
of Desulfitobacterium hafniense (PDB ref 3HXL) with a probability of 98.5 (E-value, 6.3 × 10−6).

The best 3D model of the full-length gp053 predicted using the I-TASSER server (Figure 1) showed
a C-score of –1.77 and a TM-score of 0.50 ± 0.15. The top three proteins from the PDB that had the
closest structural similarity to the predicted model were 3LML, 3HXL and 6GKW with a TM-score of
0.801, 0.659 and 0.602, respectively.

 

Figure 1. A model of gp053 generated by I-TASSER. The locations of the N and C termini are shown in
blue; Cys160, Cys196, Cys208 and Cys320 are shown in green; Lys381-Asn382 and Arg417-Val418 are
shown in red. The domain numbering was done according to Kurochkina et al. [38]. The model was
visualised using UCSF Chimera.
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3.2. Production and Analysis of the Recombinant gp053

Initially, for gene 053 expression in E. coli cells, three plasmids encoding wild-type, N- and
C-His-tagged gp053 were designed (Supplementary Table S2). The soluble recombinant gp053 with a
molecular mass of ~50 kDa (predicted mass—50.245 kDa) was produced after induction with IPTG
and incubation at 30 ◦C for three hours. The TEM analysis of the cell-free extracts revealed that
the overexpressed gp053 self-assembled into regular tubular structures—polysheaths (Figure 2C).
The width of the gp053 polysheaths (27.13 ± 2.69 nm) corresponded to the width of the contracted tail
(26.79 ± 1.78 nm) of the phage FV3 [44]. The length of the polysheaths varied from separate rings with
an internal hole of 11.51 ± 0.78 nm and a diameter of 27.83 ± 2.68 nm to nanotubes up to 1000 nm
long. The attempts to purify long ordered His-tagged gp053 polysheaths effectively by using the
metal-chelating sorbent were unsuccessful (Figure 2). The SDS-PAGE analysis revealed that the vast
majority of the recombinant proteins did not adsorb onto the sorbent. Moreover, according to the
results of the TEM analysis, the affinity-purified recombinant gp053 formed noticeably shorter tubular
structures (Figure 2D,E).

 

Figure 2. TEM analysis of polysheaths formed by recombinant gp053. The electron micrographs
represent the structures before (above) and after (below) purification from the crude cell lysates.
The polysheaths formed by recombinant gp053_N-his (A,D) and gp053_C-his (B,E) were purified using
the His-Spin Protein Miniprep kit (Zymo Research) according to the manufacturer’s recommendations.
The polysheaths, formed by recombinant gp053 (C,F) were purified by precipitation using ammonium
sulphate (10% final concentration).

Alternatively, we have demonstrated that the purification of the polysheaths could be performed
quickly and effectively by using ammonium sulphate precipitation (Figures 2F and 3). The yield of
the bacteria-derived and purified structures was 3.75 ± 0.35 mg/g of wet cells. The TEM analysis of
the purified protein showed that the morphology of the polysheaths (Figure 3B) corresponded to the
morphology of the tubular structures observed in the cell-free extracts.
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Figure 3. SDS-PAGE (A) and TEM (B) analysis of the purified wild-type recombinant gp053 produced
in E. coli BL21 (DE3) cells. Protein synthesis was induced by 0.1 mM IPTG and the cells were incubated
at 30 ◦C for 3 h. The recombinant gp053 was precipitated from the supernatant by the addition of
ammonium sulphate to a final concentration of 10%. Lanes: 1—the molecular mass marker, Page
RulerTM prestained Protein Ladder Plus (Thermo Fisher Scientific, Vilnius, Lithuania); 2—the purified
wild-type recombinant gp053.

The purified polysheaths exhibited extraordinary stability. The structures withstood overnight
incubation in 8 M urea. Moreover, even boiling them for 30 min or prolonged storage (more than one
year) in TE buffer at 4 ◦C did not affect the morphology of the gp053 polysheaths (Figure 4C,E,F). Also,
the polysheaths remained as ordered tubular structures after incubation with trypsin (Figure 4D).

 

Figure 4. Electron micrographs of the polysheaths formed by wild-type recombinant gp053 from phage
FV3. The samples of the purified polysheaths were analysed immediately after purification (A,B),
following storage in TE buffer at 4 ◦C for 12 months (C), after treatment with trypsin (0.02 mg/mL) at
22 ◦C for 16 h (D), after incubation in the presence of 8 M urea at 22 ◦C for 16 h (E), and after incubation
in boiling water for 30 min (F).
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The detailed analysis of the trypsin-treated protein tubes by SDS-PAGE showed that fragments
with molecular masses of approximately 43, 39 and 37 kDa appeared in addition to the full-length gp053
(Figure 5). Based on these results, it was concluded that only several trypsin digestion sites out of the
22 existing in the gp053 protein were available on the surface of the polysheaths. To identify those sites,
the protein bands were excised from the gel before and after proteolysis by trypsin, purified according
to the protocol described by Hellman et al. [46], and liquid chromatography coupled with mass
spectrometry (LC–MS/MS) was performed. The protein sequence coverage map was obtained from
the ProteinLynx Global Server (PLGS) processed MSE data (three technical replicates) (Supplementary
Figure S2). The results of the qualitative and quantitative MS analysis of the peptides showed that the
vast majority of the proteins in the suspension of the purified polysheaths consisted of the potential
full-length gp053 (Figure 5B, lane 1, arrow 1), whereas a minor protein band (Figure 5B, lane 1, arrow 2)
contained gp053 with a potential 86 N-terminal amino acid truncation. This truncated protein was
expected to occur due to the proteolytic activity of some of the proteases from the E. coli cells, since the
protease inhibitors were not added during the purification of the polysheaths. After treatment with
trypsin, the most intensive protein bands were identified as potentially full-length gp053 (Figure 5B,
lane 2, arrow 3), gp053 with the C-terminal truncation of 41 amino acids (Figure 5B, lane 2, arrow 4)
and gp053 with the C-terminal truncation of 77 amino acids (Figure 5B, lane 2, arrow 5). The minor
protein band consisted of the gp053 with potential truncations of 86 N-terminal and 77 C-terminal
amino acids (Figure 5B, lane 2, arrow 6).

Figure 5. SDS-PAGE analysis of the trypsinisation products of the purified gp053 polysheaths.
(A) Lanes: M—molecular mass marker, Page RulerTM Prestained Protein Ladder (Thermofisher),
1—recombinant gp053, 2–4 recombinant gp053 incubated with trypsin (the digestion time is indicated
under the lanes). (B) Lanes: M—molecular mass marker, Page RulerTM Prestained Protein Ladder
(Thermofisher); 1—recombinant gp053 incubated for 24 hours in TE buffer; 2—recombinant gp053
incubated for 24 hours in TE buffer with trypsin. The arrows indicate the full-length gp053 (1,3) and its
fragments (2,4–6), excised from the gel for LC–MS/MS analysis.

According to this analysis, trypsin digestion of gp053 proceeded in a specific manner and resulted
in the potential cleavage of the peptide bond between Lys381–Asn382 and Arg417–Val418 (Figure 1).

3.3. Construction of gp053 Mutants

In order to obtain truncated recombinant proteins still able to form regular, stable tubular
structures and to understand the polymerisation properties of gp053, we constructed a set of the
gp053 mutants truncated at the N or/and C terminus. Those recombinant proteins corresponded
to the full-length gp053 from 98.0% (gp053_NΔ9) to 43.7% (gp053_CΔ200) (Supplementary Table S2,
Figure 6).
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Figure 6. A schematic picture of the truncated mutants of the gp053 protein. The mutants are
named (shown on the left) according to N-terminal or C-terminal mutations and the presence of
His-tag. The proteins, able to polymerise into nanotubes, are shown in blue. The mutants, incapable of
polymerisation, are shown in black. The His-tags are shown in orange. The size of a protein in amino acids
is shown on the right, and the portion of wild-type gp053 within a construct is depicted in parenthesis.

The recombinant proteins were produced in E. coli BL21 (DE3) cells and the cell-free extracts
were analysed by TEM. Whenever an assembly into the polysheaths was observed, the purification
procedures using ammonium sulphate were performed. The TEM analysis revealed that deletions
of 9, 20 and 25 amino acids from the N-terminal region did not disturb the protein assembly into
polysheaths. Meanwhile, a deletion of 29 amino acids from the N-terminal region abolished the ability
of the truncated gp053 to assemble into the typical polysheaths. Therefore, the gp053_NΔ29 was
found in a soluble fraction, where it was folded into the unordered protein ribbons (Supplementary
Table S2, Figure 6). On the other hand, the deletions of 11, 31, 51, 76 and even 100 amino acids
from the C terminus did not abolish the formation of the ordered tubular polysheaths. However, the
gp053_CΔ150 mutant lacking 152 amino acids at the C terminus formed insoluble aggregates in E. coli
cells (Supplementary Table S2, Figure 6).
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The TEM analysis of the polysheaths formed by the majority of the mutants, except for gp053_N-his
and gp053_CΔ100, revealed that the structures showed no significant differences compared to the
polysheaths formed by the wild-type recombinant gp053 (Supplementary Table S2, Figure 7).

 

Figure 7. Electron micrographs of the polysheaths formed by the gp053 mutants. (A) gp053_N-his,
(B) gp053_C-his, (C) gp053_NΔ9_CΔ11, (D) gp053_NΔ9-his_CΔ11, (E) gp053_NΔ25-his_CΔ25,
(F) gp053_NΔ20, (G) gp053_CΔ76, and (H,I) gp053_CΔ100.

On the contrary, the polysheaths formed by the gp053_N-his mutant were less ordered and
approximately 2–5-fold shorter in length (~100–300 nm) (Figure 7A). In the case of the gp053_CΔ100,
the tubular structures were longer (up to ~3000 nm) and slightly larger in diameter (~32.47 nm)
(Figure 7H,I) compared to the wild-type ones. In addition, it was observed that some of the nanotubes,
for example, formed by gp053_NΔ20, gp053_CΔ76 and gp053_CΔ100 (Figure 7F–H, respectively),
contained more clearly defined internal channels. A similar morphology was also detected in
the case of the full-length gp053 after prolonged storage in TE buffer or treatment with trypsin
(Figure 4C,D, respectively).

3.4. Investigation of the Oligomeric Constructs of gp053

According to the 6-start helix symmetry of the polysheath, the gp053 oligomers were genetically
engineered (Supplementary Table S2, Figure 8A) and their ability to form the ordered structures was
analysed. Initially, it was found that all the recombinant proteins (gp053_N_C_mon, gp053_N_C_dim,
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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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