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Chapter 13
sSRNA Phages: Life Cycle, Structure
and Applications

Kaspars Tars

Abstract ssRNA phages belonging to the family Leviviridae are among the tiniest
viruses, infecting various Gram-negative bacteria by adsorption to their pilus struc-
tures. Due to their simplicity, they have been intensively studied as models for
understanding various problems in molecular biology and virology. Several of the
studied ssSRNA characteristics, such as coat protein—RNA interactions and the abil-
ity to readily form virus-like particles in recombinant expression systems, have
fueled many practical applications such as RNA labeling and tracking systems and
vaccine development. In this chapter, we review the life cycle, structure and applica-
tions of these small yet fascinating viruses.

13.1 Introduction

Bacteriophages belonging to the family Leviviridae are among the simplest known
viruses, exhibiting positive-sense single-stranded RNA (ssRNA) genomes of just
3.5-4.5 kilobases, typically encoding only 4 proteins. Morphologically, Leviviridae
particles present a spherical or isometric shape with a diameter of 30 nm.

Due to their simplicity, ssSRNA phages have been used as models to study various
processes in molecular biology and virology, including translation repression,
RNA-protein interactions and virus evolution. Remarkably, the ssSRNA phage MS2
was the first form of life for which a complete sequence of the genome was obtained,
in 1976 in Walter Fiers’s lab (Fiers et al. 1976). Four decades later, MS2 was the
first form of life for which a 3D structure of the genome was established (Koning
etal. 2016; Dai et al. 2017). In the meanwhile, sSRNA phages and their components
have been found to be useful in many practical applications such as MS2 tagging,
armoured RNA technology, drug delivery, nanoreactor construction and vaccine
development, as discussed later in this chapter.
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13.2 Organization of the Genome, Classification
and Relationship to Other Viruses

The genomes of all known ssRNA phages encode a so-called maturation, or “A”
protein (AP, also known as A2 in genus Allolevivirus), a coat protein (CP) and a
replicase subunit (RP) (Fig. 13.1). AP is a minor structural protein necessary for
attachment to bacterial pilus structures, and CP is the major building block of the
phage capsid. RP is the catalytic subunit of RNA-dependent RNA polymerase
(RdRp). Additionally, many studied ssSRNA phages encode a separate lysis pro-
tein (LP).

Family Leviviridae is further divided into two genera— Levivirus and Allolevivirus.
In Leviviridae genomes, AP is encoded at the 5" end, followed by CP and RP, always
in the same order. In contrast, the position of LP in the genome may vary. Typically,
the LP gene overlaps partially (Atkins et al. 1979; Olsthoorn et al. 1995) or com-
pletely (Kazaks et al. 2011; Rumnieks and Tars 2012) with the CP and/or RP genes,
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Fig. 13.1 Genomes of ssRNA phages MS2, Qp, AP205, CB5, AVE00O and AVE(002. Genes are
shown as boxes. L. stands for lysis protein. In the incomplete sequences of phages AVEOO1 and
AVEO002, ORF1 and ORF3 of genes encoding two putative proteins are shown
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albeit in different reading frames, except in the phage AP205, in which LP is
encoded by a very short ORF at the very 5" end of the genome(Klovins et al. 2002).
Phages belonging to genus Allolevivirus lack LP entirely and utilize a bifunctional
A2 protein to carry out cell lysis (Karnik and Billeter 1983; Winter and Gold 1983;
Bernhardt et al. 2001). Another hallmark of alloleviviruses is a gene encoding the
read-through minor coat protein A1, whose function is somewhat unclear, although
it has been shown that it is necessary for infection (Hofstetter et al. 1974).

The Levivirus-Allolevivirus division was assigned many decades ago when most
studies on sSRNA phages were limited to those phages infecting Escherichia coli
bacteria. Many other ssSRNA phages have since been discovered and sequenced, and
they do not seem to be particularly similar to any Levivirus or Allolevivirus repre-
sentatives. Furthermore, Levivirus and Allolevivirus members are more closely
related to each other than to many of the newly sequenced phages. Therefore, the
classical Levivirus-Allolevivirus division is clearly outdated, and a new classifica-
tion based solely on the sequence similarities of proteins should be introduced.

For quite some time, the sequences of relatively few ssSRNA phages were known,
but this situation changed dramatically in 2016, when two metagenome studies
revealed more than 200 novel but somewhat incomplete genomes (Krishnamurthy
et al. 2016; Shi et al. 2016). Additionally, 31 partial sequences including full-length
CP gene were extracted from the NCBI nucleotide (nt) and environmental nucleo-
tide (env_nt) sequence databases (Lieknina et al. 2019). Although the correspond-
ing phages themselves cannot be reconstructed from these partial sequences and the
respective hosts remain unknown, these metagenome sequences revealed new data
about the diversity of genomes and their encoded proteins. The sequences were so
diverse that in many cases reliable assignment to the Leviviridae family was possi-
ble due only to the presence of the RP gene, the central part of which is remarkably
conserved among all ssSRNA phages. In contrast, the sequences of other proteins did
not show any similarities to previously characterized members in many cases; for
example, the presence of CP ORF could be detected only by assuming its approxi-
mate length and placement between the AP and RP genes. Some of the metagenome
sequences (AVE002, AVE003, ESO001 and EMMO000) seemed to contain two
ORFs between the AP and RP genes. The first ORF after AP apparently encodes CP,
as the expression of this gene from phages AVE002, ESO001 and EMMO00 yielded
virus-like particles (VLPs) that were morphologically similar to those of other
phages (Lieknina et al. 2019). The expression of the second ORF (designated
“ORF3”, since it is the third ORF in the genome after AP and CP) of phages found
in E. coli yielded either an insoluble product (AVE002, ESO001) or no product at
all (AVE003, EMMO000)(Lieknina et al. 2019). No cell lysis was observed in either
case, suggesting that ORF3 is unlikely to be a candidate for encoding LP. It might
still be the case that ORF3 is responsible for achieving lysis in host bacteria but is
unable to do so in E. coli. However, the expression of LPs from other phages from
different hosts has so far always led to cell lysis even when expressed in E. coli.
Therefore, the identity and function of ORF3 remain unknown. Alternatively, ORF3
may be an artifact produced by sequencing errors. Thus, the ORF3 gene could actu-
ally be a 5" portion of the RP gene or a 3’ extension of the CP gene, similar to the
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Al read-through protein in alloleviviruses. ORF3 could also be a separate protein
performing the same function as Al in alloleviviruses. However, this is rather
unlikely since the “error model” would require multiple sequencing errors, and
ORF3 does not display any homology to known proteins, including RP or Al, of
any phage. Additionally, at least in AVE0O02, there are clearly defined SD sequences
prior to the ORF3 and RP genes, further suggesting that ORF3 encodes a separate
protein.

One of the metagenome sequences (AVEO00) exhibited other unusual traits
(Krishnamurthy et al. 2016). First, the incomplete genome was 4950 nucleotides
long; therefore, the actual size of the full-length genome could be over 5000 bases.
Second, the sequence included the another putative ORF with unknown function at
the 5" end, partially overlapping with AP in a different reading frame. The larger-
than-usual size of the AVEOOO genome might require larger particles, for which
there is some indirect evidence, as discussed further in the VLP section.

Leviviridae members are not evolutionarily closely related to any other bacterio-
phages except for a very distant relationship to the only known dsRNA phages
belonging to family Cystoviridae, since it is believed that all RNA viruses share
common ancestry. The closest Leviviridae relatives appear to occur within genus
Mitovirus, belonging to the family Narnaviridae, which consists of ssSRNA viruses
that infect the mitochondria of fungi (Hillman and Cai 2013). Mitoviruses do not
have a protein capsid, and their genomes encode only one protein, RNA-dependent
RNA polymerase (RdRp), which displays some sequence similarities to the RP of
Leviviridae phages. The RdRp of the other Narnaviridae genus Narnavirus (infect-
ing the cytoplasm of fungi) is even more distantly related to RP. Ourmia-like viruses,
which infect plants, fungi and inverteberates, also harbor an RdRp that is distantly
related to RP (Shi et al. 2016). Based on these similarities it has been suggested to
create a separate ‘Narna-Levi’ clade consisting of Leviviridae, Narnaviridae and
Ourmia-like viruses (Shi et al. 2016). However, the coat proteins of Ourmia-like
viruses are clearly different from those of Leviviridae phages and, judging from
similarities to other families, present a jelly roll B-barrel topology typical of many,
if not most, viruses (Rastgou et al. 2009). Therefore, it appears that some of the
mentioned viruses might carry RdRp genes that have been “borrowed” from each
other via horizontal gene transfer. RP is the only protein from the Leviviridae family
that clearly presents relatives within other viruses, while CP, AP, A1 and LP do not
seem to be related to proteins from any other viruses or, indeed, to any other pro-
teins in general.
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13.3 Infectious Cycle

13.3.1 Adsorption, Genome Ejection and Penetration

sSRNA phages infect various Gram-negative bacteria by attachment to the sides of
their pilus structures. In the case of Escherichia coli, most commonly conjugative
plasmid-encoded F pili are used (Crawford and Gesteland 1964), but ssSRNA phages
infecting other bacteria have been reported to attach to completely different genome-
encoded pili, such as polar pili in Pseudomonas (Bradley 1966) or swarmer cell
-specific pili in Caulobacter (Schmidt 1966). Some phages display specificity to
several hosts carrying certain conjugative pilus-encoding plasmids. For example,
the bacteriophage PRR1 is specific to a variety of bacteria, provided that they har-
bour the incompatibility group IncP plasmid, which produces so-called P pili on the
cell surface that serve as receptors for the phage (Olsen and Thomas 1973). Likewise,
phage M is able to infect various bacteria carrying the IncM plasmid (Coetzee et al.
1983). However, most of the available knowledge about the initial steps of infection
comes from studies of the closely related F-pili-specific phages MS2, R17 and f2.
The physiological function of F-pili is to bind and bring donor and recipient bacteria
close enough together for the subsequent exchange of genetic material. This is
accomplished by retraction, which is essentially the shortening of F-pili, composed
of many identical F-pilin protein monomers, via depolymerization. After retraction,
the F plasmid enters bacteria through the conjugative pore formed by plasmid-
encoded proteins. Apparently, ssSRNA phages are able to repurpose this plasmid-
transfer machinery to deliver their genomes inside the target cells.

After attachment to pili on bacterial cell surface, AP is cleaved in two parts
(Krahn et al. 1972), is ejected from particles together with the genome and enters
bacteria via a poorly understood mechanism. A complex of only the AP and the
genomic RNA is infectious to the cell (Shiba and Miyake 1975), suggesting that CP
only protects viral RNA from environment and plays no other role in infectivity
process. Although phage MS?2 particles attach to both isolated and cell-bound F-pili
(Valentine and Strand 1965), this attachment results in AP cleavage and genome
ejection only if pili are attached to viable E. coli cells (Danziger and Paranchych
1970). Additionally, there is no evidence that the adsorption of the phage particles
to F-pili actively triggers their retraction. However, it is known that F-pili can
undergo retraction and elongation spontaneously (Clarke et al. 2008). Therefore, it
is reasonable to assume that after adsorption, the occasional retraction of F-pili
leads phage particles to be transported close to cell surface, triggering AP cleavage
and genome ejection. The exact mechanism of further transport across the cell
membrane remains unknown, but it can be speculated that AP, together with RNA,
uses a conjugative pore intended for the transport of F-plasmid DNA.
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13.3.2 Synthesis of Proteins, Replication and Assembly

Once the genomic RNA enters the cytoplasm of the host cell, it can act directly as
mRNA for protein synthesis. The amounts of proteins to be translated are tightly
regulated by a variety of mechanisms, including the accessibility of ribosome bind-
ing sites, the translational coupling of genes, the formation of RNA secondary struc-
ture elements, protein-RNA interactions and read-through of translation stop
codons. The known expression regulation mechanisms of the MS2 phage are shown
in Fig. 13.2. In the folded genome of the bacteriophage MS2, only the CP gene is
initially accessible to the ribosome (Van Duin and Tsareva 2006). During the trans-
lation of the CP gene, the RNA secondary structure is partially disrupted, allowing
access to the ribosome binding site of RP. Once the RP gene has been translated, the
replication of the genome may begin. RP is the catalytic subunit of RNA-dependent
RNA polymerase (RdRp), but the fully functional RdRp holoenzyme contains 3
additional proteins hijacked from the cellular translation machinery — the elongation
factors EF-Tu and EF-Ts (Blumenthal et al. 1972) and ribosomal protein S1 (Wahba
et al. 1974). Structural and functional studies have revealed that cellular compo-
nents participate in the template binding, recognition and stabilization of the holo-
enzyme complex. By far the best-studied RdRp of ssRNA phages is that of phage
QP due to its stability. The function, mechanism and structure of QP replicase have
been studied in great detail — see (Tomita 2014) for a review. Qp RdRp is among the
fastest known RNA polymerases and can generate up to 10'° copies of some artifi-
cially selected templates in 10 min (Chetverina and Chetverin 1993). For this rea-
son, it has been proposed that Q RdRp could be used for the “room-temperature
PCR” amplification of RNA, but template specificity requirements have prevented
this type of application so far (Ugarov and Chetverin 2008). The RdRps of
Leviviridae phages are remarkably specific for both the (+) and (—) strands of their
own genomic RNAs and generally do not recognize other arbitrary templates.
Additionally, it has been shown that MS2 RdRp does not recognize Qp RNA or vice
versa (Haruna and Spiegelman 1965). The specificity factors include sequences at
the ends and in the middle of the genome, along with a high degree of secondary
structure and long-distance base-pairing interactions (see (Rumnieks and Tars 2018)
for a review).

In the folded RNA genome of phage MS2, AP translation is prevented by the
formation of an extensive secondary structure around the ribosome binding site
(Groeneveld et al. 1995). However, at the beginning of replication, the 5’end of the
genome adopts other temporary conformations in which RBS is exposed to ribo-
somes, allowing the translation of the AP gene (van Meerten et al. 2001). This
mechanism ensures that on average only one copy of AP is generated during each
replication cycle, which makes sense since only one AP molecule must be present
in the mature virion.

Although the initiation codon of the CP gene is accessible in the folded genome,
the CP gene lacks a strong RBS sequence. Instead, the so-called S site is located
prior to the CP gene. The S site shows affinity for the S1 protein, which is present
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Fig. 13.2 Regulation of gene expression in phage MS2. (a) In the folded genome, only the CP
gene is available for translation. The CP gene is preceded by the S site, displaying affinity for the
S1 protein, which is present in both the ribosome and RdRp. If RdRp is bound to the S site, transla-
tion from all genes is disabled. If the ribosome binds to the S site, upon translation, parts of the
genome become unwound, exposing the RBS of the RP gene to make it accessible for translation.
(b) In a full-length genome, AP RBS is normally hidden in the RNA secondary structure and not
accessible to the ribosome. However, at the beginning of replication, when 5" end of the genome
has been just synthetized by RdRp an alternative secondary structure is formed in the nascent
genome, and AP RBS is temporarily accessible to the ribosome once per replication cycle. (¢) The
LP gene lacks its own RBS and can therefore be accessed only via the backsliding action of the
ribosome. In <5% of cases, after the termination of CP synthesis, the ribosome slides backward
and initiates LP translation. (d) The transcription of the RP gene is repressed by the TR-CP interac-
tion around the initiation codon. The formation of the TR loop itself does not prevent translation,
but the binding of the CP dimer to TR abolishes the binding of ribosomes
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both in ribosomes and RdRp. Consequently, ribosomes and RdRp must compete for
binding to the same RNA sequence (Van Duin and Tsareva 2006). Therefore, when
RdRp is bound to the S site, the translation of all genes is prevented. This is impor-
tant in the early stages of infection, when the production of more copies of the
genome is more urgent than the translation of few existing copies.

As discussed later in the chapter in more detail, the translation of the RP gene is
repressed not only by hiding its RBS in the folded genome but also by the binding
of CP dimers to the sequence around the RP initiation codon (Gralla et al. 1974;
Weber 1976). The synthesis of RP is thereby shut down in the late stages of infec-
tion when enough copies of the genome have accumulated, and further activity of
RP is therefore not required.

After the synthesis of genomic RNA, AP and CP, the assembly of viral particles
may begin. Due to the existence of extensive RNA secondary and tertiary structure,
the genome must adopt a globular shape immediately after replication. The roughly
spherical structure of the genome is further stabilized by the binding of AP, which
interacts with several stem-loops of RNA (Dai, et al. 2017). Thus, the genome with
bound AP seems to act as a nucleation center for virus assembly. After that, CP
dimers attach to specific stem-loop regions in the genome, as discussed in the sec-
tion on virion structure. It has been assumed that in the presence of cognate genomic
RNA, no other cellular RNAs are packaged in the virion. Furthermore, co-infection
experiments with MS2 and Qf demonstrated that genomes of each phage are pack-
aged only in their cognate capsids even when present in the same cell (Ling, et al.
1970). However, the recent analysis of phage Qf virions by cryo-EM revealed that
only approximately 20% of the examined particles contained the A2 protein and
contained an RNA with a defined structure (Cui, et al. 2017). Although it can not be
excluded that most particles were damaged during sample preparation, this seems to
suggest that in at least some ssSRNA phages, assembly results in a substantial amount
of defective, noninfectious particles, possibly filled with cellular RNAs in a similar
fashion to their recombinant VLPs, as discussed in Sect. 13.5.1.

13.3.3 Diverse Lysis Strategies in Leviviridae Phages

The last step in the viral life cycle of lytic phages is the lysis of the host cell. dSSDNA
phages typically make use of several genes to accomplish cell lysis, including genes
encoding holins, lysins, spanins and additional proteins involved in the regulation of
host lysis. In contrast, Leviviridae phages utilize only a single gene for the same
purpose (see (Chamakura and Young 2019) for a review). Surprisingly, various
clearly related ssSRNA phages use at least three very different strategies to accom-
plish bacterial cell lysis. The LP of MS2 and other representatives of the Levivirus
genus are inserted into the cellular membrane, creating channels that are permeable
to ions (Goessens et al. 1988). This disrupts the electrostatic potential of the cellular
membrane and activates cellular autolysins.
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The target of the multifunctional A2 protein of phage Qf and presumably other
Allolevivirus members is the MurA enzyme, which catalyzes the first cytoplasmic
step in proteoglycan wall synthesis, the transfer of enolpyruvate from phosphoenol
pyruvate to UDP-N-acetylglucosamine. A2 binds to MurA, blocking the entry of its
active site and thereby preventing the synthesis of the cell wall (Karnik and Billeter
1983; Winter and Gold 1983; Bernhardt et al. 2001). Remarkably, the A2 protein is
able to block the enzymatic activity of MurA both in its free form and when present
within the virion. Therefore, the mature particles of phage Qf seem to be able to
leave the host cell without the aid of any other factor.

Similar to MS2, the LP of phage M contains a single transmembrane helix.
However, in the case of phage M, LP is able to interact with the MurJ protein, which
is a flippase of lipid-linked precursors necessary for peptidoglycan synthesis.
Apparently, the interaction of LP with MurlJ locks the flippase in one of two confor-
mations that is necessary for transport (Chamakura and Young 2019).

Since LP is potentially deadly to the host cell, it is important to avoid its overpro-
duction in the early stages of infection. In MS2 and presumably other leviviruses,
the translation initiation of the LP gene is coupled to the translation termination of
the CP gene. The initiation codon of LP is located approximately 50 nucleotides
upstream of the CP termination codon and lacks the preceding RBS sequence;
therefore, it cannot be accessed by the ribosome directly. However, in approxi-
mately 5% of cases, after the termination of CP translation, the ribosome does not
dissociate away from the template but slides backward and reinitiates translation at
the LP start codon (Adhin and van Duin 1990). It is thereby ensured that LP accu-
mulates in the cell slowly and only after the synthesis of CP.

Since the LP genes of several other ssSRNA phages are found at different loca-
tions in the genome, they have probably evolved independently; therefore, it might
be possible that some of them use other yet to be discovered mechanisms of
cell lysis.

The exact 3D structures of the phage LPs other than the Qf A2 protein are
unknown. LPs from different distantly related phages share little, if any, sequence
homology, with the only universally common motif being a putative transmembrane
helix, or sometimes two transmembrane helices, as in the case of CB5 (Kazaks et al.
2011). In most cases, the LP gene partially or fully overlaps with the RP gene in a
different reading frame. This seems to leave little room for the evolution of LPs
since they must coevolve with RP, which is the most conservative of the ssSRNA
phage proteins. Nevertheless, LPs are actually very efficient and are even able to
lyse bacteria other than the hosts of their phages. For example, the LPs of AP205
(host, Acinetobacter genospecies 16) and CBS5 (host, Caulobacter crescentus) are
both able to lyse E. coli bacteria (Klovins et al. 2002; Kazaks et al. 2011).
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13.4 Structure of the Virion

13.4.1 Icosahedral Component — Coat Protein

Mature ssRNA phage virions are composed of icosahedral T = 3 protein shells com-
posed of 178 copies of CP and a single copy of AP (Dent et al. 2013; Koning et al.
2016; Dai et al. 2017). Prior to advances in cryo-EM that made asymmetric recon-
structions possible, essentially the only available structural information was for the
protein capsid, which was initially thought to consist of 180 chemically identical CP
subunits arranged in a perfectly icosahedral shell (Valegard et al. 1990) (Fig. 13.3).
Because of T = 3 symmetry, CP exists in three slightly different conformations, A,
B and C. There are very tight interactions among the two monomers of CP; there-
fore, the capsid can be regarded as being composed of 89 dimers. There are two
types of dimers in the capsid — one AB dimer (composed of CPs in the A and B
conformations) and another CC dimer (composed of two dimers in the C conforma-
tion). The structure of CP in the capsid was first solved for MS2 (Valegérd et al.
1990; Golmohammadi et al. 1993) and related phages fr (Liljas et al. 1994), Qf
(Golmohammadi et al. 1996), GA (Tars et al. 1997), PP7 (Tars et al. 2000), PRR1
(Persson et al. 2008) and CB5 (Plevka et al. 2009) and seemed to be quite conserved
with respect to secondary structure elements. In the CP monomer, the N-terminal
hairpin is always followed by a 5-stranded beta-sheet and two C-terminal helices. In
dimers, two beta sheets are joined together, forming a single 10-stranded beta-sheet.

Fig. 13.3 Structure of ssSRNA phage capsids. (a) Structure of MS2 capsid. One facet of icosahe-
dral particles is shown as a triangle. Approximate positions of icosahedral five-fold, three-fold and
two-fold axes and quasi-symmetric q3 (relating three CP dimers), q6 (relating 6 CP dimers, coin-
ciding with the icosahedral three-fold axis) and q2 (relating CP monomers within the AB dimer)
axes are shown as well. (b) Structure of CP dimers in phages MS2 and AP205. Note the different
placement of the terminal strand in the two cases
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Deviation from this order is observed in the CP of phage AP205 (Shishovs et al.
2016), in which the N-terminal beta strand has “travelled” to the C-terminus, a cir-
cular permutation made possible by the close proximity of the C- and N-termini of
the two monomers in the CP dimer. This permutation effectively exposes the C- and
N- termini on the surface of AP205, whereas they are not well exposed and cluster
together around quasi-threefold axes in other phages.

The exact interactions between CP dimers in capsids are surprisingly variable
among even relatively closely related ssRNA phages. In the capsids of the studied
Levivirus phages, CP dimers are held together merely by noncovalent protein-
protein interactions. In some phages, like QP (Golmohammadi et al. 1996) and PP7
(Tars et al. 2000) covalent disulphide bonds link CP dimers around fivefold and
quasi-sixfold axes, thereby significantly stabilizing the particles. In other cases,
metal ions stabilize the structure of capsids in a similar way to that observed for
many plant viruses (Tars et al. 2003). The capsid of bacteriophage CBS5 exhibits
calcium ions located in quasi-three-fold axes, which aid in holding 3 coat protein
dimers together (Plevka et al. 2009). In some ssSRNA phages, protein-RNA interac-
tions also help to hold the dimers together; for example, CBS, in addition to being
stabilized by metal ions, is further stabilized by RNA bases inserted between the CP
dimers (Plevka et al. 2009).

13.4.2 Asymmetric Parts — AP, Al and the Genome

Although it was initially believed that AP must traverse the prominent capsid pores
around fivefold or quasi-sixfold axes, later cryo-EM studies revealed that one CC
dimer in the capsid is replaced by a single copy of AP (Dent et al. 2013; Koning
et al. 2016; Dai et al. 2017). The structure of AP is not similar to that of the CP
dimer, yet AP is able to form relatively tight interactions with four different CP
dimers. The introduction of AP in the capsid leads to some deviations from the ico-
sahedral architecture — not only is a single CP dimer missing, but the neighboring
CP dimers are also displaced from their perfectly icosahedral positions (Gorzelnik
et al. 2016). Structurally, AP forms a single domain but can be described as being
composed of two regions (Dai et al. 2017; Rumnieks and Tars 2017) — one that is
predominantly helical, facing the genomic RNA, and a second containing beta
strands (B part), facing the capsid exterior (Fig. 13.4) and interacting with the pilus
receptor. While the helical parts are somewhat conserved among the related MS2
and Qp phages, the P parts are very different. To some extent, this is reflected in
their physiological functions — while the § part of the AP of MS2 interacts only with
F pili, the P part of the A2 protein of QP also interacts with the MurA protein to
promote cell lysis. While the structures of MS2 AP and QP A2 are quite different,
their overall shapes are quite similar, forming a fairly extended, bent structure with
their p part, extending tangentially from the virion surface. Recently, a 5 A-resolution
cryo-EM structure was reported for MS2 in complex with the F- pilus receptor
(Meng et al. 2019) (Fig. 13.5). The p part of AP was found to be involved in
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Fig. 13.4 Placement of maturation protein in ssSRNA phages Qp (a) and MS2 (b). A section of
phage particles around the maturation protein is shown. The particle shell is represented as a Ca
trace of CP molecules. Helices of the maturation protein are shown in red, strands are shown in
yellow, and loops are shown in green. Note that the helical part faces the interior of the particles,
while the p part is exposed on the surface. In Qf, a single CP dimer is located in proximity to the
the maturation protein

E.colisurface

Fig. 13.5 Interaction of phage MS2 with the F-pili receptor. A section of the phage is shown,
revealing the position of AP. AP and CP are shown as semitransparent surface models in red and
blue, respectively. F-pili are shown as a cartoon model. The location of the bacterial surface with
respect to the orientation of the F-pili is indicated with a thick line

extensive hydrophobic and charged interactions with at least 6 pilin subunits. No
significant changes in AP or genome structure were observed compared to unbound
MS2 particles, confirming the previous observation that binding to F-pili per se
does not induce AP cleavage or genome ejection. The interaction of phages with
F-pili seems to be rather flexible, as three classes of MS2 particles with slight dif-
ferences in their orientations with respect to the F-pili have been observed. The
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particles bind to the pili so that the tip of AP bends away from the cell surface.
Considering the relative orientation towards the cell and the hook-like structure of
AP, it has been speculated that upon arrival at the cell surface, the particle could be
mechanically opened like a coke can using AP as a pop tab.

In addition to a normal CP, Allolevivirus particles exhibit 3-10 copies of the Al
protein, which is an extended version of CP produced by the ribosome through an
occasional read-through mechanism involving a leaky termination codon in which
translation continues for an additional 600 nucleotides (Weiner and Weber 1971).
The exact function of the A1 protein is unknown, although it has been shown that it
is required for infection (Hofstetter, et al. 1974). Structurally, the A1 extension pres-
ents a roughly globular shape with a mixed o/f architecture that is not observed in
any other protein (Rumnieks and Tars 2011) (Fig. 13.6). The N-terminal part of the
extension forms an unusually long polyproline type II helix. In cryo-EM reconstruc-
tions of Q, there are no traces of the A1l extension (Gorzelnik et al. 2016), suggest-
ing that copies of Al might be flexibly attached and/or randomly distributed in
individual phage particles.

Although ssRNA phages nominally present a single-stranded RNA genome, this
is correct only in the sense that a single strand of RNA is indeed packaged in each
virion. However, more than 70% of the genome is involved in short- and long-
distance base-pair interactions forming stem-loops, pseudoknots and other regions
that essentially consist of dsSRNA (Skripkin et al. 1990). Furthermore, the genome
has a well-defined 3D structure that is more or less identical in all virions. The
genome structure was first visualized by cryo-EM in phage MS2, initially at medium
resolution (Koning et al. 2016) and later at high resolution (Dai et al. 2017), making
it possible to observe most of the genome, although only some regions, particularly
those forming interactions with the protein shell, were visible at a near-atomic reso-
lution. Later, similar asymmetric cryo-EM structures were reported for phage Qf

Fig. 13.6 Structure of the
QP Al extension. The
structure is shown as a
cartoon model, rainbow
colored from the N- to
C-termini. In the
N-terminal polyproline
helix, the side-chains are
shown as stick models with
prolines colored in cyan
and other residues in blue
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(Gorzelnik et al. 2016; Cui et al. 2017). Interestingly, unlike MS2, one copy of an
isolated CP dimer was found inside the particle (Cui et al. 2017) (Fig. 13.4a),
located near the A2 protein and bound to genomic RNA. Therefore, the Qf virion is
actually composed of 180 CP subunits, although a single CP dimer is not a part of
the protein shell.

13.4.3 RNA-Coat Protein Interactions

For quite some time, the only available structural information about protein-RNA
interactions in ssSRNA phage particles came from the studies of CP dimers in com-
plex with a 19 nucleotide-long stem-loop fragment known as TR (translation repres-
sion) from the genome region located around the replicase start codon in
bacteriophage MS2 (Valegard et al. 1994). The main physiological role of this inter-
action seems to be the repression of the translation of the replicase gene in late
stages of infection, when the presence of the replicase is no longer needed (Gralla
et al. 1974; Weber 1976). Additionally, the same interaction provides a nucleation
site for capsid assembly and contributes to the packaging of correct RNA inside the
virions. The CP-TR interaction in phage MS2 has been studied in great detail both
structurally and functionally and remains one of the best understood RNA-protein
interactions in general (see (Rumnieks and Tars 2018) for a review), which has
fuelled several practical applications, as discussed in later sections. Similar interac-
tions with the same biological purpose exist in some (but not all) other sSRNA
phages, including PP7 (Chao et al. 2008), PRR1 (Persson et al. 2008) and Qf
(Rumnieks and Tars 2014). Surprisingly, while the TR-binding sites of the MS2,
PRR1 and Qp CPs are clearly similar, the PP7-binding site is quite different. In both
MS2 and PP7, the main specificity determinants of CP-RNA interactions are two
adenine bases, one of which is located in the loop, while the other forms a bulge in
the stem (Fig. 13.7a). The two adenines occupy symmetrical binding pockets in the
CP dimer. However, while in MS2 both pockets is formed by residues belonging
only to one monomer, in PP7, pockets are found at the interface of monomers.
Therefore, the TR-binding sites of the two phages are located at completely differ-
ent sites of CP, suggesting that the CP-TR interaction might have evolved in two
independent ways in sSRNA phages. However, it is now clear that the CP-TR inter-
action plays a rather minor role in the life cycle of phage, as TR-deficient mutants
are viable and only marginally less fit than wt phages (Peabody 1997a; Licis et al.
2000). Furthermore, some other phages, such as AP205 and CBS5, do not seem to
present this specific interaction at all.

In addition to the TR-CP interaction, numerous other fragments of sSRNA are
involved in CP-RNA interactions. In most cases, these are other stem-loop struc-
tures from the genome with a similar appearance. In a cross-linking study, more
than 50 stem loops were identified as being bound to CP (Rolfsson et al. 2016),
many of which were visualized in later asymmetric cryo-EM reconstructions of
MS2 (Dai et al. 2017). However, only 15 stem loops were visible in a cryo-EM
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Fig. 13.7 Protein — RNA interactions in ssSRNA phages. (a) Interactions of the TR stem-loop with
MS2 and PP7 CP dimers. Two adenine bases participating in the most important sequence-specific
interactions are shown with blue and red stick models. CP monomers are shown with yellow and
magenta cartoon models with the residues forming the binding pockets for adenine bases shown as
sphere models. Note the markedly different placement of the two adenine-binding pockets in MS2
and PP7. The secondary structure of the TR stem loops is shown as well, with both important
adenylates indicated in the same color as in the stick models. The replicase gene initiation codon
is highlighted in gray. (b) Asymmetric cryo-EM reconstruction of phage MS2. CP and AP are
shown as semitransparent light gray and red surface models, respectively. High-resolution
CP-binding genome stem loops are shown as green sphere models. TR (same as in panel a for
MS?2) is shown in black and AP interacting stem-loop in blue. A lower-resolution genome model
is shown as a coil



276 K. Tars

reconstruction at an atomic resolution (Fig. 13.7b), suggesting that the remainder
are partially disordered, indicating weaker binding to CP. One of the 15 stem-loop
interactions was identified as a previously known CP-TR complex located close to
but not in direct contact with AP. In addition to CP-RNA interactions, AP also inter-
acts with segments of RNA, notably with a 24 nucleotide-long stem-loop at the 3’
end of the genome. The distribution of RNA in the virion is somewhat uneven, with
the densest portion occupying roughly one-half of the capsid volume, where AP and
most of the high-resolution stem-loop-CP complexes are found. The cryo-EM
reconstruction of phage QP shows a subatomic 4.7 A resolution; therefore, the
details of its genome structure are not as well resolved as in the case of MS2, and
atomic models have not been built for parts of the genome. As discussed previously,
unlike MS2, a single isolated CP dimer was found to be located inside of the Qf
particle, bound to genomic RNA. Although it is impossible to determine with cer-
tainty at which genomic RNA segment the isolated CP dimer is bound due to the
limited resolution, it might be the TR sequence, since the correlation coefficient
with the known crystal structure of the Qf CP-TR complex was 0.91 (Cui et al. 2017).

13.5 Practical Applications of ssRNA Phages
and Their Components

Over the past decades, surprisingly many applications of ssSRNA phages and their
components that are useful both in fundamental research and product development
have been found. Broadly speaking, all of these applications can be grouped into
three main classes, relying on the use of intact ssSRNA phages, their VLPs or
CP-RNA interactions.

ssRNA phages themselves are used mainly in environmental and disinfection
studies, serving as markers for the tracking of viral and microbial sources or as sur-
rogate models for the control of viral contamination in various samples. The appli-
cations of intact sSRNA phages are not further discussed in this chapter. CP-RNA
interactions have contributed significantly to the development of various imaging
applications. The VLPs of ssRNA phages are being used in vaccine and drug deliv-
ery development. Some applications, such as armoured RNA technology and MS2
display, combine the use of VLPs and CP-RNA interactions. In the following sec-
tion, a concise summary of the best-known applications involving ssSRNA phage
VLPs and CP-RNA interactions is given.
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13.5.1 VLPs of ssRNA Phages

Several applications of sSRNA phages rely on the production of recombinant VLPs
from the phages. In most cases, the expression of the CP gene alone in bacteria or
yeast is sufficient to produce soluble CP, and CP dimers then spontaneously assem-
ble into VLPs in host cells. Recombinant VLPs of numerous ssRNA phages have
been produced in this way (Kastelein et al. 1983; Kozlovskaya et al. 1986; Peabody
1990; Kozlovska et al. 1993). Recently, VLPs of 80 previously unknown ssRNA
phages were produced using CP sequences from metagenome sequencing data
(Lieknina et al. 2019). In most cases, recombinant VLPs are morphologically indis-
tinguishable from the respective phages when imaged via conventional negative-
staining EM. Furthermore, in two known cases involving phages
MS2(Golmohammadi et al. 1993; Valegéard et al. 1997) and CB5(Plevka et al.
2009), when the icosahedrally averaged crystal structures of both VLPs and the
respective phages were determined, the capsid structures were found to be virtually
identical. However, in some cases, recombinant VLPs are somewhat heterogeneous
as previously observed in a cryo-EM reconstruction of bacteriophage AP205 VLPs
and may include a mixture of T =3, T = | and somewhat irregular particles (Shishovs
et al. 2016). Mutant VLPs of phages MS2 and PP7 have been shown to exhibit T = 1
(Asensio et al. 2016) and T = 4 (de Martin Garrido, et al. 2019; Zhao, et al. 2019)
symmetries. During the characterization of 80 VLPs from metagenome data, several
VLPs were found to display considerable deviations from classical T = 3 particles.
In two cases, only smaller T = 1 particles could be observed, while in the case of
AVEQ000, somewhat larger heterogeneous particles were observed, some of which
may exhibit T = 4 symmetry. In the case of AVEO16, elongated T =3 Q =4 VLPs
were produced. Since VLPs originate from metagenome sequences, the actual
phages are not available. Therefore, it is difficult to judge whether the observed
shapes and sizes of larger-than T = 3 particles are merely a consequence of the arti-
ficial production system or the respective phages themselves indeed exhibit T = 4 or
T =3 Q = 4 symmetry. Intriguingly, as discussed in the previous section, AVEOOO
presents a very long genome, possibly of more than 5000 nucleotides. Therefore, it
might be that larger T = 4 particles are actually present not only in artificial VLPs
but also in the phage itself, to enable the packaging of larger genomes. In contrast,
the smaller T = 1 particles could not possibly be present in native phages since there
would not be enough space for their genome.

Although ssRNA phage VLPs obviously do not contain a genome, they are pack-
aged with various RNAs that are acquired during assembly following expression in
host cells (Pickett and Peabody 1993). This is largely due to the nonspecific interac-
tions of CP with any RNA, in which positively charged lysine and arginine residues
interact with negatively charged RNA phosphate groups, and some stacking interac-
tions among aromatic residues and RNA bases seem to contribute to unspecific
binding as well. Nevertheless, it has been shown that in addition to other cellular
RNAs, the recombinant VLPs of ssRNA phages contain substantial amounts of CP
mRNA, a property that can be used in several applications, as discussed below.
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13.5.2 MS?2 Tagging: Identification of Protein-RNA
Interactions, RNA Labeling and Tracking

MS2 tagging refers to a variety of techniques relying on specific CP-TR interactions
in phage MS2. For this purpose, the formation of VLPs is not desired; therefore,
assembly-deficient MS2 CP mutants are used. One MS2-tagging technique referred
to as MS2 BioTRAP is a method for the identification of protein-RNA interactions
(Bardwell and Wickens 1990; Tsai et al. 2011). In RNA molecules of interest, sev-
eral copies of TR are introduced. The RNA molecules are coexpressed with the
MS2 coat protein modified with an HB tag sequence, which enables biotinylation in
vivo. As a result, the RNA molecule of interest is decorated with biotinylated copies
of MS2 CP. Any proteins bound to the RNA molecule of interest can be extracted
together with the RNA using streptavidin beads. The identity of the bound proteins
can be revealed by mass spectrometry or other suitable techniques. Using similar
approach called MS2-TRAP it is possible to identify also RNA-RNA interactions,
such as binding of miRNAs to their target mRNAs (Yoon et al. 2012; Yoon and
Gorospe 2016).

Another conceptually similar MS2 tagging technology can be used for the track-
ing mRNA in living cells (Fig. 13.8). At the 3" end of an mRNA of interest, multiple
copies of TR are inserted. The MS2 coat protein is fluorescently labeled by, for
example, fusion to green fluorescence protein (GFP). As a result, upon the binding
of labeled MS2 CP, the RNA of interest also becomes fluorescently labeled. Using
confocal microscopy, it is further possible to track the path of the tagged RNA of
interest in the cell (Bertrand et al. 1998). Similar technology has been developed for
phage PP7 (Larson et al. 2011), which also displays a specific interaction of its CP
with TR. Several adaptations of the described method exist, some of which make
use of both MS2 and PP7 TR sequences located close together in the target RNA. In
this case, MS2 and PP7 CPs are labeled with different fragments of an engineered
GFP or its variants that are unable to emit fluorescent signals by themselves (Wu
et al. 2014; Park et al. 2020). However, upon binding to their respective TRs, the
MS2 and PP7 CPs bring the two fragments of GFP together, resulting in fluores-
cence. Compared to standalone MS2 or PP7 techniques, this significantly reduces
the background from unbound CP-GFP molecules. In another adaptation of the PP7
and MS2 RNA labeling method, the two CPs are labeled with different fluorescent
proteins (Hocine et al. 2013). Thus, two different RNAs harboring MS2 and PP7
TRs can be simultaneously tracked in a living cell.

13.5.3 Design of Riboswitches

Riboswitches are regulatory components of mRNA that are able to alter gene
expression upon binding to small molecule effectors. The activity of a riboswitch
may lead to various changes in mRNA, such as accessibility of the ribosome



13 ssRNA Phages: Life Cycle, Structure and Applications 279

=

mRNA
AAAAAA

AAAAAA

AAAAAA

Fig. 13.8 Use of CP-RNA interactions in mRNA visualization. In the 3’-end of target mRNA,
several phage-specific TR sequences are inserted. CP dimers of phages MS2 (a) and PP7 (b) are
modified by genetic fusion with fluorescent proteins, enabling detection of labeled mRNAs of
interest. By combining different specificities of TR interactions in PP7 and MS2 and two different
fluorescence proteins, it is possible to track two different mRNAs simultaneously. (c) To reduce
background fluorescence resulting from proteins, unbound to target mRNAs, a combined MS2-PP7
approach has been introduced. Both MS2 and PP7 TRs are introduced in the mRNA sequence next
to each other. MS2 and PP7 CP dimers are modified by the attachment of GFP segments, which are
unable to emit fluorescence signals by themselves. The two halves of GFP are brought together and
begin to emit light when the CP dimers bind to their respective TRs

binding site, the formation of transcription terminator hairpins, self-cleavage by
induced ribozyme activity or modifications of splice sites. In general, the binding of
effector molecules alters the secondary structure of mRNA. This property has been
used in selection, where the MS2 TR is inserted in close proximity to the riboswitch
sequence (Wu et al. 2019). The experiment can be designed in an “On” or “Off”
configuration, so that the RNA structure after the binding of the effector molecule
becomes compatible or incompatible, respectively, with the formation of a TR hair-
pin. The presence or absence of a TR hairpin can in turn be detected by treatment
with MS2 CP-GFP.
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13.5.4 Armored RNA Technology

To detect pathogenic RNA viruses by RT-qPCR in environmental, food or clinical
samples, reliable process quality control RNAs are necessary. However, RNA is
particularly vulnerable to degradation; therefore, special precautions must be taken
to preserve intact control RNAs. One strategy is to use an “armored” cage around
RNA molecules to prevent the access of RNases. The natural ability of ssSRNA
phage capsids to package their genomes has been utilized for the protection of con-
trol RNAs. The RNA of interest can be genetically fused with the TR operator and
coexpressed with the CP gene of the corresponding phage. As a result, the control
RNA becomes encapsulated in VLPs and effectively protected from attack by
RNAses. This technology has been well developed using phage MS2 VLPs (Pasloske
et al. 1998) in which RNA sequences from the genomes of pathogenic viruses,
including HCV, HIV, SARS, West Nile virus and many others, have been packaged,
and a wide variety of armored RNAs are commercially available for routine testing.
Phage Qf VLPs have been used for the same purpose, and it has been shown that the
resulting armored RNAs are significantly more stable compared to those packaged
in MS2 VLPs (Yao et al. 2019). Although compared to RNA, the degradation of
DNA is of significantly less concern, a similar “armored DNA” technique has been
developed. In this case, packaging is performed by re-assembling phage MS2 VLPs
in vitro in the presence of dsDNA fragments (Zhang et al. 2015).

13.5.5 Targeted Delivery

The VLPs of ssRNA phages can be used as nanocontainers for the targeted delivery
of various diagnostic or therapeutic agents (see (Pumpens et al. 2016) for a review)
(Fig. 13.9). The surface of VLPs can be decorated with an “address”, capable of
recognizing a particular cell type. Examples of the addresses used for the targeting
of ssRNA phage VLPs include cancer cell-targeting proteins(Elsohly et al. 2017) or
peptides(Carrico et al. 2008), glycans(Rhee et al. 2012), DNA aptamers(Cohen and
Bergkvist 2013), antibodies(ElSohly et al. 2015) and the Z-domain of the S. aureus
A protein (Zhao et al. 2019). The surface of VLPs can be further modified by the
attachment of cell-penetrating peptides(Wei et al. 2009) or PEG chains(Kovacs
et al. 2007). Various cargoes can be packaged inside VLPs, including
siRNAs(Galaway and Stockley 2013), miRNAs(Wang et al. 2016), dyes(Aanei
et al. 2018), small molecule drugs(Finbloom et al. 2018), toxins(Wu et al. 1995),
quantum dots(Ashley et al. 2011), nanoparticles(Freivalds et al. 2014), metal
ions(Kolesanova et al. 2019), radionuclides (Aanei et al. 2016) and other agents. If
an attached address is used in the same VLPs, the cargo can be delivered only to
target cells, enabling their selective labeling, activity modulation or destruction. In
pioneering studies, it was shown that MS2 VLPs packaged with the ricin A chain
and decorated with transferrin on their exterior were able to selectively and
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Fig. 13.9 Applications of ssSRNA phage VLPs in vaccine development and drug delivery. The
surface of VLPs can be modified, resulting in antigen presentation for vaccine or attachment of
address for targeted nanocontainer delivery. VLPs can be disassembled and reassembled to pack
immunostimulatory CpGs for vaccine development or cytotoxic or imaging agents for destruction
or visualization of target cells

efficiently kill leukemia cells with exposed transferrin receptors (Wu et al. 1995).
Since those studies, many other sSRNA phage VLP-derived targeted nanocontainers
with various loads have been developed, most of which are aimed at treating various
forms of cancer.
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However, even though in many cases, the VLPs of ssSRNA phages have indeed
been able to deliver various cargoes to target cells, their use as delivery agents in
immunocompetent animal models or humans faces several challenges. Most impor-
tantly, VLPs are very potent immunogens, which is a property that is extremely
useful in their application in vaccine development but represents a hurdle for drug
delivery. If VLP-based nanocontainers are injected into animals, a massive immune
response will clear them from the circulation, especially after repeated injections.
To some extent, this effect can be minimized by the PEGylation of VLPs(Kovacs
et al. 2007). Furthermore, for targeted delivery, the surface of VLPs must be deco-
rated with a suitable address that is able to recognize particular cell types. The
address itself may provoke an immune response, further complicating VLP-based
delivery applications.

13.5.6 Nanoreactors

VLPs can be packaged with enzymes, efficiently transforming them into nanoscale
reactors performing certain enzymatic reactions or even providing whole metabolic
pathways. Similar systems exist in nature. For example, many bacteria make use of
so-called microcompartments, which are quasi-icosahedral protein shells contain-
ing encapsulated cores of enzymes (see (Kerfeld et al. 2018) for a review).
Microcompartments protect the rest of the cell from potentially toxic reaction prod-
ucts and provide selectivity filters to substrates, products and co-factors. They also
increase the effectiveness of metabolic pathways by sequestering, locally concen-
trating and protecting enzymes from the action of proteases, thereby drawing con-
siderable interest in the field of biotechnology. However, bacterial
microcompartments contain several different structural proteins, complicating their
engineering. The icosahedral architecture of VLPs is somewhat similar to that of
microcompartments, but VLPs are considerably simpler in the case of ssSRNA
phages composed of only one type of protein. Therefore, substantial efforts have
been devoted to the engineering of ssSRNA VLPs for use as nanoreactors. Several
enzymes have been successfully encapsulated in Qf VLPs by coexpression with Qf
CP, including peptidase E and firefly luciferase (Fiedler et al. 2010). Packaging was
promoted by RNA linker sequence, consisting of Qf TR and RNA aptamer, able to
bind arginine-rich peptide, attached to enzymes. Alternatively, enzymes such as
alkaline phosphatase can be modified by attachment to negatively charged oligo-
mers such as the DNA analogue of TR or acidic peptides and packaged in vitro in
MS2 VLPs (Glasgow et al. 2012). Furthermore, by changing the charges of residues
lining the pores around the fivefold and quasi-sixfold axes of VLPs, it is possible to
alter the rate of the enzymatic reaction (Glasgow et al. 2015), demonstrating that it
is possible to regulate the transport of substrates and products through pores to some
extent. In another development, two enzymes from the indigo biosynthesis pathway,
pyridoxal phosphate (PLP)-dependent tryptophanase TnaA and nicotinamide ade-
nine dinucleotide phosphate (NADPH)-dependent monooxygenase FMO, were
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covalently attached to the inner surface of MS2 VLPs using the spy-catcher tech-
nique described in Sect. 13.5.7. (Giessen and Silver 2016). The spy tag was geneti-
cally inserted in the inner loop of MS2 CP, while the spy-catcher tag was added to
two enzymes, TnaA and FMO. The coexpression of all components led to the effi-
cient production of nanoreactors that were 60% more efficient in producing indigo
inside the bacterial host compared to naked enzymes. Furthermore, the purified
nanoreactors retained 95% of their activity after incubation for 7 days at 25 °C,
while isolated enzymes retained only 5% of their activity after similar treatment.

13.5.7 Vaccine Development

Probably the most promising medical application of ssSRNA phage VLPs lies in their
use in vaccine development (Fig. 13.9). Similar to many other VLPs, the VLPs of
sSRNA phages act as very potent immunogens. There are several reasons that VLPs
are very immunogenic, the most important of which is their ability to cross-link
B-cell receptors, greatly enhancing B-cell proliferation (Bachmann and Zinkernagel
1996). This property can be used to fuse weak antigens to the surface of VLPs to
enhance their immune response. Importantly, the coupling of antigens to VLPs may
overcome B-cell tolerance to self-antigens (Bachmann et al. 1993) — a property that
can be used to create antibodies against certain undesired proteins of organisms;
successful examples include but are not limited to the reduction of angiotensin lev-
els in case of high blood pressure (Tissot et al. 2008) and the reduction of proprotein
convertase subtilisin/kexin type 9 (PCSKD9) levels to reduce low-density lipoprotein
cholesterol (Crossey et al. 2015). Although the VLPs of many other viruses can be
used in a similar fashion, sSRNA phage VLPs present certain advantages. First, they
are exceptionally easy to produce in Eschericia coli or yeast systems. Second, they
are packaged with unspecific cellular RNAs, which greatly increases their immune
response by activating TLR3 and TLR7 toll-like receptors. If necessary, their RNA
content can be exchanged for something else — for example, immunostimulatory
agents such as CpG oligonucleotides, to achieve an enhanced TLRY response
(Bachmann et al. 2003). Third, antigens can be easily coupled to the VLPs of ssRNA
phages by either genetic fusion or chemical coupling. Owing to these advantages,
various ssSRNA phage VLP scaffold vaccine candidates for a wide variety of dis-
eases have been reported in well over 100 scientific articles, in many cases including
proof-of-principle studies in animals or even clinical trials (see (Pumpens, et al.
2016) for a review). In general, all sSSRNA phage VLP vaccine candidates can be
divided into two broad groups. The first group is represented by candidate prophy-
lactic vaccines against infectious diseases, such as influenza (Tissot et al. 2010;
Jegerlehner et al. 2013), West Nile fever (Spohn et al. 2010), Lyme
disease(Marcinkiewicz et al. 2018), cervical cancer caused by human papilloma
virus (Tumban et al. 2012; Zhai et al. 2019) or malaria(Ord et al. 2014). The second
group comprises therapeutic vaccines targeted against self-antigens, cancer anti-
gens or even small molecules, as exemplified by angiotensin (Tissot et al. 2008),
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tumour-specific carbohydrates(Yin et al. 2015, 2016) and nicotine(Maurer et al.
2005), respectively. In both cases, the corresponding antigens must be attached to
VLPs. In the case of protein or peptide antigens, this can be achieved either by
genetic fusion or chemical coupling, while for nonprotein antigens, chemical cou-
pling is the only option. Regarding genetic fusion, tolerability to insertions depends
heavily on the choice of the particular VLP. In the VLPs of phages MS2, PP7 and
Qp, the N- and C- termini of three adjacent dimers are closely clustered together
around quasi-threefold axes(Shishovs et al. 2016); therefore, longer insertions in the
N- and C- termini are usually not tolerated due to steric incompatibility. The so-
called AB loop located on the VLP surface has also been utilized for short inser-
tions. It is possible to genetically fuse the N- and C- termini of two copies of CP,
resulting in a covalent CP dimer in which genetic manipulations such as insertions
can be performed in only one monomer, thereby reducing the density of insertions
twofold. This way, MS2 VLPs tolerate insertions in AB loop up to 10aa in length
(Peabody 1997b; Peabody et al. 2008). Genetic fusions with longer peptides can be
achieved much more easily in the case of bacteriophage AP205 VLPs (Tissot et al.
2010) because, compared to MS2 or Qf, AP205 CP has both its C- and N-termini
exposed on the VLP surface (Shishovs et al. 2016), as discussed in the previous sec-
tion on VLP structure.

Tolerability to longer insertions in AP205 has enabled the development of
another coupling technique known as the spy-catcher approach. This technique
relies on the use of the engineered collagen adhesion domain CnaB2 from
Streptococcus pyogenes(Zakeri et al. 2012). In the CnaB2, a covalent isopeptide
bond is autocatalytically formed between the Lys31 and Asp117 residues. It is pos-
sible to split the CnaB2 protein into two parts, one peptide with only 13 residues
containing Lys31 and another containing the remaining 116 residues of the protein,
including Asp117. When mixed together, the two parts spontaneously form covalent
isopeptide bonds, similar to native proteins(Li et al. 2014). The 13 residue-long spy
tag peptide can be added to the antigen of interest, while the longer spy-catcher
sequence can be genetically fused to the C-terminus of AP205 CP, which leaves the
VLPs relatively intact. Then, the two components can be mixed together, and cova-
lent bonds between them form autocatalytically within a few minutes(Brune et al.
2016). Using this technique, a variety of antigens have been coupled to AP205 VLPs
targeting malaria, HPV, cancer antigens and allergy-associated self-antigens (Brune
et al. 2016; Thrane et al. 2016; Janitzek et al. 2019).

Although the genetic coupling technique is superior in the sense that only one
round of protein expression and purification has to be performed, it fails frequently
due to the formation of an insoluble product or failure to assemble into VLPs. For
this reason, VLPs and antigens of choice are very often produced and purified sepa-
rately and then linked together by chemical coupling. In many cases, amine-to-
sulfhydryl cross-linkers, such as succinimidyl 6-((beta-maleimidopropionamido)
hexanoate are used (Marcinkiewicz et al. 2018). Succinimide moiety reacts with the
free amino groups of lysines or N-termini on the VLP surface, while maleimide
reacts with the free sulthydryl groups of the antigen. If a protein antigen does not
contain free surface-exposed cysteines, they can be introduced by genetic
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engineering, or existing surface lysines can be modified with the SATA
(N-succinimidyl S-acetylthioacetate) reagent, which attaches free sulfhydryls to
amines (Bachmann et al. 2018). Other chemical coupling methods can also be used,
such as click chemistry (Polonskaya et al. 2017).

If chemical coupling is used, the antigens do not need to be proteins or peptides;
for example, it has been shown that high levels of high-affinity anti-nicotine anti-
bodies can be produced by immunization with nicotine, chemically coupled to the
surface of bacteriophage Qp, potentially acting as a cure for nicotine addiction
(Maurer et al. 2005).

13.5.8 MS2 Display

MS2 display is a development that is somewhat similar to classical phage display
techniques. As discussed previously, short peptide sequences can be inserted into
the AB surface loop of the MS2 coat protein without compromising the stability of
VLPs. Therefore, a library of VLPs can be created with randomized 6-10-residue-
long sequences in AB loops (Peabody et al. 2008). Furthermore, the obtained VLPs
can be “fished” out with a target object displaying affinity to the particular peptide
within the AB loop. Crucially, the VLPs of ssRNA phages are known to package
their own mRNA. Therefore, after affinity selection, mRNA from the “fished” mod-
ified VLPs can be easily extracted, reverse transcribed and sequenced, revealing the
sequences of the peptides in AB loops. MS2 display can be used to screen for pep-
tides with high affinity to monoclonal antibodies (Chackerian et al. 2011). In this
case, the affinity-selected VLPs can be further directly used as vaccine candidates.
Using the monoclonal antibody 5AS, displaying high activity in Plasmodium falci-
parum growth inhibition assays, Ord et al. were able to create a VLP vaccine candi-
date for malaria (Ord et al. 2014). Using a similar approach invovling monoclonal
antibodies against virulence factor AIP4 from Staphylococcus aureus, the same
research group was able to create a VLP vaccine candidate for Staphylococcus
aureus infection (O’Rourke, et al. 2015).
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