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1. ABSTRACT

The single-stranded RNA (ssRNA) bacteriophages of Leviviraidae family are among
the simplest known viruses with smallest genomes and high mutation rates which infect
various gram-negative bacteria. For a long time, the number of discovered ssSRNA phages
was very low, but recent metagenomic studies have uncovered a huge variety of diverse
sSRNA phages with genomes remarkably different from those known before. Due to their
simplicity and robustness, virus-like particles (VLPs) derived from the coat proteins (CPs)
of (sSRNA) bacteriophages have found various applications as tools in molecular biology
and related fields. However, only a few different ssSRNA phage derived VLP types have been
available so far, resulting in certain limitations in development and adaptations of VLP
technology. VLPs have many applications, for example they can be used as efficient carriers
of various antigens with immunological epitopes or as nanocontainers with tissue-targeted
“addresses” and therefore serve as attractive tools in vaccine development or in targeted
bioimaging and drug delivery. Although VLPs of many different viruses can be used, VLPs
of ssSRNA phages have certain advantages due to their simplicity, efficient production levels
in bacterial and yeast expression systems, RNA — binding properties, low production cost
and easy and fast purification. Until now, the range of available ssSRNA phage VLPs was
rather narrow, somewhat limiting their potentials applications. Therefore, there was a need
to find new members of sSRNA phage VLPs.

More than 150 hypothetical ssRNA phage CP sequences were sourced from
metagenomic sequence data. We selected 110 CP-encoding sequences and produced the
respective proteins in bacteria which in 80 cases resulted in formation of VLPs. Most CPs
were soluble when produced at 37 °C, but in some cases soluble CPs could be formed only
at lower temperatures. Almost all the soluble CP assembled into VVLPs. According to electron
microscopy, morphology of obtained particles was like that of the previously studied phages,
although a few deviations such as elongated or smaller particles were noted in certain cases.
Additionally, stabilizing inter-subunit disulfide bonds and capsid-bound metal ions were
detected in several VLPs. Compared to the few previously characterized types of sSRNA
phage VLPs, several dozens of new particles representing ten distinct similarity groups were
identified with a notable potential for biotechnological applications. During the structural
investigations of novel VLPs we also found several previously unseen features such as novel
secondary structure elements and bound cellular dsSRNA fragments.

In order to evaluate suitability of obtained VLPs as tools for vaccine development, a
model peptide was attached to the N- and C-termini of selected CPs. As a model peptide, we
used a triple repeat of 23 N-terminal residues of the ectodomain of the influenza M2 protein,
exploited previously in the development of the flu vaccine. During examination of 43 novel
phage CPs for their ability to form chimeric VLPs, we found ten new promising candidates
for further vaccine design, five of which were tolerant to insertions at both the N- and C-
termini. Furthermore, it was demonstrated that most of the chimeric VLPs have proper
antigenic features as judged from their reactivity with anti-M2 antibodies.

We believe that the novel VVLPs described in this thesis will provide the foundation for
future development of new vaccines and other applications based on ssRNA bacteriophage
VLPs.



2. KOPSAVILKUMS

Vienpavediena RNS (ssRNS) bakteriofagi no Leviviraidae dzimtas ir vienkarsakie no
zinamajiem virusiem ar 1su genomu, kura novérots augsts mutaciju limenis. Atklato ssRNS
fagu skaits joprojam ir loti mazs, tacu nesenie metagenomiskie petijumi ir atklajusi milzigu
dazadu ssRNS fagu sekvencu daudzumu, un to genomi ievérojami atSkiras no ieprieks
zinamajiem. Virusveidigas dalinas (VLP), kas iegiitas no ssRNS bakteriofaga apvalka
proteina (CP), ir bijusas nozimigas un veiksmigas pretendentes biotehnologijas joma to
vienkarSibas un izturibas dél. Tomér ir pieejami tikai nedaudzi no ssSRNS fagiem atvasinati
VLP veidi, kas uzliek noteiktus ierobezojumus §Ts tehnologijas attistitibai. VLP var izmantot
ka efektivus dazadu antigé€nu vai “adreSu” nes€jus, un tapec tie ir pievilcigi instrumenti
vakcinu izstrade. So dalinu pielietojums ir plass ari citas molekularas biologijas jomas:
meérktieciga bio-att€lveidoSana dzivos organismos, zalu piegades lidzekli, peptidu displeju
sistémas u.c. Paslaik ir pieejams plass dazadu virusu izcelsmes VLP klasts, tomér no ssSRNS
fagu CP iegtitajam VLP ir butiskas priekSrocibas to unikalo 1pasibu dél. ssRNS fagu VLP ir
raksturiga efektiva proteinu sint€ze bakteriju un raugu ekspresijas sist€émas, zemas razoSanas
izmaksas, ka ari viegla un atra attiriSanas metodologija. Paslaik no ssRNS fagu CP iegiito
VLP klasts ir ierobezots, tapec petijumi Saja joma ir aktuali.

No metagenomu datu bazém tika iegtitas vairak neka 150 hipot&tisko ssRNS fagu CP
sekvences. Turpmakajiem pétljumiem tika atlasitas 110 CP kodg&josas sekvences un
ekspresétas E.coli sisttma. Gandriz visu atlasito génu ckspresija rezultéjas SkistoSos
proteinos. Tika noverota sakariba, ka dalai CP, kuru sekvences iegiitas no vidém, kur parasti
ir zemaka temperatiira, funkcionalu proteinu sintéze ar1 notika pazeminata temperatiira - +15
°C. Lielaka dala skistoso CP veidoja VLP. Iegtto dalinu morfologija elektronu mikroskopija
bija lidziga iepriek§ pétito fagu morfologijai, lai gan dazos gadijumos tika novérotas
novirzes, piemeéram, iegarenas vai mazakas dalinas. Tika izveidota VLP kolekcija, kas sastav
no 80 jaunam VLP. Turklat, vairakas VLP tika atklatas subvienibas stabiliz&joSas disulfidu
saites un metala jonu stabiliz&joSas struktiiras. Salidzinot ar daZiem ieprieks izmantotajiem
ssSRNS fagu VLP veidiem, tagad ir pieejamas desmit jaunas CP grupas, ar ievérojamu
potencialu biotehnologiskos pielietojumos.

Sekojosaja So CP un jauno VLP pétijuma tika parbaudita 43 dazadu virussveidigo
dalinu toleranci genétiskam modifikacijam. Apvalka proteini tika modificéti gan N-, gan C-
terminalajas dalas, kur tika ievietots modelpeptids M2ex3, kas ir atvasinats no trTs apakstipu
A tipa gripas jonu kanala argja domena. P&tjjuma rezultata tika atrasti desmit jauni
daudzsolo$i kandidati turpmakai vakcinu izstradei, no kuriem pieci bija toleranti pret
genétisko modifikaciju gan N-, gan C-galos. Turklat tika pieradits, ka lielakajai dalai himéro
VLP ir atbilstoSas antigénas 1pasibas, kuras izvertetas pec saistibas ar anti-M2 antivielam.

Saja darba aprakstitas jaunas VLP paplasinas biotehnologisko lidzeklu klastu vakcinu
platformu attistibai, piegades sist€mam un strukturaliem peétijumiem.
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4. INTRODUCTION

The history of vaccines began three centuries ago with the first smallpox vaccine
developed by Edward Jenner (Plotkin 2014). Vaccination is still recognized as the most
effective way to fight and control infectious diseases caused by viruses. Most currently
available vaccines are based on inactivated or attenuated pathogens. Despite the efficacy of
these vaccines, there is a risk that inactivated or attenuated pathogens can regain virulence
and cause true disease (Kushnir et al. 2012). Along with the development of molecular
biology techniques, vaccines based on virus-like particles (VLPs) have emerged. VLPs are
nanostructures that can self-assemble from individual coat proteins (CPs) of a virus. VLPs
are structurally similar to the respective viruses but lack the genetic material needed for
replication (Jennings and Bachmann 2008). VLPs can be easily produced in a variety of
expression systems, including insect and mammalian cells, yeasts and bacteria. Additionally,
VLPs are characterized by their ability to form high symmetry structures which can be
rationally modified, providing the particles with desired functionality.

In vaccine development, the immune response against the carrier must be considered,
and the narrow range of available CPs limits the number of potential vaccines that could be
produced. Therefore, the discovery and characterization of novel ssRNA phage CPs and
VLPs are of considerable interest for continued development in the area.

Recent metagenomic sequencing analyses have revealed the sequences of more than
150 new hypothetical ssRNA bacteriophages (Krishnamurthy et al. 2016) whose encoded
envelope proteins can enrich the range of VLP-forming proteins.

The aim of study was to characterize novel VLPs derived from uncultured ssRNA
bacteriophage CPs.

The tasks of the study:
1. Production of 120 new ssRNA phage CPs in E.coli and examination of the
properties of obtained proteins - solubility, particle formation, and stability.
2. VLP purification for general characterization - including high resolution
structural studies
3. Assessment of the tolerance of the most promising phage CPs to genetic fusions

at the N- and C-termini using the model peptide M2e.



5. LITERATURE REVIEW
5.1. ssSRNA bacteriophages and their host diversity

Bacteriophages are tiny parasites that infect bacteria and archaea and form a major part
of the vast viral world. Phages are found everywhere bacteria can thrive. They are found in
huge numbers and are therefore considered to be the largest global reservoir of genetic
diversity. Although most known bacteriophages have dsDNA genomes, there are other types
of genomes found as well. Among them, ssSRNA bacteriophages have several unique
properties: 1) the genetic material is in the form of single-stranded positive sense RNA,; 2)
along with dsRNA phages belonging to family Cystoviridae they are the few representatives
of Riboviria realm, infecting bacteria; 3) they are pili specific (Zinder 1980).

While the second half of the twentieth century is often called the "golden age" of virus
discovery, the history of RNA bacteriophages dates back to the 1960s. Especially, Norton
D. Zinder is considered the "father" of RNA phages, detection of RNA phages was accidental
when studying E. coli bacteria containing F-pili (Zinder 1980). Due to their simplicity, RNA
phages have played an important role in the development of molecular biology. For example,
the MS2 phage is the first organism to have the entire genome sequenced (Fiers et al. 1976).
Phages R17 and f2 were the first characterized virions with an icosahedral structure
(Vasquez et al. 1966).

5.1.1. Taxonomy

In 2019, the latest ICTV (International Committee on Taxonomy of Viruses) virus
taxonomy system, based on the composition of the genome packaged in a virion was
published. This classification system continues the tradition introduced by D. Baltimore.
RNA viruses are included in the Riboviria realm, which currently includes 2 kingdoms, 3
phyla, 2 subphyla, 21 classes, 28 orders, 8 suborders, 102 families, 43 subfamilies, 458
genera, 68 subgenera and 2686 species (Fig.1). sSRNA bacteriophages are assigned to the
Leviviridae (from Latin: levis - light; virus - poison, toxic) family, which is further split into
two coliphage genera - Levivirus and Allolevivirus. The Levivirus genus includes MS2, BZ13
and GA-like bacteriophages, while Allolevivirus includes Qp, FI and SP-like bacteriophages
(https://talk.ictvonline.org/taxonomyy/).

Realm Riboviria
/ \
Kingdom QOrthornaviriae Parnaviriae
|
Phylum Lenarviricota
|
Class Allassoviricetes
|
Order Levivirales
|
Family Leviviridae
/ \
Genus Levivirus Allolevivirus

BZ13, MS2 FI, QB

Fig.1. Leviviridae branch of Riboviria realm.



Genome organization, high similarity between RNA polymerases, identical use of host
factors in replication, and similar mechanisms in translation regulation were the basis for
combining the known ssRNA bacteriophages into the Leviviridae family (see (Bollback and
Huelsenbeck 2001) for a review).

By the end of 2020, the GenBank contained the complete sequences of only 12 ssSRNA
bacteriophages, including MS2, GA, QB, AP205 and FI, and incomplete sequences of many
other bacteriophages (Krishnamurthy et al. 2016).

Immunological characterization or serogrouping is considered to be important for
virus classification. In the 1960s, when trying to find immunological differences for several
RNA phages - f2, f4, fr, etc., it was found that they were all serologically related (Scott 1965
). At the same time, another group of scientists found that the phage Q found in Japan was
not serologically cross-reactive with MS2 (Overby et al. 1966). Based on these findings,
three serological groups were introduced - I, Il and Il (Sakurai T. 1967). There is weak
cross-reactivity between groups | and 11, while group Ill phages do not display cross-
reactivity with both groups mentioned above. Shortly afterwards, group IV and putative
group V were introduced with the discovery of new phages. Levivirus members currently
include serogroups | and Il, and Allolevivirus members include serogroups Il and IV,
respectively. The following reference strains have been identified for serogroups: | - MS2,
Il - GA, lll - QB and IV - SP phages (Miyake et al. 1971).

In correlation with serological groups sSRNA bacteriophages are also grouped by their
affinity to nitrocellulose membranes (filtration method), replicase template specificity,
hybrid particle formation, physicochemical parameters, genogrouping and metaviromics
(see Chapter 2 of (Pumpens 2020) for a review).

A special role in the development of genogrouping was played by the complete
genome sequencing of phage MS2 (Fiers et al. 1976; Inokuchi et al. 1988; Adhin et al. 1989;
Groeneveld et al. 1996). Subsequently, complete genomic sequences were obtained for
coliphages QB, GA, JP34, KU1 and SP, as well as for non-coliophage PP7 (Olsthoorn et al.
1995) and multi-host phage PRR1 (Ruokoranta et al. 2006). Significantly more differences
in genome organization were observed in Acinetobacter phage AP205 (Klovins et al. 2002),
and Caulobacter phage Cb5 (Kazaks et al. 2011).

The characterization of known viruses so far has been possible because their host
bacteria were known and could be cultured. On the other hand, the characterization of new
viruses has been hindered by the fact that many host microorganisms do not grow under
laboratory conditions, therefore it is very difficult to obtain and cultivate the corresponding
live viruses. Often, among distantly related phages there is limited serological cross-
reactivity of proteins or absent nucleic acid hybridization reactions (Delwart 2007). In
general, the world of bacteriophages is recognized as a “dark matter” in the world of biology.
It is estimated that the global very dynamical phage population contains about 10%! particles
(Clokie et al. 2011; Pumpens 2020) - for comparison only about 10'° grains of sand are
believed to exist on Earth. The long existence and variability of phages has created a
population with fantastic genetic diversity (Hatfull 2015). The amount of phage particles can
reach up to 10%° per liter of seawater and 10° per gram of soil (Delwart 2007). The diversity
of different bacteriophages is reflected by their significant impact on global biological,
geological and chemical processes and depend on the number and diversity of host bacteria
(Hatfull 2015; Breitbart et al. 2002).

Several molecular methods have been developed to genetically characterize emerging
viruses without prior replication in vitro or the use of virus-specific reagents. A major



breakthrough in phage research was the development of a metagenomic sequencing
approach. Breitbart with colleges (Breitbart et al. 2002) in their study found that in seawater
samples, bacteriophage sequences can make up 75-90% of all viral sequences. At the
beginning of this century, a group of scientists concluded that most genomes of marine
microflora phages are found in the form of DNA (Weinbauer 2004; Culley et al. 2006). Even
in more recent massive sequencing experiments, very few RNA phages were found (Zhang
and Fang 2006; Carding et al. 2017). Nevertheless, the search for new RNA bacteriophages
continued. In 2015, a study was published on the first genomes of marine RNA phages - EC
and MB, which were found using a new sequencing method (Greninger and DeRisi 2015).

Krishnamurthy and his colleagues performed the first massive sequence analysis
experiment. In this study, 122 new RNA bacteriophage phylotype sequences were identified
that differ significantly from the RNA phages described and studied previously (Fig.2)
(Krishnamurthy et al. 2016). Sequences were obtained from samples collected in various
ecological niches around the world, demonstrating that sSRNA phages are far more
widespread than previously recognized. Sequence analysis of new RNA bacteriophages
indicated new previously unseen architectures of genomes. For example, the 5 kb genomes
of the two newly discovered ssRNA phages (AVE000, AVE001) were much longer than all
previously sequenced Leviviridae viral genomes, ranging in size from 3.73 to 4.27 kb. The
transcriptome of one RNA phage Streptomyces bacteriophage ¢0 was obtained from a pure
culture of Streptomices avermitilis, which reveals a possible trophism of ssSRNA phages to
Gram-positive bacteria (Krishnamurthy et al. 2016). Very recently, another metagenome
study identified more than 1000 near-complete genomes of sSRNA phages (Callanan et al.
2020).

10
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Fig.2. Phylogenetic analyses of novel RNA bacteriophage genomes discovered in
metagenomic sequencing datasets (Krishnamurthy et al. 2016).

5.1.2. ssRNA phage hosts

Bacteria are infected by ssSRNA phages via attachment to their fimbriae or pili.
Escherichia coli infecting sSRNA phages use sex fimbriae or F-pili, to enter the host cell
(Fig.3). The physiological function of F-pili is conjugation - binding of two bacteria to
promote the exchange of genetic information. This process is achieved by shortening the F-
pili after binding. F plasmid enters the bacterium through a conjugation pore formed by
proteins encoded in F plasmid. It is thought that sSRNA phages have adopted this plasmid
transfer strategy to enter cells (Paranchych et al. 1970). After attachment, and subsequent
shortening of the pili, the phage maturation protein is cleaved, and the genomic RNA enters
the bacterium (Danziger and Paranchych 1970). ssSRNA bacteriophages, which infects

11



Pseudomonas and Caulobacter, do not use sex pili but enter the host using polar or somatic
pili (Bradley and Robertson 1968; Schmidt 1966).

Fig.3. Electron micrograph of F-pili and sSRNA bacteriophage MS2 complexes (Author:
Dr.biol. Velta Ose).

Studies with radiolabeled phages allowed to quantitatively analyze the attachment of
phage particles to the pili. It was found that up to 1000 virions can be attached to F-pili, and
this reaction is reversible. Mono- and bivalent cations can promote the adsorption reaction.
The effectiveness of the attachment is affected also by the structure of the pili (Paranchych
and Frost 1988).

The genus of bacteria and its pili types limit the range of possible hosts for each group
of ssSRNA phages, making these viruses highly specialized and host-specific (Bollback and
Huelsenbeck 2001). However, certain species of sSRNA phages, such as the PRR1 phage,
can infect bacteria from different genera, such as Escherichia coli, Pseudomonas
aeruginosa, Salmonella typhimurium, and Vibrio cholerae. It uses a special pili whose genes
are located in plasmids encoding antibiotic resistance, therefore phage is rather plasmid than
host dependent. Other enterobacteria, such as Shigella, Proteus and Salmonella, may also be
at risk for coliphage infections. This is possible if these bacteria obtain F-factor-containing
plasmids from E. coli, the expression of which results in the formation of F-pili (Olsthoorn
R. 2011).

sSRNA bacteriophages were previously thought to infect only gram-negative bacteria.
These belong to the previously mentioned genera: Escherichia, Pseudomonas, Caulobacter,
Salmonella, Vibrio (Olsthoorn R. 2011), bacteria of the genus Acinetobacter can be infected
with phage AP205 (Klovins et al. 2002). As mentioned before, after metagenome sequencing
analysis, the ssSRNA bacteriophage genome was detected also in pure culture of Gram-
positive bacteria (Krishnamurthy et al. 2016). This significantly expands the diversity of
potential RNA phage hosts and allows for the possibility that sSRNA bacteriophage species
specializing in infection of gram-positive bacteria also exist. SSRNA bacteriophages are
widespread worldwide and are found in bacterial isolates from sewage and mammalian
excrements (Bollback and Huelsenbeck 2001, Callanan et al. 2020).

5.1.3. Genome organization of sSRNA bacteriophages

The genome of sSSRNA phages comprises a 3.3-4.3 kb long (+) strand sSSRNA molecule.
In general, in RNA bacteriophages of the genus Levivirus it is by about 600-700 nucleotides
shorter than in members of the genus Allelovivirus (Callanan et al. 2018; Bollback and
Huelsenbeck 2001). For currently known ssRNA bacteriophages, the RNA molecule
encodes 4 genes (Fig.4): the maturation protein (known also as A or A2) gene, the CP gene,
and the replicase (RP) gene. Maturation protein is responsible for attachment of virions to
bacterial pili, while RP is the catalytic subunit of RNA-dependent RNA polymerase (RARp).
The fourth gene differs among ssSRNA bacteriophage genera. The fourth gene from the

12



Levivirus genus encodes the lysis protein, responsible for destruction of cellular membrane.
Genomes of Allolevivirus representatives do not possess a separate gene for lysis protein,
but they encode the readthrough protein A1, which is a minor, C-terminally extended version
of CP with largely unknown function, although it has been shown to be necessary for the
infection process (Bollback and Huelsenbeck 2001). The readthrough protein sequence
overlaps with the coding region of the CP and both have a common initiation codon.
Extended minor structural protein Al is formed by translation of the "weak" UGA stop
codon. Tryptophan is inserted in place of the stop codon and translation continues to form a
CP with an extended C-terminus. This is relatively rare event happening in only about 5%
of cases. This type of translation of overlapping genes allows these proteins to be produced
in the specified proportions (Bollback and Huelsenbeck 2001) and in the required amount -
Allolevivirus bacteriophages contain about 12 molecules of extended CP (Weiner and Weber
1971; Weiner and Weber 1973). This is essential for the formation of viable Qf particles
(Skamel et al. 2014).

In the genomes of sSRNA bacteriophages, the genes are arranged in a certain order:
first is a maturation protein gene, followed by a CP gene, and finally a RNA polymerase
coding sequence. The location of the fourth gene in the genome depends on the species of
RNA bacteriophage (Blaisdell et al. 1996). Generally, the lysis protein gene overlaps
partially (Olsthoorn et al. 1995) or completely (Rumnieks and Tars 2012) with the CP and/or
RP genes, albeit in a different reading frame, except in the phage AP205, in which lysis
protein is encoded by a very short ORF at the very 5" end of the genome (Klovins et al.
2002).

MS2

[ Maturation (A) [ Coat ] [ Replicase |
1]
op
[Maturation-lysis (A2)]| Coat | Replicase |
Read-through (A1)
AP205
L] Maturation (A) | | Coat ]| Replicase [
Cb5
| Maturation (A) | [ Coat] | Replicase |
I Lysis |
AVE000
[ Maturation (A) | | Coat | | Replicase |
| O [ -
AVE002
[ Maturation (A) | | Coat || ORF3 ]| Replicase |

R TR T —
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000nt

Fig.4. Genomes of sSRNA phages MS2, QB, AP205, Cb5, AVE000 and AVE002. Genes
are shown as boxes. L. stands for lysis protein. In the incomplete sequences of phages
AVEO001 and AVE002, ORF1 and ORF3 of genes encoding two putative proteins are

shown (Tars 2020).

In Levivirus genome the lysis protein gene overlaps with CP and polymerase coding
sequences. The synthesis of these proteins depends on the secondary structure of RNA,
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which affects ribosome binding during translation (Bollback and Huelsenbeck 2001). At the
final stage of the CP translation, the ribosomes normally detach from the RNA upon reaching
the termination codon. However, in minority of cases after the synthesis of the CP, the
ribosome slides backwards and initiates the translation of lysis protein. Lysis protein is
synthesized in small amounts at the end of infectious cycle, which ensures gradual
accumulation of the protein and provides sufficient time for new virions to be made prior
cell lysis (Callanan et al. 2018).

The genome of phages of the Allolevivirus genus does not code lysis protein, its
function is performed by the bi-functional maturation protein (Olsthoorn 2011), albeit by a
completely different mechanism.

Some of the newly discovered ssRNA phage genomes appear to have additional ORFs
with yet unknown function. For example, AVEOO1 genome contains an ORF before
maturation protein gene, while AVE002 contains ORF in between coat and replicase genes
(Fig 4, (Krishnamurthy et al. 2016)). In both cases the putative ORFs appear to be much too
long to account for lysis protein.

After recent discovery of numerous new ssSRNA phage sequences it has become
obvious that the classical levivirus-allolevivirus classification is outdated, since most of the
new sequences do not seem to fit in any of these. However, by studying the organization of
the ssRNA bacteriophage genomes, encoded proteins and capsid structures it may be
possible to construct phage evolutionary pathways. Leviviridae members are not
evolutionarily closely related to any other bacteriophages 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 (Hillman and Cai 2013). The most
common gene or protein to look for relationship is the relatively conservative RNA-
dependent RNA polymerase (RdRp). Some eukaryotic viruses belonging to Narnaviridae-
and Ourmia-like families carry somewhat related RdRp genes to those of Leviviviridae
phages. Presumably in these cases RdRp genes have been “borrowed” from each other via
horizontal gene transfer. Replicase is the only protein from the Leviviridae family that
clearly presents relatives within other viruses, while other Leviviridae encoded proteins do
not seem to have any relatives neither among other viruses nor other proteins in general (Tars
2020).

5.1.4. Coat proteins and capsid

Capsids of ssRNA phages are composed of 178 CP molecules and one maturation
protein molecule (Dent et al. 2013). In the CP structure, the N-terminal hairpin structure is
followed by a 5-stranded B-sheet and two c-terminal helices (Fig.6. A). Due to the T =3
symmetry, the CP exists in three slightly different conformations - A, B and C. Two CP
monomers form a very stable dimer. In dimeric form, two -sheets are joined together to
form a continuous 10-stranded B-sheet (Fig.6. B). Thus, the capsid is composed of 89 dimers
of the CP. An asymmetric AB dimer is formed by two monomers in conformations A and
B, and the symmetric CC dimer is formed by two monomers in conformation C (Valegard
etal. 1990; Golmohammadi et al. 1996). In sSRNA phage particles, one CC dimer is replaced
by a maturation protein (Dent et al. 2013; Koning et al. 2016; Dai et al. 2017).
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Fig.5. Particle of ssSRNA bacteriophage MS2 of Leviviridae family. A, B and C subunits
are shown in different colours, A protein is shown in yellow.

In CP monomer several flexible loops are connecting B-strands. The loop between the
[-strands denoted F and G, known as FG-loop, makes important contacts required for virus
assembly. In capsids of MS2-related phages the FG-loop is found in two apparently different
conformations dependent on the contacts between subunits around 5-fold or 3-fold axes
(Stonehouse et al. 1996). In some other phages the conformational differences among FG
loops are less obvious (Tars et al. 2000; Plevka et al. 2009).

In a recent cryo-EM study it was found that in bacteriophage QP a single copy of an
isolated CP dimer is located inside the particle, near the Al protein and bound to the genomic
RNA. Therefore, QB virion actually contains 180 CP subunits, but one CP dimer is not a part
of the protein shell (Cui et al. 2017).

s
IC

Fig.6. A - Schematic drawing of a B subunit of phage Qp. The strands are denoted A-G
(Golmohammadi et al. 1996). B — structure of CP dimers in phage MS2 (Tars 2020).

Eight structures of sSRNA phages — MS2 (Valegard et al. 1990), fr (Liljas et al. 1994),
QP (Golmohammadi et al. 1996), GA (Tars et al. 1997), PP7 (Tars et al. 2000), PRR1
(Persson et al. 2008), Cb5 (Plevka et al. 2009) and AP205 (Shishovs et al. 2016) - have been
determined by now. The obtained results revealed that the CP fold is very conserved despite
high sequence variability. The only significant variation in CP structure so far has been
observed in the Acinetobacter phage AP205, where a single B-strand has “travelled” from
N- to C terminal part. As a consequence, in AP205 CP both termini are the most surface-
exposed parts of the assembled particle, which explains its increased tolerance to long N-
and C-terminal fusions (Shishovs et al. 2016).
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The structural stability of the capsid can be ensured in several ways. Non-covalent
protein-protein interactions are the most common among ssSRNA phages. The capsid stability
of some phages is enhanced by covalent disulfide bonds that bind dimers around the
icosahedral symmetry axes in five or six bundles. Capsids, containing disulfide bonds are
very stable. Like in several plant viruses, capsids of some ssRNA phage are stabilized by
metal ions, for example in Cb5 phage three protein dimers are held together by Ca?* ions
around quasi-3-fold axis. Capsid stabilization can also be enhanced by RNA packed in
particles as seen in the already mentioned Cb5 phage (Plevka et al. 2009).

5.1.5. Maturation protein

Maturation protein is essential for the infectivity as it is involved in attachment to
bacterial pili (Verbraeken and Fiers 1972). Even though in virion it replaces a single CP
dimer, the structure of A protein is not in any way similar to CP. Structure of A protein is
composed of two parts - helical, which interacts with RNA and B part facing the capsid
exterior and interacting with the pilus receptor (Rumnieks and Tars 2017). Presence of A
protein also impacts the conformation and placement of neighboring CP dimers contributing
to slight asymmetry of icosahedral particle (Gorzelnik et al. 2016). In Allolevivirus phages
like QB maturation protein Al also triggers the cell lysis. It targets host MurA enzyme
involved in bacterial peptidoglycan biosynthesis from the pathway of cell wall construction
(Bernhardt et al. 2001). There are notable structural differences in structure of A proteins
among Allolevivirus and Levivirus phages. While the helical parts are somewhat conserved
among MS2 and Qp, the B parts are very different. The observed differences in structure
reflects the functional needs - while 3 part MS2 A protein must interact only with F pili, the
B part of the A1 protein of QP also interacts with E.coli MurA protein.

5.1.6. Replicase

Genome replication and transcription of sSRNA bacteriophages are performed by an
RNA-dependent RNA polymerase (RdRp) called replicase. In ssSRNA phages a fully
functional RdRp is composed of four subunits. The catalytic subunit is encoded by phage
genome, while translation elongation factors Ef-TU and Ef-TS and ribosomal protein S1
comprise the rest of subunits, which are recruited from the host cell.

5.1.7. Lysis protein

sSRNA phages utilize at least three very different strategies to accomplish the cell lysis.
As discussed above, Alloleviviruses make use of bi-functional Al protein. In MS2, lysis
protein forms pores in membrane, which are permeable to ions (Goessens et al. 1988),
leading to disruption of the electrostatic potential across the cellular membrane and
subsequent activation of autolysins. Lysis protein of phage M also is inserted in membrane,
but it blocks flippase activity of MurJ protein, necessary for downstream synthesis of
peptidoglycane (Chamakura and Young 2020).

5.1.8. RNA

The positive-sense genome of sSRNA phages can act as messenger RNA and can be
directly translated into viral proteins by the host cell's ribosomes. Replicase is used during
replication of the genome to synthesize a negative-sense antigenome which is further used
as a template to create a new positive-sense viral genome. More than 70% of the genome is
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involved in short- and long-distance base-pair interactions forming stem-loops, pseudoknots
and other regions that essentially consist of dsSRNA (Fig.7) (Skripkin et al. 1990). Therefore,
although each particle contains a single strand of RNA, most of the genome is actually
double-stranded. 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 (Koning
et al. 2016; Dai et al. 2017) and later RNA structures were reported also for phage Qp
(Gorzelnik et al. 2016; Cui et al. 2017).

PRR1 M52 GA AP205 pCh5

ap
PP7

Fig.7. Schematic representations of 3’ untranslated regions from some phages based either
on published data or RNA secondary structure predictions (Rumnieks and Tars 2012).

In MS2, QB and other related phages a genomic RNA fragment forms about 20
nucleotide long stem-loop structure known as translation repressor (TR) which is able to
form complex with CP dimers. TR fragment locates around the replicase start codon
(Valegard et al. 1994). The main role of this interaction 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). This interaction also provides a nucleation site for
virion assembly and promotes the packaging of specific RNA inside the capsid. Similar
interactions with the same biological purpose exist in some other sSRNA phages - PP7 (Chao
et al. 2008), PRR1 (Persson et al. 2008) and QP (Fig.8) (Rumnieks and Tars 2014).
Comparison of structures of all known complexes revealed similar interaction pattern for
MS2, PRR1 and Qp, but quite different for PP7. It is clear that the CP-TR interaction plays
a rather minor role in the life cycle of phage, as TR-deficient mutants are viable (Peabody
1997). Some other phages - AP205 and Cb5, do not seem to have this specific interaction at
all (see (Tars 2020) for the review).

Fig.8. Three-dimensional structure of the Q CP—operator complex. (a) Overall structure
of the complex. The CP dimer is represented in light orange (monomer A) and light brown
(monomer B), and the RNA is rainbow-colored blue (5’ end) to red (3’ end). (b) A close-up

view of the RNA hairpin. (Rumnieks and Tars 2014)
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Cryo-EM virion structure of the bacteriophage MS2 revealed many other specific
RNA-CP interactions. The fragments of the viral RNA in contact with CP subunits are
distributed across the whole genome, consistent with a large number of discrete and similar
contacts within each particle (Fig.9). Many of these sites match previous predictions of the
locations of multiple RNA stem-loop sequences with cognate CP affinity termed packaging
signals. Usually CP-RNA interactions occur involving various stem-loop structures from the
genome (Rolfsson et al. 2016).

Fig.9. 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 is shown in black and
AP interacting stem-loop in blue. A lower-resolution genome model is shown as a coil
(Tars 2020).

5.1.9. Infection process of ssSRNA bacteriophages

sSRNA bacteriophage maturation protein recognizes and binds to host surface
receptors. This is followed by the injection of genetic material, complexed with the
maturation protein, into the cytoplasm of the bacterium, leaving the empty capsid outside
the cell (Zinder 1965). 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 binding
sites, the translational coupling of genes, the formation of RNA secondary structure
elements, protein-RNA interactions and read-through of translation stop codons (see (Tars
2020) for a review).

5.1.10. Studies of diversity of sSSRNA bacteriophages

Along with the development of next-generation sequencing methods and
bioinformatics techniques, it has become possible to perform efficient and fast analyses of
metagenomes that are independent of microorganism cultivation (Delwart 2007). A
metagenome is a collection of genetic material in a complex environmental sample. The
sequences obtained from the metagenomic analysis can be used to identify the organisms
present in the respective environment. For example, soil, wastewater, sludge, intestinal
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microbiome samples can be analyzed. Initially, metagenomic analyses were restricted to
double-stranded DNA genomes. However, further developments have made it possible to
analyze all types of genomes, including single-stranded DNA and RNA, which has
significantly influenced the discovery of new hypothetical viruses, among them ssRNA
bacteriophages. Viral metagenomic analyses have shown that less than 1% of existing viral
diversity has been studied to date. Even more surprisingly, 60 to 99% of the viral sequences
found in the metagenome analysis may not be homologous to the already known viral
genomes (Mokili et al. 2012; Greninger and DeRisi 2015; Krishnamurthy et al. 2016; Shi et
al. 2016).

5.2. Virus like particles

Most proteins, including viral CPs, can be recombinantly produced in bacterial, yeast,
insect and mammalian cell cultures. The produced CP subunits are able to self-assemble into
so-called virus-like particles (VLPs), which structurally and morphologically resemble the
structure of the respective viruses. The first expressed phage coat gene was from MS2 in
1998 by Fiers’ team (Remaut et al. 1982). VLPs of different origins are currently
successfully produced in bacterial systems such as E.coli (Rodriguez-Limas et al. 2013),
yeast (Freivalds et al. 2014) and insect cell systems (Roldao et al. 2010), as well as in in
mammalian cells such as Chinese hamster ovary cells (CHO) or human embryonic kidney
cells (HEK) (Rodriguez-Limas et al. 2013). In recent years, methods have been developed
to ensure the production of VVLPs in plant cells or in vitro - a “cell-free” system (see (Kushnir
et al. 2012) for a review). Bacterial expression system is the most suitable for production of
sSRNA phage CPs, because bacteria are their natural hosts. Regardless of the expression
system, usually the produced CPs of ssRNA phages are soluble, in the correct conformation
and assembly competent.

Unlike viruses, VLPs cannot replicate because they do not contain the viral genome
and other components necessary for infection. VLPs can be formed from multiple copies of
a single CP or in case of more complex viruses from copies of several different structural
proteins. For example, sSRNA phage, Hepatitis B core antigen HBCAg, human
papillomavirus HPV VLPs consist of a single structural protein, while the VLPs of viruses
of the Reoviridae family are more complex and built from two to four different CPs arranged
in multiple layers (Fuenmayor et al. 2017).

The association of CPs of sSRNA phages in regular structures occurs spontaneously.
The process is provided using the information “encoded"” in the viral CP - the protein folds
in the most favorable conformation after synthesis. This means that the formation of VLP
occurs without the involvement of other components of the virus or host (Peabody 2013,
Mohsen et al. 2017). Capsids of enveloped viruses, such as human immunodeficiency HIV,
HCV, influenza viruses, are encircled by the lipid bilayer (Roy and Noad 2009). The
production of VLPs of enveloped viruses can be considerably more complex since the genes
of several coat and envelope proteins must be co-expressed. Enveloped VLPs also require a
more complex host cell system (Kushnir et al. 2012).

5.2.1. Immunogenic properties of VLPs

Highly structured VLPs elicit a significant immune response: immunization with
VLPs produces active and long-lasting antibodies (see (Jennings and Bachmann 2008) for a
review). The effects of VLPs on immune system are observed at the humoral and cellular
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levels. They stimulate B-cell-driven immune responses and have a significant effect on T
lymphocytes (Roy and Noad 2009).

VLP diameters are similar to the dimensions of respective viruses and range from 20
to 200 nanometers, a size that allows free entry into the lymphatic vessels and subcapsular
region of lymph nodes. Subsequently VLPS are up taken by professional antigen presenting
cells (Manolova et al. 2008). Over the time of evolution, the vertebrate immune system has
adapted to recognize and respond appropriately to structured particles of viral or other
pathogens consisting of repeats of subunits with specific antigens. Viral particle epitopes
bind to specific immunoglobulins that are present on B-cell receptors on the surface of B-
lymphocytes, acting as a signal for B-cell activation and results in an immediate, T-cell
independent immunoglobulin M (IgM) response. IgM s the largest antibody produced by
the vertebrate and first appears in response to an antigen. Once VLPs enter the body, they
are taken up by antigen-presenting cells by phagocytosis. VLPs are cleaved and displayed
by both MHC-11 and MHC-1 complexes for CD4+ and CD8+ T cells, respectively. To induce
a humoral immune response, B cells interact with the CD4+ T helper cell (Th), activating
the formation of antibodies and memory cells. To induce cellular immune responses,
immature CD8+ cytotoxic T lymphocytes (CTLs) proliferate and differentiate into effector
and specific memory CTLs, leading to cytokine release (Fig.10) (Nooraei et al. 2021). VLPs
with epitopes are recognized, associated with components of the complement system and
multivalent antibodies, and degraded by phagocytosis. In addition to B-cell activation and
IgM expression, VLPs cause a T-cell-dependent 1gG response, the formation of embryonic
(germinal) centers, and B-cell memory, which protects the body from recurrent infection. As
mentioned before, due to their small size, VLPs are able to cross pores in the walls of
lymphatics and enter the lymphatic system. Upon reaching the lymphoid organs, VLPs may
interact directly with B cells and cause the formation of antibodies (see (Jennings and
Bachmann 2008) for a review). VLP induces an even stronger T-cell response in the presence
of an additional stimulus, such as an adjuvant.
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Fig.10. Adaptive immune activation induced by VLP-based vaccines. (Nooraei et al.
2021).

VLPs pack nucleic acids from the host cell and these usually are nearby mRNA
molecules or other cellular RNAs, such as rRNA fragments. These molecules can stimulate
the immune system using TLR7 (Hemmi et al. 2002) or TLR13 (Shi et al. 2011) receptors.
Unspecific nucleic acids can be replaced by agents with desired functions. Loading VLPs
with adjuvants can occur during in vivo expression by diffusion through the pores of the
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particles, or in vitro after production of the CP by disrupting the VLPs and then allowing
them to reassemble in the presence of adjuvant molecules. For vaccines the presence of
adjuvants produces a more effective and stronger immune response. They activate antigen-
presenting cells, mainly dendritic cells. Dendritic cell activators include double-stranded
RNA (Alexopoulou et al. 2001) and single-stranded RNA (Heil et al. 2004) and DNA
fragments rich in CpG sequences (Storni et al. 2004). These substances refer to toll-like
receptor ligands. Packaged dsRNA stimulates TLR3, while sSRNA stimulates TLR7/8/13 on
the B-cell surface, enhancing the B-cell response to the antigen. CpG-containing DNA
fragments act on TLR9 (Jennings and Bachmann 2008). Surface modification and packaging
with functional substances creates VLPs as excellent tools for targeted bioimaging and drug
delivery (see chapter 23 in (Pumpens 2020) for a review). sSRNA phage CPs and VLPs have
also found a number of applications as molecular biology research tools, particularly in the
identification of protein-RNA interactions (Dong et al. 2015; Frietze et al. 2016), the creation
of peptide display libraries (Chackerian et al. 2011), and the real-time imaging of RNA
molecules in living cells (Crossey et al. 2015).

5.2.2. Applications of the ssSRNA phage VLPs

Vaccine design

The best-known application of VLPs is their use in vaccine development. Some VLP
vaccines are already commercially available, such as vaccines against human papillomavirus
- Cervarix and Gardasil, against hepatitis B virus - Engerix-B and Recombivax (see (Mohsen
et al. 2017)(Roldao et al. 2010) for a review) and hepatitis E virus - Hecolin (Huang, 2017).
Several other VLP-based vaccines are currently in clinical trials or preclinical evaluation,
such as against influenza virus, parvovirus, Norwalk virus, malaria, HIV. In total, more than
30 different VLPs of human and animal viruses were established by 2010 (Roldao et al.
2010), in 2013 this number exceeded 110 different types of VLPs (Zeltins 2013), and in
2017 — 174 (Huang et al. 2017).

VLPs are also used in the development of animal vaccines, such as vaccine against
bluetongue, rotavirus, parvovirus (Jennings and Bachmann 2008), chicken anemia virus. The
porcine circovirus-2 vaccine has been approved and commercially available since 2009
(Kushnir et al. 2012).

However, the use of VLPs in vaccine development is not restricted to induction of
Immune response against viruses of origin of the respective VLPs. Instead, VLPs can serve
as tools for inducing strong immune response against immunological epitopes derived from
other pathogens, undesired self-antigens or small molecules. These modified multimeric
protein complexes - VLPs carrying foreign epitopes - are called chimeric VLPs. Over time,
VLPs have proved to be very efficient molecular carriers for a variety of epitopes (see
chapter 22 in (Pumpens 2020) for a review). VLPs are able to expose foreign epitopes in
high density and provide them in certain conformation. The VLPs of sSRNA phages have
excellent and well-established scaffold properties and structural tolerance to decoration by
foreign immunogenic sequences. Today, many VLPs derived from sSRNA phages are used
in vaccine design: AP205, fr, GA, MS2, PP7 and Qp} (Table 1).
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Table 1. A list of various vaccines constructed on the ssSRNA phage VLPs

Method of modification,

VLP Vaccine target " - . References
position of insertion
Qp Foot-and-mouth disease virus Genetical fusion in CP C- (Skamel et al.
terminus, stop codon 2014)
suppression (Al protein
gene)
Hepatitis B virus Genetical fusion in CP C- (Vasiljeva et al.
terminus, stop codon 1998)
suppression (Al protein
gene)
Human immunodeficiency virus C-terminal (Purwar et al.
(HIV) 2018)
Paroxysmal nocturnal C-terminal (Zhang et al.
hemoglobinuria 2017)
HIV Chemical coupling (Huber et al.
2008)
(Sommerfelt
2009)
(Mogus et al.
2020)

Allergy Chemical coupling (Kundig et al.
2006)

Allergy, asthma VLPs mixed with CpG (Casale et al.
2015)

Alzheimer’s disease Chemical coupling (Chackerian et al.
2006)
(Lietal. 2010)
(Vandenberghe et
al. 2017)

Cancer Chemical coupling (Yinetal. 2016)

Type 2 diabetes mellitus Chemical coupling (Spohn et al.
2017)

Hypertension, diabetic Chemical coupling (Tissot et al.

neuropathy, atherosclerosis, 2008)

hyperlipidemia (Pan et al. 2019)

(Wu et al. 2021)

Influenza virus Chemical coupling (Skibinski et al.

2013)
Lyme disease Chemical coupling (Marcinkiewicz et
al. 2020)

Lymphocytic choriomeningitis Chemical coupling (Mohsen et al.

virus 2017)

Malaria Chemical coupling (Phares et al.

2017)
(Atcheson et al.
2020)
Parkinson's disease Chemical coupling (Doucet et al.
2017)
Tauopathy Chemical coupling (Maphis et al.
2019)
Chikungunya virus Chemical coupling (Basu et al. 2020)
fr Hamster Polyomavirus N-terminus (Voronkova et al.
2002)
MS2 Cancer AB loop (Bolli et al. 2018)
(Rolih et al. 2020)
FMDV AB loop (Dong et al. 2016)
(Wang et al. 2018)
HIV AB loop (Peabody et al. 2008)
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Human papillomavirus (HPV)

Hypercholesteremia

N-terminus of single-

chain dimer and AB
loop

N-teminus of single-

(Peabody et al. 2017)
(Zhai et al. 2017)

(Crossey, 2015)

chain dimer

Influenza AB loop of single- (Lagoutte et al. 2018)
chain dimer

Malaria AB loop of single- (Crossey et al. 2015)
chain dimer

PP7 HIV AB loop of single- (Hunter et al. 2011)

chain dimer (Tyler et al. 2014)

Influenza N-terminus (Luetal. 2018)

Pregnancy AB loop of single- (Caldeira et al. 2015)
chain dimer

Cancer AB loop of single- (Sun and Sun 2016)
chain dimer

AP205 HIV C-terminus (Tissot et al. 2010)

N-terminus

Cancer C-terminus (Tissot et al. 2010)
N-terminus

Hypertension C-terminus (Tissot et al. 2010)
N-terminus

Influenza C-terminus (Kirsteina et al. 2020)
Chemical coupling

West Nile virus C-terminus (Cielens et al. 2014)

Asthma, allergy

Cancer

Cardiovascular disease
HIV

Hypertension

SpyTag-SpyCatcher

SpyTag-SpyCatcher
SpyTag-SpyCatcher
SpyTag-SpyCatcher
Chemical coupling

(Thrane et al. 2016)
(Soongrung et al. 2020)
(Palladini et al. 2018)
(Thrane et al. 2016)
(Escolano et al. 2019)
(Hu et al. 2017)

Malaria SpyTag-SpyCatcher (Brune et al. 2016)
Tuberculosis SpyTag-SpyCatcher (Thrane et al. 2016)
WNV Chemical coupling (Spohn et al. 2010)
SARS-CoV-2 SpyTag-SpyCatcher (Dalvie et al. 2021) —

preprint
(Fougeroux et al. 2021)

As can be seen in the summarized table, many vaccine candidates against diseases of
various origins - viral, bacterial and parasitic infections, systemic diseases, autoimmune
diseases, etc., are developed using VLP technology. The broad variety of vaccines indicates
that VLP technology can be used in prevention, therapeutic vaccination and treatment. The
three most widely used VLPs of ssRNA phages are also highlighted here - Qp, MS2 and
AP205.

Although phage QP naturally forms an extended version of the C-terminus of the CP
(Al protein), in general these particles are not suitable for insertion of long foreign epitopes
at the N-terminus of the CP or in the loops between the B-strands for robust genetic
modification. The technology for developing candidates for the extended CP vaccines is
based on stop codon suppression, but this does not achieve the required density of foreign
epitope presentation. QP VLPs are best suited for chemical modifications. Although most of
VLPs have suitable amino acid residues (mostly lysines) on the surface for chemical
modification, by some not fully understood reason chemical coupling typically works much
better with QB VLPs compared to VLPs of other ssRNA phages.

Phage MS2 VLPs are widely used for genetic modification in both the C-terminus and
the AB loop. Another interesting modification is frequently used - a single-chain dimer,
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where two CP monomers are covalently linked in tandem (Crossey et al. 2015). This
technology by twofold reduces the number of exposed antigens, resulting in fewer steric
clashes which can expand the spectrum of proteins to be inserted. However, in general MS2
VLPs are not suitable for exposure of large genetically fused epitopes even in the tandem
dimer mode.

VLPs derived from phage AP205 have found the widest application in vaccine design.
The CP is tolerant of insertions at both the N- and C-termini because the two terminal ends
are located on the outer surface of the particles (Shishovs et al. 2016). An interesting method
of linking foreign epitopes to AP205 VLPs makes use of SpyTag/SpyCatcher technology
(Brune et al. 2016, Thrane et al. 2016) which works very efficiently and now is widely used.
AP205 VLPs are tolerant to chemical conjugation as well. It is possible to combine genetic
fusion and chemical coupling techniques to expose several different foreign epitopes on the
surface of one AP205 VLP (Kirsteina et al. 2020).

Modification of VLPs

VLPs can be modified both externally and internally using genetic fusion or chemical
coupling techniques. Binding an antigen to VLP increases its immunogenicity. Modification
of VLPs with epitopes that elicit an immune response or with target cell-specific protein
“addresses” for drug delivery purposes expands their applications (Pushko et al. 2013).

Chemical modification

Chemical modification methods involve changes in the functional groups on the
surface of the VLPs. Amino-, hydroxyl-, carboxyl- or sulfhydryl- groups of amino acid
residues can be used. Cysteine, lysine, glutamic acid, aspartic acid and tyrosine side chains
found on the surface of VLP can be used in the formation of covalent bonds with antigen
molecules (see (Zeltins 2013) for a review). For example, amino group lysine reacts with N-
hydroxysuccinimide (NHS) esters to form a stable amide bond. Free cysteine residues
readily react with maleimide moiety. By utilizing a linker with NHS ester at one end and a
maleimide group at the other end, it is possible to couple an antigen with free cysteine on
the surface of the VLP. Lysine and cysteine residues are most commonly used in the
chemical modification of VLPs (Mohsen et al. 2017).

The target antigen must be placed in high density on the surface of the particles in
order for the VLPs to be as effective as possible in development of immune response.
However, often after chemical modification, the density of the antigen on the surface of the
particles is insufficient. It is possible that residues of reactive amino acids are hidden, making
it difficult to bind antigen. However even in cases when three-dimensional structures of both
VLP and antigen is known and presence of reactive groups apparent, for somewhat obscure
reasons chemical coupling can still fail to produce appreciable amounts of conjugate.
Reactive amino acids, such as lysines or cysteines, can be introduced or removed by altering
the viral CP sequence to enhance antigen binding to VLPs (Smith et al. 2013; Peabody 2013).
It should be noted that introduced amino acids may affect VLP assembly and stability
(Peabody 2013). However, chemical modification of VLPs has several advantages. Prior to
conjugation to VLP, the antigen is produced separately and folds independently, meaning
that both VLPs and antigen will likely have the correct conformations. Unobstructed separate
folding makes it possible to introduce long proteins (Frietze et al. 2016) which often fail to
fold correctly as genetical fusions to CPs of respective VLPs. Also, by chemical coupling it
is possible to attach virtually any antigen, while genetic fusion is restricted to use of protein
or peptide antigens.
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Genetic modification

By genetic fusion the desired antigen coding sequence is added to the coding sequence
of the viral CP. The resulting sequence is expressed and the antigen is synthesized together
with VLP forming proteins (Smith, 2013). As a result, a large number of epitopes are located
on the surface of the particles in a specific location and each VLP-forming CP molecule
contains an antigen (Jennings and Bachmann 2008). With genetic modification techniques
the size of antigens to be added to VLPs is limited (Frietze et al. 2016). If the antigen is
significantly longer than the CP, it can affect the assembly of regular particles due to steric
clashes (Smith, 2013). Genetical merging of two CP sequences into one chain can make the
VLPs more stable, allowing for longer antigen introduction, as one foreign antigen will have
to be exposed per two CP monomers (Frietze et al. 2016).

Semi-genetic modification method is utilized in the SpyTag and SpyCather technique
which is based on the attachment of antigens to the surface of VVLPs with isopeptide bonds.
Sequence of SpyCather protein is genetically linked to the coding sequence of CP of AP205.
Exposed SpyCatcher moiety spontaneously forms a covalent bond with an antigen,
containing SpyTag peptide sequence. This system is called nano-glue or bioglue (Brune et
al. 2016, Thrane et al. 2016).

Applications of ssRNA phage CPs and VLPs in imaging systems

RNA-protein interactions in sSRNA phages can be used for the tracking mRNA in
living cells. For this purpose, phage CP is modified by making it assembly-deficient and a
fluorescent tag, such as green fluorescence protein is attached. The mRNA of interest can be
modified by attachment of translational repressor stem-loop sequences of the respective
phages. In this way, the mMRNA of interest gets labelled and can be tracked in a living cell
(Park et al. 2020). Such systems have been developed for MS2 (Bertrand et al. 1998) and
PP7 (Larson et al. 2011).

The use of imaging agents in combination with VLPs has contributed to the high-
resolution and non-invasive visualization of labelled particles, as well as for the potential
treatment of diseases (see Chapter 23 in (Pumpens 2020) for a review). A very recent study
showed that VLPs derived from bacteriophages Qp and PP7 encapsulate small-ultrared
fluorescent protein (SMURFP) using a versatile capsid disassemble-reassemble approach.
Encapsulated smURFP produces bright in vitro images following phagocytosis by
macrophages. In vivo imaging allows evaluation of the distribution of particles at different
time points. The promising results marks the potential application of these constructs as non-
invasive in vivo imaging agents (Herbert et al. 2020).

Targeted delivery

The VLPs of small RNA phages can be used as a tool for the targeted delivery of
various diagnostic or therapeutic agents (see Chapter 23 in (Pumpens 2020) for a review).
The surface of VLPs can be modified to display an ”address”, able to recognize a particular
cell type. This concept assumes that the therapeutic or diagnostic agent packaged in VLPs
will label or kill only the specific target cells. For example, peptide able to recognize
hepatocellular carcinoma cells can be conjugated to MS2 VLPs, loaded with vastly different
types of cargo, including low molecular mass chemotherapeutic drugs, SiRNAs, or toxins
resulting in selective killing of target cells (Ashley et al. 2011). Some other examples of the
addresses used for the targeting of VLPs include cancer cell-targeting proteins (EISohly et
al. 2017), glycans (Rhee et al. 2012), aptamers (Cohen and Bergkvist 2013), antibodies
(EISohly et al. 2015), proteins with tags comprising anionic amino acids or DNA and gold
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nanoparticles (Aanei et al. 2018), cell penetrating peptides and apolipoprotein E peptide
(Pang et al. 2019).

VLPs also can package miRNAs, which are small, 20-24 nucleotide long, non-coding
RNA molecules that bind to the 3'-untranslated regions of the corresponding mRNASs.
miRNA binding blocks translation or induces mMRNA degradation. This gene-regulating
miRNA property is used in therapeutic strategies to regulate the translation of several target
proteins, including in the regulation of tumor cells (Fu and Li 2016).

Peptide display libraries

Filamentous phage M13 is the most widely used tool for phage display and provides
efficient means for epitope identification. However, a significant drawback of M13 display
system is fact that the exposed peptides are not very immunogenic and phage particles cannot
be directly used as vaccine candidates. For propriate B-cell activation high density epitope
exposure is required. D. Peabody's group has developed a novel peptide display platform
based on VVLPs of phage MS2, which are known to package the mRNA of CP, enabling easy
sequence determination of selected particles. Thus, the method combines the high
immunogenicity of MS2 VLPs with the affinity selection capabilities of other phage display
systems (Chackerian et al. 2011).
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6. METHODS
6.1.1. Construction of expression plasmids

The CP-encoding sequences from novel phages were ordered from General
Biosystems and provided by the manufacturer cloned in pET24a (Novagen) as expression-
vector.

Two expression vectors, pET24-M2ex3 and pET28-M2ex3, contain sequences from
three distinct variants of influenza A M2e, and Ncol and BamHI sites for cloning were
introduced via gene synthesis (General Biosystems). CP encoding sequences were PCR
amplified from their respective expression plasmids using oligonucleotides that introduce
Ncol and BamHI sites at both ends of the fragment. The PCR products were then cloned into
Ncol/BamHI-digested pET24-M2ex3 and pET28-M2ex3 vectors to create expression
plasmids for N- and C-terminal CP fusion proteins, respectively.

6.1.2. CP production

For small-scale expression and solubility analysis, E. coli BL21(DE3) cells were
transformed with CP-encoding plasmids, individual colonies were inoculated in 5 ml of LB
media supplemented with 30 pg/ml kanamycin and incubated at 37 °C overnight without
shaking. The overnight cultures were transferred into 50 ml of 2xTY medium and the cells
were grown at 37 °C or 15 °C with aeration until ODeoo reached 0.6 to 0.8. IPTG was then
added to a final concentration of 1 mM and the cultures were incubated for additional 4 h at
37 °Cor 20 h at 15 °C, after which aliquots were harvested by centrifugation for assessment
of expression level and solubility by SDS-PAGE.

Large-scale production for VLP purification purposes followed the same protocol
using 2 | of 2xTY medium. To determine the solubility of the produced CPs, the aliquoted
cells were suspended in lysis buffer (50 mM tris—HCI pH 8.0, 150 mM NacCl, 0.1% Triton
X100, 1 mM PMSF) in a wet cell weight/buffer volume ratio of 1:4, lysed by sonication,
centrifuged for 30 min at 13000 g and the supernatant and pellet analysed by SDS-PAGE.
The same protocol was used for preparation of lysates for VLP purification.

6.1.3. Production and solubility assessment of fusion proteins

E. coli strain BL21(DE3) cells were transformed with plasmids encoding CP fusions,
and individual colonies were inoculated in 10 ml of LB media supplemented with 30 pg/ml
kanamycin and incubated overnight at 37 °C without agitation. The overnight cultures were
transferred to 100 ml of 2xTY medium, and the cells were grown at 37 °C until an ODgoo Of
0.6, at which point IPTG (isopropyl-b-D-thiogalactoside) was added to a final concentration
of 1 mM, and the cells were further incubated for 16 h at 20 °C. Cells were harvested by
centrifugation. A small aliquot of cells was suspended in lysis buffer (20 mM Tris-HCI pH
8.0, 150 mM NacCl, 0.1% Triton X-100) at a wet weight/volume ratio of 1:25; then, cells
were sonicated for 1 min with 5 s on/off pulses (Ultrasonic Processor UP200S, Germany),
and the lysate was clarified by centrifugation. The protein production level and soluble and
insoluble proteins were analyzed by SDS-PAGE. For the subsequent VLP purification, the
expression protocol was upscaled to 2 L.
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6.1.4. VLP purification

For small-scale purification, 1 ml of clarified bacterial lysate was loaded on a 12 ml,
6.6 x400 mm Sepharose 4 FF column (GE Healthcare) equilibrated with PBS.
Chromatography was performed on an Acta Prime Plus system (GE Healthcare) with the
flow rate set to 0.3 ml/min and fraction size to 1 ml. VLP-containing fractions were detected
in SDS-PAGE and those of the highest purity were pooled and applied to a 0.7 ml, 6.6 X 50
mm Fractogel DEAE (M) ion exchange column (GE Healthcare). The flow-through was
collected and the column further washed with 2 ml of PBS. Column-bound proteins were
eluted with a linear 10 column volume gradient of PBS containing 1 M NacCl using a flow
rate of 1 ml/min and fraction size of 1 ml on an Akta Pure 25 system (GE Healthcare). The
VLPs were usually found in most of the fractions while the contaminating proteins only in
some. The fractions of the highest purity were pooled, dialyzed against 20 mM tris—HCI pH
8.0, supplemented with glycerol to a final concentration of 50% and stored at —20 °C for
downstream experiments. The purification protocol was accordingly upscaled if a larger
quantity of VLPs was required.

6.1.5. Purification of chimeric VLPs

Two grams of wet cells were disrupted by sonication, and the clarified cell lysate was
precipitated overnight with 40% saturated ammonium sulphate. The precipitate was
collected by centrifugation and dissolved in 2 ml of PBS supplemented with 0.2% Tween
20, 0.5 M urea and 1 mM PMSF (phenylmethylsulfonyl fluoride). The concentrated sample
was loaded on a 30 ml Sepharose 4FF column (Omnifit 10 mm ID/ 330 mm) attached to an
Akta PrimePlus chromatography system (GE Healthcare), and 2 ml fractions were collected
in PBS with the flow rate set to 0.5 ml/min. Fractions were analyzed by 1% agarose gel
electrophoresis and SDS-PAGE, and those containing VLPs were pooled and applied to a 5
ml Fracto-DEAE ion exchange column (Omnifit 10 mm 1D/ 100 mm) pre-equilibrated with
PBS. Bound proteins were eluted with a 25 ml 0.15 — 1 M NaCl gradient in PBS with the
flow rate set to 2 ml/min and collected in 2 ml fractions. The purest fractions were pooled,
dialyzed against PBS and stored frozen at -20 °C for further downstream experiments.

6.1.6. Electron microscopy

For transmission electron microscopy, VLP samples after gel-filtration were adsorbed
on carbon-Formvar-coated copper grids and negatively stained with a 1% aqueous solution
of uranyl acetate. The grids were examined in a JEM-1230 electron microscope (JEOL Ltd.,
Tokyo, Japan) operated at 100 kV. Electron micrographs were recorded with iTEM software
(version 3.2, Soft Imaging System GmbH) using a side-mounted Morada digital camera
(Olympus-Soft Imaging System GmbH, Munster, Germany).

6.1.7. Dynamic light scattering

DLS measurements were performed using Malvern Zetasizer Nano ZS and quartz
cuvette ZEN2112, 173 Backscatter according to manufacturer’s instructions.

6.1.8. Detection of disulfides in VLPs

Aliquots of purified cysteine-containing VLPs in storage buffer (20 mM Tris—HCI pH
8.0, 50% glycerol) were mixed with an equal volume of Laemmli buffer (0.125 M Tris—HCI
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pH 6.8, 20% glycerol) with or without added 5% 2-mercaptoethanol. The samples were
heated for 10 min at 95 °C and analyzed on a 15% polyacrylamide gel using a standard Tris—
glycine SDS electrophoresis system.

6.1.9. Determination of VLP thermal stability

VLP samples at a concentration of 1 mg/ml in 20 mM tris—HCI, pH 8.0 or PBS were
heated for 15 min in a Veriti thermal cycler (Applied Biosystems) in a 5 °C-increment step
gradient and then loaded on a 1% agarose gel. After electrophoresis in the TAE buffer, the
RNA was visualized with ethidium bromide and protein with Coomassie blue. The thermal
stability was defined as the highest temperature at which the VLP band was still visible. For
detection of impact on stability by bivalent metal ions or disulfide bonds, capsids before the
heating were treated with 20 mM EDTA or 10 mM DTT, respectively.

6.1.10. ELISA

Protein concentrations were determined with the Bradford protein assay kit (Pierce).
One hundred microliters of chimeric VLPs or M2ex3 protein (10 mg/mL) were adsorbed on
a 96-well ELISA microplate (Sarstedt, Germany) overnight at 4 °C. Plates were blocked
with 1% BSA blocking buffer for 1 h at 37 °C. Mouse anti-influenza A M2 monoclonal
antibody 14C2 (Invitrogen) diluted at 1:250 in blocking buffer was added in three-fold
dilutions to triplicate wells and incubated for 1 h at 37 °C. The plates were washed three
times in PBS/0.05% Tween 20 in between different steps. Horseradish peroxidase (HRP)-
conjugated polyclonal rabbit anti-mouse IgG (Sigma—Aldrich, USA) was diluted 1:1000 in
blocking buffer and incubated for 1 h. Finally, color reactions were developed for 20 min
after addition of the o-phenylenediamine substrate. The HRP enzymatic reaction was
terminated by the addition of 2.0 M H2SO4, and the optical density was measured at 492 nm
using an ELISA plate reader (BDSL Immunoskan MS, Finland). Antigenic significance of
differences in antibody titers relative to negative control, i.e. the baseline was determined by
measuring the OD429 of the wells covered only with BSA. For evaluating the antigenicity,
the results were calculated in Microsoft Excel (version 10.0). By connecting the
measurement result points obtained for each sample, a linear function intersecting the
baseline was graphically represented. The hypothetical cross point was calculated and
defined as the end point for evaluating the antigenicity.

Protein X-ray crystallography experiments were performed by Dr. Janis Rimnieks and
therefore are not described in this section.
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7. RESULTS

7.1. “Production and characterization of novel ssRNA bacteriophage virus-

like particles from metagenomic sequencing data”

7.1.1. Production of the CP genes of novel ssRNA phages

To test the expression of the novel hypothetical SSRNA phage CP genes, 110 published
sequences were selected (Greninger and DeRisi 2015; Krishnamurthy et al. 2016, Shi et al.
2016) covering different CP similarity groups and representing maximum diversity both in
sequence and length. In some of the genomic sequences, there were two or three ORFs of
similar lengths found in between the maturation and replicase genes, making it difficult to
identify the CP ORF. Therefore, in these cases 2 or 3 sequences from a single phage were
included in the study.

All of the CP ORFs were expressed in Escherichia coli using a T7 promoter-driven
system in standard conditions. Most of the CPs were produced in the expected high amounts
and only in nine cases no expression was detected. A subsequent solubility analysis revealed
that about 60% of the CPs are at least partially soluble while the rest were found in inclusion
bodies. Since some of the metagenomic sequences were obtained from sites below ambient
temperature 20 °C, the synthesis of all insoluble protein was tested at 15 °C. Indeed, the
results were not disappointing, 85% of previously insoluble CPs were at least partially
soluble at 15 °C and only six remained in inclusion bodies.

7.1.2. Purification of proteins and characterization of VLP morphology

In the following process, all soluble proteins were purified by the classical
chromatography method for VVLP purification - gel filtration by sepharose 4FF. A total of 80
CPs were assembled in VLPs, as confirmed by electron microscopy. In the majority of cases,
the VLP morphology resembled that of the previously characterized ssSRNA phage VLPs
with an apparent spherical shape 28 to 30 nm in diameter, corresponding to T = 3 icosahedral
particles. The particles in some cases were slightly larger, possibly representing T = 4
symmetry, but in these cases, particles appeared somewhat irregular or incomplete
(AVEO000, GA-492). In two cases smaller particles presumably harboring T = 1 symmetry
(NF-391, NF-443) were observed, and in AVEOQ7 - a mixture of T =1 and T = 3 particles.
Several AVEOQ15-like VLPs (AVEOQ15, AVE016 and GQ-112) revealed a mixture of
spherical and elongated particles.

7.1.3. Stabilizing disulfide bonds in the novel VLPs

In addition to non-covalent protein-protein interactions, capsid stability can be
mediated by protein-RNA interactions, metal ions and disulfide bonds. The disulfides
markedly increase the particle stability and have been a fundamental factor in the application
of QB and AP205 VLPs as the most successful ssRNA phage-derived carriers.

In the previously studied Cys containing phages, disulfide bonds are formed between
threefold and fivefold symmetry axes that results in covalently linked CP pentamers and
hexamers in the capsid. Seventeen new VLPs containing at least two cysteine residues were
selected for the assay and tested in non-reducing SDS-PAGE. Only EMS011, ESE001,
Hubeil0, GA-492 and GA-879 produced a pair of bands corresponding to the expected
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pentameric and hexameric species. In the rest of cases, several lower molecular weight bands
could be observed, indicating that all possible disulfide bridges have not been formed or are
not able to form within VLPs. T=1 particles of NF-443 VLPs involved only pentameric
interactions, since hexameric contacts are absent in T=1 lattice. AVE018 VLPs apparently
formed only a disulfide-linked CP dimer.

7.1.4. VLP thermal stability

Another important characteristic for VVLPs is their thermal stability. It is necessary for
high performance in downstream applications such as vaccine development, drug delivery,
bioimaging, etc. To determine the thermal stability of the novel ssRNA phage VLPs,
particles were subjected to increasing temperatures and their integrity visualized in native
agarose gel electrophoresis. The thermal stability Tm was defined as the highest tested
temperature at which the VLP band can no longer be observed.

More than 75% of the tested VLPs disassembled between 50 °C and 70 °C, a few were
extremely unstable and were destroyed even at 35 °C, while some others had an unusually
high Tm up to 95 °C. None of the newly characterized VLPs with the top three melting
temperatures (AVEQ16 - 95 °C, ESE007 - 90 °C, Beihail4 - 85 °C) had disulfide bonds
between the subunits while the five VLPs with experimentally detected inter-subunit
disulfides displayed rather average thermal stability (55-70 °C). These results significantly
alter the previously established view that inter-subunit disulfide bonds are necessary for
formation of thermally stable sSRNA phage VLPs. The results convincingly demonstrate
that stable particles can also be achieved by only non-covalent interactions.
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Abstract

Background: Protein shells assembled from viral coat proteins are an attractive platform for development of new
vaccines and other tools such as targeted bioimaging and drug delivery agents. Virus-like particles (VLPs) derived
from the single-stranded RNA (ssRNA) bacteriophage coat proteins (CPs) have been important and successful
contenders in the area due to their simplicity and robustness. However, only a few different VLP types are available
that put certain limitations on continued developments and expanded adaptation of ssRNA phage VLP technology.
Metagenomic studies have been a rich source for discovering novel viral sequences, and in recent years have unrave-
led numerous ssRNA phage genomes significantly different from those known before. Here, we describe the use of
ssRNA CP sequences found in metagenomic data to experimentally produce and characterize novel VLPs.

Results: Approximately 150 ssRNA phage CP sequences were sourced from metagenomic sequence data and
grouped into 14 different clusters based on CP sequence similarity analysis. 110 CP-encoding sequences were
obtained by gene synthesis and expressed in bacteria which in 80 cases resulted in VLP assembly. Production and
purification of the VLPs was straightforward and compatible with established protacols, with the only exception that
a considerable proportion of the CPs had to be produced at a lower temperature to ensure VLP assembly. The VLP
morphalogy was similar to that of the previously studied phages, although a few deviations such as elongated or
smaller particles were noted in certain cases. In addition, stabilizing inter-subunit disulfide bonds were detected in
six VLPs and several possible candidate RNA structures in the phage genomes were identified that might bind to the
coat protein and ensure specific RNA packaging.

Conclusions: Compared to the few types of ssRNA phage VLPs that were used before, several dozens of new parti-
cles representing ten distinct similarity groups are now available with a notable potential for biotechnological applica-
tions. It is believed that the novel VLLPs described in this paper will provide the groundwork for future development of
new vaccines and other applications based on ssRNA bacteriophage VLPs.

Background

The single-stranded RNA (ssRNA) bacteriophages of
the Levivirdae family are small viruses that infect a vari-
ety of Gram-negative bacteria. Their virions consist of a
compact, approximately 3500 to 4200 nucleotide-long
genome packaged in a small, spherical-looking protein
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Latvia
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shell about 28 nm in diameter with an underlying T=3
quasi-equivalent icosahedral symmetry. The capsid is
constituted of the major coat protein (CP) and one or
two species of minor structural proteins that are involved
in recognition and packaging of the genome and are
required to adsorb the virion to the bacterial receptor
and convey the RNA genome into the cell. At least for the
currently studied ssSRNA phages, the minor virion pro-
teins are not essential either for assembly or for structural
integrity of the protein shell, and recombinant expression
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of a cloned coat protein gene results in the appearance of
virus-like particles (VLPs) that are morphologically very
similar to native virions but have spontaneously pack-
aged bacterial RNA inside the particles instead of the
genome [1-4].

The ssRNA phage VLPs have found a variety of applica-
tions, mostly in the field of vaccine development where
various antigens are presented onto the capsid surface to
invoke a strong immune response. Phage Qf VLPs con-
jugated with various peptide and small-molecule moie-
ties have reached clinical trials against conditions such
as hypertension [5], asthma [6] or smoking addiction
[7], phage MS2 VLPs have been successfully used as car-
riers for epitopes from the human papilloma virus [8],
while modified phage AP205 VLPs have shown promis-
ing results as vaccine candidates against West Nile virus
[9]. The ssRNA phage VLP technology has been further
extended for encapsulation of both macromolecular and
small-molecule substances of interest inside the parti-
cles, which in combination with VLP surface modifica-
tion allows for the development of targeted bioimaging
and drug delivery agents (see [10, 11] for comprehensive
reviews). ssSRNA phage CPs and VLPs have also found
a number of applications as tools for molecular biology
research, notably in generation of peptide display librar-
ies [12], identification of protein—RNA interactions [13,
14] and real-time imaging of RNA molecules in living
cells [15].

Up to recently, the number of known ssRNA phages
has been rather small. All of the currently identified
phages use various Proteobacteria as their hosts; the
great majority of these infect Escherichia coli and related
Enterobacteria, while the remaining few target bacteria of
the Pseudomonas, Acinetobacter or Caulobacter genera.
The CPs of the Enterobacteria- and Pseudomonas-spe-
cific phages share very low, yet still detectable sequence
similarity, while those from the Acinetobacter and Cau-
lobacter phages, of which only a single representative of
each has been sequenced, have no sequence similarity to
other CPs [16, 17]. The different CPs vary considerably
both in their overall amenability for modification and for
tolerance of particular foreign sequences, as well as in
their capability to recognize specific RNA for encapsula-
tion and the stability of the assembled VLPs. Oftentimes,
for a particular antigen a number of different VLP carri-
ers and modification strategies have to be screened until
a suitable one, if any, is found. In vaccine development
and related areas, the immune response against the car-
rier coat protein has also to be taken into account, and a
narrow range of available CPs adversely limits the num-
ber of potential vaccines that could be produced using
the ssSRNA phage platform. Discovery and characteriza-
tion of novel ssSRNA phage CPs and VLPs is therefore of
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considerable interest for continued developments in the
area.

While no novel ssRNA phages have been isolated lately,
the increasing metagenomic sequencing efforts in recent
years have uncovered a previously unknown diversity of
these viruses in nature. In 2015, genomes of two novel
Leviviridae phages EC and MB were assembled from San
Francisco wastewater [18], and soon a much wider study
revealed over 150 partial ssSRNA phage sequences in dif-
ferent RNA metagenomes [19]. A survey of RNA virus
sequences from invertebrates resulted in more than 60
additional ssRNA phage genome sequences [20]. In the
majority of the partial genomes, an open reading frame
(ORF) between the conserved maturation and replicase
genes can be identified that putatively encodes a coat
protein, although the ORFs show great variation in length
and sequence and in numerous cases no similarity to the
known ssRNA phage CPs or any other proteins.

While the metagenomic studies have greatly expanded
the known ssRNA phage diversity, infectious phages can-
not be resurrected from the partial genome sequences,
and their host bacteria, along with many other aspects
of their biology, remain unknown. However, the CPs
of the previously studied ssRNA phages have been able
to assemble into VLPs in absence of other phage com-
ponents, which provides an opportunity to obtain and
study ssRNA phage VLPs even if the CP sequence is the
only available information. In this study, we acquired
110 putative ssSRNA phage CP-encoding ORFs from the
metagenomic data using gene synthesis, and here we
report the expression, purification and characterization
of 80 novel ssSRNA phage VLPs.

Results

CP similarity analysis

Based on multiple sequence alignment, the previously
known ssRNA phage CPs can be divided into three
broad similarity groups represented by the Enterobac-
teria- and Pseudomonas-infecting phages, the Acine-
tobacter phage AP205 [16] and the Caulobacter phage
Cb5 [17], respectively. To reassess the ssRNA phage
CP diversity in light of the new data, we compiled for
comparison a set of all of the published CP sequences
together with some additional ones that could be
located in NCBI’'s nucleotide databases. However, for
the CP sequences from the metagenomic data, a mul-
tiple sequence alignment was deemed unreliable due
to the often very weak sequence similarity and broadly
variant protein length that ranged from 105 to 208
residues compared to only 122 to 132 in the previ-
ously known phages. All available ssRNA phage CP
sequences were therefore subjected to a BLAST simi-
larity analysis, followed by UPGMA clustering based
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Fig. 1 ssRNA phage CP similarity groups. All available CP sequences were compared in BLAST analysis followed by UPGMA clustering based on
BLAST bit score ratios (hit score/self score). The resulting dendrogram and heat map representation of CP diversity are presented. The orange
shading of CP labels corresponds to their length distribution. The CPs that were studied experimentally in this paper are indicated with dots at

branch tips

coat protein length BLAST bit score ratio

on BLAST bit score ratios (hit score/self score). The
resulting clustering analysis and the resulting tree rep-
resentation (Fig. 1), while not a proper phylogenetic
reconstruction, provides useful information regarding
the diversity of the novel CPs and their relatedness to
the previously known phages.

Almost a half, or over 80, of the known ssRNA phage
CP sequences cluster into an MS2-like supergroup with
approximately ten recognizable subgroups. Two of those
represent the currently recognized Levivirus and Allole-
vivirus F-pili specific phage genera, with an adjacent
cluster containing the other conjugative-pili specific
phages M [21], C-1 [22], PRR1 [23] and Hgall [22]. Two

additional neighboring CP clusters are comprised solely
of metagenomic sequences, with increasing CP length
and decreasing CP similarity to the known phages. The
supergroup includes some additional smaller clusters
with low similarity to MS2 [24] or Qp [4], one of which
contains the previously known Pseudomonas phage PP7
[25]. A Cb5-like supergroup emerges as the second larg-
est that includes the Caulobacter phage Cb5 and more
than 30 related CP sequences from the metagenomic
data. These further cluster into five subgroups, all formed
by short and rather uniform-length proteins (most
around 115-120 residues). One more supergroup with
some 30 sequences emerges which is comprised entirely
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of metagenomic sequences and contains two major rec-
ognizable subgroups. The CPs in this “AVE015-like”
supergroup, named after a representative phage from
the group, are considerably bigger than those of MS2-
or Cb5-like phages with an average length around 165
residues, with some of them spanning 180 residues. The
three supergroups comprise approximately 80% of all of
the known ssRNA phage CP sequences; the rest cluster
into several considerably smaller clades ranging from two
to five CPs, designated here the ESE017-like, ESE020-like,
AP205-like, AVE001-like, AVE002-like, EMS000-like and
AC-like groups. Several CP sequences (AIN001, ESE001,
ESO003 and Beihail4) have no reliable assignment to any
of the clusters and were considered orphans. (For brevity,
phage names such as “Beihai levi-like virus 14” from [20]
are referred to as “Beihail4” in this paper.)

Expression of the novel CPs

Our BLAST analysis allowed to recognize approximately
14 distinct ssSRNA phage coat protein types, which is
a noticeable increase from the three CP types known
before. We selected 110 CP sequences from the metagen-
omic data to cover all CP groups and represent maximum
diversity both in sequence and in length, and obtained
the sequences using gene synthesis to study them experi-
mentally. Interestingly, in a few of the genome sequences,
there were two or three predicted ORFs of similar length
between the maturation and replicase genes. The pre-
dicted coat protein ORF was always the one immediately
following the maturation gene, however, the other ORFs
were also included for experimental characterization. All
protein sequences used in the study are available in Addi-
tional file 1: Table SI.

All of the CP ORFs were initially expressed in Escheri-
chia coli using a T7 promoter-driven system in standard
conditions. The vast majority of the CPs were produced
in the expected high levels and only in very few cases no
expression was detected (Additional file 2: Figure S1). A
subsequent solubility analysis (Additional file 2: Figure
S2) however revealed that only about 60% of the CPs
are at least partially soluble while the rest were found
in inclusion bodies. In an effort to mitigate the issue, we
expressed the insoluble proteins at 15 °C that indeed ren-
dered 85% of the previously insoluble CPs at least par-
tially soluble and only six remained in inclusion bodies
also at the lower temperature. It can be noted that the
few non-CP-encoding ORFs included in the analysis were
either not expressed at all or were insoluble. Expression
and solubility data are summarized in Table 1.

Purification and characterization of VLP morphology
After CP production, the crude E. coli lysates were sepa-
rated by gel filtration and the fractions analyzed for CP
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presence in the expected molecular weight range for
VLPs. In total 80, or approximately 72%, of the solu-
ble CPs assembled into VLPs as confirmed by electron
microscopy (Fig. 2). In the majority of cases, the VLP
morphology resembled that of the previously character-
ized ssSRNA phage VLPs with an apparent spherical shape
28 to 30 nm in diameter that corresponds to a T=3
icosahedral particle. However, notable deviations from
the standard particle size and shape were not uncom-
mon. The VLPs formed by the AVEOOO CP were notice-
ably bigger, reaching 35 to 40 nm in diameter which
could correspond to a T =4 icosahedral particle, but the
preparation was rather heterogeneous with many elon-
gated, squashed or incomplete particles. A somewhat
similar view was observed also in GALT01000492 VLP
preparations where the T=3 particles were present in
minority while the field of view was dominated by big-
ger VLP-resembling irregular objects. NFYT01000391
and NFZC01007443 CPs assembled into small particles
approximately 18 nm in diameter with a presumed T=1
icosahedral symmetry. In some other cases, two distinct
VLP morphologies were present in the sample: a sizeable
proportion of AVEO16 VLPs appeared to have an elon-
gated shape, while AVE007 and Beihail7 VLP prepara-
tions contained a mixture of T=3 and T=1 particles.

To further characterize the VLPs, we used dynamic
light scattering (DLS) to determine the average particle
size in solution. In a homogeneous sample, the particle
size measured using DLS is in good agreement with val-
ues determined using other methods such as electron
microscopy or X-ray crystallography, while significant
deviations are an indicator of particle aggregation. For the
majority of VLPs, the determined average particle diame-
ter values (Table 1) lie within a range of 25-30 nm which
is in good agreement with the size observed in EM. Using
DLS, the NFYTO01000391 and NFZC01007443 VLPs
measured 18 to 19 nm in diameter which corresponds to
the apparent T=1 particles detected in EM, and likewise
the bigger AVEOOO VLPs measured 38 nm in diameter
and the apparently heterogenous GALT01000492 prepa-
ration had an average particle diameter of 48 nm. VLPs
with significant discrepancies between the EM and DLS
data, such as NFYT01000214 with an observed diameter
of 28-30 nm in EM but a measured size of 42 nm using
DLS, or VLPs for which no reasonable estimate could not
be obtained, likely indicate significant amount of aggre-
gation in the samples.

Stabilizing disulfide bonds in the novel VLPs

Coat protein modifications introduced for vaccine devel-
opment and related applications have a tendency to
destabilize the assembled VLPs, and the experimental
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Table 1 Properties of experimentally studied ssRNA phage coat proteins

cp Similarity group Length Cysteines TR Production Solubility VLPs
Positions S-S 37°C 15°C EM Morphology d,nm Tm,°C

MS2 MS2 129 ++ +++ +++ nd +++ T=3 28 70
(0)¢] Ms2 132 74,80 56 44+ 444+ +++ nd +++ T=3 30 90
PRRI Ms2 131 ++ +++ +++ nd 44+ T=3 nd. 75
PP7 MS2 127 67,72 56 A4+ +++ +++ nd ++4 T=3 27 90
AINOOO MS2 131 + ++ = ++ ++ T=3 nd. 45
AINOO2 MS2 132 +++ - ++ ++ T=3 nd. 55
AIN0OO3 MS2 140 +++ - ++ ++ T=3 28 55
AINOTO MS2 125 + + n.d. - n/a n/a n/a
AVEO17 MS2 129 + +++ +++4+ nd. ++ T=3 26 65
AVEO19 MSs2 123 + 4+ +++ nd.  + T=3 27 50
AVE021 MS2 123 + 4+ ++ nd ++ T=3 30 60
Beihai6 MS2 128 + +++ +++ nd - n/a n/a n/a
Beihai17 MS2 129 +++ +++ nd ++ T=3T=1 26 55
Beihai18 MSs2 131 +++ +++ nd 4+ T=3 29 50
Beihai19 MS2 134 + +++ +++ nd -+ T=3 28 55
Beihai21 MS2 126 +  +++ ++ nd 4+ T=3 nd. 40
Beihai23 MS2 130 +++ + nd. + T=3 28 35
Beihai2é MS2 123 + +++ +++ nd. + T=3 nd. 50
Beihai27 MS2 122 +++ +++ nd. - n/a n/a n/a
Beihai28 MS2 132 + +++ +++ nd ++ T=3 30 65
Beihai30 Ms2 149 +++ ++ nd 4+ T=3 nd. 65
Beihai32 MS2 130 + +++ ++ n.d. ++ T=3 31 70
Beihai33 Ms2 126 +  +++ +++ -+ T=3 28 nd.
Beihai34 Ms2 121 +++ +++ nd 4+ T=3 25 50
EMS014 MS2 156 + + + nd + T=3 nd. nd.
EOC000 Ms2 129 + +++ - ++ ++ T=3 nd. nd.
EOC005 Ms2 159 +++ - ++ + T=3 nd. 60
ESE005 ms2 149 + 4+ - . nd. n/a n/a n/a
ESE006 MS2 129 - +++ - ++4+ ++ T=3 nd. nd.
ESEQQ7 MS2 137 93,115 M +++ - ++4+ ++ T=3 30 90
ESEQ09 MS2 130 +++ - + - n/a n/a n/a
ESE010 M52 132 +++ + nd. - n/a n/a n/a
ESEQ12 MS2 143 + +++ + n.d. + T=3 nd. nd.
ESE019 MS2 150 +++ - ++ ++ T=3 32 50
ESEO21 MS2 150 + +++ - + + T=3 nd. 50
ESE024 MS2 149 +++ - ++  + T=3 29 50
ESE025 MS2 152 +++ - ++ A+ T=3 36 40
ESE029 MS2 132 +++ +++ nd +++ T=3 22 70
ESE030 MS2 142 +++ - ++  +++ T=3 nd. 35
ESE037 MS2 140 R - +4++ ++ T=3 nd. 70
ESEO46 MS2 137 +++ - +++ ++ T=3 31 36
ESE058 MS2 146 + 44+ - ++ 4+ T=3 nd. 55
ESO010 MS2 149 + 4+ - + - n/a n/a n/a
Hubei2 MS2 124 +++ + n.d - n/a n/a n/a
Hubei3 MS2 128 +++ - ++ + T=3 nd. 60
Hubei6 MS2 125 + +++ + nd. ++ T=3 24 60
Hubei8 Ms2 137 +++ - ++  + T=3 26 40
Hubeil0 MS2 129 76,77 56 +++ +++ nd ++ T=3 30 70
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Table 1 (continued)

cp Similarity group Length Cysteines TR  Production Solubility VLPs
Positions S-S 37°C 15°C EM Morphology d,nm Tm,°C

Hubeil4 MS2 17 + +++ +++ nd +++ T=3 28 70
NFYT01000214 MS2 135 78,7995 +++ ++ nd. ++ T=3 42 65
NFZC01009824 MS2 122 68, 70 n.d. +++ + nd. ++ T=3 nd. nd.
Shahe3 MS2 136 + +++ - + ++ T=3 29 50
Wenling2 MS2 128 +  +++ +++ nd ++ T=3 28 70
Wenling3 MS2 126 + +++ ++ nd. + T=3 26 60
Wenzhou4 MS2 146 + 4+ - ++ 44+ T=3 30 50
AVE004 AVEQTS 159 107,108 nd. 4+ 4+++ +++ nd + T=3 nd. nd.
AVE0D6 AVEO15 180 +++ ++ nd + T=3 nd. n.d.
AVEQOQ7 AVEQ15 156 46.134 N +++ ++ nd. ++ T=3T=1 30 n.d.
AVEQ22 AVEQT15 158 59,136 + +++ + nd. - n/a n/a n/a
AVE024 AVEO15 156 39,58 N+ 4+ ++ nd  + T=3 nd. nd
AVEQ39 AVEQTS 158 56,89, 130 N + +++ ++ nd ++ T=3 n.d. 60
GALT01000492  AVEQ15 165 103,104,105 56 +++ ++ nd +++ Heterogenous 48 70
GALT01093879  AVEQ15 163 101,102,103 56 +++ ++ nd. ++ T=3 30 75
AVE0OO AVEO15 167 61,9899 N +++ - +++ +++ T=4? 38 nd.
AVEQQS AVEO15 164 94,112 N + +++ - +++ + T=3 40 70
AVEQ15 AVEO15 167 + +++ - ++ ++ T=3 n.d. 65
AVEQ16 AVEQ15 166 113,158 N +++ +++ nd. ++4 T=3,50meelongated 30 95
AVEQ18 AVEO15 169 9,43,92 D + +++ +++ nd —+ T=3 28 70
AVE020 AVEQT15 180 38, 146 +++ ++ nd. - n/a n/a n/a
AVE023 AVEOT5 177 + 4+ - - nd. n/a n/a n/a
Beihai12 AVED15 178 + A+t +++ nd - n/a n/a n/a
GALQO1044112 AVEO1S 164 859,113 N +++ +++ nd ++ T=3 32 80
AVEQO2 AVEQ02 140 + + + n.d. +++ T=3 31 65
GALQ01040378 AVE002 151 - - - nd. n/a n/a n/a
Beihail3 ESEO17 132 +++ - + ++ T=3 n.d. n.d.
ESEQ17 ESEQ17 132 +++ + nd. + T=3 27 70
GALQO1034907 ESE017 131 ++ + nd. + T=3 27 60
AP205 AP205 130 64,68 56 +++ +++ nd 4+ T=3T=1 28 75
Beihai20 AP205 M7 +++ ++ nd - n/a n/a n/a
Cbs Cbs 122 +++ +++ nd +4++ T=3 28 70
EMS002 b5 123 64,68 + A+t - ++ - n/a n/a n/a
EMSO11 Cb5 123 64.68 56 +++ - ++  ++  T=3 33 55
EMS017 Cbs 123 64,68 - - nd. nd n/a n/a n/a
ESEQ16 Cbs 123 R ++ nd - n/a n/a n/a
ESO001 Cb5 124 + ek - +-+ ++ T=3 40 nd.
Beihai3 Chs 119 +++ + nd  + T=3 24 60
Beihai6 Cb5 119 +  +++ +++ nd - n/a n/a n/a
MB Cbs 127 ++ - ++ - n/a n/a n/a
Beihail Cbs 116 + ++ + nd. + T=3 nd. nd.
EMS007 Cbs 116 + 44+ + nd - n/a n/a n/a
ESE008 Cbs 138 + - +4+4+ - n/a n/a n/a
ESEQ15 Cb5 19 +++ + nd. A T=3 31 55
ESEQ22 Ch5 116 + - S n/a n/a n/a
ESEQ26 Cbs 19 + +++ +++ nd. + T=3 nd. 50
ESO000 Cbs 115 + +++ - -+ - n/a n/a n/a
Wenzhou2 Cbs 122 +++ + nd ++ T=3 26 60
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Table 1 (continued)

Page 7 of 14

CcpP Similarity group Length Cysteines TR Production Solubility VLPs
Positions S-S 37°C 15°C EM Morphology d,nm Tm,°C

Beihaig Cbs 123 + 4+ + nd.  ++ T=3 29 50
Wenling1 Cb5 116 +++ + nd. - n/a n/a n/a
Changjiang1 Chs 112 + 4+ + nd.  + T=3 nd. nd.
EMS005 Chs 112 + 4+ ++ nd - n/a n/a n/a
Wenzhoul Chs 113 + A+t + nd.  ++ n/a n/a n/a
EMMO000 ESE020 155 + +++ - ++  + T=3 23 50
EMSO001 ESE020 154 +++ + nd. ++ T=3 nd. 65
ESE020 ESEQ20 153 + -+ +++ nd  + T=3 36 65
ESE041 ESE020 155 + 4+ - +++ + T=3 34 50
AC AC 115 +++ - +++ ++ T=3 nd 50
NFYTO01000391  AC 123 66,67,75 N +++ + nd. ++  T=1 18 75
NFZC01007443  AC 119 64, 66 5 +++ ++ nd  ++ T=1 19 60
EMS000 EMS000 105 45,48 +  + ++ nd - n/a n/a n/a
EMS003 EMS000 106 +++ - + - n/a n/a n/a
AVEQO1 AVEQO1 202 82,83,84 + +++ - nd. n/a n/a n/a
AVEQO3 AVEQO1 183 8890,176 + +++ - - nd. n/a n/a n/a
Beihai14 Beihai14 208 + - ++ 4+ = 31 85
ESE0O1 ESE001 18 61,66 56 +++ + nd. ++ = 30 75
ESO003 ESO003 113 + +++ + nd ++ T=3 29 60
AINOO1 AINOOT 155 + ++ - - nd. n/a n/a n/a

Some previously studied CPs are included for reference and shown in italic. The listed properties include the assigned CP similarity group, length, presence of a
translational repressor stem-loop (TR) in the genome (+, a putative hairpin structure predicted; ++, an experimentally confirmed TR), positions of cysteine residues

in the protein if more than one is present, disulfide bonds in VLPs (56, covalently linked pentamers and hexamers; 5, pentamers; D, dimers; N, no disulfides detected),
production level (+++, high; +-, average; +, low; %, very low; -, not detected), solubility at 37 °C and 15 °C (+++, highly soluble; ++, at least 50% soluble; +, less
than 50% soluble; -, completely insoluble), VLP formation by EM: (+++, highly efficient VLP formation; ++, reasonably good VLP formation; +, some detectable VLPs;
-, no VLPs observed), characterization of VLP morphology, particle diameter from DLS measurements, and their “melting” temperature (thermal stability). n/a: not

applicable due to lack of VLPs, n.d.: not determined

success rate appears to positively correlate with the sta-
bility of the starting unmodified particles. While in some
of the studied ssRNA phages inter-subunit contacts are
mediated solely by non-covalent protein—protein inter-
actions, in others coordinated metal ions [26, 27] and
protein—RNA interactions [27] have been found that
contribute to particle stability. In yet other phages such
as QP [28], PP7 [29] and AP205 [30] the CP subunits
are covalently linked together with disulfide bonds. The
disulfides markedly increase the particle stability and
have been a substantial factor in the advancement of Qf
and AP205 VLPs as the most successful ssRNA phage-
derived carriers. Screening for stabilizing disulfide bonds
in the novel VLPs is therefore of interest for selecting the
best candidates for future VLP carriers.

In all of the previously studied ssSRNA phage particles
where disulfide bonds exist, they are formed between
CP loops positioned around the icosahedral threefold
and fivefold symmetry axes that results in covalently
linked CP pentamers and hexamers in the capsid. It can-
not be excluded, however, that in other phages stabiliz-
ing disulfide bonds might occur also in other positions.

We therefore selected all experimentally available CPs
that were able to assemble into VLPs, could be purified
to near homogeneity and which contained at least two
cysteine residues, and subjected the VLPs to denatur-
ing but non-reducing conditions. In such conditions
the disulfide-containing Q} and AP205 VLPs disassem-
ble into pentameric and hexameric CP species that can
be tracked in SDS-polyacrylamide gel electrophoresis
(Fig. 3). From the 17 tested novel VLPs, only EMS011,
ESE001, Hubeil0, GALT01000492 and GALT01093879
produced a pair of bands corresponding to the expected
pentameric and hexameric species (Fig. 3); in most cases,
a number of lower molecular weight complexes could
also be discerned, suggesting that not all of the pos-
sible disulfide bridges have been formed in the VLPs.
All of these five CPs contain cysteine residues located
similarly to Qp or AP205 approximately in the mid-
dle of the sequence; the EMS011 and ESE001 CPs con-
tain two cysteine residues five or six positions apart,
while the Hubeil0 CP has two and GALT01000492 and
GALT01093879 have three consecutive cysteine residues.
In the latter two CPs, apparently only two of the residues
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Fig. 2 Representative electron micrographs of the produced VLPs. The constituent CP similarity groups as of Fig. 1 are indicated
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Fig. 3 Disulfide bonds in the produced VLPs. The VLPs were subjected to denaturing and reducing or non-reducing conditions and analyzed in SDS

polyacrylamide gel electrophoresis

are involved in inter-subunit contacts, although different
pairs of cysteine side chains might be involved in mak-
ing pentameric and hexameric contacts. From the tested
proteins also the NFZC0107443 CP contains two simi-
larly located cysteine residues three positions apart, but
in non-reducing conditions the VLPs resolved into only
a single higher molecular weight species. This is however
consistent with the assumed T=1 icosahedral structure
of the NFZC0107443 VLPs from EM data as T=1 par-
ticles involve only pentameric but no hexameric inter-
actions. The rest of the VLPs did not produce apparent
hexameric or pentameric species, however, AVE018
VLPs appeared to contain another kind of higher molec-
ular weight covalent species putatively corresponding to
a disulfide-linked CP dimer.

VLP thermal stability

The thermal stability of a VLP is an important char-
acteristic that positively correlates with the overall
robustness of the particle and its performance in down-
stream applications such as vaccine development or
drug delivery. To determine the thermal stability of the
novel ssRNA phage VLPs, we subjected the particles to
increasing temperatures and visualized their disassem-
bly in native agarose gel electrophoresis. Intact ssSRNA
phage VLPs migrate as a distinct band in the gel which
is detectable both when staining for RNA and for pro-
tein, but as the VLPs are heated and gradually disas-
semble, the VLP band accordingly becomes weaker
until it completely disappears. The thermal stability Tm
is defined as the lowest tested temperature at which the
VLP band can no longer be observed.

The novel VLPs have a broad range of thermal sta-
bility (Table 1). While the majority (~77%) of the
tested VLPs disassembled between 50 °C and 70 °C, a
few were extremely unstable and were destroyed even
at 35 °C, and some others had an unusually high Tm
of up to 95 °C. VLPs of the previously studied ssSRNA
phages without inter-subunit covalent bonds typically
disassemble at 60 to 70 °C [26, 27, 31] while those con-
taining disulfides have a notably higher melting tem-
perature of 75 to 95 °C. Interestingly, none of the newly
characterized VLPs with the highest melting tempera-
tures (AVEO16, 95 °C, ESE007, 90 °C, Beihail4, 85 °C)
have disulfide bonds between the subunits while the
five VLPs with experimentally detected inter-subunit
disulfides exhibit a relatively modest thermal stabil-
ity between 55 and 75 °C. These results undermine
the prior belief that inter-subunit disulfide bonds are
a necessity for robust ssRNA phage VLPs and demon-
strate that very stable particles can be built solely by
non-covalent interactions. Further investigations are
underway to determine the functional basis for the
unusual stability of these VLPs.

Potential CP-RNA interactions

In a number of the previously studied ssRNA phages, the
coat protein recognizes and binds a genomic RNA hair-
pin at the beginning of the replicase gene which regulates
the synthesis of the replicase enzyme and contributes to
specific packaging of phage genome into the virions. The
hairpin is a stem-loop structure comprised of an approxi-
mately eight base pair-long stem with an unpaired aden-
osine residue and a three- to six-nucleotide-long loop,
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and is often designated the translational operator (TR) of
the replicase gene (see [32] for a review). The TR can be
appended to an RNA molecule of choice as a tag where
it can direct packaging of specific RNA molecules inside
VLPs or serve for identifying protein—-RNA interactions
or tracking of RNA molecules in a living cell (see [10] for
a review). Currently two distinct CP RNA binding modes
are known for the ssRNA phages, the first shared by the
conjugative pili-specific phages MS2 [33], PRR1 [34] and
Qp [35], and the other one found in the Pseudomonas
phage PP7 [36]. No CP-TR binding has been detected in
the more distantly related phages AP205 and Cb5 despite
considerable effort, suggesting that the interaction is not
universally conserved among the ssRNA phages.

The CP ability to specifically bind RNA is a certain
advantage for VLP and other potential applications,
therefore for our subset of experimentally available CPs
we surveyed the corresponding genome sequences for
possible TR hairpins at the beginning of the replicase
ORFs. In the majority of cases, a putative stem-loop

structure around the replicase initiation codon could
indeed be detected. A number of examples are com-
piled in Fig. 4; all predictions are provided in Additional
file 2: Figure S3 and are summarized in Table 1. Within
the MS2-like CP supergroup there appears to be a trend
that phages with CP sequences relatively more similar to
those of MS2, PRR1 or Qf also contain a TR-resembling
hairpin in the genome, while for more distant phages
the TR structures look increasingly dubious. A notable
exception is a small cluster of Beihai33, Wenling2 and
Wenling3 CPs which have very weak similarity to either
the Ms2, QB or PP7 CPs, vet all of them have a promi-
nent hairpin with a tetranucleotide sequence AUGC in
the loop. In addition, despite differences in sequence, the
base pairing in the stem has been preserved, suggesting
that the hairpins are evolutionary conserved and might
function as TRs through a possibly novel RNA bind-
ing mechanism to the two already known. No analogous
structural conservation is observed among related phages
in other CP similarity groups, which renders the function
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of the predicted hairpins as TRs somewhat questionable.
However, affinities of the predicted TR hairpins for the
respective CPs have to be experimentally determined,
and discovery of additional protein-RNA interactions is
clearly possible.

Discussion
In the current study we have analyzed over 100 novel
ssRNA phage CPs with the main objective to find candi-
dates for development of future VLP carriers. A number
of properties for the CPs and VLPs are desirable for these
purposes: (1) high-level CP expression in bacteria; (2)
efficient assembly of the CP into VLPs; (3) high stability
of the assembled VLPs; (4) simple and effective means of
VLP purification and (5) VLP tolerance for chemical and
genetic modification. An ability to package substances of
interest inside the VLPs is further preferable. In our study
we have addressed a number of these points, and the sam-
ple size allows for some general conclusions to be made.
For all of the previously studied ssRNA phages, the
CPs could be cloned and expressed in E. coli in standard
conditions which resulted in highly efficient assembly of
VLPs. We adopted a similar strategy for the novel ssSRNA
phage CPs, and the high-level expression part indeed did
not present any problems with only a few of the proteins
not being produced. Instead, the solubility of the pro-
duced CPs proved to be the first roadblock as in the initial
conditions approximately 40% of the tested proteins were
found in inclusion bodies. In this respect, it can be noted
that the reported sources for the metagenomic datasets
are extremely diverse, ranging from intestinal contents of
warm-blooded animals to deep sea microbial sediments
and arctic soils in Svalbard. It is therefore conceivable that
at least for some of the proteins, high-level expression at
37 °C is such a dramatic departure from the conditions
in their native host bacteria that it adversely affects their
folding, stability or assembly into VLPs. This assumption
appeared to be correct as lowering the CP expression
temperature indeed largely resolved the solubility issues.
As the study progressed, it was further established that
the solubility of the CP does not necessarily lead to VLP
formation. Generally, CPs of the MS2-like supergroup
readily formed VLPs although there were some excep-
tions in particular subclusters. CPs of the AVE015-like
supergroup were also generally able to assemble into
VLPs, although a higher prevalence of aberrant particles
was observed in these samples. In contrast, in the Cb5-
like supergroup VLP formation was detected for less than
a half of the examined CPs. It can be noted that the Cb5
VLPs are very sensitive to salt [27, 37] which might trans-
late also to related CPs, and it is possible that the pres-
ence of salt in buffer solutions or during the EM staining
procedure might have triggered VLP disassembly.
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While the issue could perhaps be alleviated by taking
extra care not to expose these VLPs to salt at any point,
such experiments were not attempted as particles this
unstable would not be of much interest for subsequent
biotechnological developments. From the smaller CP
similarity clusters, all expressed CPs from the AVE002-
like, ESE017-like, ESE020-like and AC-like CP groups
also formed VLPs. From the remaining CPs, only those
from the, Beihail4, ESE001 and ESO003 phages were
able to assemble into particles.

The rather high proportion of assembly-deficient CPs
was somewhat unexpected from our prior experience
and, besides the possible VLP stability issues discussed
above, likely has several additional reasons. The metagen-
omic data vary significantly in quality and in some cases
the failure of a CP to be expressed or to assemble into
VLPs might result from an incorrect sequence caused by
sequencing or sequence assembly errors. In other cases,
the high-level heterologous expression in Escherichia coli
might cause issues for CPs from phages with markedly
different original hosts that might be more complex than
growth temperature alone. In most of the cases, however,
the failure to form VLPs is presumably caused by the
absence of other phage components during the assembly
process. The assumption that the presence of unspecific
RNA is sufficient to promote particle assembly has been
built on a small subset of previously studied coat proteins,
and there is no particular reason to expect similar prop-
erties for all ssSRNA phages. Contrary to the large DNA
phages, the ssRNA phages do not package their genome
into a preformed empty capsid but instead the CP sub-
units condense around the genomic RNA molecule to
form an enclosing protein shell. In the process, the phage
maturation protein specifically binds both the genome
and the coat protein, and the genomic RNA itself has a
highly complex three-dimensional shape that is thought
to actively promote its encapsidation [38-41]. Consid-
ering that the biological function of the CP is to build
virions and not VLPs, it is conceivable that some phages
might have evolved to rely on the maturation protein
and/or the full-length genome for assembly more than
others. This would in turn manifest in the observed inca-
pability of the CP to assemble into VLPs when expressed
separately from the other phage components. Also, in
other RNA viruses, specific RNA packaging signals have
been described (see [42] and references therein), and it
cannot be excluded that in some ssRNA phage genomes
yet unidentified RNA structures exist that are crucial for
assembly. Experimental verification of such possibilities
is however difficult or impossible in absence of the actual
phage that can be studied in the laboratory.

The purification of the novel VLPs was gener-
ally straightforward and in most cases, a previously
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established two-step VLP purification procedure using
gel filtration and ion exchange chromatography was able
to yield an at least 90% pure preparation. In some cases,
however, only about 50% pure material was obtained,
presumably due to low VLP stability and/or co-aggrega-
tion with bacterial proteins. Still, for the great majority of
the novel VLPs, purification does not pose any problems
and is suitable for biotechnological processes.

To further characterize the VLPs and enable rational
structure-guided modification of the capsid, efforts are
currently underway to determine their high-resolution
three-dimensional structures by X-ray crystallogra-
phy. The tolerance for foreign antigens by chemical and
genetic modification is also being tested in our laboratory
for a number of VLPs, and preliminary data indicate that
several could be of comparable or superior performance
to the Ms2, Qp and AP205 VLPs (to be published).

Conclusions

In this study, we have demonstrated that environmental
viral sequences uncovered in metagenomic studies can
be useful not only for comprehending the diversity of
viruses in nature but can also be successfully utilized to
reconstruct virus-like particles in a laboratory setting. In
this way we have for the first time experimentally char-
acterized 11 new ssRNA phage coat protein types and
their ability to assemble into VLPs. The 80 novel ssSRNA
bacteriophage VLPs that we have obtained and charac-
terized here will be important for development of new
vaccines and related applications using the ssSRNA phage
VLP platform. The results also provide a rich ground
for further fundamental studies of ssRNA bacterio-
phage biology such as their structure and protein—-RNA
interactions.

Methods
CP similarity analysis and clustering
The metagenomic ssRNA phage genome sequences
were fetched from GenBank using accession numbers
reported in [18—20] or sourced from supplementary data
from [19]. An additional search for new ssRNA phage
sequences was performed in January 2018 by querying
the NCBI's nucleotide (nt) and environmental nucleo-
tide (env_nt) sequence databases with all available ssRNA
phage protein sequences using the tblastn program from
the BLAST + package [43]. The additional ssRNA phage
protein sequences extracted from the hits were iteratively
used in repeated queries until no new sequences were
detected. A total of 31 additional CP sequences were
recovered.

All available ssSRNA phage CP sequences were used to
generate a BLAST database against which each sequence
was individually queried using the blastp program. The
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results in CSV format were imported into a Google
Sheets document for calculation of BLAST bit score
ratios (BSRs; the BLAST bit score of the hit divided by
the bit score of the query sequence matched against
itself) and creation of a distance matrix using values of
1-BSR as the distance measure. The matrix was used
to cluster the sequences with the UPGMA algorithm
using the program neighbor from the Phylip package
[44]. Figtree v 1.4.3. [45] was used for visualization of
the resulting tree. The data from the clustering analysis
together with the BSR values were used for generating a
heat map of CP variation in Google Sheets using Google
Apps Script scripting facilities.

CP expression

The CP-encoding sequences were synthesized by General
Biosystems and provided by the manufacturer cloned in
pET24a (Novagen) as expression-ready constructs.

For small-scale expression and solubility analysis, E. coli
BL21(DE3) cells were transformed with CP-encoding plas-
mids, individual colonies were inoculated in 5 ml of LB
media supplemented with 30 pg/ml kanamycin and incu-
bated at 37 °C overnight without shaking. The overnight
cultures were transferred into 50 ml of 2xTY medium and
the cells were grown at 37 °C or 15 °C with aeration until
ODyy, reached 0.6 to 0.8. IPTG was then added to a final
concentration of 1 mM and the cultures were incubated
for additional 4 h at 37 °C or 20 h at 15 °C, after which ali-
quots were harvested by centrifugation for assessment of
expression level and solubility by SDS-PAGE. Large-scale
production for VLP purification purposes followed the
same protocol using 2 | of 2xTY medium. To determine
the solubility of the produced CPs, the aliquoted cells
were suspended in lysis buffer (50 mM tris—HCI pH 8.0,
150 mM NaCl, 0.1% Triton X100, 1 mM PMSF) in a wet
cell weight/buffer volume ratio of 1:4, lysed by sonication,
centrifuged for 30 min at 13000 g and the supernatant and
pellet analyzed in SDS-PAGE. The same protocol was used
for preparation of lysates for VLP purification.

VLP purification

For small-scale purification, 1 ml of clarified bacterial
lysate was loaded onto a 12 ml, 6.6 x 400 mm Sepha-
rose 4 FF column (GE Healthcare) equilibrated with
PBS. Chromatography was done on an Acta Prime Plus
system (GE Healthcare) with the flow rate set to 0.3 ml/
min and fraction size to 1 ml. VLP-containing fractions
were detected in SDS-PAGE and those of the highest
purity were pooled and applied to a 0.7 ml, 6.6 x 50 mm
Fractogel DEAE (M) ion exchange column (GE Health-
care). The flow-through was collected and the col-
umn further washed with 2 ml of PBS. Column-bound
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proteins were eluted with a linear 10 column volume
gradient to PBS containing 1 M NaCl using a flow rate
of 1 ml/min and fraction size of 1 ml on an Akta Pure
25 system (GE Healthcare). The VLPs were usually
found in most of the fractions while the contaminat-
ing proteins only in some. The fractions of the highest
purity were pooled, dialyzed against 20 mM tris—HCl
pH 8.0, supplemented with glycerol to a final concen-
tration of 50% and stored at —20 °C for downstream
experiments. The purification protocol was accordingly
upscaled if a larger quantity of VLPs was required.

Electron microscopy

For transmission electron microscopy, VLP samples
after gel-filtration were adsorbed on carbon-Form-
var-coated copper grids and negatively stained with a
1% aqueous solution of uranyl acetate. The grids were
examined in a JEM-1230 electron microscope (JEOL
Ltd., Tokyo, Japan) operated at 100 kV. Electron micro-
graphs were recorded with iTEM software (version 3.2,
Soft Imaging System GmbH) using a side-mounted
Morada digital camera (Olympus-Soft Imaging System
GmbH, Munster, Germany).

Dynamic light scattering

DLS measurements were performed using Malvern
Zetasizer Nano ZS and quartz cuvette ZEN2112, 173
Backscatter according to manufacturer’s instructions.

Detection of disulfides in VLPs

Aliquots of purified cysteine-containing VLPs in stor-
age buffer (20 mM Tris—HCI pH 8.0, 50% glycerol) were
mixed with an equal volume of Laemmli buffer (0.125 M
Tris—HCI pH 6.8, 20% glycerol) with or without added 5%
2-mercaptoethanol. The samples were heated for 10 min
at 95 °C and run on a 15% polyacrylamide gel using a
standard Tris—glycine SDS electrophoresis system.

Determination of VLP thermal stability

Assessment of thermal stability was done essentially as
described before [27]. VLP samples at a concentration
of 1 mg/ml in 20 mM tris—HCI, pH 8.0 were heated for
15 min in a Veriti thermal cycler (Applied Biosystems)
in a 5 °C-increment step gradient and then loaded on a
1% agarose gel. After electrophoresis in TAE buffer, the
RNA was visualized with ethidium bromide and pro-
tein with Coomassie blue.

Prediction of TR hairpins
The starting positions of replicase ORFs in the
metagenomic ssRNA phage genome sequences were
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located based either on the available genome annota-
tions or found by examining the sequences manually. A
region flanking 20 nucleotides in both directions from
the first nucleotide of the replicase ORF was extracted
from each genome and the sequences were input to
rnafold using the default parameters.

Additional files

Additional file 1: Table S1. Protein sequences used in the study.
Accession numbers are provided for the respective genome sequences.
Entries without an accession number were sourced from Dataset 51 from
Krishnamurthy et al. [19]. In cases where more than one open reading
frame was found between the maturation and replicase genes, the coat
protein corresponds to ORF2.

Additional file 2: Figure S1. SDS-PAGE analysis of the production level of
the metagenomic ssRNA phage CPs. The samples represent total cellular
protein content four hours after the CP expression was induced at 37 °C

1 and M2—protein molecular weight markers (M1: bands of 10, 15, 25, 35,
40,55, 70,100, 130 and 180 kDa; M2: bands of 14, 18, 25, 35, 45, 66 and 116
kDa). Figure S2. Solubility of the metagenomic ssRNA phage CPs at 37°C
and 15°C. The samples represent the soluble (s) and insoluble (d) cellular
protein fractions after the CPs were produced at the indicated tempera-
ture. The proteins were produced at 15 °C only if they were completely
insoluble at 37 °C. M2—Ilanes with MW marker—14, 18, 25, 35, 45, 66 and
116 kDa. M1 and M2—protein molecular weight markers (M1: bands of 10,
15, 25, 35,40, 55, 70, 100, 130 and 180 kDa; M2: bands of 14, 18, 25, 35,45,
66 and 116 kDa). Figure S3. Predicted RNA hairpin structures at the begin-
ning of the replicase gene in the metagenomic ssRNA phage genome
sequences. A region flanking 20 nucleotides in each direction from the
first nucleotide of the replicase gene was used for the prediction.
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7.2. “Three-dimensional structure of 22 uncultured ssRNA bacteriophages:

Flexibility of the coat protein fold and variations in particle shapes”

During our previous findings we had established a collection of more than 80 different
VLPs, derived from hypothetic SSRNA CPs. Most of them can be obtained in sufficient
quantity and purity for crystallographic studies. Laboratory co-workers performed
crystallization trials of our entire ~80 VLP library and were able to obtain crystals for more
than half of the VLPs. In 22 cases the obtained crystals diffracted to high resolution and the
corresponding structures were solved by Dr. Janis Rimnieks.

7.2.1. Capsid shape and size

When comparing the length of the CPs with the size of the VLPs, no strong correlation
was observed. However, the longest CP Beihail4 also produced the largest VLPs and
shortest Wenzhoul protein produced the smallest VLPs.

Like the previously studied capsids of sSRNA phages, the majority of the novel VLPs
had a morphologically spherical shape, and only the AC, AVEOQ15, GQ-112, and Beihail4
capsids had a pronounced polyhedral appearance.

In the previous study we found several CPs which form VLPs of T = 1 symmetry. In
nature, the existence of functional phage with such small particles is not possible, because
there would be not enough room for 3-4 kb long viral genome. Formation of small VLPs can
be assumed to be artifacts of the recombinant expression system. Possibly, in these cases
formation of larger particles is mediated by nucleic acid or A protein.

During previous examination of the particles by electron microscopy, several CPs were
found to form two types of particles having spherical and elongated shapes. Crystals of
AVEO016 VLPs turned out to contain prolate particles 28.9 nm in width and 34.6 nm in
length. Geometrically, these particles correspond to a prolate icosahedronofa T=3,Q =4
architecture and consist of 210 CP monomers or 105 CP dimers. AVEO016 particle is
composed of 21 distinct CP monomers in eight major conformations with their structural
differences almost entirely limited to the EF and FG loops. Compared to other phages,
AVEOQ16 has a rather long genome, therefore it is possible that the prolate shape is not a mere
artefact but adaptation of phage to accommodate longer RNA.

7.2.2. Intersubunit interactions

During crystallographic studies, metal ions were observed in the AVE015, AVEO019,
Beihail9, Beihai32, ESE007, ESE021, and ESE058 VLPs. Therefore, capsids were tested
for the impact of the metal ions to VLP stability by measuring their thermal denaturation in
the presence of EDTA. With the exception of the AVE015 VLPs for which the results were
somewhat obscure, the addition of chelating agent indeed reduced thermal stability by at
least 5 °C.

7.2.3. Potential carriers

The widely represented MS2-like group (Beihai21l, ESE007, ESE058, NT-214, and
AVEO019) revealed structures similar to the phages of this group previously studied, and it
can be assumed that these VLPs would also possess similar capacity for genetical
modification.
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Two of the determined structures, PQ-465 and ESE001 were previously described as
AP-205-like phages. PQ-465 had no significant differences in the structure of CP compared
to AP205. The ESE001 CP is much shorter (118 aa) and its sequence could not be safely
reconciled with other CPs. The three-dimensional structure of the ESE001 VLP also revealed
a CP fold with AP205-like features, but the aB helix was completely absent. The solved
structures point out the potential of these particles as carriers.
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The single-stranded RNA (ssRNA) bacteriophages are among the simplest known viruses with small genomes and
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exceptionally high mutation rates. The number of ssRNA phage isolates has remained very low, but recent metagenomic
studies have uncovered an immense variety of distinct uncultured ssRNA phages. The coat proteins (CPs) in these
genomes are particularly diverse, with notable variation in length and often no recognizable similarity to previously
known viruses. We recombinantly expressed metagenome-derived ssRNA phage CPs to produce virus-like
particles and determined the three-dimensional structure of 22 previously uncharacterized ssRNA phage capsids
covering nine distinct CP types. The structures revealed substantial deviations from the previously known ssRNA
phage CP fold, uncovered an unusual prolate particle shape, and revealed a previously unseen dsRNA binding
mode. These data expand our knowledge of the evolution of viral structural proteins and are of relevance for

applications such as ssRNA phage-based vaccine design.

INTRODUCTION

The single-stranded RNA (ssRNA) bacteriophages are a group of
small bacterial viruses known to infect different Proteobacteria. The
ssRNA phages have short 3.5- to 4.5-kb positive-sense RNA genomes
that encode only three common proteins: the maturation protein
(MP), a minor structural protein that functions to adsorb the phage
to the bacterial receptor and deliver the genome into the host cell;
the coat protein (CP), the major structural component of the capsid;
and the catalytic subunit of an RNA-dependent RNA polymerase
(RdRp), necessary for replicating the viral genome (I). The ssRNA
phages are believed to represent the oldest extant RNA virus lineage
(2), and only their RdRp has identifiable homologs in other viruses,
while the MP and CP are unique to the ssRNA phages.

The ssRNA phages have played an important role in studies of
genome structure and replication, translational control mechanisms,
protein-RNA interactions, and other fundamental problems in
biology, and they have been convenient models for investigating
virus structure, assembly, and evolution. The ssRNA phage MS2
was among the first viruses with a determined atomic resolution
capsid structure (3) and with the entire virion, including the
packaged genome in a well-defined conformation, reconstructed at
near-atomic resolution (4). The ssRNA phage CPs adopt a fold not
found in any other viruses, with an N-terminal B hairpin, a central
five-stranded antiparallel B sheet, and two C-terminal o helices, and
they are further unusual in that two CP molecules very tightly interact
to form dimers with a common hydrophobic core. Consequently,
the de facto subunits of ssRNA phage particles are CP dimers,
composed of a single 10-stranded P sheet lining the interior of the
particle and the a helices and  hairpins exposed to the capsid exterior.
The complete virion is built of 89 CP dimers and a single copy of
a genome-bound MP in place of another CP dimer. The assembled
particle is approximately 28 nm in diameter and, disregarding the
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slight irregularity introduced by the MP, follows T = 3 quasi-equivalent
icosahedral symmetry.

To date, high-resolution structures of eight ssRNA phages infecting
Escherichia (3, 5-7), Pseudomonas (8, 9), Caulobacter (10), and
Acinetobacter (11) have been determined, which have shown that
the CP fold is conserved despite high sequence variability. Thus far,
the only notable variation in CP structure has been observed in the
Acinetobacter phage AP205, in which the N-terminal strand of
the B-hairpin has been translocated to the C terminus; however, the
close vicinity of monomer N and C termini in the dimer results in
the formation of a two-stranded f structure at a position analogous
to the B-hairpin in the other phages. Variations in the CP fold are
expected given the exceptionally high mutation rates of RNA viruses,
but for reasons not entirely clear, the number and diversity of isolated
ssRNA phages have remained very low, which has, in turn, limited
continued structural studies on these viruses. There appears to be
no reason to presume a genuine scarcity of ssRNA bacteriophages
in nature, and the extent to which their structural diversity has been
sampled and explored remains largely unknown.

The ever-increasing metagenomic sequencing efforts within the
last decade have documented an expanse of highly diverse uncultured
microbial and viral life forms in every environment that has been
examined. In 2016, two studies uncovered more than 200 novel
ssRNA phage sequences in various RNA metagenomes (12, 13), and
very recently, thousands of additional ssSRNA phage genomes have
been found (14, 15), demonstrating that the true ubiquity and
diversity of these viruses in nature have been greatly underestimated
and underexplored. Still, beyond comparative analyses with experi-
mentally well-characterized species, the metagenomic studies are
limited in their capacity for providing deeper insight into the biology
of the newly found life forms, and in the case of highly diverged
bacteriophage genomes, often provide little or no information
about the structure, host bacteria, lysis strategies, and other essential
characteristics of these viruses. For the previously studied ssRNA
phages, expression of a cloned CP gene results in assembly of virus-
like particles (VLPs), which lack the MP and package random
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bacterial RNA instead of the viral genome, but that are otherwise
morphologically indistinguishable from native virions. In context
of metagenome data, this gives an opportunity to obtain previously
unexplored CP-encoding sequences via chemical gene synthesis
and recombinantly express them in bacteria to resurrect phage-
like particles in the laboratory. Following this approach, we previ-
ously acquired more than 100 novel ssRNA phage CP sequences,
which in many cases had no recognizable similarity to the pre-
viously known phages or to each other, and we were able to ob-
tain 80 different VLPs of 11 distinct CP types, 8 of which were
experimentally characterized (16).

With CP sequences diverged beyond recognition, determination
of their three-dimensional structure is instrumental in uncovering
distant relationships among the ssRNA phages and can offer valu-
able clues for better understanding the evolution of these viruses in
general. In addition, the ssRNA phage VLPs have found applica-
tions as carriers for foreign antigens in vaccine development (17),
for which detailed knowledge of the location of CP terminal and
loop regions is essential to enable structure-guided design of new
medications. To address these questions, we have determined
crystal structures of 22 metagenome-derived ssRNA phage VLPs,
which have revealed substantial deviations from the previously
known CP fold and uncovered previously unseen ssRNA phage
particle shapes.

RESULTS AND DISCUSSION

Structure determination

Our laboratory currently holds a collection of more than 80 differ-
ent metagenome-derived ssRNA bacteriophage VLPs, nearly all of

which could be produced in sufficient quantity, homogeneity, and
purity for crystallographic studies. We thereby set out to perform
crystallization trials of our entire ~80 VLP library and were able to
obtain crystals for more than half of the VLPs. Diffraction data to a
resolution sufficient for model building (<4 A) were obtained for
22 VLPs covering nine distinct CP types (table S1). The resolution
of the determined VLP structures ranges from 2.6 to 4.0 A, with an
average of 3.4 A, which in all cases allowed us to build all-atom
models. In addition, one of the VLPs in our study, EMS014, had
disassembled at a particular crystallization condition, and a crystal
of CP dimers had grown instead, which in this case allowed for a
further 1.25-A subunit structure to be solved. The majority of the
models could be built for all residues except for the AC, Beihail4,
and PQ-465 CPs, which had unstructured termini, and the AVEQ19,
Beihail9, ESE014, ESE020, and ESE058 CPs, in which certain
flexible loops were present. X-ray data collection, reduction and
refinement statistics, and model quality indicators are presented in
table S2.

CP fold

Within our sample set of 22 VLPs, only in 10 cases was the CP struc-
ture consistent with the canonical MS2 CP fold with the N-terminal
hairpin, five-stranded B sheet, and two C-terminal o helices, while
notable deviations are observed for the other CPs (Fig. 1). Only the
four central p strands and a single C-terminal a helix are retained in
all structures, while the terminal regions, particularly the N termini,
are variable between different CP types. Pairwise superposition of
all available ssRNA phage CP monomers further illustrates that
approximately half of the newly determined structures do not have
substantial similarity to those of the previously studied phages

BA  BBBC  BD BE BF BG
Ms2 — oo —a—===) > > ——
AVE002 — ) =) =) » ) {—
AVED19 — D)) = b : —
Beihai19 — ) > —> » > H——
Beihai21 — ) —Hm) =) =) > : O e S
EMS014 — o)) m— > > ——
ESE007 ——hm) > — > b o —
ESE021 —o—e—=) —) S s ——
ESE058 — e} }—
NT-214 — o —> D — 23—
Wenzhou'1 —p D —> B D 1 —
ESE020 B = S ey e sy S oy S o — —
PQ-465 —de)—= > > =) P
Beihai32 —O )= — > > —O—o—
ESE001 o= : . > =
AC B N o E—
NT-391 L e e S S I——
N e o e —_ ’ > o
GQ-112 B e = e e ) S e S m S
AVEO15 =) )= —> ° S >—>r——
GQ-907 B b o = e S e ——— —
Wenzhou4 B R e S S e— m— S
Behaild o oo S = e e = C———

[=———- =] [-——=>=pf [-————- |

Beihai14A Beihai14B Beihai14C

Fig. 1. Coat protein fold of the novel ssRNA bacteriophages. Secondary structure elements are represented as arrows (B strands) and cylinders (a helices). The canonical
fold of the bacteriophage MS2 CP with annotated secondary structure elements is included for comparison; for consistency, this nomenclature has been used throughout
the text regardless of the actual position of the elements in the particular novel CPs. B strands that constitute the central sheet are shown in red, C-terminal o helices in
yellow, B strands that form an N-terminal p-hairpin or an analogous structure in green, and additional secondary structure elements in blue. The different N-terminal

structures of Beihai14 quasi-equivalent CP monomers are additionally indicated.

Rumnieks et al., Sci. Adv. 2020; 6 : eabc0023 2 September 2020

20f10

49



SCIENCE ADVANCES | RESEARCH ARTICLE

(fig. S1). Structures of the nine distinct CP types reveal both unsus-
pected similarities in distant ssRNA phage lineages and unexpected
differences in close relatives.

MS2-like CPs

The majority of the currently available metagenomic ssRNA phage
CP sequences fall into a broad MS2-like supergroup, and also the
greatest percentage of the newly solved VLP structures belong to
this similarity cluster. Of the newly characterized MS2-like phages,
the Beihail9 and Beihai21 CP structure is similar to that of the pre-
viously studied phages of this group, such as MS2 and Qp; the struc-
tures from phages ESE007, ESE058, NT-214, and AVE019 are slightly
more diverged, yet still very similar. Although the length of these
proteins varies from 123 to 146 residues, the size and position of
secondary structure elements remain virtually unchanged, and the
structural differences almost entirely arise from differently sized
loops and their relative packing. The EMS014 and ESE021 CPs are
the most diverged MS2-like CPs in our study and also the longest
(156 and 150 residues, respectively), which for the most part can be
attributed to markedly extended loops between the two C-terminal
o helices. Both CPs are relatively similar with a 27% sequence iden-
tity, and both have secondary structure elements in essentially the
same positions as in the canonical MS2 fold, but in the ESE021 CP,
the aB helices have swapped positions between the two monomers
(Fig. 2), which has never been observed in ssRNA phages before.
Together with the N-terminal -hairpins, the extensive interhelix
loops in the EMS014 and ESE021 CPs completely wrap the helices
and almost entirely isolate them from the outside environment.
Cb5-like CPs

The AVE002 and Wenzhoul CPs in our study are most closely
related to a CP type first described in the previously studied bacte-
riophage Cb5 (10). Despite undetectable sequence similarity to the
Cb5 CP or to each other, the two proteins do not show significant
deviations in their structural organization and follow the canonical
ssRNA phage CP fold. The AVE002 CP is somewhat longer (140
residues) than that of Cb5 (122 residues), with the difference mostly
attributed to an extensive surface-exposed loop between helices cA
and oB, but contrary to the MS2-like EMS014 and ESE021 CPs, the
AVEO002 interhelix loops bend to the opposite direction over the
B-hairpins. The Wenzhoul CP (Fig. 3) spans only 113 residues, but
the overall size of the CP dimer is similar to that of the other Cb5-
like proteins. The savings in the Wenzhoul CP arise from a signifi-
cantly smaller N-terminal B-hairpin and a very short BD strand,
which almost reduces the central f sheet to only three strands. The
space vacated by the shrunken BD strand is partially occupied by the
C terminus, which as a result becomes buried underneath the
capsid surface.

MS2

EMS014

AP205-like CPs

The remaining group of CPs with previously determined related
structures, the AP205-like CPs (11), is represented by phages PQ-465
and ESE001 in our study. The PQ-465 CP shares 30% sequence
identity with that of AP205, and there are no noteworthy differences
in the three-dimensional structure of the two proteins. The ESE001
CP (Fig. 3) is notably more distinct and was previously recognized
as a separate CP type (16) as it could not be reliably aligned to any
other CPs. However, the three-dimensional structure of ESEQ01
VLPs revealed a CP fold with distinctive AP205-like features such as
a B-hairpin-like structure formed by the N and C termini, a notable gap
between a helices of the two monomers, and stabilizing disulfide
bonds between CP subunits. The AP205-like CPs also characteristically
have a very short oB helix that lies roughly perpendicular to the aA
helix and the B sheet, but in the ESE001 CP, the oB helix is completely
eliminated and the protein only has a single C-terminal helix.
Beihai32-like CPs

The remaining VLPs in our study represent six previously unchar-
acterized ssRNA bacteriophage CP types, and the first of those,
putatively named here Beihai32-like CPs, includes proteins from
bacteriophages Beihai32 and Wenzhou4, which have lengths of 130
and 146 residues, respectively. Previously, these CPs were included
in the MS2-like CP supergroup due to borderline sequence similarity
(16), but their three-dimensional structure suggests that these proteins
should be recognized as a separate type. Structure superposition—
based analysis hints at a remote similarity between the Beihai32 CP
and AP205-like CPs (fig. S1), and the N- and C-termini of the Beihai32
CP appear to be arranged similarly to the AP205-like proteins
(Fig. 3). The Wenzhou4 CP is closely related to the Beihai32 protein
as evidenced both by sequence identity and structure superposition
(fig. S2) but does not show notable similarity to the AP205-like
proteins. Instead, the Wenzhou4 CP has a rather distinct and
unique arrangement of its terminal regions, with the N terminus
stretching over the oA helices to the other edge of the dimer and the
proline-rich C terminus folding into an unusual A-shaped structure
that extends some 15 A above the rest of the protein (Fig. 3). While
the C termini lack any secondary structure, the N termini form a
pair of B-hairpin-resembling structures at positions analogous to
the MS2-like phages.

ESE020

The CP of bacteriophage ESE020 belongs to a distinct cluster of
approximately 155-residue-long proteins with no detectable sequence
similarity to other CPs, and the ESE020 VLP crystal structure
reveals notable differences in the CP architecture (Fig. 3). The
ESE020 CP dimer is marked by massively elongated loops connecting
B strands E and F (the EF loops), which in the particle extend to the

ESE021

Fig. 2. Swapped C-terminal a helices in the ESE021 coat protein. In the MS2 coat protein dimer, the C-terminal o helices oA and B of one monomer (rainbow-colored)
are positioned roughly end to end to each other in a groove formed by the same helices in the other monomer (light gray). The MS2-like EMS014 and ESE021 coat proteins
are closely related, but while the fold of the EMS014 CP closely follows that of MS2, in the ESE021 CP, the 0B helices are swapped between the two monomers.
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Wenzhou1 ESE001

Top view

Side view

Top view

Side view

Beihai32

Wenzhou4

Fig. 3. Three-dimensional structure of coat protein dimers. Proteins representing different variations of the CP fold are shown with one of the monomers rainbow-
colored blue (N terminus) to red (C terminus) and the other monomer shown in light gray. All CP dimers are shown as seen from outside of the particle (top view) and in
a roughly perpendicular view looking lengthwise down the C-terminal « helices (side view).

icosahedral threefold symmetry axes where they mediate contacts with
neighboring CP molecules. Apparently, because of steric restraints,
the EF loops are disordered and not visible around the fivefold axes,
and here, analogous contacts are accomplished by the shorter loops
between P strands F and G (the FG loops). In other ssRNA phages,
interactions around both threefold and fivefold symmetry axes are
mediated solely by the FG loops, which often adopt different confor-
mations around each in response to the different spatial environments,
but the solution to use a different loop in each case is, so far, unique to
the ESE020 CP. Among other distinctive features, the ESE020 CP has
a short single-turn o helix between BG and oA, which makes it the only
currently known ssRNA phage CP with three C-terminal helices. The
N-terminal region of the protein is also different from the other CPs and
instead of a B-hairpin contains a small three-stranded  sheet in which
the extra strand originates from a curled-up extension of the D strand.
AC-like CPs

Bacteriophage AC was among the first ssRNA bacteriophage genomes
found in RNA metagenome data, and we have determined the

Rumnieks et al., Sci. Adv. 2020; 6 : eabc0023 2 September 2020

three-dimensional structure of AC VLPs, as well as that of another
AC-like phage NT-391. The CPs within this group are relatively
short (115 and 123 residues for AC and NT-391, respectively) and
do not show sequence similarity or clear structural relatedness to
any other CP type. For the AC CP, secondary structure-based super-
position reveals faint similarity to the MS2-like phages (fig. S1), and
from the BC strand onward, the fold of the AC-like CPs closely
resembles that of MS2 (Figs. 1 and 3). However, the N-terminal
B-hairpins are completely missing in the AC-like phages, which is
probably the most minimalistic approach we have observed in the
current study; the missing hairpin is, however, partially compensated
by a rolled-up corner of the central B sheet at the respective position.
Also, contrary to most other ssRNA phages, the C termini of AC-like
CPs are positioned relatively far from the N termini, are not involved
in any interactions, and extend away from the particle.

GQ-907

The CP of the GQ-907 phage belongs to a small group of distinct
sequences previously recognized by us as the ESE017-like CP type
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(16). There is no detectable sequence similarity between these CPs
and other CP types, but by structure superposition, the GQ-907
shows weak resemblance to the Beihai32 CP and to some MS2-like
CPs (fig. S1). From the BC strand to the C terminus, the GQ-907 CP
fold closely resembles that of MS2 (Fig. 1), but the N termini extend
over the ¢ helices in a somewhat similar manner to the Wenzhou4d
CP (Fig. 3). The GQ-907 N termini are, however, organized in a
distinctive zigzag pattern of three consecutive two-stranded B sheets,
with the lateral structures located at the same positions as the N-terminal
B-hairpins in MS2-like phages and the central one positioned directly
above the o helices.

AVEO015-like CPs

The metagenomic data revealed a major previously unknown
ssRNA phage lineage with relatively large genomes and distinct CPs
approximately 165 residues in length, which we previously designated
the AVE015-like CPs (16). We have determined VLP structures of
phages AVE(15, AVE016, and GQ-112, and while the three CPs do
not share more than 20% sequence identity, their three-dimensional
structure is similar. The core fold of these proteins still consists of a
five-stranded B sheet and two C-terminal ¢ helices, but their N-terminal
region is once again completely reorganized (Fig. 3). In a remotely
similar manner to the GQ-907 CP, the N termini of AVE015-like
CPs intertwine over the aA helices to form a two-stranded B sheet,
but a structure analogous to the N-terminal B-hairpin does not exist
in these proteins. The AVE015 and AVE016 proteins contain a
short o helix in a position roughly analogous to the BB strand, and
in all AVEO15-like CPs, the N termini complement another short
strand to the central B sheet near the FG loop. Other remarkable
features of this CP type include notably long loops between B strands
E and F and between the C-terminal o helices; the interhelix loop
is particularly extensive in the AVE015 CP and forms a prominent
surface-exposed B-hairpin.

Beihai14

By far, the most unusual CP in our study is that of the bacteriophage
Beihail4, which spans 208 residues and is currently the longest
known ssRNA phage CP. The Beihail4 CP is a singleton with no
similar sequences found to date, and its relation to other ssSRNA
phages remains obscure. The familiar CP structure in the Beihail4
protein is reduced to four central p strands and a single C-terminal
o helix, but an additional 10-residue o helix has been inserted into
the FG loop, which is the first observation in the ssRNA phages

(Fig. 4A). The 85 residues preceding the B sheet almost entirely lack
defined secondary structure but, apart from the very N termini,
adopt a well-defined conformation. Of these, residues 45 to 80 form
a giant loop distantly similar to an oversized B-hairpin of the MS2-
like phages, which contains a 10-residue o helix that packs alongside
the C-terminal oA helix. The 40 N-terminal residues pass under
the VLP surface and extend along the intersubunit interface to the
fivefold and threefold icosahedral symmetry axes, where they form
five-stranded B-barrels or threefold assemblies of B-hairpin-like
structures, respectively (Fig. 4B), whereas the very N termini point
toward the center of the particle and are not resolved in the struc-
ture due to disorder. The N termini in the Beihail4 CP, in a way,
resemble the flexible N-terminal arms in several plant ssRNA viruses,
where they also mediate intersubunit contacts and are ordered in
some but disordered in other CP monomers (18-20). Last, the 20
C-terminal residues of the Beihail4 CP are also unusually arranged
and constitute a short surface-exposed loop immediately following
the oA helix, after which the backbone threads underneath the
N-terminal segment and again resurfaces at the icosahedral quasi-
threefold symmetry axis.

Capsid shape and size

With two exceptions, the newly characterized ssRNA phage capsids
are of T'= 3 quasi-equivalent icosahedral symmetry and range from
28.3 to 32.5 nm in diameter (table S1). The shortest CP in our study,
Wenzhoul, forms the smallest VLPs, and the long AVE015-like and
Beihail4 CPs are the largest, but overall, the association between the
CP length and the size of the assembled particles is not particularly
strong (fig. $3). However, the CP length generally correlates with
the length of their FG loops that, in turn, determine pore sizes
around the icosahedral threefold and fivefold symmetry axes. The
size of these pores show great variation, from none at all in Beihail4
VLPs to approximately 25-A-wide openings around the icosahedral
threefold symmetry axes in GQ-907 VLPs; this raises a question of
how well the RNA genome is protected inside these particles, as a
molecule of ribonuclease would appear to be able to pass through
this pore, but apparently, this does not cause issues for the phage in
its natural environment. Like the previously studied ssRNA phages,
the majority of the novel VLPs are of a roughly spherical shape, and
only the AC, AVEO015, GQ-112, and Beihail4 capsids are of notably
polyhedral appearance (fig. S4).

ac

S

Threefold symmetry axis

Fig. 4. The unusual coat protein of bacteriophage Beihai14. (A) Three-dimensional structure of the Beihai14 CP. The CP dimer is colored and shown in two different
orientations as in Fig. 3. (B) Interactions around the threefold and fivefold icosahedral symmetry axes in the assembled particle. The CP monomers with their N-terminal

extensions involved in the interactions are shown in color.
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One of the AC-like CPs in our study, NT-391, is assembled into
small ~18.3-nm particles of T = 1 symmetry. A T = 1 particle has
over five times smaller volume than a T = 3 capsid, which would
leave too little space for packaging the viral genome; hence, the
small VLPs can be safely assumed to be artifacts of the recombinant
expression system. While uncommon, T = 1 particles have been
previously observed in preparations of recombinant AP205 and
some mutant MS2 VLPs (21). In our previous studies, we found that
NC-443, another CP of the AC-like group with 24% sequence identity
to NT-391, forms T = 1 particles as judged by electron microscopy
(16); at the same time, the AC CP, which is more similar to the NT-
391 CP (35% sequence identity), formed normal T = 3 capsids. It
can be noted that both the NT-391 and NC-443, but not AC, CPs
make use of intersubunit disulfide bonds, and it cannot be excluded
that in the absence of the viral genome, the formation of covalent
bonds between CP dimers is somehow involved in triggering as-
sembly of the smaller particles.

Electron microscopy of AVE016 and, to some extent, several
other AVE015-like VLPs revealed a mixture of spherical and elongated
particles; the elongated particles, however, appeared to be a minority
fraction in all cases. While the AVE015 and GQ-112 VLP crystal
structures revealed normal T = 3 capsids, unexpectedly, the AVE016
VLP crystals turned out to correspond to prolate particles 28.9 nm
in width and 34.6 nm in length. Geometrically, these particles
correspond to a fivefold prolate icosahedron of a T'= 3, Q = 4 archi-
tecture (22) and consist of 210 CP monomers or 105 CP dimers. In
a T'= 3 particle, the CP molecules are present as three slightly differ-
ent conformers, whereas the asymmetric unit of the T=3, Q =4
AVEO016 particle is composed of 21 CP monomers in eight major
conformations with their structural differences almost entirely lim-
ited to the EF and FG loops (Fig. 5). There have been previous
reports of elongated rod-like structures assembled from recombinant
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Monomer
conformations

ssRNA phage CPs (23, 24), and it cannot be excluded that the
prolate AVE016 VLPs likewise are artifacts of the recombinant
expression system; however, such homogeneous and well-defined
aberrant structures are uncommon and might indicate biological
relevance. An AVE016-like phage will have to be isolated and exam-
ined in the laboratory to determine the natural virion morphology,
but it can be noted that a number of the large tailed double-stranded
DNA phages have prolate icosahedral heads (25), and several plant
viruses with multipartite genomes form bacilliform particles of
variable lengths that package genome segments of different sizes
(26). The AVE015-like viruses appear to have large genomes that
might approach 5 kb in some cases, and emergence of elongated
capsids would be consistent with a requirement for increased genome
packaging capacity. It could then be speculated that assembly of the
elongated recombinant AVE016 VLPs is triggered by a subpopula-
tion of longer bacterial RNA molecules that do not optimally fit into
T =3 capsids.

Intersubunit interactions

Contacts between CP dimers within the assembled particles include
a wide variety of hydrophobic, stacking, polar, and electrostatic
interactions, but the number and type of contacts significantly vary
among different VLPs. The solvent-buried surface areas of CP
dimers within the capsid differ several fold, with the smallest observed
in the AC-like and Beihai32-like VLPs and the largest in capsids
formed by the Beihail4 and some of the longer MS2-like CPs (table
S1). As with the particle size, there is some, but not a very signifi-
cant, correlation between the CP length and the surface area they
bury in the capsid. Somewhat more unexpectedly, there is also not a
very strong relation between subunit interface areas and the previ-
ously determined thermal stability of the VLPs (16), suggesting that
monomer-monomer interactions, additional RNA-mediated contacts,

TI® Tm

EF loop FG loop

Fig. 5. The elongated virus-like particle of bacteriophage AVE016. The assembled fivefold-prolate capsid (left) is shown in light gray with the asymmetric unit
of the particle, composed of 21 coat protein monomers, shown in color. When backbone atoms of individual CP monomers are superimposed (top right), eight distinct
conformations are evident, which mainly differ in positioning of the EF and FG loops (bottom right). The conformers are denoted A to H, with their coloring consistent

throughout the figure.
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or other factors besides intersubunit contacts can have a significant
influence on the overall particle stability.

In several viruses, capsid-bound metal ions have been shown to
bridge negatively charged residues in neighboring subunits and
participate in other intersubunit contacts. Bound calcium ions have
been previously observed in ssRNA phages PRR1 (9) and Cb5 (10),
where they were found to significantly enhance the particle stability.
In the newly determined structures, metal ions were observed in the
AVEQ15, AVE019, Beihail9, Beihai32, ESE007, ESE021, and ESE058
VLPs. Except for ESE021, no metal ions were present in the crystal-
lization solution, and the bound ions were modeled as calcium; the
ESE021 was crystallized in presence of zinc acetate, and according-
ly, zinc ions were modeled in this case. In all cases, the metal ions
were located at the quasi-threefold symmetry axes like in the previ-
ous Cb5 and PRR1 structures. We also tested the contribution of the
metal ions to VLP stability by measuring their thermal denaturation
in the presence of EDTA, and with the exception of the AVE015
VLPs where the results were somewhat ambiguous, the particle
disintegration temperature of the metal ion-containing particles
was reduced by at least 5°C when the chelating agent was added
(fig. S5).

A number of ssRNA phages such as QB (6), PP7 (8), and AP205
(11) use disulfide bonds between subunits for additional particle
stabilization. In all of the known cases, the disulfides are formed
between pairs of cysteine residues in CP FG loops, resulting in
covalently linked subunits around the icosahedral threefold and
fivefold symmetry axes. In our study, disulfide bonds were present
in VLPs formed by the AP205-like ESE001 and PQ-465 CPs, the
AC-like NT-391 CP, and the MS2-like NT-214 CP. The disulfides
are conserved in most of the known AP205-like CPs and, to some
extent, also in the AC-like phages but are not found in close
relatives of the NT-214 CP, suggesting that the disulfide bonds are
fairly easily gained and lost during evolution. The S—S bonds have
been shown to considerably increase the overall stability of the
particle, but apparently, in nature, this might only be necessary as
an adaptation to certain harsh environments and not as a general
requirement for phage survival.

RNA binding

The CPs of ssRNA phages MS2 (27), PRR1 (28), QB (29), and PP7
(30) bind a specific genomic RNA hairpin at the beginning of the
replicase gene which serves to repress translation of the enzyme late
in infection. The RNA recognition mode of the PP7 CP is very dif-
ferent from that of the other three phages, and no specific CP-RNA
binding has been observed in the distantly related phages Cb5 and
AP205, which suggests that the interaction is not universally pres-
ent in the ssRNA bacteriophages. The interaction appears not to be
conserved even within the MS2-like group: For the respective phag-
es in our study, RNA secondary structure predictions did not reveal
convincing hairpins around the replicase initiation codon (16), and
despite the otherwise significant structural similarity, the residues
known to be involved in specific RNA binding were not conserved
in these CPs. Sequence-specific RNA interactions are evidently not
required when building the virion, and protein-RNA cross-linking
studies and asymmetric cryogenic electron microscopy reconstruc-
tions of the MS2 and QP bacteriophages point to a model in which
the capsid assembly is instead nucleated by many surface-exposed
RNA hairpins in the folded genome that bind CP with moderate
affinity (4, 31, 32). This model is also consistent with packaging of
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unspecific bacterial RNA into recombinant VLPs, largely achieved
through electrostatic interactions between the RNA backbone and
positively charged CP residues facing the capsid interior.

In the VLP structures, we generally observed fragmented and
uninterpretable RNA density below the capsid surface, with a single
notable exception of the Wenzhoul VLPs, which revealed prominent
electron density of double-stranded RNA (dsRNA) at the icosahe-
dral twofold symmetry axes (Fig. 6A). The electron density in this
case was interpretable as an A-form RNA double helix, which for
simplicity was modeled as 10 A-U base pairs, although due to crys-
tal averaging, no particular RNA bases could be distinguished. The
resolution of the Wenzhoul VLP structure was not sufficiently high
for a detailed analysis of the CP-RNA interaction, although the CP
side chains involved in binding the RNA backbone could be recog-
nized (Fig. 6B). The structure does not indicate any potential
sequence-specific interactions and suggests that the Wenzhoul CP
dimer is adapted for nonspecifically binding a double-stranded re-
gion of RNA. The RNA density was observed only under CP “CC”
dimers, where both monomers are in the quasi-equivalent C con-
formation, but not around the fivefold axes, where the they adopt
the asymmetric “AB” conformation. The structural basis for this
discrimination is not entirely clear as the RNA binding surface in
both CP dimer conformations is virtually identical, but superposi-
tion of an RNA-bound CC dimer on top of an RNA-free AB dimer
inside the particle suggests that spatial constraints around the icosa-
hedral fivefold symmetry axes force the EF loops to be positioned
relatively closer to each other, which in turn makes RNA binding to
AB dimers unfavorable due to a steric clash between the RNA
backbone and the EF loop of a neighboring dimer (Fig. 6C). The
observed RNA binding pattern in the Wenzoul VLPs could be of
biological significance and might hint that the native genome contains
many dsRNA segments positioned at favorable places for binding to
CP CC dimers, which would accomplish a similar function in rec-
ognition and packaging of the viral genome as RNA hairpins do in
the MS2 and QP phages. Wenzhoul is distantly related to the bacte-
riophage Cb5, the structure of which revealed intercalated RNA
bases between CP subunits with a presumed role in particle stability
(10). While no directly analogous interactions were detected in the
Wenzhoul VLPs, it can be envisioned that branched RNA second-
ary structures could bind to two or more adjacent CP CC dimers in
the assembled particle and serve a functionally similar role. The ob-
servation of bound RNA in two different Cb5-like phages might
suggest that in this group of viruses, RNA generally plays a more
important structural role than in the other ssRNA phage lineages. It
might also explain the stability issues of many of the Cb5-like VLPs
that we have observed, as random bacterial RNA might not always
be a sufficiently good substitute for the complex folded genome for
holding the particle together.

In the context of RNA binding, it is interesting to also note
the Beihail4 CP, which has its N termini exposed to the interior of
the particle. The N termini, which were disordered and not visible
in the electron density, contain a string of positively charged and
polar residues, which is consistent with their role in binding RNA. It
can be envisioned that in the Beihail4 virus, the CP N termini are
extended into the folded genome in a functionally similar manner
as several ribosomal proteins have long extensions that penetrate
into the organelle to organize and stabilize the RNA structure
(33). It can be noted that several plant and animal ssRNA viruses
have positively charged N-terminal CP extensions, which are involved
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Threefold

Fivefold

Fig. 6. dsRNA binding of the Wenzhou1 coat protein. (A) Overview of the protein-RNA interaction. A Wenzhou1 CP dimer is colored yellow-orange and purple as per
each monomer and shown bound to a 10-base pair dsRNA fragment colored in teal and pale green as per each strand. An icosahedrally averaged F,-F. omit map
contoured at 3 ¢ is presented to illustrate the observed RNA density inside the particle. (B) Detailed view of the protein-RNA interface. The side chains involved in RNA
binding are shown in stick representation. (C) Discrimination of dsRNA binding between CP AB and CC dimers. The EF loop (yellow) of a neighboring CP CC dimer around
an icosahedral threefold symmetry axis allows unrestricted binding of the RNA helix (top), while the same loop at the fivefold symmetry axis appears to cause a steric clash

that prevents RNA binding (bottom).

in RNA binding (34); hence, the Beihail4 phage represents an inter-
esting case of convergent evolution between two unrelated protein
families.

Evolution of the CP fold

RNA viruses are the fastest-evolving life forms on Earth, which
makes untangling their evolutionary past a nontrivial task. All RNA
viruses are believed to be monophyletic and descended from an
ancestral RARp (2), which is also the only universally conserved
protein in all RNA virus lineages. Compared to most other viral
proteins, the capsid proteins are also fairly well conserved, and
those of the single jelly roll architecture are ubiquitously found in
plant, animal, and fungal RNA viruses (35). The ssRNA phage
lineage, however, is believed to have separated very early from the
other RNA viruses and evolved their own unique type of CP not
found in any other modern viruses. The 22 novel ssRNA phage VLP
structures now provide a window to the results of probably billions-
of-years-long independent evolution of these proteins.

The present study has revealed that the structural diversity of the
ssRNA phages extends significantly beyond the canonical MS2-like
CP fold and redefines the core ssRNA phage CP architecture as only
a four-stranded central B sheet and a single C-terminal o helix. Both
elements make up the hydrophobic core of the CP dimer; the cen-
tral B sheet additionally forms an RNA binding surface, and the a
helices are important for dimerization. Evidently, any significant
modification to these structures is so detrimental to the virus that
none are observed even in the most highly diverged CPs. These
constraints are not nearly as strict in the CP terminal regions, partic-
ularly in the N termini, where the high mutation rate of the ssRNA
phages can be observed in full strength. The canonical MS2 CP fold
topologically corresponds to an o-p sandwich, but a repeatedly
observed theme in the novel VLP structures is a three-layered config-
uration where the C-terminal o helices are covered either by the N
termini, like in the Wenzhou4, GQ-907, and AVE015-like CPs, or
by long loops, as evidenced in some of the MS2-like proteins. However,
these proteins otherwise do not appear to be closely related, which
hints of convergence to this particular architecture from different
starting points. Conversely, sequence alignment and structural
superposition point to a recently shared evolutionary history of the
EMSO014 and ESE021 as well as the Beihai32 and Wenzhou4 CPs,
and the prominent changes in the CP fold (swapped oB helices and
rearranged N and C termini, respectively) appear to be relatively
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new acquisitions. It can be presumed that similar CP reorganiza-
tions with a certain regularity happen in all ssRNA phage lineages,
which in turn suggests for some caution when trying to infer the
evolutionary past of the ssRNA phages based solely on their capsid
structure.

A recent phylogenetic reconstruction of ssRNA phages suggests
of an ancient split into two lineages, of which the first is represented
by the extant Cb5-like and AVE015-like viruses, while the other com-
prises the rest of the currently known ssRNA phages including MS2
(15). The phylogenetic analysis places the MS2-like and Cb5-like phage
lineages at the opposite ends of the tree, but somewhat strikingly,
their CPs follow the same canonical fold and their structures can be
reasonably well superimposed (fig. S1). At the same time, some
supposedly more closely related (e.g., ESE020-like and MS2-like,
or AVEO15-like and Cb5-like) phages present considerably larger
structural differences in their CPs. A possible model to explain the
current results would be to assume that before the ancient split into
the two lineages, the ancestral ssRNA phage CP had a structure re-
sembling the “canonical” CP fold with the N-terminal B-hairpin
and that this architecture has survived relatively unchanged in the
MS2-like, ESE020-like, and Cb5-like lineages. In the lineage leading
to the GQ-907 phage, the AB loop of the ancestral CP can be envi-
sioned to have increasingly extended to a point where it allowed the
BA strand of one CP molecule to pair with the BB strand of the oth-
er monomer while maintaining essentially the same B-hairpin-like
structure. Conversely, the AC-like phages might have emerged
when the CP N terminus in a particular lineage started to become
shorter, first losing the BA and then the BB strand, while the central
B sheet simultaneously compensated the loss by gradually extend-
ing upward. In the lineages leading to the modern Beihai32-like and
AP205-like phages, the CP C terminus might have started to extend
and at some point could have substituted the BA strand, which
became redundant and got lost, resulting in the observed circular
permutation. The Beihail4 CP has diverged the most from others,
but the long loop preceding the central B sheet still occupies broadly
the same position as the N-terminal B-hairpin in MS2-like phages,
suggesting that it too evolved from an ancestral MS2-like fold. Last,
the AVE015-like CPs are the only proteins without a structure
analogous to the N-terminal B-hairpin, but their N-terminal config-
uration might have emerged when the original B-hairpins unfolded
and then rearranged with the BA strand switched to pair with the
nearby BF strand.
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MATERIALS AND METHODS

VLP production and purification

CP expression and VLP production and purification were done
essentially as previously described (16). Briefly, CP coding sequences
in pET24 bacterial expression vectors were obtained by gene syn-
thesis, the constructs were transformed in Escherichia coli strain
BL21(DE3), and the CP expression was done for 4 hours at 37°C or
for 20 hours at 15°C. Cells were harvested by centrifugation, resus-
pended in lysis buffer [50 mM tris-HCI (pH 8.0), 150 mM NaCl,
0.1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride] in a
wet cell weight/buffer volume ratio of 1:4, lysed by sonication, and
centrifuged for 30 min at 13,000g. The clarified lysate was loaded on
a Sepharose 4 FF column (GE Healthcare) equilibrated with phos-
phate-buffered saline (PBS), the VLP-containing fractions were
pooled and applied to a Fractogel DEAE (M) (Merck Millipore) ion
exchange column, and the bound proteins were eluted with a linear
10 column volume gradient to PBS containing 1 M NaCl. The purest
VLP-containing fractions were pooled and used for crystallization.

Crystallization and structure determination

Using Amicon Ultra 100K centrifugal filter units (Merck Millipore),
the purified VLPs were transferred to a 20 mM tris-HCI (pH 8.0)
buffer and concentrated to approximately 10 mg/ml with an as-
sumption that A (absorbance at 260 nm) of 8.0 corresponds to a
VLP concentration of 1 mg/ml. Initial crystallization trials were
done with commercial or in-house formulated screens in 0.4-pl
sitting drops using a Tecan EVO 75 liquid handling robot, with
further optimization of crystal growth conditions as necessary. The
final crystallization conditions of all VLPs are provided in table S2.
Crystals were flash frozen in liquid nitrogen, cryoprotected with
30% glycerol if necessary, and x-ray diffraction data were collected
at MAX-lab (Lund, Sweden) beamline 1911-3, BESSY II (Berlin,
Germany) beamline 14.1, or MAX IV (Lund, Sweden) beamline
BioMAX. We were unable to solve the Beihail4 VLP structure using
frozen crystals, and in this case, several datasets were collected from
a single ~1.5-mm crystal mounted inside a capillary at room tem-
perature and subsequently merged together. Diffraction data were
scaled and merged using Mosflm (36) and Scala (37) from the CCP4
software suite (38) or using XDS (39) through the XDSAPP graphi-
cal user interface (40). VLP orientation in the unit cell with respect
to the standard icosahedral orientation was determined using the
locked self-rotation function in GLRF (41). The crystallographic
asymmetric unit was deduced from the crystal symmetry and unit
cell parameters and prepared from a model of bacteriophage MS2
[Protein Data Bank (PDB) ID: 2MS2]. The VLP position in the unit
cell was either obvious from crystal symmetry or was determined by
additional translation search. In case of a one-dimensional search,
the VLP model was systematically translated along the axis of interest,
an initial map calculated (see below) at each location and selected for
the position with the lowest R factor. Two- and three-dimensional
translation searches were performed in Phaser (42). A correctly
oriented and positioned MS2 model was placed in the unit cell and
examined for crystal contacts, followed by adjustment of the VLP
diameter, if necessary. The placed MS2 model was then used for
calculating Feyc to 10-A resolution with the program SFALL from
the CCP4 software suite, and a 5-A mask around the icosahedral
asymmetric unit was generated using the program MAMA (43).
The CCP4 program SIGMAA (44) was used to calculate weighted
Fourier coefficients, which were used for calculating a map with the
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CCP4 program FFT. The map was averaged in the program AVE
(45) using noncrystallographic symmetry and the previously pre-
pared mask, and Fy structure factors from the averaged map were
calculated with SFALL. The new F,c set was again used as an input
for SIGMAA, and the averaging procedure was repeated for 10
more cycles. Fit of the averaged map to experimental data was mon-
itored with the CCP4 program RSTATS at the end of each cycle.
The final set of F structure factors was used as an input for
phase extension. The procedure followed the same 10-cycle averag-
ing protocol as described above, but after the end of the last cycle,
higher-resolution data corresponding to a shell of one Miller index
along the longest cell axis was added to the input data, followed by
another 10 cycles of averaging; the procedure was repeated until all
data to the resolution of the crystal had been included. The final ico-
sahedrally averaged map was used for manual model building in
COOT (46). The EMS014 subunit structure was solved by mo-
lecular replacement using the program PHASER with a polyalanine
model of the ESE021 CP dimer as the search model. Refinement
was done in PHENIX (47), and the model was validated using the
tools provided in COOT and the MolProbity server (48).

Determination of VLP thermal stability

VLP samples at a concentration of 1 mg/ml in PBS buffer with or
without 20 mM EDTA were heated for 15 min in a Veriti thermal
cycler (Applied Biosystems) in a 5°C-increment step gradient and
then loaded on an ethidium bromide containing 1% agarose gel.
Electrophoresis was performed in 1x TAE buffer, after which the
RNA was visualized under ultraviolet light and protein with sub-
sequent staining with Coomassie blue. The thermal stability was
defined as the highest temperature at which the VLP band was still
detectable.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/36/eabc0023/DC1

View/request a protocol for this paper from Bio-protocol.
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7.3. “Novel ssRNA phage VLP platform for displaying foreign epitopes by

genetic fusion”

7.3.1. CP selection for genetic modification

The ability of the CPs of the new ssRNA phages to form stable VLPs is not the only
criterion for use in vaccine platform design. In order to introduce foreign epitope insertions
into the CP, knowledge of the location of the N- and C-terminal ends in the particle would
be highly desirable, but despite our previous structural studies in most cases such data were
not available. We selected 43 perspective sequences from our available CP library for a
systematic study of genetic fusions with a model peptide M2ex3 derived from three different
A type influenza M2 extracellular domains. The particles selected for the study represent the
11 previously described CP groups. Overall, in the study we included 17 members from the
MS2-like supergroup, six AP205-like, five AVEOQ15-like, three Ch5-like, three ESE020-like,
two AC-like and Beihai32-like and a single CP from each of the following groups: AVE002,
Beihail4, ESE001, ESE017 and ESO003.

7.3.2. Ability of chimeric proteins to form VLPs

The plasmid constructs with the M2ex3 peptide fused to either the N- or C-terminus
of the CPs under investigation were created, and the chimeric CPs were expressed in E.coli
using a standard T7 promoter-driven system. The production of chimeric proteins was
heterogeneous compared to unmodified CP. Most chimeric CPs were produced in sufficient
quantities. Subsequent analysis revealed that 61 of the chimeric CPs produced were at least
partially soluble. All soluble proteins were purified by the classical chromatography method
developed for VLP purification. Altogether, 16 of the soluble chimeric proteins were
detected as assembled into VLPs. Of these, five CPs - ESE002, PQ-465, PQ-061, PQ-789
and Shahel - were able to form VVLPs with M2ex3 fused at either terminus; for another five
CPs - Beihail4, Beihai28, Beihai32, GA-879 and NF-391 - the peptide could only be fused
to the C-terminus. According to EM data in all cases the observed morphology of the
chimeric VLPs closely resembled those of respective unmodified T = 3 particles with a
characteristic spherical shape approximately 30 nm in diameter; the only exception is the
NF-391-C protein, which was similar to the unmodified CP and assembled into smaller ~ 18
nm T = 1 particles. After analysis of production data of chimeric VLPs, tested particles were
sufficiently robust to yield at least moderate amounts of highly purified particles with one
exception of Beihai28-C VLPs.

7.3.3. Stability of chimeric VLPs

The genetically inserted foreign sequence can have a negative effect on the stability of
the particles. The stability of the chimeric VLPs was investigated by thermal denaturation
measurements where purified chimeric VLPs were subjected to increasing temperatures. The
measured thermal stability of all of the chimeric particles was in the range of 60 to 80 °C,
only slightly lower than in cases of respective unmodified VLPs.

7.3.4. Antigenicity of the chimeric particles

For the appropriate immune response, the foreign antigen must be properly folded and
freely exposed on the surface of the VLP. The location of the CP termini is of primary
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importance in the context of chimeric fusion proteins. The antigenicity of the chimeric VLPs
were tested in ELISA experiments using the commercially available monoclonal antibody
14C2 that is specific against the type A influenza M2 protein. The results showed that the
M2ex3 peptide is located on the exterior of all of the chimeric VLPs.
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Virus-like particles (VLPs) can be used as efficient carriers of various antigens and therefore serve as
attractive tools in vaccine development. Although VLPs of different viruses can be used, VLPs of ssRNA
phages have convincing advantages due to their unique properties, including efficient protein production
in bacterial and yeast expression systems, low production cost and easy and fast purification. Currently,
the range of ssRNA phage VLPs is limited. In particular, this is true for VLPs that tolerate insertions at the
N- and C-termini of the coat protein. It is therefore necessary to find new alternatives within the known
ssRNA phage VLP range. From previous studies, we found approximately 80 new VLPs forming ssRNA
phage coat proteins. In the current study, we attached a model peptide to the N- and C-termini of coat
proteins. As a model peptide, we used a triple repeat of 23 N-terminal residues of the ectodomain of
the influenza M2 protein, used previously in the development of the flu vaccine. Examining 43 novel
phage coat proteins for the ability to form chimeric VLPs, we found ten new promising candidates for fur-
ther vaccine design, five of which were tolerant to insertions at both the N- and C-termini. Furthermore,
we demonstrate that most of the chimeric VLPs have good antigenic properties as judged from their reac-
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tivity with anti-M2 antibodies.

1. Introduction

Virus-like particles (VLPs) are protein shells composed of viral
structural proteins that lack an encapsulated virus genome. VLPs
morphologically closely resemble viruses of their origin and dis-
play similar immunogenic properties, yet VLPs are noninfectious
and hence highly attractive for the development of safe vaccines.
Furthermore, the efficacy of VLP vaccines is not restricted against
viruses, from which the particular VLP has originated. Instead, viral
coat proteins can be genetically or chemically modified to produce
VLPs that display heterologous epitopes at a high density on their
surface. Antigen presentation in a repetitive order is known to
evoke stronger humoral immune responses when compared to
the antigen alone [1], and high-density display onto the VLP sur-
face provides efficient means to significantly enhance the gener-
ated immune response [2]. Because of their shape and size, VLPs
can effectively enter lymph nodes [3,4], and their highly repetitive
structure allows them to efficiently crosslink with B-cell receptors
[5,6]. Moreover, VLPs can enhance antigen uptake by antigen pre-
senting cells (APCs), which further stimulates the immune system
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E-mail address: kaspars@biomed.lu.lv (K. Tars).

https://doi.org/10.1016/j.vaccine.2020.07.016
0264-410X/© 2020 Elsevier Ltd. All rights reserved.
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and produces long-lived, high-titer antibody responses at low
doses even in the absence of adjuvants [7,8]. VLPs also may contain
cellular RNAs, thereby enhancing the immune response through
the action of the receptors TLR3 and TLR7. Importantly, tolerance
to self-antigens may be overcome by displaying them on the sur-
face of VLPs, enabling the development of therapeutic vaccines
against certain noninfectious diseases and conditions. Due to their
immunological properties and excellent safety profile, VLPs are
thus among the most promising carriers for the development of
new vaccines [9,10].

Single-stranded RNA (ssRNA) bacteriophages are small viruses
infecting a number of gram-negative bacteria. ssSRNA phages are
among the simplest known viruses and consist of an RNA genome
packaged inside an icosahedral protein shell that is approximately
28 nm in diameter and composed of 178 copies of the coat protein
(CP) and a single molecule of the receptor-binding maturation pro-
tein. Recombinant expression of ssSRNA phage coat proteins in bac-
teria or yeast typically results in efficient assembly of VLPs without
the need for any other viral components. The coat proteins can be
easily genetically manipulated to produce fusion proteins with
antigens of interest that assemble in chimeric VLPs; alternatively,
antigens can be chemically coupled onto the surface of preassem-
bled unmodified VLPs. Altogether, the ssRNA phage platform is an
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attractive option for developing VLP-based vaccine prototypes
[11]. However, CPs from different phages significantly vary in their
ability to carry particular foreign sequences. The majority of suc-
cessfully modified ssSRNA phage VLPs have been created using only
a few ssRNA phage CPs, and these include the bacteriophages PP7,
MS2 and AP205, which have demonstrated much higher tolerance
for fusing with different antigens than all others. There are numer-
ous prophylactic and therapeutic vaccine candidates that have
been constructed based on bacteriophage VLPs employing a
genetic fusion methodology, for example, AP205-based flu vaccine
[12], MS2-based foot-and-mouth disease vaccine [13], MS2-based
cancer therapeutic [14], MS2-based cholesterol-lowering vaccine
[15], PP7-based HPV vaccine [16], and MS2 anti-hCG contraceptive
[17]. Chemical coupling of foreign epitopes on the surface of VLPs
was developed as an alternative method to genetic fusion, for
example, Qp-based atherosclerosis therapy [18], QB-based Alzhei-
mer's disease therapy [19-21], AP205-based HIV vaccine [22]
and QpB-based diabetes therapy [23]. Despite the many advantages,
the limited supply of suitable CPs for modification puts certain lim-
itations for designing new vaccines that need to be addressed for
continued development of the ssRNA phage VLP platform.

Recent metagenomic studies have uncovered many novel
ssRNA phage sequences with only very distant similarities to pre-
viously studied sequences. In a previous study, we characterized
more than 100 new ssRNA phage coat protein sequences obtained
by gene synthesis from metagenomic data, in which 80 cases were
able to assemble into VLPs [24]. Many of these CPs have no detect-
able sequence similarity to those of the previously studied phages,
and their potential for carrying antigens remains unknown.

Type A influenza viruses are a significant cause of severe sea-
sonal respiratory tract infections in humans. Up to 650 000 deaths
annually are associated with respiratory diseases from seasonal
influenza, according to new estimates by the United States Centers
for Disease Control and Prevention (CDC), the World Health Orga-
nization and global health partners (WHO, 2018). Existing vaccines
are based on inducing a protective neutralizing antibody response
against the globular head of the viral surface protein hemagglu-
tinin (HA) [4]. However, the high mutation rate of influenza viruses
leads to rapid accumulation of point mutations in the HA protein,
with the consequence that vaccines have to be reformulated each
year based on predictions of which strains will be circulating dur-
ing the next influenza season [25]. Considering the additional
unstable efficacy of the current vaccines and their rather compli-
cated and time-consuming production in fertilized chicken eggs,
the development of a new generation of universal, effective and
easy-to-manufacture influenza vaccines emerges as a global public
health priority.

As integral components of the viral envelope, particles of influ-
enza viruses contain several proton-selective pores formed by the
viral protein M2. The 23 N-terminal residues of the M2 protein
form an ectodomain (M2e) that faces the exterior of the virion
and is highly conserved among different influenza A strains.
M2e represents an attractive target for prophylactic influenza
vaccines [26,27], and M2e-based vaccination has indeed resulted
in broad-range antibody-mediated protection in influenza A ani-
mal models [28-31]. However, the small size of the isolated M2
ectodomain makes it a poor immunogen, and approaches such
as presentation of M2e peptides on the surface of large macro-
molecular assemblies are required for generating a robust
immune response [32].

To find the best candidates from our VLP library for the inser-
tion of foreign amino acid sequences, we characterized 43 novel
ssRNA bacteriophage coat proteins for their tolerance of N- and
C-terminal fusions with three consecutive copies of M2e (M2ex3)
derived from avian, human and swine influenza A virusesas a
model peptide.

2. Materials and methods
2.1. Construction of expression plasmids

Two expression vectors, pET24-M2ex3 and pET28-M2ex3, con-
tain sequences from three distinct variants of influenza A M2e [33]
(Supplementary Fig. S2), and Ncol and BamHI sites for cloning were
obtained via gene synthesis (General Biosystems). Coat protein-
encoding sequences (Supplementary Table S1) were PCR-
amplified from their respective expression plasmids [24] using
oligonucleotides that introduce Ncol and BamHI sites at both ends
of the fragment . The PCR products were then cloned into Ncol-
BamHI-digested pET24-M2ex3 and pET28-M2ex3 vectors to create
expression plasmids for N- and C-terminal CP fusion proteins,
respectively.

2.2. Production and solubility assessment of fusion proteins

E. coli strain BL21(DE3) cells were transformed with plasmids
encoding CP fusions, and individual colonies were inoculated in
10 ml of LB media supplemented with 30 pg/ml kanamycin and
incubated overnight at 37 °C without agitation. The overnight cul-
tures were transferred to 100 ml of 2xTY medium, and the cells
were grown at 37 °C until an ODggo of 0.6, at which point IPTG
(isopropyl-p-D-thiogalactoside) was added to a final concentration
of 1 mM, and the cells were further incubated for 16 h at 20 °C.
Cells were harvested by centrifugation. A small aliquot of cells
were suspended in lysis buffer (20 mM Tris-HCI pH 8.0, 150 mM
NacCl, 0.1% Triton X-100) at a wet weight/volume proportion of
1:25; then, cells were sonicated for 1 min with 5 s on/off pulses,
and the lysate was clarified by centrifugation. The protein produc-
tion level (Supplementary Fig. S3) and soluble and insoluble pro-
teins were analyzed by SDS-PAGE. For the subsequent VLP
purification, the expression protocol was upscaled to 2 L.

2.3. Purification of chimeric VLPs

Two grams of wet cells were disrupted by sonication, and the
clarified cell lysate was precipitated overnight with 40% saturated
ammonium sulfate. The precipitate was collected by centrifugation
and dissolved in 2 ml of phosphate-buffered saline supplemented
with 0.2% Tween 20, 0.5 M urea and 1 mM PMSF (phenylmethyl-
sulfonyl fluoride). The concentrated preparation was loaded onto
a 30 ml Sepharose 4FF column (Omnifit 10 mm D/ 330 mm)
attached to an Akta PrimePlus chromatography system (GE Health-
care), and 2 ml fractions were collected in PBS with the flow rate
set to 0.5 ml/min. Fractions were analyzed by 1% agarose gel elec-
trophoresis and SDS-PAGE, and those containing VLPs were pooled
and applied to a 5 ml Fracto-DEAE ion exchange column (Omnifit
10 mm ID/ 100 mm) pre-equilibrated with PBS. Bound proteins
were eluted with an 25 ml 0.15 - 1 M NaCl gradient in PBS with
the flow rate set to 2 ml/min and collected in 2 ml fractions. The
purest fractions were pooled, dialyzed against PBS and stored fro-
zen at —20 °C for further downstream experiments.

2.4. Electron microscopy

Purified VLP samples (1 mg/ml) were adsorbed on carbon-
Formvar-coated copper grids and negatively stained with a 1%
aqueous solution of uranyl acetate. The grids were examined in a
JEM-1230 electron microscope (JEOL Ltd., Tokyo, Japan) operated
at 100 kV. Electron micrographs were recorded with iTEM software
(version 3.2, Soft Imaging System GmbH) using a side-mounted
Morada digital camera (Olympus-Soft Imaging System GmbH,
Munster, Germany).
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2.5. Thermal stability assay

Thermal stability experiments were performed essentially as
described previously [34]. Chimeric VLP samples at a concentration
of 1 mg/ml in PBS with or without 10 mM DTT were heated for
15 min in a Veriti thermal cycler (Applied Biosystems, Singapore)
in a5 °C increment step gradient and then loaded on a 1% agarose
gel. After electrophoresis in TAE buffer, the RNA was visualized
with ethidium bromide, and the protein was visualized with Coo-
massie blue.

2.6. Elisa

Protein concentrations were determined with the Bradford pro-
tein assay kit (Pierce). One hundred microliters of chimeric VLPs or
M2ex3 protein (10 pg/mL) (Supplementary Fig. S4) were adsorbed
on a 96-well ELISA microplate (Sarstedt, Germany) overnight at
4 °C. Plates were blocked with 1% BSA blocking buffer for 1 h at
37 °C. Mouse anti-influenza A M2 monoclonal antibody 14C2
(Invitrogen) diluted at 1:250 in blocking buffer was added in
three-fold dilutions to triplicate wells and incubated for 1 h at
37 °C. The plates were washed three times in PBS/0.05% Tween
20 in between different steps. Horseradish peroxidase (HRP)-
conjugated polyclonal rabbit anti-mouse IgG (Sigma-Aldrich,
USA) was diluted 1:1000 in blocking buffer and incubated for
1 h. Finally, color reactions were developed for 20 min by adding
the o-phenylenediamine substrate. The HRP enzymatic reaction
was terminated by the addition of 2.0 M H,SO4 and the optical
density was measured at 492 nm using an ELISA plate reader (BDSL
Immunoskan MS, Finland). Antigenicity significance of differences
in antibody titers relative to negative control, i.e. the baseline was
determined by measuring the OD 49 of the wells covered only with
BSA. For evaluating the antigenicity, the results were calculated in
Microsoft Excel (version 10.0). By connecting the measurement
result points obtained for each sample, a linear function intersect-
ing the baseline was graphically represented. The hypothetical
cross point was calculated and defined as the end point for evalu-
ating the antigenicity. The individual titration curves can be found
in the Supplementary Fig. S5.

3. Results
3.1. Stable VLPs for genetic fusion experiments

While the majority of the previously characterized
metagenome-derived ssRNA phage CPs were able to assemble into
VLPs, there were significant variations in their production levels,
homogeneity and stability. Successful use in vaccine development
requires that not only the modified CPs assemble into VLPs but also
the chimeric particles can be inexpensively produced in high yields
and are sufficiently stable to withstand downstream purification
procedures and long-term storage. Guided by these criteria, we
selected 38 perspective sequences from the available CP library
for a systematic study of genetic fusions with a model peptide. A
further tBLASTn search through the NCBI nucleotide databases
uncovered several additional novel ssRNA phage CPs, and five more
sequences located under GenBank accession codes PQDQO01000061
(further denoted as PQ-061), PQDQ01001338 (PQ-338),
PQDQ01001357 (PQ-357), PQDQ01001465 (PQ-465) and
PQDQO01001789 (PQ-789) were extracted, acquired via gene syn-
thesis and included in the CP modification study. The additional
CP sequences were chosen due to the presence of disulfide bridges,
which are known to significantly increase the stability of VLPs. The
resulting panel of 43 CPs includes representatives from 11 of the
previously recognized 14 CP similarity groups and contains 17

representatives from the MS2-like supergroup, six AP205-like, five
AVEO015-like, three Cb5-like, three ESE020-like, two AC-like and
Beihai32-like and a single CP from each of the following groups:
AVEQ02, Beihai14, ESE001, ESE017 and ESO003 [24]. For compar-
ison, we additionally included the QB and AP205 CPs in the study
as the current “gold standard” ssRNA phage VLP vectors. All new
sequences used in the study are available in Supplementary
Table S1.

3.2. 16 Of obtained fusion proteins assemble into VLPs

The plasmid constructs with the M2ex3 peptide fused to either
the N- or C-terminus of the CPs under investigation were created,
and the chimeric CPs were expressed in Escherichia coli using a
standard T7 promoter-driven system. Most of the chimeric CPs
were produced in high amounts; however, in 18 cases, no expres-
sion was detected (Table 1). In the majority of cases, either both
the N- and C-termini or neither of the fusion proteins were
produced, and in the few remaining instances, predominantly the
C-terminal variants failed to be produced. Subsequent analysis
revealed that 61 of the chimeric CPs that were produced were also
at least partially soluble (Fig. 1, Table 1). Clarified E. coli lysates of
the soluble chimeric CPs were then applied to a gel filtration col-
umn, and fractions were analyzed by agarose gel electrophoresis
and SDS-PAGE to detect VLPs. Altogether, 16 of the soluble chi-
meric proteins were detected as assembled into VLPs, as judged
from their elution profile from the gel filtration column (Table 1).
Of these, five CPs (ESE002, PQ-465, PQ-061, PQ-789 and Shahe1)
were able to form VLPs with M2ex3 fused at either terminus; for
another five CPs (Beihail4, Beihai28, Beihai32, GA-879
(GALT01093879) and NF-391 (NFYT01000391)), the peptide could
only be fused to the C-terminus to retain the ability to assemble
into particles. For further characterization, the VLPs were further
purified using ion exchange chromatography and examined by
electron microscopy (Fig. 2). In all cases, the observed morphology
of the chimeric VLPs closely resembled those of respective unmod-
ified T = 3 virus-like particles with a characteristic spherical shape
approximately 30 nm in diameter; the only exception is the
NF-391-C protein, which was similar to the unmodified CP and
assembled into smaller ~ 18 nm T = 1 particles. Most VLP-
forming chimeric proteins displayed high production and solubility
levels, except for ESEQ02-C, Shahel-N and PQ-061-N (Fig. 1). It
should be noted that several of the VLP-forming fusion CPs were
found partially in insoluble fraction, indicating some folding issues
with this particular fusion antigen. Overall, the chimeric VLPs were
sufficiently robust to yield at least moderate amounts of highly
purified particles with the sole exception of Beihai28-C VLPs,
which were partially lost during purification due to their tendency
to adhere to the ion exchange matrix and ultrafiltration
membranes, suggesting misfolding and/or aggregation issues in
this particular case.

3.3. Chimeric VLPs are thermostable at 60-80 °C

Despite successful assembly into VLPs, the addition of heterolo-
gous sequences to the coat protein can have a negative impact on
the overall stability of the particles, leading to gradual dissociation
of the VLPs into CP subunits and consequent inactivation of the
potential vaccine. Therefore, the stability of the chimeric VLPs
was investigated by thermal denaturation measurements in which
aliquots of purified VLPs were subjected to increasing tempera-
tures and then analyzed by native agarose gel electrophoresis.
The thermal stability was then defined as the highest temperature
at which the VLP band could still be visualized. The measured ther-
mal stability of all of the chimeric particles was in the range of 60
to 80 °C and only slightly lower than that of unmodified VLPs
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Table 1
Properties of genetically modified ssRNA phage coat proteins.
Coat protein Similarity group Expression in E.Coli Protein solubility Formation of VLPs
M2ex3 in M2ex3 in M2ex3 in M2ex3 in M2ex3 in M2ex3 in
N-terminus C-terminus N-terminus C-terminus N-terminus C-terminus

AP205 AP205 - + n/d + n/d +
QB Qp - - n/d n/d n/d n/d
AVE002 AVE002 + - 2] - - n/d
AVEO016 AVEO15 + + - + n/d -
AVE039 AVEO15 + - + n/d - n/d
Beihai14 Beihai14 + + + + - +
Beihai18 MS2 + + + + - -
Beihai19 MS2 + + + + - -
Beihai23 MS2 + + + + - =
Beihai26 MS2 + + + + - -
Beihai28 Beihai32 + + + + n/d +
Beihai30 MS2 + - + n/d - n/d
Beihai32 Beihai32 - + - + n/d +
Beihai33 MS2 + + + + - -
Beihai34 MS2 - - n/d n/d n/d n/d
Beihai9 Cb5 + + + + - -
EMS001 ESE020 + + + + - -
EMSO011 Cb5 + & + + - -
ESE001 ESE001 - - n/d n/d n/d n/d
ESE002 AP205 & + + + + +
ESE007 MS2 + + + + - -
ESE017 ESE017 + + + + - -
ESE020 ESE020 + - + n/d - n/d
ESE029 MS2 + + 4 + - -
ESE030 MS2 + + + + - -
ESE041 ESE020 + + + - - n/d
ES0003 ES0003 + + + + - -
GA-112 AVEO15 + + - - n/d n/d
GA-492 AVEO15 + + + + - -
GA-879 AVEO15 + + + + - +
Hubeil0 MS2 - - n/d n/d n/d n/d
Hubeil4 MS2 + + - + n/d -
NF-214 MS2 + + + + - -
NF-391 AC + B & 2 - ¥
NF-443 AC + + - - n/d n/d
PQ-061 AP205 + + + # ¥ +
PQ-338 AP205 - - n/d n/d n/d n/d
PQ-357 MS2 + + - - n/d n/d
PQ-465 AP205 + + + + + +
PQ-789 AP205 + + + + + +
Shahel AP205 + + + + + +
Shahe3 MS2 + + - - n/d n/d
Wenling2 MS2 - - n/d n/d n/d n/d
Wenzhou2 Cb5 s + + # - -
Wenzhou4 MS2 + + + + - -

The listed properties include the CP similarity group, production level (+, detected; -, not detected), solubility (+, soluble; -, insoluble), VLP formation confirmed by EM:
(+, efficient VLP formation; -, no VLPs observed), n.d.: not determined.

AP205 ESE002 Shahel PQ-465 PQ-061 PQ-789 Beihail4  Beihai28 GA-879 NF-391 Beihai32
kDa -C -N -C -N -C -N -C -N -C -N -C -C -C -C -C -C
116.0
66.2
45.0

35.0

250

184

144

Ms d s d s d s d sd s d s d s d s d s d sd s dsd s d s d s d

Fig. 1. Solubility of chimeric capsid proteins forming VLPs was analyzed by SDS polyacrylamide gel electrophoresis and stained with Coomassie blue. M: molecular weight
marker (Thermo Scientific, #26610); s: supernatant of cell lysate after centrifugation; d: pellet of cell lysate after centrifugation. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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AP205

AP205-C Beihail4

ESE002-N ESE002-C

Beihai32-C

PQ-465-N PQ-46

-7 e e

(Table 2). The majority of the chimeric CPs that were able to
assemble into VLPs contain cysteine residues at positions that
would permit the formation of intersubunit disulfide bonds. To
assess the contribution of the potential disulfides to the overall
particle stability, thermal denaturation experiments were repeated
in the presence of the reducing agent dithiothreitol. A reduction in
particle stability was indeed observed for all cysteine-containing
VLPs, ranging from a modest 10 °C decrease in the cases of
ESE002, GA-879 and NF-391 to a drastic 35 °C decrease for the
N-terminally modified PQ-789 coat protein VLPs.

3.4. M2ex3 peptide is located on the exterior of all of the chimeric VLPs

For a strong and appropriate immune response, the antigen
must be properly folded and freely exposed onto the surface of
the virus-like particle. The available three-dimensional structures
of ssRNA phage particles have demonstrated that the localization

Beihai28

Beihail4-C

5

Beihai28-C

PQ-061-C

of the native and chimeric VLPs. The CP similarity groups are indicated in the colored background.

of the CP termini is evolutionarily not well conserved, and only
in the case of phage AP205 are both termini freely available on
the surface of the particle. The location of the CP termini is of pri-
mary importance in the context of chimeric fusion proteins; how-
ever, unfortunately, the very weak sequence identity makes
predictions for the location of CP termini unreliable for many of
the novel ssRNA phage CPs. Additionally, structural information
per se does not ensure efficient antigenicity, which should be
tested experimentally. Therefore, the antigenicities of the chimeric
VLPs were tested in ELISA experiments using the commercially
available monoclonal antibody 14C2 that is specific against the
type A influenza M2 protein. The results indicated that the
M2ex3 peptide is located on the exterior of all of the chimeric VLPs
(Fig. 3); however, the antibody dilution at the detection limit ran-
ged quite substantially within one order of magnitude from mod-
erate (6500) in case NF-391-C to very high (greater than50000)
for Beihai32-C.
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Table 2
Properties of promising VLP-forming vaccine candidates and chimeric VLPs.
Chimeric VLP Total Cys in CP Cys positions in CP Tm, °C Tm, °C + DTT
AP205 2 64, 68 75 50
AP205-C 2 64, 68 70 50
Beihail4 0 - 85 nfd
Beihai14-C 0 - 80 n/d
Beihai28 0 - 65 n/d
Beihai28-C 0 - 80 nfd
Beihai32 0 - 70 n/d
Beihai32-C 0 - 70 nfd
ESE002 2 63,71 65 55
ESE002-C 2 63,71 60 50
ESE002-N 2 63,71 60 50
GA-879 3 101,102, 103 75 55
GA-879-C 3 101, 102, 103 65 55
NE-391 3 66, 67, 75 75 65
NF-391-C 3 66, 67, 75 70 60
PQ-465 2 63, 67 80 55
PQ-465-C 2 63,67 80 55
PQ-465-N 2 63, 67 75 50
PQ-338 2 61,64 65 40
PQ-338-C 2 61,64 60 35
PQ-338-N 2 61,64 65 RT
PQ-789 2 57,61 70 50
PQ-789-C 2 57,61 70 45
PQ-789-N 2 57,61 75 40
Shahe1 3 64, 68, 97 75 55
Shahe1-C 3 64, 68, 97 80 50
Shahel-N 3 64, 68, 97 75 45

The listed properties include the presence and positions of cysteine residues in the capsid protein and the VLP “melting” temperature (thermal stability) without or with
10 mM DTT. n/a: not applicable due to the lack of VLPs, n.d.: not determined.

Chimeric VLPs
APt
T T
PQ-789-N
PQ-061-C
PQ-061-N
PQ-465-C
PQ-465-N
Beihai32-C
NF-391-C
GA-879-C
Shahel-C
Shahel-N
Beihai28-C
Beihail4-C
ESE002-C

ESE002-N

M2ex3

=)

10000 20000 30000 40000 50000 60000
Dilution of antibody 14C2

Fig. 3. Antigenicity test of chimeric VLPs. Level of antigenicity was determined by direct ELISA. Unmodified and chimeric VLPs were tested for their ability to bind to mouse

anti-influenza A M2 monoclonal antibody 14C2 (Invitrogen) and were determined by calculating the hypothetical (possible) cross-point with the baseline. The results of
native VLPs were below the established baseline and are not shown.
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4. Discussion

While VLP-based vaccine technology has several advantages
and good prospects for widespread application against a variety
of infectious diseases, only a limited number of suitable VLP plat-
forms are currently available. Here, we have characterized 43 novel
ssRNA bacteriophage CPs for their ability to form chimeric VLPs
when fused with a model peptide. Although the exact fusion part-
ner definitely might influence the CP folding and VLP forming abil-
ities our results provide a good platform for initial choice of new
antigen carriers in VLP-based vaccine development.

The majority of ssSRNA phage CP sequences currently discov-
ered in metagenomic sequencing data fall into a broad similarity
group that includes the CP of the widely studied ssRNA phage
MS2. The MS2 CP itself as well as that of its close relative bacte-
riophage fr [35,36] have been among the first carrier proteins
explored for the creation of chimeric VLPs. However, MS2 and
fr have had a relatively low tolerance to long insertions and have
therefore been of limited use. In MS2, short insertions can be
made in the so-called AB loops connecting beta strands A and B
that are located on the capsid surface. In the case of further sta-
bilization of MS2 VLPs, by creating covalent coat protein dimers,
it was demonstrated that essentially any insertions up to 10 resi-
dues can be tolerated [37,38]. The coat protein of the bacterio-
phage QB, which has approximately 20% sequence identity to
MS2, has performed notably better, although the fusion strategy
is very different from that used in MS2. Bacteriophage Qf is
unique among the other ssRNA phages in that it contains several
copies of a C-terminally elongated coat protein variant A1l incor-
porated in the particle, and the CP has therefore a naturally
evolved ability to tolerate C-terminal extensions in up to 14-
48% of CP monomers, depending on the length of the insert
[39]. In our current study, approximately 40% of the investigated
CPs fall into the MS2-like CP similarity group; however, their per-
formance as VLP carriers has been underwhelming. While the
vast majority of the fusion proteins were produced in high
amounts and were soluble, none of them were able to assemble
into VLPs. es Therefore, our results reinforce the general idea that
MS2-like sequences have limited potential as carriers of bulky
foreign antigens in vaccine development. The main two reasons
why MS2-like sequences are underperforming are evident from
crystal structures of MS2-like VLPs; first, N- and C-termini are
marginally located on the surface, and second, these termini are
clustered together around symmetry axes, creating steric prob-
lems for accommodating bulky antigens [40].

Beihai28 and Beihai32, which share 40% identity were previ-
ously included in MS2-similarity group due to very weak sequence
similarities. However, our recent data suggests that they form a
distinct group on their own - Beihai32-like -, structurally display-
ing remote similarity to AP205. In both cases, C-terminal fusion
variant, was able to assemble into VLPs. Furthermore, C-terminal
fusion of Beihai32 displayed the highest antigenicity of all tested
constructs. Interestingly, fusion of related Beihai28 had signifi-
cantly lower antigenicity. To some extent this can be explained
by structure of Beihai32 (J.R., to be published separately), in which
C-terminus extends far from VLP surface, making any attached
antigen very accessible, while C-terminus of Beihai28 is by 10 resi-
dues shorter, potentially resulting in accessibility problems.

In our previous study, a Cb5-like coat protein supergroup
emerged as the second largest; however, only four sequences from
this group made it in our CP modification study. The underlying
reason for such underrepresentation is that less than half of the
previously tested Cb5-like CPs were able to assemble into VLPs
in the first place, and those that did were generally not very
stable and cumbersome to purify. Of the three Cb5-like proteins

investigated in the current study (Beihai9, EMSO11, and
Wenzhou2), none were able to form chimeric VLPs. Of the other
CP similarity groups, none of the fusion CPs from the AVEQ02-,
ESE020-, ESE017- and ESO003-like groups were able to assemble
into particles, which implies that CPs from these groups are
generally not very prospective for future developments.

The last of the major previously recognized CP groups, the
AVEO15-like sequences, was represented by five different
sequences in our study. Of these, only one, the GA-879 CP with a
C-terminally fused M2ex3 peptide, was able to assemble into VLPs,
which makes this group not a particularly promising candidate for
further exploration for new VLP carriers. One of the two tested
AC-like CPs, the C-terminally fused NF-391 coat protein, was also
able to assemble into VLPs, albeit only in the smaller T = 1 particles.
Additionally, the Beihai14 CP retained the ability to assemble into
chimeric particles when fused with the M2ex3 peptide at the
C-terminus. The Beihai14 CP is the only sequence of its kind and
is unique among others for its extreme length (208 residues; for
comparison, the MS2 CP is 129 residues long) and the very high
stability of VLPs, despite the lack of stabilizing disulfide bonds.
The Beihail4 CP and related sequences should be discovered in
the future and thus remain interesting for further research in VLP
vaccine development.

Clearly, however, the AP205-like coat proteins stand out among
all others as the best carriers for foreign antigens. Since the begin-
ning of this century, AP205 VLPs have been very attractive objects
for vaccine design due to their ability to tolerate genetically fused
foreign sequences and self-assemble even when the epitopes are
long (up to 55 amino acids) and have multiple cysteines. The abil-
ity to fuse to both ends of AP205 VLPs allows better display of N-
and/or C-terminal epitopes, which can be problematic for other
VLPs [41,42]. The suitability of AP205 VLPs for genetic fusions
can be easily explained from the structural point of view; both
the C- and N-termini are located on the surface of VLPs and well
separated in the neighboring CP subunits [40].

Of the six AP205-like CPs tested, five were able to form chimeric
VLPs, and all tolerated both N- and C-terminal fusions equally well.
While the excellent properties of the AP205 coat protein in this
respect have been well documented, our study suggests that such
qualities are almost a universal feature of the whole group: the
AP205-like CPs used in our study share only 15-30% sequence
identity to the AP205 CP and less than 37% identity to each other.
It therefore seems reasonable to assume that in addition to the five
novel CPs described in this study, there might be a significant
amount of further sufficiently distinct yet undiscovered CPs with
similarly good properties for the development of chimeric VLPs.

It can be noted that most of the VLPs that were able to carry the
M2ex3 peptide contain intersubunit disulfide bonds. For the
AP205-like group, the cysteine residues appear to be highly con-
served and apparently significantly contribute to the overall stabil-
ity of the particles, as demonstrated by the at least 20 °C reduction
in the thermal stability in the presence of a reducing agent. Disul-
fide bonds were also present in the AC-like NF-391-C VLPs, and out
of the five tested AVEQ15-like CPs, only one (GA-879-C) was able to
form particles and was also the only one that contained disulfides.
On the other hand, the AC-like NF-443 CP could not form VLPs
despite having disulfides, and similarly, these did not help in the
case of MS2-like Hubei10 and NF-214 chimeric CPs; however, the
chimeric Beihai1l4 VLPs were among the most stable irrespective
of lacking any disulfide bonds. Therefore, although beneficial, the
disulfides do not appear to be sufficient or absolutely required
for being a robust and stable carrier.

The differences in observed antigenicities among different VLPs
presumably reflect accessibility of exposed M2 peptide to
antibodies. We expect that VLPs with higher antigenicity test
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should also display better immunogenicity, for which efficient dis-
play on VLP surface is also required.

In conclusion, in this study, we characterized several dozens of
novel ssRNA bacteriophage CPs for their ability to form chimeric
VLPs decorated with a model peptide from the influenza A virus.
Our data suggest that the AP205-like coat proteins are the most
prospective ssSRNA phage-derived VLP vectors, especially PQ-465,
C- and N-terminal fusions of which displayed high antigenicities.
Our results pinpoint also several other previously unknown CP
groups with good potential for VLP-based vaccine development
applications worth further exploration. In particular, Beihai32 VLPs
seem to have very good potential for C-terminal fusions due to the
highest observed antigenicity. The M2ex3-carrying VLPs developed
during the current study will be further investigated as prototypes
for a universal influenza vaccine.
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8. DISCUSSION

The discovery and subsequent studies of sSSRNA phages have provided an invaluable
contribution to understanding the phage biology, and to the development of molecular
biology in general. However, so far, search for new viable sSSRNA phages has resulted in
relatively few cultivated specimens. Only a few of the vast numbers that actually exist in
nature have been discovered, isolated and studied. A significant obstacle in isolation of novel
living sSRNA phages might be unavailability of culturable hosts. However, owing to modern
sequencing capabilities, huge databases of metagenomic sequences are being created, which,
almost like the Leeuwenhoek's microscope in the 17th century, have opened up a new world.
Therefore, one possibility to study yet unavailable phages is to obtain their morphological
twins - VLPs. The simplicity of the genome structure of sSRNA phages, as well as the
universal presence of conservative replicase gene allows the desired CP sequences to be
extracted from metagenome databases.

Although the produced VLPs lack the natural components of actual phages — genomic
RNA and maturation protein, these artificial structures still provide a valuable information
about diversity of CP folds, particle shapes and RNA binding properties. Most importantly,
the obtained CPs and VVLPs can be further used as valuable tools in vaccine development,
drug delivery, imaging, and other applications.

In this study, more than 120 new ssRNA phage CPs were analyzed with the main aim
of finding new candidates for the development of VLPs as carriers. In order to become a
versatile carrier, candidate VLP must possess a number of essential properties:

1. Stable and high expression of the CP gene in an easy scalable expression system -
preferably E.coli.

The CP should self-assemble into VLPs of well-defined size and shape.

VLPs should be able to pack the nucleic acids inside particles.

The VLPs must be stable, resistant to robust purification steps and long-term storage.
VLPs should be tolerant to chemical and genetic modifications.

ar e

VLPs particles from several non-coliphage CPs have been previously successfully
produced in E. coli (Kazaks et al. 2011; Shishovs et al. 2016), as well as coliphage-derived
VLPs have been produced in yeast (Freivalds et al. 2006; Freivalds et al. 2014) and other
expression systems (Arevalo et al. 2016). In our case the synthesis of new putative phage
CPs was performed using T7 promoter regulated pET plasmid in E.coli, as this system is
well characterized, robust, tolerant for different temperatures and easy upscaled. The chosen
strategy has justified itself, since almost all of the selected genes were expressed and CPs
produced. However, the solubility of the synthesized CPs proved to be the first setback, as
approximately 40% of the tested proteins were insoluble in the primary screening. Because
the sources of metagenomic datasets vary enormously, from the intestinal contents of warm-
blooded animals to cold deep-sea microbial sediments, it is conceivable that, for at least
some proteins, synthesis at 37 °C interferes with the correct conformation of the CP. This
assumption seemed to be correct, because lowering the temperature for CP synthesis did
indeed largely solve the solubility problems.

In nature, in many simple viruses capsid formation occurs without an external energy
source or special assistance from the host cell or dedicated scaffolding proteins. Under the
right conditions, capsids may be spontaneously formed by CPs only due to the CP-CP and
CP-nucleic acid interactions. However, as our study progressed, it was further established
that the solubility of the CP does not necessarily lead to VLP formation. The formation or
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stability of these particles may be affected by some external conditions, such as appropriate
salt concentration or pH. It cannot be ruled out that in some cases the chosen gene was not a
CP gene or contained sequencing errors, leading to assembly-deficient CPs. In the natural
environment, the formation of infectious virions is a more complex process involving other
mechanisms (Twarock et al. 2018). The expression system can affect the result as well as
some unknown host-factor might be involved in the formation of the particles absent in
E.coli. Also, in some cases presence of other phage components, such as genome or A
protein might be required for particle formation. The absence of these components can in
some cases affect the formation of artificial particles. Although each potential VLP might
have some interesting characteristics that would make it worthwhile to improve the methods
for obtaining them, they are not particularly suitable for biotechnological purposes due to
the lack of a number of functional features that an excellent candidate for a vaccine carrier
must have.

VLPs, suitable for downstream biotechnological processing should be easily purified
using the classic methods - precipitation with PEG or salts, gel filtration and ion exchange
chromatography. In most cases purification of new VLPs was straightforward and was able
to yield at least 90% pure preparation. Due to the positive charge of the particle surface,
several VLPs did not adsorb on the anion exchange matrix but passed through. The purity
of such particles was the highest. Purification by anion exchange chromatography can in
some way characterize the particles. Owing to this method, one of obtained VLPs (AVE015)
was discovered, where there were two types of particles in the population - empty and filled
with nucleic acid, and they were easy to separate. Such empty particles could be of interest
as carriers for some substances that do not compete with nucleic acids. Nucleic acids are
usually packaged in artificial particles on a charge basis - negatively charged nucleic acids
bind to positively charged amino acid residues that form the inner surface of the particles
(Nooraei et al. 2021). The charge differences between the various VLPs could be judged
from the primary screening on the native agarose gel, where in some cases particles migrated
towards the anode. In previous studies with QB VLP I have observed a similar observation
when particles with a point mutation in the CP were detected (unpublished data). These
particles also migrated towards the anode. Positively charged particles could be promising
biotechnological tools worth further investigation.

VLPs still are considered promising candidates for vaccine technology. By the end of
March this year, in the National Library of Medicine (PubMed) more than a hundred
scientific publications on the use of VLPs in vaccine technology can be found. In 2020, there
were more than 300 such publications. This year, several scientific articles have been
published about use AP205 and Qf VLPs for development anti-SARS-CoV-2 vaccines and
diagnosis (Chan et al. 2021, Dalvie et al. 2021, Fougeroux et al. 2021).

VLP-based vaccine technology has several advantages and good prospects for its
widespread use against various infectious or systemic diseases, with only a limited number
of suitable VLP platforms currently available. VLPs derived from ssSRNA phages are the
most applicable candidates for the presentation of foreign epitopes. In this study, 43 novel
sSRNA bacteriophage CPs were characterized by their ability to form chimeric VLPs. The
study was performed with a model peptide that had already proven to be a successful
candidate for insertions in other VLPs. It should be noted that the obtained model will not
be universal, because proteins or their parts of other origins can affect both the synthesis of
the chimeric protein and the ability to assemble in regular structures. Also, it could happen
that a particular antigen can be easily presented on the surface of one subset of VLPs, while
other VVLPs might be better suited for presentation of other antigens. In this scenario a set of
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available different VLPs would be advantageous, allowing for individual tailoring of best
VLPs for each antigen.

As mentioned before, when comparing the CPs of the new putative phages with known
sSRNA phages, most are similar to MS2. Also, the majority (17) of CPs selected for genetic
insertions represented this MS2-like group. MS2 itself and its close relative fr VLPs were
among the first particles to be used in the construction of chimeric VLPs (Mastico et al.
1993) (Pushko et al. 1993). Unfortunately, these particles did not tolerate long foreign
epitope insertions and their use was limited. In MS2 VLPs, insertions have been performed
in the AB loop. Although the loop is flexible and located on the surface, it is tolerant only
of inserts up to 10 amino acids. To improve the stability and capacity for foreign inserts of
the MS2 VLP chimeric capsid, a single-chain covalent dimer has been constructed (Peabody
1997; Peabody et al. 2008). In such a more stable structure, it became possible to modify the
N-terminal end. In this model, epitopes can be inserted at both the loop and the end (Peabody
et al. 2017). However, testing of new CPs from MS2-like group revealed that their
performance as VLP carriers is insufficient. None of the CP of this group was able to form
chimeric VLPs, although the production and solubility of the chimeric proteins were
adequate.

QP VLPs is the most widely used carrier in vaccine design. However, the biggest
advantages of QP are apparent by use of chemical coupling. The phage Qf is unique among
the other ssSRNA phages in that it naturally contains several copies of a C-terminally
elongated CP Al incorporated in the particle, and therefore the CP has a naturally evolved
ability to tolerate C-terminal extensions (Vasiljeva et al. 1998). To create such chimeric-
mosaic particles the stop codon suppression approach is used. The main disadvantage of this
method are resulting heterogeneous particles with irregular arrangement of foreign epitopes.
Furthermore, efficient incorporation rate of long antigens is problematic. Therefore, our
results strengthen the overall idea that MS2-like sequences have limited potential as carriers
in vaccine development. Reasons of why MS2-like CP sequences are likely unsuitable for
genetic modification in N- and C-termini can be seen in the structural analysis of unmodified
VLPs from MS2-like group. Both termini of these particles only border the surface and are
clustered together around symmetry axes, creating steric problems for long antigen exposure
(Shishovs et al. 2016).

Modification of the CPs of the Beihai32-like group indicates a distant similarity of this
group to the AP205-like group. Both CPs chosen from this group were tolerant of insertion
at the C-terminus with subsequent formation of chimeric particles. In addition, Beihai32 C-
terminal fusion displayed the highest antigenicity of all tested constructs. Comparing the
antigenicity with the other chimeric particle of this group, Beihai28 showed the weakest
reactivity with specific antibodies. Structural analysis of Beihai32 revealed that the C-
terminus of this phage extends far from the surface of the VLP, making any inserted antigen
highly accessible, while the C-terminus of Beihai28 is 10 residues shorter, possibly affecting
sufficient surface exposure of the introduced foreign antigen. Also, the chimeric Beihai28
VLP is unstable, which could be due to model peptide interference with the integrity of the
capsid.

AP205 and AP205-like phage CPs and their VLPs stand out as the best candidates in
the development of a platform as vaccine carriers. Since the introduction of the characterized
phage AP205 VLPs, it has been evaluated as an excellent candidate for genetic modification
at both the N- and C-termini. These particles also stand out due to their structural stability
because they are stabilized by disulfide bonds. Such tolerance to genetic fusions had not
been observed for any of the other known VLPs of ssSRNA phages (Tissot et al. 2010, Thrane
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et al. 2016). The tolerance of AP205 VLPs to genetic fusions can be easily explained from
a structural point of view; both the C- and N-termini are located on the surface of the VLP
and well separated in neighboring CP subunits (Shishovs et al. 2016). Five of the six
modified AP205-like group phage CPs were able to form chimeric VLPs and all five were
tolerant to both N- and C-terminal fusions. Although the outstanding properties of the AP205
CP in this regard are well documented, this study confirms that such properties are a
universal feature of almost the whole group. The AP205-like CPs used in the study have
only 15-30% sequence identity with the AP205 CP and are less than 37% identical to each
other. Therefore, it seems reasonable to assume that in addition to the five new CPs described
in this study, there could be a significant amount of sufficiently distinct but as yet
undiscovered CPs with equally good properties to develop chimeric VLPs.

Five CP sequences were selected from the AVEO15-like group for genetic
modification. Only one of them, GA-879 CP with an insert at the C-terminus, formed
chimeric VLPs. These results suggest that AVE015-like VLPs are not very promising
candidates for vaccine design using terminal modification. However, the analysis of the
crystal structure of the phage AVEOQ015 of this group revealed one interesting feature:
especially long loops between B-strands E and F and between the C-terminal o helices. The
interhelix loop is particularly pronounced and forms a prominent surface-exposed p-hairpin.
This feature could be used to introduce genetic insertions in surface exposed loops.

In the first study, the Cb5-like CP group was revealed as the second largest; however,
only four CP sequences were used in the modification study. The main reason why such a
small number of candidates was selected from the large potential range of VLPs is that less
than half of the previously tested Ch5-like CPs were able to form VLPs. Some of the native
particles were unstable and technologically unpromising due to external impurities. Of the
three Cb5-like proteins used in this study (Beihai9, EMS011, and Wenzhou2), none was able
to form chimeric VLPs. Of the remaining CP similarity groups, none of the fusion CPs of
the AVEO002-, ESE020-, ESE017-, and ESO003-like groups were able to assemble into
particles, which means that the CPs in these groups are generally not very promising for
future development as epitope carriers either.

One of the two tested AC-like CPs was able to form chimeric VLPs. NF-391 CP was
tolerant only for C-terminal modifications. This case is special and worth highlighting,
because both the unmodified CP and the chimeric ones assembled into the smallest possible
T=1 symmetry particles.

The Beihail4 CP is the only one of its kind and is unique among others due to its
extraordinary length - 208 amino acids. On average, the CP lengths of sSRNA phages are
about 130 amino acids. This phage also has an exceptionally high VLP thermal stability (95
°C), despite the lack of stabilizing disulfide bonds. This CP is tolerant to C-terminal
modifications with subsequent formation of chimeric particles. Chimeric particles also
displayed extraordinary thermostability, which is an important property for potential vaccine
candidates. The crystal structure was also solved for this phage, which later revealed the
unique properties of this VLP. The fold of Beihai CP was by far the most extraordinary. For
this phage, the classical CP structure has been reduced by one f-strand and only one C-
terminal o helix was present, while an additional 10-residue a helix was inserted in the FG
loop. Apart from these peculiarities, several other atypical elements were observed, like very
long unstructured N-terminal part, adopting different conformation in A, B and C subunits
and harboring many positively charged residues — features, typical for some completely
unrelated plant viruses. Undoubtedly, such structural properties can affect the stability of the
capsid.
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The results of the study indicated that most chimeric VLPs with M2ex3 peptide contain
Cys residues, which can form inter-subunit disulfide bonds. For the AP205-like group,
cysteine residues are a conservative feature and obviously have a significant effect on the
overall stability of the particles, as evidenced by a decrease in thermal stability at a
temperature of at least 20 °C in the presence of a reducing agent. Disulfide bonds are also
present in two other groups of CPs: AC-like NF-391-C VLP and AVEO015-like GA-879-C.
Thermal stability data suggest that the stability of these particles is only slightly affected by
the reducing agent. Apparently, for these particles, as well as for Beihail4, stability is
provided by non-covalent subunit interactions. Therefore, while useful, disulfides do not
appear to be sufficient or even necessary for formation a stable and robust carrier.

The observed differences in antigenicity between different chimeric VLPs reflect the
availability of the exposed M2ex3 peptide for antibodies. In the case of chimeric VLPs,
antigenicity is expected to positively correlate with immunogenicity, because adequate
stimulation of the immune system also requires effective exposure of foreign epitopes on the
surface of the particle.

Combining all results obtained by discovering numerous new VLPs, identification of
previously unseen structures of CPs, genetic modifications to obtain chimeric VLPs that
expand the range of carriers used in biotechnology, it can be argued that this massive study
has made a significant contribution to field on VLP-based recombinants.
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10.

9. CONCLUSIONS

Most sequences of the hypothetical ssSRNA bacteriophage CPs obtained from
metagenomic databases can be efficiently expressed in E. coli.

The cultivation temperature of E.coli affects the solubility of CPs sourced from more
extreme environments.

Out of 110 trials, 80 CPs were able to assemble in VVLPs, as confirmed by electron
microscopy.

Most of the new VLPs have apparent spherical shape 28 to 30 nm in diameter,
corresponding to T = 3 icosahedral particles.

Not all VLPs containing Cys residues were involved in classical pentameric and
hexameric interactions.

Inter-subunit disulfide bonds are neither sufficient nor necessary for formation of
thermally stable sSRNA phage VLPs.

The widely represented MS2-like group and AP205-like group revealed structures
similar to the phages of this group previously studied. Particles from the AP205
group has a good potential as foreign epitope carriers.

Five CPs - ESE002, PQ-465, PQ-061, PQ-789 and Shahel - were able to form VLPs
with M2ex3 fused at either terminus; five CPs - Beihail4, Beihai28, Beihai32, GA-
879 and NF-391 - the peptide could be fused to the C-terminus.

All chimeric VLPs have required antigenicity.

The solved crystal structures revealed several previously unseen features of sSSRNA
phages such as additional secondary structure elements and elongated particles.
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10. MAIN THESIS OF DEFENSE

. The CP genes of unknown ssRNA bacteriophages can be found in metagenomic
sequence databases.

It is possible to study properties and potential applications of putative sSRNA
bacteriophages by obtaining VLPs formed from recombinant CPs.

. Some VLPs of putative sSRNA bacteriophage possess unseen secondary structure
elements of CPs and particles of different shapes.

. VLPs of new ssRNA bacteriophages open up new and vast possibilities in vaccine
design and biotechnology.
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