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Abstract
Many viruses protect their genome in a protein capsid. Viral capsid formation involves the
association of multiple copies of viral capsid protein subunits, representing single or
multiple protein species, and different assembly strategies are utilized. Pseudomonas
phage Φ6 uses an assembly pathway in which an empty capsid (procapsid, PC) is first
assembled, serving as a compartment for the subsequent encapsidation of the RNA
genome. During encapsidation, the compact, empty PC undergoes conformational
rearrangement to reach its final expanded form. The Φ6 PC is composed of the main
structural protein, P1, and three minor protein species: the RNA-dependent RNA
polymerase P2, the packaging nucleoside triphosphatase (NTPase) P4, and the assembly
cofactor P7. In vitro systems of Φ6 assembly, genome encapsidation, and transcription
have been established, allowing infectious particles to be constructed from purified protein
and RNA components.
In this thesis, stoichiometric measurements were established to estimate the relative
copy numbers of PC proteins in Φ6 virions and PCs. Different concentrations of the Φ6
minor proteins were employed in in vitro assembly reactions to probe potential PC binding
sites. The results indicate that potential binding sites for proteins P2 and P7 are only
partially occupied in Φ6 virions and recombinant PCs. High P7 occupancy in selfassembled PCs resulted in reduced P2 incorporation, suggesting some correlation between
P2 and P7 during PC assembly. Although high P4 hexamer occupancy was critical for
initial particle formation, a large excess of P4 in the self-assembly reaction slowed the rate
of PC self-assembly, which may be ascribed to excessive production of P1-P4 nucleation
complexes. In addition, electrostatic interactions were demonstrated to be the main driving
force in Φ6 PC assembly. Furthermore, it was shown that P4 hexamers spontaneously
dissociate from the empty capsid shell. P4-deficient particles have slower sedimentation
velocity and an expanded appearance compared to the PC that has full-occupancy of P4.
These particles are also defective in RNA packaging and transcription. However, purified
P4 hexamers can efficiently assemble on P4-deficient particles, guiding the particles to
their naive compact conformation and rescuing packaging and transcription activities. The
results obtained from this study provide new insight into the principles of viral capsid
assembly and demonstrate the reversibility of the PC maturation pathway.
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1. Introduction
Viruses are molecular nanomachines that infect archaeal, bacterial, and eukaryotic cells
(for a review, see Prasad and Schmid, 2012). The viral genome is typically enclosed
within a capsid. Although they vary in size and shape, viral capsids are designed to
contain and protect the viral genome and deliver it to its specific host cell for subsequent
viral replication.

1.1

Virus assembly

Viruses adopt distinct strategies for assembly and genome encapsidation (for a review, see
Casjens, 1997; Prasad and Schmid, 2012; Stubbs and Kendall, 2012). In many cases, coat
protein subunits associate with viral nucleic acid for co-assembly of the virion [e.g.,
single-stranded (ss) RNA viruses of the genera Tobamovirus (helical capsid) and Levivirus
(spherical capsid)]. In other cases, viral nucleic acid is first condensed by specific proteins
to form a compact nucleoprotein complex, which is subsequently covered by the capsid
protein or envelope [e.g., double-stranded (ds) DNA viruses of the family Polyomaviridae,
ssRNA viruses of the family Orthomyxoviridae]. Alternately, some viruses employ corefilling mechanisms to package their genome into a preformed capsid (or procapsid, PC)
via a ring-like portal complex, i.e dsRNA viruses of the family Cystoviridae (see 1.2.2)
and tailed dsDNA bacteriophages (see 1.1.2) and herpesviruses.
Several pathways of viral assembly and encapsidation have been established via in
vitro studies in which virion assembly is carried out outside the living cell, in an artificial
environment. These studies provide valuable information on the minimal set of
components required for virion self-assembly, the rate-limiting nucleation step, and the
protein composition of metastable early intermediates (for a review, see Poranen and
Tuma, 2004). Two classic assembly models, for the plant pathogen tobacco mosaic virus
(TMV) from the family Vigaviridae and the Enterobacteria phage P22 from the family
Podoviridae, are described below.

1.1.1 Assembly of TMV using the co-assembly model
TMV, a member of the genus Tobamovirius, is the best-studied helical virus (for a review,
see Stubbs and Kendall, 2012). TMV is rod-shaped and displays helical symmetry
(Fraenkel-Conrat and Williams, 1955). The helix is ~300 nm in length and ~18 nm in
diameter with a central hole 4 nm in diameter (Stubbs et al., 1977). The capsid is
composed of ~2,130 copies of the major coat protein, which form a right-handed helix
with 16.33 subunits per turn. TMV has a ~6.4 kilobase (kb) plus-sense ssRNA genome,
which is wrapped inside the capsid within the groove between successive helical turns
9

(Goelet et al., 1982; Namba et al., 1989). Each capsid subunit interacts with three
nucleotides (nt) of the genome, the interactions generally being nonspecific.
TMV was the first in vitro self-assembled macromolecule complex (Fraenkel-Conrat
and Williams, 1955). Assembly experiments used purified coat proteins and nucleic acids
to produce infectious particles.
The assembly of TMV proceeds by co-assembly of capsid proteins and genomic
ssRNA (for a review, see Butler, 1999). The capsid subunits form a variety of oligomers
in solution (Butler et al., 1992). The 20Sv aggregate, known as a disk, is most essential for
nucleation and elongation (Sv being the svedberg sedimentation coefficient). The disk is
composed of 34 copies of the capsid protein (Fig. 1A; Butler and Klug, 1971; Durham and
Klug, 1971) and has primarily a ‘two-layer’ appearance in near-neutral pH under low ionic
strength conditions.

Figure 1. The assembly pathway of TMV. (A) Two conformations of 20Sv aggregates of the
TMV capsid protein: the two-layer (left) and Z-like (right) appearance. (B-C) Nucleation and (DE) elongation of TMV assembly. A schematic presentation of the protein (orange) and RNA
(magenta) constituents and the configuration of the RNA backbone (violet) at each stage. Modified
from Bulter (1984) and Bulter (1999). See text for details.

The initiation of TMV capsid assembly requires both the ssRNA genome and the 20Sv
aggregate (Butler, 1999). The origin of assembly sequence (OAS) is located roughly 1-kb
from the 3’ end of the genome (Zimmern, 1977; Zimmern and Butler, 1977). There are six
consecutive trinucleotides containing a guanine (G) in equivalent positions, and four of
them form the loop in a stem-loop structure (Zimmern, 1977). During nucleation, the
stem-loop structure of the OAS binds to the central hole of the 20Sv aggregate (Fig. 1B;
Bulter 1984). The loop region is inserted into the specific binding site within the disk,
10

resulting in the loss of the stem region. These RNA-protein interactions trigger the
conformational rearrangement of the disk into a ‘Z-like’ structure, which entraps RNA by
closing the axial gap between the inner radii of the rings (Fig. 1C). RNA subsequently
binds with the top and bottom surfaces of the disk. At this stage, the 3’ and 5’ ends of the
RNA extends from the bottom of the rod-shaped structure (Fig. 1C).
Elongation of the TMV capsid occurs bidirectionally (for a review, see Butler 1984).
Elongation towards the 5’ end involves so-called ‘travelling loop’ mechanism. The newly
incorporated 20Sv aggregate binds to the RNA binding site on the top turn of the
nucleoprotein helix, pulling the 5’ end of the RNA through the central hole (Fig. 1D). The
disk may undergo a conformational switch similar to the one involved in the initial step of
assembly, in which the ‘two-layer’ disk transitions into a ‘Z-like’ structure that entraps
RNA (Fig. 1E). Additional RNA spools through the central hole of the rod and binds to
the top of the nucleoprotein helix, creating a new binding site for the next disk. Elongation
at the 3’ end is much slower. Monomers of the coat subunit are added to the already
formed nucleoprotein helix to entrap RNA.
Electrostatic interactions play a role in aggregate formation and TMV assembly
(Butler, 1999). The virion self-assembly rate is greatest in 100 mM salt (Fraenkel-Conrat
and Singer, 1959). In addition, ionic strength affects polymorphism in TMV protein
aggregates (Fig. 1A). For instance, 20Sv aggregates were observed in two conformations,
‘two-layer’ or ‘Z-like,’ at 100 mM ionic strength; the ratio between the two forms shifted
from 10:1 at pH 7.0 to 1:10 at pH 6.8 (Butler et al., 1992).

1.1.2 Assembly of spherical viruses using the core-filling model
Enterobacteria phage P22 employs a scaffolding-dependent capsid assembly method (for a
review, see Prevelige and Fane, 2012). In general, assembly of the PC in tailed dsDNA
bacteriophages and herpesviruses requires scaffolding protein subunits, which are released
during DNA packaging and reused in the next round of PC assembly.
The P22 PC is composed of 415 copies of coat protein arranged in a T=7 icosahedral
lattice (T represents triangulation number) (Prasad et al., 1993). In vitro assembly of P22
PC can be achieved using purified coat and scaffolding protein components (Fig. 2A;
Prevelige et al., 1988). The yield of the produced particles is high. Self-assembled
particles have a similar overall morphology as particles assembled in vivo but are devoid
of the portal complex. Detailed kinetic studies have revealed that P22 PC assembly is a
two-phase process: a rate-limiting nucleation phase is followed by a rapid elongation
phase, by which the complete shell is formed (Prevelige et al., 1993). In the initial stage of
PC assembly, a pentamer of the capsid protein associates with several scaffolding protein
subunits to form the putative nucleation complex (Fig. 2B). Although the portal complex
is dispensable for shell nucleation (Bazinet and King, 1988), it is thought to initiate proper
PC assembly along with scaffolding and coat proteins (Chen et al., 2011). Scaffolding
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proteins are required throughout the assembly process (Prevelige et al., 1988). The dimeric
form of the scaffolding protein is essential for the nucleation step (Parker et al., 1997), and
the monomeric form is required during the elongation portion of the assembly process
(Tuma et al., 2008). Capsid proteins are incorporated into the nucleation complex as
monomers during PC growth (Fig. 2B; Tuma et al., 2001). Scaffolding proteins are
required for the assembly of PCs of the correct size, which do not contain cellular proteins
or nucleic acids (Fig. 2C). In the absence of scaffolding proteins, capsid proteins form
aberrant structures, such as small shells or spirals (Earnshaw and King, 1978).

Figure 2. The PC assembly and encapsidation pathway of bacteriophage P22. (A) Protein
constituents of P22 PC assembly. (B-C) Nucleation and elongation of assembly to form PC. (D)
The terminase proteins bind the viral DNA to deliver it to the portal vertex and package it into the
capsid. The scaffolding proteins exit and are reused. (E) Encapsidation results in an expanded and
angular capsid. Modified from Prevelige and Fane (2012). See text for details.

In the subsequent step of the P22 virion assembly pathway, the viral DNA genome is
bound by viral terminase proteins and delivered to the special vertex of the PC, which
contains the portal (Fig. 2D). DNA is packaged through the portal vertex. The terminases,
including the packaging adenosine triphosphate phosphohydrolase (ATPase), are involved
in this process (Rao and Feiss, 2008). Translocation and condensation of nucleic acid
within the capsid involves conformational changes and expansion of the capsid (Fig. 2E).
The packaging of highly concentrated, negatively charged DNA produces repulsion,
increasing internal pressure within the capsid and resulting in its expansion and release of
the scaffolding proteins (Parker and Prevelige, 1998). In some dsDNA viruses (e.g.,
Enterobacteria phage HK97 from the family Siphoviridea), the scaffolding function is
mediated by the N-terminus of the coat protein, which must be cleaved during capsid
maturation by a viral protease (Prevelige and Fane, 2012).
Electrostatic interactions are critical for the association between coat and scaffolding
proteins during P22 assembly (Parent et al., 2005; Parker and Prevelige, 1998). Specific
interactions occur between the positively charged C-terminal domain of the scaffolding
protein and the negatively charged region of the coat protein. Capsid proteins are thus
12

activated to assume their proper conformations during the nucleation and elongation
processes. Under low salt conditions, such interactions are facilitated, resulting in
accelerated PC assembly (Parker and Prevelige, 1998). At high ionic strength (i.e., in 1 M
NaCl), PC assembly is completely inhibited. Similar electrostatic sensitivity to high
salinity has also been described for the PC self-assembly reaction of Bacillus phage ϕ29,
from the family Podoviridae (Fu et al., 2007).

1.2

dsRNA viruses

DsRNA viruses infect a wide range of hosts, from bacteria to simple and complex
eukaryotes. Examples of such viruses include members of the families Cystoviridae (see
1.2.2), Totiviridae, and Reoviridae (see 1.2.1), respectively. Unlike many DNA viruses,
which simply inject the viral genome into their host cell, the segmented genomes of
dsRNA viruses are delivered into the host within an elaborate protein nanocompartment,
which contains the enzymatic components for RNA metabolism (for a review, see Poranen
and Bamford, 2012a; Prasad and Schmid, 2012). During infection, this nanocompartment
functions as an enzymatic machine to carry out genomic replication and transcription, and
it protects the dsRNA genome from cellular nucleases as well as from triggering host
antiviral responses (Prasad and Schmid, 2012).
In most dsRNA viruses, the architecture of the protein nanocompartment is highly
conserved, suggesting a common evolutionary origin (Poranen and Bamford, 2012a). The
innermost capsid is composed of 120 subunits arranged as 60 asymmetric dimers on a T=1
icosahedral lattice. The major capsid protein subunits of the T=1 capsid share a similar
fold, although their sequences are distinct (El Omari et al., 2013b; Luque et al., 2010).

1.2.1 Family Reoviridae
The members of the family Reoviridae are the most extensively studied dsRNA viruses
(McDonald and Patton, 2011; Poranen and Bamford, 2012a). This family includes several
pathogens that can cause severe disease in humans (e.g., rotavirus from the genus
Rotavirus), animals (e.g., bluetongue virus, or BTV, from the genus orbivirus), and plants
(e.g., rice dwarf virus from the genus Phytoreovirus).
Reoviruses have nine to twelve genomic dsRNA segments within the innermost T=1
icosahedral core shell (for a review, see McDonald and Patton, 2011). Each segment
associates with an enzymatic complex at the five-fold vertex and, in most cases, encodes a
single protein (Mertens and Diprose, 2004). A second protein layer, arranged in a T=13
icosahedral lattice, covers the inner capsid to form a double-layered particle, which is
needed for viral transcription in viruses such as rotavirus and BTV (for a review, see Roy,
2008; Taraporewala and Patton, 2004).
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The formation of the rotaviral core is probably associated with genome encapsidation
(McDonald and Patton, 2011). Assembly and genome replication take place in viral
inclusion bodies termed viroplasms, which are rich in viral messenger RNA (mRNA),
capsid protein subunits, and non-structural proteins. The encapsidation of viral RNA is
initiated by specific interactions between RNA polymerase and viral ssRNA genomic
precursors (Fig. 3A; Lu et al., 2008; Patton, 1996). The non-structural proteins NSP2 and
NSP5, which display RNA binding capacity, may also take part in RNA recognition and
encapsidation (Taraporewala and Patton, 2004). The capsid proteins and the capping
enzyme subsequently associate with the polymerase-RNA complex to form the
fundamental assembly unit of a five-fold vertex (Fig. 3B; McClain et al., 2010). Specific
interactions between the distinct RNAs mediate the assortment of these assembly units,
forming a complete capsid with only one copy of each genomic segment (Patton and
Spencer, 2000). It has been proposed that the plus-strand ssRNAs (1) are partially exposed
after core assembly and are progressively reeled into the capsid during minus-strand
synthesis (Fig. 3C; McClain et al., 2010) or (2) associate via gene-specific interactions and
are covered by capsid proteins to form a fully packaged core, which is subsequently
activated for minus-strand synthesis (Fig. 3D; McDonald and Patton, 2011). After
replication, the genomic dsRNA segments spool tightly around the five-fold vertices of the
capsid interior (Fig. 3E; McClain et al., 2010).

Figure 3. The assembly pathway of rotaviral core. (A-B) Eleven species of genomic ssRNA
precursors are bound by two viral enzyme components, which come together with capsid proteins
to form the fundamental assembly units. Twelve such units (one lacking RNA) come together to
form a particle (C) in which the synthesis of minus-strand RNA reels in the exposed ssRNAs, or
(D) a fully packaged and replication-competent core is formed. (E) After RNA replication, the
genome segments are well-ordered surrounding the five-fold vertices. Modified from McClain et
al. (2010) and McDonald and Patton (2011). See text for details.
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1.2.2 Family Cystoviridea
The family Cystoviridae contains only one genus: Cystovirus (Poranen and Bamford,
2012b). In 1973, the first member of this family, Pseudomonas phage Φ6, was isolated
from bean straw infected with the bacterium Pseudomonas syringae pv. phaseolicola
(Vidaver et al., 1973). Nine additional bacteriophages from this family, Φ7–Φ14 and
Φ2954, were later isolated (Mindich et al., 1999; Qiao et al., 2010a). Cystoviruses can
infect gram-negative bacteria, primarily Pseudomonas species pathogenic to plants
(Mindich et al., 1999).
Although the cystoviruses have distinct genomic sequences, they all contain tripartite
genomes with a similar gene order for each genomic segment (Gottlieb et al., 1988a;
Gottlieb et al., 2002a; Gottlieb et al., 2002b; Hoogstraten et al., 2000; McGraw et al., 1986;
Mindich et al., 1988; Mindich et al., 1999; Qiao et al., 2010a). Sequence comparison has
revealed that Φ7, Φ9, Φ10, and Φ11 are close relatives of Φ6, whereas Φ8, Φ12, and Φ13
are distinct (Hoogstraten et al., 2000; Mindich et al., 1999; Qiao et al., 2000). Regardless
of the low sequence similarity, the amino acid sequence of the viral RNA polymerases is
conserved (Gottlieb et al., 2002a).

1.2.2.1

Φ6 virion structure

The intact spherical virion of Φ6 contains three structured layers and is approximately 70
nm in diameter (Figure 4; Jäälinoja et al., 2007). The core of the Φ6 virion, approximately
50 nm in diameter, encloses its segmented genome (see 1.2.2.2; Butcher et al., 1997; Van
Etten et al., 1976). The protein layer of the core is composed of the shell-forming
structural protein P1 (see 1.3.1.1), the RNA polymerase P2 (see 1.3.1.2), the packaging
nucleoside triphosphate phosphohydrolase (NTPase) P4 (see 1.3.1.3) and the minor
protein P7 (see 1.3.1.4). The core particle is covered by a second layer of protein, making
the nucleocapsid (NC) particle 58 nm in diameter (Bamford and Mindich, 1980; Butcher
et al., 1997; Kenney et al., 1992). The outermost layer of the Φ6 virion is a lipid bilayer
envelope with 2 nm spikes extending from its surface (Jäälinoja et al., 2007; Van Etten et
al., 1976).
The second layer of the Φ6 virion consists of 600 copies of the NC surface protein P8,
arranged as 200 trimers on a T=13 icosahedral lattice that partially covers the dsRNAfilled core (Bamford and Mindich, 1980; Butcher et al., 1997; Huiskonen et al., 2006).
The P4 turrets, extending from the core layer, protrude through the P8 shell at the five-fold
vertices and interact with neighboring P8 subunits (Butcher et al., 1997; Huiskonen et al.,
2006). The P8 layer has three functions. First, it controls viral transcription activity in the
early and late stages of infection (see 1.2.2.3). Second, the P8 layer mediates the
association between the viral core and the membrane envelope (Huiskonen et al., 2006;
Jäälinoja et al., 2007; Olkkonen et al., 1991; Sarin et al., 2012). Third, the P8 layer is
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critical when the virus penetrates the cytoplasmic membrane during entry into the host cell
(see 1.2.2.3).

Figure 4. Schematic representation of Φ6 virion. The Φ6 viral core is composed of four proteins
(P1, P2, P4 and P7) and encloses three genomic dsRNA segments (S, M and L). The core is
partially covered by the NC surface protein P8. The viral envelope contains host-derived lipids and
four integral membrane proteins (P6, P9, P10 and P13) with P3 spike on the surface. Modified
from Poranen and Tuma (2004).

The outermost layer of Φ6 is a lipid-protein envelope, containing the viral proteins P6,
P9, P10, and P13 and phospholipids derived from the host plasma membrane
(Laurinavicius et al., 2004; Sinclair et al., 1975; Van Etten et al., 1976). P9 is the major
protein component of the viral membrane (Stitt and Mindich, 1983a). Protein P3, anchored
to P6, forms the host-attachment spikes (Stitt and Mindich, 1983b). Protein P5 is a lytic
enzyme residing between the NC shell and the viral envelope, which plays a role in
peptidoglycan penetration during virus entry and host cell lysis (see 1.2.2.3; Caldentey and
Bamford, 1992; Hantula and Bamford, 1988).
The other cystoviruses have a viral architecture similar to that of Pseudomonas phage
Φ6, with the exception that in phage Φ8, the outer NC shell is missing (Jäälinoja et al.,
2007; Mindich et al., 1999). However, membrane protein composition differs among the
cystoviruses, resulting in distinct host specificities.

1.2.2.2

Genome organization

Φ6 has three dsRNA genome segments, named according to size: L (large, 6,374 bp), M
(medium, 4,063 bp) and S (small, 2,948 bp) (Gottlieb et al., 1988a; McGraw et al., 1986;
Mindich et al., 1988; Semancik et al., 1973; Van Etten et al., 1974). Every infectious
virion contains a single copy of each genome segment (Day and Mindich, 1980). The Φ6
genome encodes 14 viral proteins, including 12 structural and 2 non-structural proteins
(Casini and Revel, 1994; Gottlieb et al., 1988a; Sinclair et al., 1975). The genes are
clustered to form three distinct functional groups on the three genomic segments (Gottlieb
et al., 1988a; McGraw et al., 1986; Mindich et al., 1988). Each genomic segment is
16

transcribed into a polycistronic mRNA molecule, designated l, m, or s (Cuppels et al.,
1980; Emori et al., 1980b).
The genes encoding the components of the Φ6 virion core are located on the Φ6 L
segment, in the following order: gene 7, gene 2, gene 4, and gene 1 (Revel et al., 1986);
the genes encoding membrane proteins and the NC surface protein are grouped on the M
and S segments (Gottlieb et al., 1988a; McGraw et al., 1986). Gene 2 on the l transcript is
missing a ribosomal binding site. Thus, production of the corresponding protein, P2, is
translationally coupled with the expression of gene 7. This results in reduced synthesis of
P2, which is expressed at approximately 10% the level of the other protein components
encoded by the l transcript (Mindich et al., 1988; Sinclair et al., 1975). Two gene pairs on
the S segment display a similar relationship (McGraw et al., 1986): the production of
proteins P12 and P5 are dependent on the ribosome binding sites of upstream gene 8 and
gene 9, respectively. Furthermore, gene 6 and gene 3 on the M segment display a polar
relationship to each other, which means a nonsense mutation in one suppresses expression
of the other (Sinclair et al., 1976).
The plus-strands of the three genomic segments exhibit homology at their 5’ termini.
There is an 18-nt region at the extreme 5’ end of each segment, identical except for a
difference in the second nucleotide position: uracil (U) in the l segment and guanine (G) in
the m and s segments (Iba et al., 1982; Szekeres et al., 1985). This difference plays an
important role in controlling transcriptional efficiency (Frilander et al., 1995; van Dijk et
al., 1995). The packaging (pac) region is about 200–300 nt long and starts approximately
50 nt from the 5’ end of each segment (Gottlieb et al., 1994). The distance between the
pac region and the 5’ end is critical for ssRNA binding and packaging (Mindich, 2012).
The pac region in each segment has a unique fold and exhibits little sequence similarity;
this variation is likely important for distinguishing between the different segments and
achieving precise packaging. However, the pac regions do have some common structural
elements and a 10–12 nt internal region that is identical. It has been proposed to form a
hairpin structure and function as a Φ6-specific signal for RNA recognition (Pirttimaa and
Bamford, 2000).
There is a 17 nt sequence at the 3’ terminus of each segment that exhibits partial
identity (Iba et al., 1982; Szekeres et al., 1985). In addition, the 75–80 nt regions at the 3’
ends of the plus-sense genomic strands form transfer RNA (tRNA)-like stem-loop
structures, which may function as initiation sites for minus-strand synthesis or protect
RNAs from cellular nucleases (Frilander et al., 1992; Mindich et al., 1992).

1.2.2.3

Life cycle

Bacteriophage Φ6 has a multistep life cycle (Fig. 5). During Φ6 entry, the spike protein P3
attaches to the pilus of the host, which retracts and moves the phage to the outer
membrane (Fig. 5A; Bamford et al., 1976; Mindich et al., 1976; Romantschuk and
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Bamford, 1985). Then, the integral membrane protein P6 induces membrane fusion
between the viral envelope and the host outer membrane. This results in the NC entering
the periplasmic space (Fig. 5B; Bamford and Lounatmaa, 1978; Bamford et al., 1976;
Bamford et al., 1987). The peptidoglycan layer is then digested by the NC-associated
endopeptidase P5, allowing the NC to reach the cytoplasmic membrane (Fig. 5C;
Caldentey and Bamford, 1992; Mindich and Lehman, 1979). The penetration of the NC is
mediated by interactions between the P8 layer and the host cytoplasmic membrane,
resulting in host membrane invagination to form a NC-containing intracellular vesicle (Fig.
5D–E; Cvirkaite-Krupovic et al., 2010; Poranen et al., 1999; Romantschuk et al., 1988).
The process by which the NC is uncoated has not been described in detail. However, in
vitro studies suggest that lowering the pH or chelating Ca2+ ions can destabilize the P8
lattice, which may eventually release the viral core into the host cytoplasm (CvirkaiteKrupovic et al., 2010; Olkkonen et al., 1991). The dissociation of the P8 layer from the
NC activates transcription (Ktistakis and Lang, 1987; Olkkonen and Bamford, 1987;
Olkkonen et al., 1991).

Figure 5. The life cycle of bacteriophage Φ6. (A-E) Virion penetration. (F) Transcription of
genomic segments to produce l, m and s transcripts. (G-H) Translation of early viral proteins and
assembly of PCs. (I-N) Genome encapsidation and virion maturation. (O) Lysis of the host to
release the viruses. Modified from Poranen and Bamford (2011). See text for details.

An equal amount of the three transcripts, l, m and s, are synthesized in the early stage
of infection (Fig. 5F; Coplin et al., 1975; Emori et al., 1982). The transcription of the L
segment is promoted by binding of the host protein YajQ to the viral core particle (Qiao et
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al., 2008, 2010b). A semi-conservative strand-displacement mechanism is employed for
plus-strand synthesis, meaning that the nascent plus-stand segment replaces the original
one, which is released from the core particle (Emori et al., 1980b; Usala et al., 1980).
Due to the high translational activity of the l transcript, the proteins encoded by the L
segment are the major early protein species produced (Fig. 5G; Cuppels et al., 1980;
Emori et al., 1980a). Proteins P1, P2, P4, and P7 can be detected ~10 min after infection
and assemble to form empty PCs (Fig. 5H; see 1.3.2; Emori et al., 1982; Mindich and
Davidoff-Abelson, 1980; Sinclair et al., 1975). PCs then specifically recognize genomic
ssRNA precursors and package them in order: s, m, and l (Fig. 5I; see 1.3.3.1; Frilander et
al., 1992; Mindich, 2004; Qiao et al., 1995). Minus-strand synthesis, using packaged viral
mRNAs as templates, begins only after packaging of the pac site of the l-segment has been
accomplished (Fig. 5J–K; Poranen and Bamford, 1999). Newly synthesized minus-strands
can be detected ~20 min after infection (Pagratis and Revel, 1990b). Following the
replication of the 5’ end of L segments, transcription is switched on for plus-strand
synthesis (Fig. 5L; Poranen and Bamford, 1999). During the late stage of infection, more
m- and s-transcripts are produced than l-transcripts, leading to the production of late
proteins (Coplin et al., 1975; Pagratis and Revel, 1990a, b). Most nascent l-transcripts are
immediately sequestered by packaging intermediates (Pagratis and Revel, 1990b).
The NC shell protein P8, non-structural protein P12, and membrane-associated
proteins are translated 30 to 45 min post-infection (Fig. 5M; Emori et al., 1982; Sinclair et
al., 1975). Most newly generated cores are covered with NC protein P8 to undergo virion
maturation (Romantschuk et al., 1988). The assembly of the P8 shell upon the dsRNAfilled PC shuts off transcription (Olkkonen et al., 1990; Olkkonen et al., 1991; Poranen et
al., 2001).
After ~45 min of infection, the first enveloped particles can be observed inside the host
cell (Bamford et al., 1976). The assembly of the viral envelope is independent of viral core
assembly. The formation of Φ6-specific membrane vesicles requires the major viral
envelope-associated membrane protein P9 and the non-structural protein P12 (Johnson
and Mindich, 1994b). The lipids of the envelope are derived from the host cytoplasmic
membrane (Laurinavicius et al., 2004). Hence, it has been suggested that proteins P9 and
P12 induce vesiculation of the host membrane to associate with the NC (Johnson and
Mindich, 1994b). Viral morphogenesis is complete when the spike protein P3 is
assembled onto the phage membrane via protein P6 (Fig. 5N; Mindich et al., 1979).
Approximately 85 min post-infection, the lysin P5 and the membrane protein P10
participate in lysis of the host cell to release new virions (Fig. 5O; Bamford et al., 1976;
Johnson and Mindich, 1994a; Mindich and Lehman, 1979). Approximately 150 to 200
progeny viral particles are released per cell (Vidaver et al., 1973).
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1.3

Φ6 PC

The PC of Φ6 is composed of P1 (85 kDa), P2 (75 kDa), P4 (35 kDa), and P7 (17 kDa)
proteins (Mindich and Davidoff-Abelson, 1980). It functions as the viral polymerase
complex and eventually forms the core of the mature virion.

1.3.1 Protein components of Φ6 PC

1.3.1.1

Main structural protein P1

The main structural component of the Φ6 PC is protein P1, which has a trapezoid shape
with a predominantly α-helical fold (Benevides et al., 2002; Huiskonen et al., 2006;
Nemecek et al., 2013). Two conformers of P1, termed P1 A and P1B, are present in the
asymmetric units of the Φ6 virion core, arranged on a T=1 icosahedral lattice (Huiskonen
et al., 2006; Nemecek et al., 2013). The P1A and P1B subunits have an identical sequence
and a similar conformation. The main difference between them is the helix arrangement at
the P1A-P1B interfaces. In the icosahedral symmetric skeleton of the Φ6 viral core, five
P1A subunits encircle each five-fold vertex, while P1 B subunits interact at the three-fold
and two-fold symmetry axes (see III, Fig. 1; Huiskonen et al. 2006, Nemecek et al. 2013).
There is no interaction between P1 A subunits located at distinct five-fold vertices.
The P1 shell has three properties. First, it provides a frame on which other viral
components can attach, including PC-associated enzymes and NC shell proteins, and is
potentially involved in organizing the dsRNA genome (Huiskonen et al., 2006; Jäälinoja
et al., 2007). Second, it plays a role in the recognition and selective binding of genomic
ssRNA precursors (see 1.3.3.1; Nemecek et al., 2013; Qiao et al., 2003). Third, it is
metastable and can undergo sequential conformational changes associated with genome
packaging (see 1.3.3.1; Mindich, 2004; Nemecek et al., 2011).
In a recombinant expression system, expression of P1 alone leads to aggregation
(Gottlieb et al., 1988b; Paatero et al., 1998). Apparently, P1 loses its native α-helical
secondary structure when expressed in the absence of P4 or P7 (Benevides et al. 2002).
Soluble P1 is thus obtained from dissociated recombinant particles containing proteins P1
and P4, and the isolated P1 is monomeric (Poranen et al 2001).

1.3.1.2

RNA polymerase P2

P2 is an RNA-dependent RNA polymerase with a compact spherical shape (Butcher et al.,
2001). It resembles a cupped right hand, with an N-terminal region that brings the finger
and thumb domains together. The C-terminal domain of P2 is critical for primer20

independent initiation. It contains two positively charged tunnels to access the active site,
one for nucleoside triphosphate (NTP) substrates and the other for RNA templates.
Protein P2 catalyzes genome replication and transcription, using ssRNA and dsRNA
templates, respectively (Makeyev and Bamford, 2000a, b). Purified P2 is a stable
monomer with high activity (Makeyev and Bamford, 2000a, b). In vitro studies of P2catalyzed replication reveal that P2 can carry out end-to-end polymerization using a
primer-independent mechanism, with an elongation rate of ~120 bp/s (Makeyev and
Bamford, 2000b). Manganese ions, along with magnesium ions, are required to increase
P2 replication activity in vitro, but they are not necessary for PC-based replication
(Poranen et al., 2008b; van Dijk et al., 1995). Purified P2 accepts heterologous ssRNA
templates, with replication efficiency dependent on the secondary structure and the
sequence at the 3’ end of the template (Makeyev and Bamford, 2001; Sarin et al., 2009;
Yang et al., 2001). The efficiency of in vitro transcription by purified P2 is low, which has
been attributed to inefficient opening of the dsRNA template terminus (Makeyev and
Bamford, 2000a). However, the polymerase is capable of unwinding the dsRNA duplex
during elongation. In PC-based transcription, the correct architecture of the polymerase
complex likely facilitates unzipping of the dsRNA terminus at the initiation stage.
The RNA polymerase P2 resides at the icosahedral three-fold axes of the PC interior; it
has 20 potential binding sites in the PC (Sen et al., 2008). Studies of recombinant PCs
have suggested that P2 binding sites are randomly occupied, with a mean copy number of
8 subunits per PC (range: 2 to 13; Nemecek et al., 2010). During virion maturation, the P2
protein is thought to rotate toward close proximity to the five-fold vertices (Sen et al.
2008).

1.3.1.3

Packaging NTPase P4

The active form of cystoviral P4 is a hexameric ring with a central channel (El Omari et
al., 2013a; Juuti et al., 1998; Mancini et al., 2004). All monomers within P4 hexamers
adopt the same orientation (El Omari et al., 2013a). In the Φ6 P4 hexamer, nucleotide
binding sites are located at the interface between adjacent subunits. Binding of NTPs,
along with divalent cations, is required to maintain the active hexameric form of Φ6 P4
(Juuti et al., 1998), but it is not necessary in other cystoviral P4s (El Omari et al., 2013a;
Mancini et al., 2004). The nucleic acid binding sites are in the central channel of the P4
hexamer. Purified Φ6 P4 is a nonspecific NTPase that can hydrolyze nucleoside
triphosphates (NTPs), deoxyribonucleotides (dNTPs), and dideoxyribonucleotides
(ddNTPs) into the corresponding nucleoside diphosphates (Paatero et al., 1995).
P4 hexamer is incorporated at the five-fold vertex on the outer surface of the
polymerase complex, creating a symmetry mismatch (de Haas et al., 1999). This
symmetry mismatch is probably required for RNA packaging, which may relate to the
opening of the P4 ring and the uptake of ssRNA genomic precursors before translocation
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(Huiskonen et al., 2007; Lisal et al., 2005). Hydrogen-deuterium exchange studies of Φ8
P4 suggest that P4 associates with the PC via its C-terminal surface (Lisal et al., 2006). In
Φ6 P4, the last 13 amino acids of the C-terminus are essential for PC assembly and
probably for P4 interaction with the P1 shell (Paatero et al., 1998). P1-P4 interactions
likely increase the stability of the P4 hexamer (Lisal et al., 2006).
Cryo-electron microscopy (cryo-EM) studies of the Φ6 NC have revealed a nearly full
P4 hexamer occupancy at the five-fold vertices on the core particle (Huiskonen et al.
2006), whereas the interaction between the P4 hexamer and P1 shell seems relatively
unstable in PCs (Nemecek et al., 2010; Pirttimaa et al., 2002). The average number of P4
hexamers per recombinant PC has been estimated at five (range: 1 to 12; Nemecek et al.,
2010). The majority of P4 hexamers can be removed from the PC via detergent treatment,
and the resulting particles contain only approximately 10% of the P4 observed in wildtype (wt) PCs (Pirttimaa et al., 2002). Similar P4-deficient particles can be obtained from
recombinant expression of an L-complementary DNA (cDNA)-containing plasmid with a
single mutation in gene 4 that results in an amino acid substitution from serine to
glutamine at residue 250 of the P4 protein, designated S250Q particle (Paatero et al.,
1998).

1.3.1.4

Minor protein P7

Protein P7 is an assembly cofactor that may play a role as a glue protein, stabilizing
assembly intermediates and end products (for a review, see Poranen and Bamford, 2012).
Purified cystoviral P7 forms elongated dimers in solution (Eryilmaz et al., 2008; Kainov et
al., 2003; Poranen et al., 2008a). It accelerates PC self-assembly and is essential for the
infectivity of Φ6 virions (Poranen et al., 2008a; Poranen et al., 2001).
P7 is located near the icosahedral three-fold symmetry axes in the interior of the PC
(Katz et al., 2012; Nemecek et al., 2012). There are three potential binding sites for P7
around each three-fold axis. It has been suggested that P7 contacts the interface between
two adjacent P1A subunits, which implies it has a role in stabilizing the formation of the
five-fold vertices of the PC (Nemecek et al., 2012). A high-resolution structure of Φ12 P7
has been solved (Eryilmaz et al., 2008). Nuclear magnetic resonance studies indicate that
P7 is capable of interacting with RNA (Eryilmaz et al., 2008). Because proteins P2 and P7
occupy similar locations within the PC, P7 may compete with P2 for the same binding
sites during assembly (Nemecek et al., 2012) or interact with P2 to allow both proteins to
maintain their locations prior to particle expansion (Katz et al., 2012).

1.3.2 PC assembly
Φ6 PCs can be produced via co-expression of the protein components of the PC in an
Escherichia coli recombinant expression system (Gottlieb et al., 1988b; Paatero et al.,
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1998) or self-assembled using purified protein constituents (Poranen et al., 2001). The
particles produced in this manner have similar biochemical and structural properties to the
corresponding particles formed in vivo (Frilander and Bamford, 1995; Gottlieb et al.,
1988b; Gottlieb et al., 1990; Poranen et al., 2001). They can thus carry out genome
encapsidation and replication functions in vitro and initiate a new round of productive
infection in a Pseudomonas host (Olkkonen et al., 1990; Poranen et al., 2001). Incomplete
PCs, containing the main structural protein P1 and one or two other protein components,
can also be produced in E. coli recombinant expression or self-assembly systems (de Haas
et al., 1999; Gottlieb et al., 1988b; Juuti and Bamford, 1995; Poranen et al., 2001).

Figure 6. The in vitro PC assembly pathway of bacteriophage Φ6 (A) and Φ8 (B). The two
conformers of P1 are shown in light and dark blue. The ring-like (yellow) and drop-like (grey)
shapes correspond to the P4 hexamer and P7, respectively. According to Poranen et al. (2001),
Kainov et al. (2003) and El Omari et al. (2013). See text for details.

Approximately 30–50% of the purified subunits associate to form PCs in the selfassembly system (Poranen et al., 2001). 6% polyethyleneglycol (PEG) 4000 is needed to
initiate the self-assembly reaction. In addition, a small amount of adenosine triphosphate
(ATP)/adenosine diphosphate (ADP) and divalent cations are required to stabilize P4
hexamers during the assembly process. The kinetics of Φ6 PC assembly represents a
typical nucleation-limited assembly process (Prevelige et al., 1993; Poranen et al., 2001).
Based on kinetic analyses, it appears the P4 hexamer induces nucleation to form a P1
tetramer-P4 hexamer complex [(P1)4(P4)6] in the absence of P7 (Fig. 6A). P7 accelerates
the assembly rate and forms an additional assembly intermediate, containing one
tetrameric P1 and two P4 hexamers [(P1)4(P4)12(P7)n]. Under these conditions, the
association of the second P4 hexamer is the rate-limiting step. Subsequently, the PC shell
is rapidly completed via addition of the other building blocks. Protein P2 is incorporated at
a late stage of assembly (Poranen et al., 2001). The high-resolution structure of the P1
pentamer in the presence of P7 was recently solved (Nemecek et al., 2013). The P1 A
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pentamer is hence proposed to associate with the P4 hexamer for nucleation. Subsequently,
P1B subunits associated with P1A pentamers to form the dodecahedral PC shell (Nemecek
et al., 2013).
Another dsRNA phage, Φ8, employs a similar mechanism of PC assembly but uses the
protein building blocks in a different order (Poranen and Tuma, 2004). In this case, the
main structural protein P1 and RNA polymerase P2 are required for nucleation (Fig. 6B;
Kainov et al., 2003). It has been proposed that the basic building block is P1 pentamer,
based on the observation of an asymmetric unit in the Φ8 P1 crystal structure (El Omari et
al., 2013b). During assembly, three Φ8 P1 building blocks are thought to associate with a
P2 monomer to form the nucleation complex (Kainov et al., 2003a). Other building blocks
are rapidly added to form the complete particle. The incorporation of P4 hexamers is
essential for stabilizing the complex structure and increasing assembly fidelity (Kainov et
al., 2003a).

1.3.3 Encapsidation, replication and transcription
The Φ6 PC utilizes its enzymatic activities in sequential order: (1) recognizing and
encapsidating the plus-sense ssRNA genomic precursors (packaging), (2) synthesizing
complementary minus-strands to form the dsRNA genome (replication), and (3)
transcribing new plus-strands via a semi-conservative mechanism (transcription) (Poranen
and Bamford, 2012). These reactions can be carried out in vitro, and the flow of the
reactions can be controlled by adjusting the reaction conditions (Frilander and Bamford,
1995; Gottlieb et al., 1991; Gottlieb et al., 1992; van Dijk et al., 1995).

1.3.3.1

Packaging and replication

The Φ6 packaging process is precise and specific (for a review, see Mindich, 2012).
Specificity is dependent on the pac regions at the 5’ ends of the genomic ssRNA
molecules (see 1.2.2.2; Gottlieb et al., 1994; Pirttimaa and Bamford, 2000). The outer
surface of the P1 shell plays a role in ssRNA recognition and binding (Huiskonen et al.,
2006; Juuti and Bamford, 1995; Nemecek et al., 2013; Qiao et al., 1997, 2003). The
specific binding sites of s-segment are thought to be located near a cavity between the P1 B
subunits at the periphery of the P1A pentamer (Nemecek et al., 2013).
The translocation of virus-specific ssRNA into the PC is carried out by the P4 hexamer,
which couples ATP hydrolysis to mechanical movement (Frilander and Bamford, 1995;
Gottlieb et al., 1991; Mancini et al., 2004). The RNA, captured by the P1 shell, binds to a
putative primary binding site on the P4 surface, which triggers the opening of the
hexameric ring so that the RNA can be loaded (Lisal et al., 2005). The presence of RNA in
the central channel stimulates the ATPase activity of the P4 hexamer, resulting in the
translocation of the RNA segments (Lisal et al., 2005).
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In vitro studies have revealed that particles missing P2 can carry out genomic ssRNA
packaging but not replication (Gottlieb et al., 1990; Juuti and Bamford, 1995). P4deficient particles, which contain approximately 10% the P4 of wt particles, have the same
packaging efficiency and kinetics as wt PCs, which suggests that only one of the twelve
vertices is active during packaging (Pirttimaa et al., 2002). Particles without P7 have low
RNA packaging activity (Juuti and Bamford, 1995).
Virus-specific ssRNA templates for in vitro packaging can be produced by the Φ6 NC
or viral core from the enclosed dsRNA genome (Emori et al., 1983; Ojala and Bamford,
1995) or by T7 RNA polymerase from polymerase chain reaction (PCR)-amplified Φ6
cDNA (Yang et al., 2001).
There are two distinct hypotheses regarding Φ6 packaging and replication control.
Mindich et al. have proposed an ordered packaging mechanism, which suggests that the
sequential packaging process is controlled by gradual capsid expansion (for a review, see
Mindich, 2004, 2012). According to this model, the exterior of the P1 shell on the empty
Φ6 PC has a binding site only for the s-segment (Qiao et al., 1997, 2003). Intake of the ssegment induces expansion of the compact shell to Intermediate 1 conformation (see
1.3.3.2; Nemecek et al., 2011). This changes the particle surface so that s binding sites
disappear, while those for m appear (Qiao et al., 1997). Subsequently, the packaging of the
m-segment induces further expansion of the particles to Intermediate 2 conformation (see
1.3.3.2), exposing l binding sites and removing m binding sites (Nemecek et al., 2011;
Qiao et al., 1997). The packaging of l-segments and subsequent RNA replication lead to a
fully expanded capsid (Nemecek et al., 2011). Consequently, the sequential packaging of
the three segments and the onset of minus-strand synthesis is controlled by a headful
sensing mechanism dependent on the amount of nucleic acids within the capsid (Qiao et
al., 1997). Two kinds of particles are thought to be involved in the “m-segment packaging
mode.” Those particles, which contain glutamic acid to alanine substitution in position
390 of P1, E390A, and particles having S250Q substitution in P4 (see 1.3.1.3.), can
package m- and l-segments without s-segments (Pirttimaa et al., 2002; Qiao et al., 2003).
The alternative model suggests that specific RNA-protein interactions regulate the
process of Φ6 encapsidation (for a review, see Poranen et al., 2005). Binding sites for all
three segments exist on the PC surface (Juuti and Bamford, 1995). But the binding
affinities for the distinct ssRNA segments are different: s > m > l. Each of the three
segments can be packaged independently (Frilander and Bamford, 1995). When packaged
together, the packaging of m is stimulated by the presence of s (Qiao et al., 1995). A
similar effect is found when l is packaged in the presence of m (Frilander and Bamford,
1995). The packaging signal at the 5’ end of the l-segment functions to activate replication
and may play a role in inducing particle expansion (Poranen and Bamford, 1999).
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1.3.3.2

Expansion

The Φ6 PC undergoes conformational rearrangements during genome packaging and
replication, resulting in a roughly 240% increase in volume relative to that of the compact,
empty PC (Huiskonen et al., 2006). During expansion, the neighboring P1 B subunits,
located at the two-fold icosahedral symmetry axes, rotate, and their conformations change
from angled to almost coplanar. In addition, P1A monomers, located around the five-fold
vertex, change their angles with respect to one other and reduce buried surface area
(Huiskonen et al., 2006; Nemecek et al., 2013). Cryo-EM studies have revealed that this
expansion may also change the relative positions of P4 and P1 (Huiskonen et al., 2006). In
the compact PC shell, the density of the P4 hexamer seems to hover over the five-fold
vertex, and a connecting density from each P1 A monomer protrudes toward the adjacent
P4 hexamer. In the expanded particle, the base of the P4 hexamer draws near to the
underlying P1 layer.
Nemecek et al. (2011) have described two expanded intermediates for empty particles
that are proposed to be packaging intermediates (see 1.3.3.1). Compared to a compact PC,
the internal volume of Intermediate 1 increases by 112%. The internal volume of
Intermediate 2 increases an additional 24% relative to Intermediate 1 (Nemecek et al.,
2011). Intermediates 1 and 2 have not been directly isolated. Their structures were attained
via cryo-EM reconstruction from either spontaneously expanded PCs or RNA-extracted
virion cores, which have low P2- and P4-related densities (Butcher et al., 1997; Nemecek
et al., 2011; Nemecek et al., 2010).

1.3.3.3

Transcription

Ф6 transcription starts from the 3’ end of the minus strand and utilizes a semiconservative
mechanism (Emori et al., 1980b; Usala et al., 1980; Van Etten et al., 1980). In vitro PCbased transcription produces predominantly m- and s-segments, as in the late stage of
infection (see 1.2.2.3; Coplin et al., 1975; van Dijk et al., 1995), and there are multiple
transcription forks in S- and M-segments while there is only one in the L-segment (Usala
et al., 1980). During transcription, transcripts are likely extruded from the capsid via the
five-fold vertices, as in rotavirus (Lawton et al., 1997). Biochemical studies of phage Φ8
suggest that P4 acts as a passive conduit for RNA export that does not utilize NTP
hydrolysis (Kainov et al., 2004), although it actively translocates ssRNA during packaging
(see 1.3.3.1). Furthermore, transcription cannot be carried out by particles that contain
only one P4 hexamer, which suggests that P4 plays an essential role in transcription
(Pirttimaa et al., 2002).
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2. Aims of the Study
Bacteriophage Φ6 is a well-studied prokaryotic model for viral assembly and genome
encapsidation. An in vitro assembly system has been established to produce selfassembled Φ6 PC using purified protein constituents (see 1.3.2; Poranen et al., 2001).
High-resolution structures of PC protein components have been solved (see 1.3.1; Butcher
et al., 2001; El Omari et al., 2013a; Eryilmaz et al., 2008; Mancini et al., 2004; Nemecek
et al., 2013). There is also an in vitro encapsidation and transcription system, in which the
three genomic ssRNA segments are translocated into the PC for subsequent minus- and
plus-strand synthesis (see.1.3.3; Frilander and Bamford, 1995; Gottlieb et al., 1991;
Gottlieb et al., 1992; van Dijk et al., 1995).
The aims of this study were to:
i)

utilize the Φ6 in vitro assembly system to probe potential binding sites for
minor proteins within the PC,

ii)

study the regulatory role of the packaging NTPase P4 in virus maturation,
packaging, and transcription, and

iii)

investigate the effects of electrostatic interactions in PC self-assembly and
transcription activity.
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3. Materials and Methods
Bacterial strains and plasmids used in this study are listed in Table 1 and Table 2,
respectively. Experimental methods are summarized in Table 3 and described in detail in
the articles cited.
Table 1. Bacterial strains used in this study
Bacterial strain
E. coli
BL21(DE3)
HMS174 (DE3)
JM109
P. syringae
HB10Y

Relevant property for this study

Reference

Expression strain for P2 and P7
Expression strain for P4
Expression strain for PC, P14,
and S250Q particles

(Studier and Moffatt, 1986)
(Studier and Moffatt, 1986)
(Yanisch-Perron et al., 1985)

Host of Φ6

(Vidaver et al., 1973)

Table 2. Plasmids used in this study
Plasmid
pEM2
pJTJ7
pEM7
pLM358
pLM450
pLM656
pLM659
pLM687

Relevant property for this study
Encodes P2
Encodes P4
Encodes P7
Encodes P14 particle
Encodes PC particle
Complete M-segment
Complete S-segment
Encodes PC particle
Complete L-segment
pLM1224 Encodes S250 particle

Reference
(Makeyev and Bamford, 2000b)
(Ojala et al., 1993)
(Poranen et al., 2001)
(Gottlieb et al., 1990)
(Gottlieb et al., 1990)
(Olkkonen et al., 1990)
(Gottlieb et al., 1992)
(Mindich et al., 1994)
(Paatero et al., 1998)
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Table 3. Methods used in this study.
Methods
Φ6 isolation and purification
Protein and particle purification
Protein concentration measurements
Quantitation of relative protein amounts
Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)
In vitro assembly of Φ6 PC
Light scattering analysis
Agarose gel electrophoresis of RNA
Autoradiography
In vitro synthesis of Φ6 plus-sense ssRNA genomic precursors
In vitro ssRNA packaging, replication, and transcription assay
Reconstitution of P4 on preformed particles
Transmission electron microscopy
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Described and used in
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
I
II
II
II
II
II
II

III
III
III
III
III
III
III

4. Results and Discussion

4.1

In vitro systems for PC assembly and reconstitution;
determination of protein stoichiometry

4.1.1 Determination of protein stoichiometry in the Φ6 PC and the virion
To determine the stoichiometry of proteins in the Φ6 polymerase complex, standard
curves were established linking protein quantity with the intensity of protein bands in
Coomassie blue-stained SDS-PAGE (I, Fig. S1). Although the binding of the dye to each
protein varied, the intensity of staining displayed a linear correlation with the amount of
protein when concentrations were between 0.5–10 µg for P1 and 0.2–3.5 µg for P2, P4,
and P7 (I, Fig. S1). Based on this information, the relative amount of proteins in the PC
and virion could be estimated and converted to copy numbers per particle, using the
molecular weight of the proteins and the fact that each particle contains 120 molecules of
P1.
This quantitation system was first applied to 13 independently isolated Φ6 virion
preparations; the results indicated that the Φ6 virion contains approximately 10, 11, and 40
copies of P2, P4 hexamer, and P7, respectively (I, Table 1). This differs from the numbers
obtained from biochemical quantitation of radioactively labeled virus, which are 110, 14,
111, and 92 for P1, P2, P4, and P7, respectively (Day and Mindich, 1980). Recombinant
PCs from 18 independent preparations were also analyzed. The mean copy numbers of
minor proteins were similar to those observed in virions (I, Table1). However, there was
more variation between samples. The quantitation method established here allowed us to
rapidly and easily determine the protein stoichiometry of viral particles (including virions
and PCs) produced under different conditions (see 4.2).

4.1.2 In vitro assembly system for probing the incorporation of minor
proteins into the P1 shell
The conditions for in vitro assembly reactions have been established previously (Poranen
et al., 2001): ~200 mM NaCl, 6% PEG, and 50 mM Tris-HCl (pH 8.0). The normal (1×)
assembly reaction was carried out with molar ratios of 120:12:72:45 for P1:P2:P4:P7,
which correspond to a mass ratio of 70:6:17:5 that mimics the stoichiometry of proteins in
ϕ6 virions (I, Table 1). In this study, the self-assembly of Φ6 PC was probed (1) by adding
different amounts of minor proteins (I), (2) by adding the protein components in different
orders (I), and (3) by carrying out the reactions under different ionic strength conditions
(III). In order to draw a solid conclusion regarding the protein composition of the in vitro
assembled particles, it was essential to optimize conditions for the separation of particles
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from unassembled subunits. In the final optimized sedimentation conditions (I), the
assembled particles, produced from a reaction with a 10-fold molar excess of P2, P4, and
P7, over P1, could be separated from unassembled subunits without significant crosscontamination (I, Fig. 2). The effects of adding proteins to PC self-assembly reactions
already underway was tested first by incubating two or three protein components of the
PC in the presence of 6% PEG for 60 min, then by adding the missing components for a
second 60 min incubation period (I). The results revealed that the late addition of minor
proteins had an effect on the end products (see 4.2), whereas the late addition of P1 did not
increase the turbidity of the reaction or the quality of the end products.
To investigate the optimal ionic strength for PC assembly, we employed the normal
molar ratios of PC protein components that were used in the PC self-assembly reactions
along with a range of NaCl concentrations, from 80–750 mM (III). As the preparation of
purified P1 monomer contained 500 mM NaCl and the concentration of P1 was typically
between 0.15–0.3 mg/ml, it was difficult to obtain lower NaCl concentrations in the
assembly reaction. Attempts to reduce the NaCl concentration or increase the P1
concentration in P1 preparations have not been successful, as reducing the NaCl
concentration to 150 mM in the purification steps lowers the concentration of the P1
product, whereas concentrating the P1 preparation using centrifugal filters produces
primarily P1 aggregates (data not shown). It is probably similar to those produced during
P1 expression in the absence of other viral proteins (Gottlieb et al., 1988b; Paatero et al.,
1998).

4.1.3 In vitro system for P4 reconstitution on P4-deficient particles
Purified P4 was assembled on two kinds of P4-deficient particles (II), detergent-treated
OG-PC particles and S250Q particles (see 1.3.1.3.). They both contained approximately
10% wt P4 levels (Pirttimaa et al., 2002), meaning that 1 of the 12 potential binding
positions was occupied by P4 hexamer and the other eleven positions were empty. A P4
hexamer : P1 shell molar ratio of 11:1 was hence employed in the P4 reconstitution
reaction, corresponding to a mass ratio of 15:85. The reactions were carried out in the
presence of 6% PEG, 50 mM Tris-HCl (pH 8.0), 75–90 mM NaCl, and varying amounts
of purified P4 (II). We found PEG was not necessary for P4 reconstitution on P4-deficent
particles (III, Fig. 3; II, Fig. 3), which indicates that P4 is indeed assembled on preformed
P4-deficient particles rather than inducing de novo self-assembly of PCs. Furthermore, this
P4 reconstitution system was used to test the effect of ionic strength on P1-P4 interactions
in NaCl concentrations between 60–500 mM (III).
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4.2

In vitro assembly systems for study the Φ6 assembly
pathway

The in vitro PC assembly system (see 4.1.2) and the system for P4 reconstitution on P4deficient particles (see 4.1.3) were used to investigate (1) the roles of electrostatic
interactions between protein constituents (see 4.2.1), (2) the effects of minor proteins on
assembly kinetics and potential minor protein binding sites within the PC (see 4.2.2;
4.2.3.1; 4.2.4) and (3) intermediates in the assembly and packaging pathways (see 4.2.3.2;
4.3.4).

4.2.1 Electrostatic interactions drive Φ6 PC assembly
In reactions with the standard ratio of proteins under low salt concentrations, Φ6 assembly
kinetic curves displayed an S-shape (III, Fig. 2; I, Fig. 6), which is typical of a nucleationlimited process (see 1.3.2). Under higher NaCl concentrations, the assembly rate became
progressively slower and the light scatter recorded did not reach the level observed at
lower salinity (III, Fig. 2). This is consistent with the decreasing signals from assembled
particles observed in SDS-PAGE (III, Fig. 2). The missing subunits were identified as
unassembled subunits in the top fraction of the gradient. These results suggest that
electrostatic interactions between capsid proteins are the major driving force for Φ6 PC
assembly. Furthermore, in 500 mM NaCl, P4 may be converted to its monomeric form
(Juuti et al., 1998), which is inactive in nucleation (see 1.3.1.3; 1.3.2) and slows down the
assembly process.
The PC self-assembly reaction efficiently utilized protein subunits at a rapid rate in
low salinity conditions (III, Fig. 2). Based on calculations from 15 independent reactions
in ~100 mM NaCl, on average 80% of P1 subunits were assembled into PCs within 20
min, and the particles formed contained similar minor protein copy numbers as Ф6 virions
(III, Fig. 2; I, Table 1). Similar optimal ionic conditions have also been reported in other
viral in vitro assembly systems [e.g., P22 and TMV (see 1.1.1; 1.1.2)].

4.2.2 P2 has 20 potential binding sites within the PC and its
incorporation is dependent on electrostatic forces
Φ6 P2 has been suggested to reside at the three-fold icosahedral symmetry position in the
PC interior, which has 20 potential binding sites (see 1.3.1.2; Sen et al., 2008). It is
different from reoviruses, in which RNA polymerases are located close to the icosahedral
five-fold symmetric axes inside the virion shell, with a maximum number of 12 subunits
per particle (see 1.2.1). We probed potential P2 polymerase binding sites in the Φ6 PC by
titrating the amount of P2 from 1/10× to 10× the amount present in the normal assembly
reaction (see 4.1.2). The maximum number of P2s incorporated per PC was 19, which
exceeds the number of five-fold vertices within the Φ6 virion (I, Fig. 3; I, Table 1) and
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supports the hypothesis that P2 polymerases are located at three-fold symmetry positions
(Sen et al., 2008). The low occupancy of P2 binding sites in the Φ6 virion can be ascribed
to two factors. First, the expression of P2 in vivo is regulated by the translational coupling
of gene 2 and gene 7, resulting in relatively low expression of P2 (see 1.2.2.2). We
observed that P2 incorporation is highly dependent on the amount of P2 added (I, Fig. 3).
It is likely to be important in viral reproduction to efficiently sequester polymerase from
the cytoplasm, as free P2 RNA polymerase could potentially convert any cellular ssRNA
into dsRNA. Second, approximately 10 copies of P2 polymerase should be adequate for
RNA metabolism (i.e., replication of the trisegmented Φ6 genome and the subsequent
simultaneous transcription of several copies from a single template) (Usala et al., 1980).
Regardless of P2 concentration in self-assembly reactions, the kinetic curves displayed
a similar S-shape (I, Fig. 6), consistent with the previous observation that P2 does not
affect the kinetics of PC assembly (Poranen et al., 2001). Most P2 was excluded from PCs
when P2 was added late in the reaction (I, Fig. 7), which indicates the shell has been
already assembled by the time P2 was added (see 1.3.2). In self-assembly reactions under
high NaCl concentrations, less P2 was incorporated within the PC, which indicates that
electrostatic interactions are critical for P2 association (III, Fig. 2).

4.2.3 The number of P7 binding sites in the Φ6 PC exceeds P7 copy
number in the virion
Increasing P7 concentration in PC self-assembly reactions accelerated the initial rate of
assembly, but it had no effect on end product yield (I, Fig. 6). Particles produced in the
reactions in which P7 was added at a late stage contained scarcely any P7 (I, Fig. 7). These
results are consistent with the observation that assembly cofactor P7 is incorporated into
the interior of the PC shell at an early stage of assembly (see 1.3.1.4; Poranen et al.,
2008a; Poranen et al., 2001). The association of P7 and the P1 shell is driven by
electrostatic interactions (III, Fig. 2).
Titrations of the molar ratios between P7 and P1 in PC self-assembly reactions were
carried out in the same range used for P2 (see 4.1.2). Approximate 60 copies of P7 were
incorporated per PC when a 10× excess of P7 was provided relative to the normal reaction
(I, Fig. 5). This suggests that the potential number of P7 binding sites is greater than the
P7 subunit copy number in virions (I, Table 1). Furthermore, in reactions with an excess
of P7, we observed that a high P7 occupancy in PCs reduced incorporation of P2 (I, Fig.
5). One possible explanation for this phenomenon is that P2 and P7 compete for the same
binding sites within the PC (Nemecek et al., 2012), as they assemble independently and
share a similar location within the PC (Nemecek et al., 2012; Poranen et al., 2001; Sen et
al., 2008). However, this inference contradicts our P2 and P7 copy number estimates for
the Φ6 virion (I, Table 1), which suggests that P2 and P7 co-reside around several
icosahedral three-fold axes (I, Fig. 5). On the other hand, cryo-EM studies have revealed
disordered P2 densities in particles without P7, which suggests that P7 may function in
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holding P2 in place within the PC (Katz et al., 2012). Hence, it is conceivable that a
specific P2-P7 interaction exists. During the PC assembly process, P7 interacts with P1 at
an early stage, which may lead to a conformational change in P7 that allows association
with P2 at a later stage. However, if P2-P7 interactions occur prior to interaction with P1
in solution, it may hamper their ability to bind to the P1 shell. Furthermore, saturation
with P7 may induce rapid completion of PC assembly, which may shorten the time
available for P2 incorporation, resulting in low P2 occupancy.

4.2.4 The role of P4 in PC assembly and maturation

4.2.4.1

High P4 occupancy is needed for PC formation

P4 is a ring-shaped hexamer essential for nucleation in Φ6 PC self-assembly (see 1.3.1.3;
1.3.2). However, it is not known if a unique vertex guides completion of Φ6 PC assembly,
as is the case for phage P22 assembly (see 1.1.2). Hence, we used increasing
concentrations of P4 in PC self-assembly reactions. Kinetic curves revealed an overall
increase in light-scattering proportional to the amount of P4 added, up to a 2× excess (I,
Fig. 6), which suggests that a single P4 hexamer was not sufficient to induce formation of
the complete particle. Regardless of the initial amount of P4 in the reactions, the
assembled particles contained 10–12 P4 hexamers per PC. This suggests that the P4
hexamer must initially be incorporated at each five-fold vertex for successful PC
formation.
Assembly intermediates for Φ6 PC have been proposed based on biochemical and
structural studies (see 1.3.2). Our results support a nucleation complex containing one P4
hexamer and several copies of P1. In this study, a large excess of P4 in the PC selfassembly reaction reduced, rather than increased, the assembly rate (I, Fig. 6). This
phenomenon may be attributed to the accumulation of (P1) n(P4)6 nucleation complexes
(Nemecek et al., 2013; Poranen et al., 2001), resulting in a shortage of P4 hexamers for
assembly elongation (I, Fig. 6; see 1.3.2). Dissociation of such nucleation complexes is
required to provide free subunits for the completion of PC formation.
In the reactions in which P4 was added at a late stage, light-scattering increased rapidly
even before P4 addition. Analysis of the end product revealed heavy aggregation of P1 (I,
Fig. 7), consistent with the role of P4 in directing the correct assembly pathway and
preventing aggregation (see 1.3.1.1).

34

4.2.4.2

Incorporation of P4 on a P4-deficient PC changes the sedimentation
velocity of the particle

An increase in the number of P4 hexamers per PC was detected in response to increasing
P4 concentration (II, Fig. 2). The average copy numbers per particle of P4 hexamer were
3, 7, and 10 in reactions with 0.25×, 0.5×, and 1× P4, respectively. Approximately 12 P4
hexamers per particle were detected when up to 2× P4 or more was employed,
representing full-occupancy. These results indicate that P4 can assemble on preformed P4deficient particles efficiently. The sedimentation profiles of the particles indicated that P4deficient particles have a different sedimentation velocity compared to particles with a
high P4 hexamer occupancy (II, Fig. 2). Interestingly, when a suboptimal amount of P4
was added to the reactions, two subpopulations of particles with different sedimentation
velocities were observed. The particles that sedimented fast [PC(f)] had high P4 hexamer
occupancy, while the particles that sedimented slowly [PC(s)] were P4-deficient.
The binding of P4 hexamer to the P1 shell was compromised at elevated salinity (III,
Fig. 3). On average, eight P4 hexamers were assembled on P4-deficient particles in 60 and
100 mM NaCl, resulting in fast sedimentation. When P4 reconstitution on P4-deficient
particles was carried out in 200 mM NaCl, a double light-scattering zone was detected,
with approximately three P4 hexamers per particle. No P4 reconstitution was observed
when NaCl concentration was 200 mM or greater. These results indicate that there is a
lower binding affinity between the P1 shell and the P4 hexamer in high salt conditions,
which may be ascribed to neutralization of complementary surface charge distributions
(III, Fig. 1).
The observed differences in particle sedimentation may be due to mass, density, or
shape differences. The reconstitution of P4 on P4-deficent particles appeared to trigger a
global change in particle conformation, resulting in two zones in rate zonal centrifugation.
With a continuous increase of P4 on the particles, one would expect merging of the two
zones. Obviously, particles reside in fast or slow sedimenting conformations, but not
between.

4.2.4.3

Conformation differences between P4-deficient and reconstituted
particles

The velocity shift observed in reconstituted particles encouraged us to explore particle
conformation using negative-stain transmission electron microscopy. Both expanded and
compact particles were observed (II, Fig. 3; for the definition of particle conformations see
Butcher et al., 1997; Nemecek et al., 2011). However, the ratios between expanded and
compact particles were significantly different in different particle preparations. In P4deficient particles, the proportion of expanded particles was approximately 80%. When we
provided a sufficient amount of P4 in the presence of P4-deficient particles, the proportion
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of expanded particles decreased to around 10% and most of particles were in the naïve,
compact conformation of the empty PC (II, Fig. 3).
The appearance of P4-deficient particles resembles the expanded P1 shell (Butcher et
al., 1997), in which recessed five-fold vertices have moved outwards (II, Fig. 3; see
1.3.3.2). Once a P4-deficient particle begins to sequester P4 from the environment, it tends
to acquire full P4 occupancy. This suggests that P4-deficient particles may transiently
adopt a conformation that exposes P4 hexamer binding sites, resulting in the rapid
incorporation of P4 and stabilizing the compact PC conformation. In the Φ8 PC assembly
pathway, the P4 hexamer has been proposed to introduce curvature in the growing
intermediate and to stabilize the vertices to accelerate particle formation (see 1.3.2;
Kainov et al., 2003a). Φ6 P4 may play a similar role in stabilizing the recessed five-fold
vertices in the compact PC.
In earlier cryo-EM studies, expanded PCs were reported to contain very little P4related density (see 1.3.3.2). This may be attributed to the use of conditions for particle
production [e.g., high salt or low pH (Butcher et al., 1997; Nemecek et al., 2011)], which
lower P1-P4 binding affinity, resulting in the loss of P4 hexamers from the PC.

4.3

Encapsidation and transcription

4.3.1 Correlation between PC conformation and packaging activity
In addition to the conformational differences (see 4.2.4.3), P4-deficient particles displayed
compromised packaging activity compared to reconstituted PCs (II, Fig. 3). Two
subpopulations of particles were isolated from the reaction in which the P4 hexamer:
particle ratio was 6:1. The PC(f) particles, containing on average eight copies of P4
hexamer, had similar packaging activity as the wt PC. The PC(s) particles, containing only
one P4 hexamer per particle, could package m- and l- but not s-segments. Similar
packaging affinities have also been described by Pirttimaa et al., who suggested that the
particles produced were in “m-segment packaging mode” (see 1.3.3.1; Pirttimaa et al.,
2002).
The model of ordered packaging (see 1.3.3.1) proposes that the sequential packaging
of the three genomic ssRNA precursors is associated with conformational changes in the
PC shell. Our results support a model in which the sequential packaging of s- and msegments is regulated via conformational changes in the particles. Qiao et al. (2003) have
isolated particles with an E390A substitution in P1 that package s- and m-segments with
equal efficiency. Cryo-EM studies indicate that these particles have a similar conformation
as the wt PC (Sen et al., 2008), although they are more prone to adopt an expanded
conformation at low pH compared to wt particles (Nemecek et al., 2011). The E390A
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substitution resides on the surface of the trapezoid-shaped P1, at its longest edge
(Nemecek et al., 2013). This region is located on the exterior of the P1 A pentamer, which
is covered by P4 hexamers in the PC. Furthermore, low P4 density has been reported for
the corresponding PC (Nemecek et al., 2011). Hence, the amino acid substitution in P1
may diminish the association between P4 hexamers and the P1 shell, resulting in the
expansion of the particle to expose m binding sites.

4.3.2 Transcription activity is dependent on high P4 hexamer occupancy
and is sensitive to environmental ionic strength

4.3.2.1

P4 reconstitution on P4-deficient particles rescues transcription
activity

P4-deficient particles perform packaging and minus-strand synthesis but do not have
transcriptional activity (see 1.3.3.3; Pirttimaa et al., 2002). In this thesis, Φ6 plus-strand
synthesis reactions were carried out using P4-deficient particles in the presence of
different amounts of purified P4 (II, Fig. 4; see 4.1.3). Under the conditions employed,
empty PCs packaged the Φ6 plus-stand genomic precursors s, m, and l, converted them to
dsRNAs within the shell, and produced mainly s- and m-transcripts (see 1.3.3). P4deficient particles did not have transcription activity, but the addition of P4 rescued this
activity (II, Fig. 4). The increase in transcription activity was proportional to the amount
of P4 added, and the peak amount of ssRNA was produced in reactions with 2× P4.
However, a large excess of P4 in the reaction led to a low yield of plus-strand products.
This may be attributed to free P4 subunits consuming NTP substrates, which are thus
insufficient in the synthesis of nascent transcripts.
The addition of P4 also increased the signal intensity of the dsRNA produced during
transcription (II, Fig. 4). This reflects the semiconservative strand displacement
transcription mechanism (see 1.2.2.3). The newly synthesized plus-strand RNA displaces
the unlabeled parental one, resulting in the incorporation of radiolabeled NTPs into the
dsRNA during the synthesis of the first transcripts. The signal for the plus-strand lsegment was barely detectable (II, Fig. 4), which reflects the transcriptional control
observed during late Φ6 infection (see 1.3.3.3) and may be ascribed to the difference
between the 5’-GU terminus of the l-segment and the 5’-GG termini of the s- and msegments (see 1.2.2.2; Frilander et al., 1995; van Dijk et al., 1995).

4.3.2.2

Transcription activity is sensitive to ionic strength

It has been reported that monovalent cations are not necessary for transcription (Ojala and
Bamford, 1995). We carried out Φ6 plus-strand synthesis reactions with self-assembled
particles in 80 mM ammonium acetate (Ojala and Bamford, 1995; van Dijk et al., 1995)
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and NaCl concentrations varying from 0–75 mM (III, Fig. 4). Our results indicated that
transcription decreased dramatically when NaCl concentrations increased. However, this
effect could be reversed by reducing NaCl concentrations (III, Fig. 4). The diminished
transcription activity in high ionic strength conditions may be related to the low binding
affinity of P4 to the P1 shell (see 4.2.4.2).
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5. Conclusions and Future Prospects
Φ6 PC assembly is precise and efficient. Electrostatic interactions are the main force
driving Φ6 PC formation (III). P4 hexamers induce the nucleation of PC assembly
(Poranen et al., 2001), and initially associate to each of the PC’s five-fold vertices (I).
Proteins P7 and P2 share similar binding positions within the PC shell (Katz et al., 2012;
Nemecek et al., 2012; Sen et al., 2008) and may interact during the PC assembly process
(I). Although P4-deficient PCs may undergo premature expansion, these particles can
efficiently sequester free P4 hexamer from the environment to recover their normal
compact conformation and associated capacity for RNA encapsidation and transcription
(II).
Many issues remain to be studied. For instance, in vitro systems of Φ6 PC selfassembly and encapsidation can be used to detect the proposed assembly and packaging
intermediates. Highly uniform, self-assembled particles with full P2 or P7 occupancy
provide opportunities to define the precise interactions of these proteins with the PC shell
in high-resolution structural studies. Furthermore, the position of the P2 polymerase
within the PC during particle maturation is an open question: does it stay in the three-fold
symmetry position or move toward the five-fold vertex? In addition, how P2 activity is
associated with PC conformational switches remains to be investigated. Comparison of wt
PCs and P4-deficient particles may provide clues to the location of P2 in expanded
particles.
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