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1 INTRODUCTION 

Viruses are obligatory parasites 
without inherent metabolism. They are 
dependent on their host’s cellular ma-
chineries, which they utilise to accom-
plish their infection-cycle. To ensure 
efficient reproduction the virus-specific 
nucleic acid is encapsidated in a pro-
tective shell, which functions as a vehi-
cle to encounter a new host. Upon re-
ceiving a proper signal following host 
cell recognition the protective shell has 
to be disassembled to allow the deliv-
ery of the nucleic acid into the host cell 
to initiate a new reproduction cycle. 
Thus, the virus structure is a compro-
mise between stability, which drives 
assembly and packaging of nucleic 
acid, and metastability, which plays a 
role in the virus entry.  

Viruses are the most abundant 
forms of life on Earth infecting probably 
all cellular organisms. It has been es-
timated that the total number of virus 
particles is in the order of 1031-32, which 
exceeds the number of host cells by at 
least a factor of ten (Bergh et al., 1989; 
Wommack and Colwell, 2000). Viruses 
having either ribonucleic acid (RNA) or 
deoxyribonucleic acid (DNA) genomes 
are known (van Regenmortel et al., 
2000). Most of the animal virus ge-
nomes are RNA molecules, but when 
viruses infecting bacteria are consid-
ered, DNA genomes appear dominant, 
mostly in the form of double-stranded 

(ds) DNA. Currently bacteriophages 
constitute the largest virus group de-
scribed, including ~5300 examined 
bacterial viruses organised in 13 virus 
families (Ackermann, 2003; van 
Regenmortel et al., 2000). The majority 
of the discovered phages (96%) are 
polyhedral virions with a tail, while the 
minority are polyhedral, filamentous, or 
pleomorphic phages (Fig. 1). 

Bacteriophages were discov-
ered independently by two scientists, 
Twort and d’Herelle, at the beginning of 
the 20th century. Studies on phages 
have had a great impact on the devel-
opment of modern molecular biology 
and the understanding of the basic 
mechanisms of life, not the least im-
portant being the discovery of DNA 
carrying the genetic information or 
mRNA transferring that information 
further (Fields et al., 1996). In general 
bacteriophages are rather simple or-
ganisms and their genomes are often 
small, but they show remarkable diver-
sity in both structure and function. Vi-
ruses can often be obtained rather 
easily and they usually have regular 
structures. Thus, they have been util-
ised widely as model systems. Al-
though viruses have adapted to various 
cellular environments, several common 
principles in viral functions have been 
observed, in many cases elucidating 
also the cellular life. 

1.1 VIRUS STRUCTURE 

1.1.1 HELICAL AND ICOSAHEDRAL VIRUS ARCHITECTURES 

Viruses have optimised the us-
age of their limited resources by using 
certain simple principles to effectively 
accomplish their infection-cycle. Vi-
ruses have solved this minimalism by 
using symmetry and conformational 

polymorphism of the subunits in their 
structure. The viral capsid is often con-
structed from several copies of one 
polypeptide building block organised 
either icosahedrally or helically. The 
purpose of the capsid is to function as 
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Figure 1. Major bacteriophage groups. Modified from Ackermann (2003). C, circular; L, 
linear; S, segmented; T, superhelical. 

 
a protective vehicle to deliver the viral 
genome into the host cell. 

The simplest viral structures are 
helical. They can be rigid rods such as 
tobacco mosaic virus (TMV; Butler, 
1999) or flexible filaments such as bac-
teriophage fd (Day et al., 1988). In 
TMV a linear ssRNA molecule is in-
serted between the successive turns of 
identical proteins in a helical array. In 
filamentous phages, such as fd, their 
ssDNA genome is sheathed by capsid 
subunits and they comprise also spe-
cialised minor proteins capping the tips 
of the filament. 

More complexity is found among 
icosahedral virus structures consisting 
of several different protein species. 

The surface architecture of icosahedral 
viruses can be described following the 
theory of quasi-equivalence introduced 
by Caspar and Klug (1962) and pre-
sented by its triangulation number (T). 
The T number describes the number of 
different environments occupied by one 
subunit (or the multiples of 60 subunits 
forming the capsid). The simplest way 
to build up a capsid is the T=1 archi-
tecture, where 60 chemically identical 
subunits form a continuous protein 
shell (Baker et al., 1999). When more 
than 60 subunits are assembled into 
pentamers and hexamers (T>1), the 
environments of the subunits cannot be 
equivalent, but ‘quasi-equivalent’. This 
is achieved when chemically identical 
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subunits change their bonding. Only 
certain T numbers (T = 1, 3, 4, 7, 9, 12, 
13…) are allowed following the rela-
tionship T=h2+hk+k2, where h and k 
are integers (Caspar and Klug, 1962). 
However, there are exceptions such as 
the T=2 arrangement of fungal virus 
capsids (Cheng et al., 1994) and the 
inner core of dsRNA viruses (Butcher 
et al., 1997; Grimes et al., 1997). The 
T=2 architecture can be described as a 
T=1 arrangement of a dimer. In addi-
tion, due to the presence of more than 
one polypeptide building blocks, 
pseudo-T numbers are used to indicate 
that the same structural unit does not 
occupy all of the quasi-equivalent posi-
tions. For example, adenoviruses are 
built up from unique vertex proteins 

and the major coat proteins are organ-
ised in a pseudo T=25 lattice (Burnett, 
1985). 

Although icosahedral virus 
structures are mostly regular, a number 
of structural variations occur; capsids 
can be elongated or consist of several 
concentric protein shells. Furthermore, 
an asymmetric capsid can consist of 11 
identical vertices and a unique struc-
ture in one vertex. The capsid may in-
clude structures projecting out from the 
capsid such as spikes, fibres, or tails. A 
lipid envelope surrounding the nucleo-
protein core is a frequent feature 
among animal viruses. A minority of 
the characterised bacteriophages have 
envelopes or contain lipids as part of 
the virion (Fig. 1). 

1.1.2 VIRUS ASSEMBLY 

Viruses have solved the archi-
tectural challenge of assembling a 
stable structure that can be rapidly dis-
assembled upon infection. There are 
various mechanisms to achieve accu-
rate assembly, but common for all 
viruses is that the structural proteins 
are assembled in an ordered way in 
various assembly steps to form a 
virion. The classical example of a 
complex assembly of a virus is the 
branched well-described assembly 
pathway of bacteriophage T4 (Mosig 
and Eiserling, 1988). Phage tail, head, 
and tail fibres are built up via separate 
pathways, and finally combined to-
gether to construct an infectious virion. 

A nucleation event controls the 
initiation of assembly. The interactions 
between the viral components in the 
nucleation centre induce conforma-
tional rearrangements in the building 
blocks. This creates new surfaces for 
subsequent interactions and triggers 
the next step in the assembly pathway 
(Casjens, 1997). This is the driving-
force allowing the assembly to proceed 
in an ordered manner. Assembly-in-

duced conformational changes are 
commonly required to accomplish 
quasi-equivalent interactions in the ico-
sahedral lattice (Dokland, 2000; Tuma 
et al., 2001). There are two fundamen-
tally different mechanisms of confor-
mational switching. Firstly, the confor-
mations observed in the virus capsid 
can form prior to the assembly of the 
capsid. This mechanism is employed 
by bacteriophage Hong Kong 97 
(HK97). The coat proteins of HK97 
assemble into pentamers and 
hexamers and their proportions guide 
the assembly process (Duda et al., 
1995). Alternatively, the final conforma-
tions in the subunits are achieved only 
during the virus capsid assembly. As 
an example, bacteriophage PRD1 coat 
protein folding and multimerisation are 
assisted by phage and host-encoded 
proteins. The coat proteins attain their 
final conformations upon the matura-
tion of an infectious virion (Bamford et 
al., 1995; San Martín et al., 2001). 

Three types of genome encap-
sidation mechanisms are known for 
viruses: i) co-assembly of nucleic acid 
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and coat proteins, ii) packaging into 
preformed empty particles, and iii) as-
sembly of a protein shell around pre-
condensed nucleic acid (Casjens, 
1997). In all cases the viral nucleic acid 
is identified and selected for packag-
ing. Viral nucleic acids contain pack-
aging recognition (pac) sites to ensure 

specific packaging, such as the pac-
sites of single-stranded (ss) RNA virus 
TMV (Turner et al., 1988), dsRNA 
bacteriophage φ6 (Pirttimaa and 
Bamford, 2000), and dsDNA bacterio-
phage λ (Catalano et al., 1995). 

1.1.2.1 Co-assembly of viral nucleic acid and coat proteins 

In simple viruses such as TMV 
the assembly of the helical coat occurs 
simultaneously with the packaging of 
the ssRNA without any host or virally-
encoded accessory factors (Butler, 
1999). TMV assembly is initiated by 
binding of the first coat protein 
oligomer, a disk, to a specific site in the 
genome (Turner et al., 1988). The sub-
sequent additions of oligomeric protein 
disks lock the ssRNA genome in a 
helix structure, which is most likely 
elongated in two directions, towards 

the 5’ and 3’ ends of the RNA genome. 
Also for satellite tobacco mosaic virus 
(STMV), a small (T=1) icosahedral 
virus, it has been proposed that the 
capsid assembly is mediated by co-
condensation of ssRNA with coat 
protein dimers (Larson and 
McPherson, 2001). The RNA and coat 
protein interactions in bacteriophage 
MS2 also suggest that the capsid for-
mation occurs simultaneously with 
RNA condensation (Koning et al., 
2003). 

1.1.2.2 Genome packaging into preformed empty particles 

The packaging of genomes into 
preformed empty capsids is best 
described among the tailed dsDNA 
bacteriophages. The primary product of 
the subunit assembly is an empty 
precursor capsid, called the procapsid. 
It consists of a coat protein shell, an 
internal scaffold, and a portal vertex. 
The portal (or head-tail connector) is a 
ring of 12 or 13 proteins located at one 
special vertex used for packaging and 
delivery of the phage DNA (Bazinet 
and King, 1985; Valpuesta and 
Carrascosa, 1994). The portal plays a 
role in the assembly of the procapsid 
and provides a docking site for the 
DNA packaging enzymes, and eventu-
ally for the phage tail. In the recently 
solved crystal structure of the φ29 
portal protein, the connector appears 
as a hollow cylinder with a central 
channel of ~40 Å in diameter, which 
could easily accommodate dsDNA 
(Simpson et al., 2000). Characteristic 

to the φ29 DNA-packaging device is 
the presence of a virally-encoded 
prohead RNA (pRNA) bound to the 
connector (Guo et al., 1987a). Non-
structural scaffolding proteins are 
required for the assembly of the pro-
capsid. For example, the coat proteins 
of bacteriophage P22, which do not 
assemble alone, co-polymerise with 
the scaffolding proteins (Prevelige et 
al., 1988; 1993). Structural analysis of 
the φ29 scaffolding protein before and 
after the prohead assembly revealed 
that the scaffold is arranged inside the 
capsid as a series of concentric shells 
(Morais et al., 2003). It was suggested 
that DNA binding mediates the struc-
tural transition from procapsid to 
mature φ29 virion and release of the 
scaffold. Prior to the packaging of the 
DNA the scaffold is removed from the 
capsid (Dokland, 1999). 

Almost all described encapsida-
tion systems using a procapsid state 
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package a linear molecule. These 
include ssRNA segments of φ6, unit-
length DNA genomes with terminal 
proteins (e.g. PRD1 or φ29) or replica-
tion generated concatameric DNA 
molecules (e.g. T7 or P22; King and 
Chiu, 1997; Mindich, 1999). The 
concatamers are cleaved into virus ge-
nome length molecules by a terminase 
enzyme residing at the packaging 
vertex (Catalano, 2000). The packag-
ing is initiated by a specific cutting at 
the pac site. The unidirectional pack-
aging proceeds gradually until the head 
is full. The cleavage generated by 
terminase can be either sequence 
specific (e.g. in λ) or triggered by head-
full mechanism (e.g. in P22).  

Translocation of the nucleic acid 
into a precursor capsid is driven by 
external energy. The most detailed 
description of a packaging mechanism 
exists for phage φ29. Portal complexes 
convert the chemical energy from ATP 
hydrolysis into mechanical pumping of 
the linear nucleic acid molecule into the 
procapsid (Guo et al., 1987b; Pirttimaa 
et al., 2002). The symmetry mismatch 
between the packaging machinery and 
the procapsid is presumably assisting 
the motion of the packaging device 
with respect to the capsid upon nucleic 
acid transport (de Haas et al., 1999; 
Guasch et al., 2002; Hendrix, 1978; 
1998; Simpson et al., 2000). During 
packaging the procapsid expands and 
matures to form an infectious virion 
(Butcher et al., 1997; King and Chiu, 
1997). For example, the procapsid of 
HK97 goes through several distinct 
expansion intermediates (Duda et al., 
1995). During this dynamic process the 
major capsid proteins undergo struc-
tural transitions, which proceed in a 
series of stochastically triggered 
subtransitions (Lata et al., 2000). 

Osmotic pressure (~1 MPa) has 
been reported to be required in con-
densing DNA in solution to a density 
observed in the phage head (Rau et 

al., 1984). Recent experiments with 
φ29 have estimated the magnitude of 
the pressure in the packaged phage 
head to be up to 6 MPa (Smith et al., 
2001). Within the mature phage, the 
DNA is tightly packaged to the density 
of liquid crystal (Cerritelli et al., 1997; 
Lepault et al., 1987). In the mature T7 
head, modelled by cryo-EM and image 
analysis, the DNA is organised as a 
tightly wound coaxial spool, with the 
DNA coiled around the core in several 
concentric shells (Cerritelli et al., 
2003). Thus, the capsid must be stable 
enough to encounter such a high pres-
sure. 

Proteolytic cleavage of structural 
proteins plays an important role in the 
assembly of many animal viruses such 
as herpesviruses (Newcomb et al., 
2000). In dsDNA bacteriophages this 
cleavage is associated with DNA pack-
aging, capsid expansion, and scaffold 
removal (Dokland, 2000). The classic 
example of proteolysis during virus 
maturation is the cleavage of T4 coat 
protein during morphogenesis 
(Laemmli, 1970). Another example is 
the HK97 coat protein, which under-
goes proteolysis resulting in the 
removal of its N-terminal domain (Duda 
et al., 1995). In contrast to other tailed 
dsDNA phages, HK97 does not have a 
scaffolding protein. Instead, the N-
terminal domain of the coat protein 
might function as a scaffold (Conway et 
al., 1995). Also mechanisms such as 
cross-linking are used to direct the viral 
assembly, like in HK97. The coat pro-
teins of HK97 are covalently joined 
together and form cross-linked 
hexamers and pentamers (Duda et al., 
1995).  In addition, virally-encoded 
assembly factors (e.g. proteins P10 
and P17 in PRD1; Mindich et al., 1982) 
and cellular chaperonins may guide the 
folding of coat proteins and thus, 
prevent premature assembly of the 
phage particle (e.g. T4, HK97; 
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Georgopoulos et al., 1972; Xie and 
Hendrix, 1995). 

Scaffolding protein-assisted as-
sembly pathways are utilised also by 
animal herpesviruses (Newcomb et al., 
2003). Modifications of this theme are 
also employed by the two icosahedral 
lipid-containing bacteriophages PRD1 
and φ6. In PRD1, the internal mem-
brane acts as a scaffold for capsid as-
sembly. The dsDNA genome is pack-
aged through a unique vertex into a 
precursor capsid containing a lipid 
membrane (Gowen et al., 2003; 
Mindich et al., 1982; Strömsten et al., 
2003). Unlike packaging ATPases of 
other phages utilising packaging 
through a single vertex, the packaging 
ATPase of PRD1 is a structural protein 
(Mindich et al., 1982; Strömsten N. J. 
et al., unpublished). During packaging, 
the PRD1 membrane expands analo-
gously to the capsid expansion in the 

maturation of other dsDNA phages 
(Butcher et al., 1995). φ6 packages its 
segmented ssRNA genome into a 
preformed nucleocapsid accompanied 
by expansion of the procapsid (Butcher 
et al., 1997). The dsRNA-containing 
nucleocapsid is then enveloped 
(Mindich et al., 1976). Also the 
morphogenesis of small icosahedral 
bacteriophages of the Microviridae 
family, with circular ssDNA genomes, 
proceeds via an empty procapsid 
intermediate. The spikes and coat 
proteins assemble with the external 
and internal scaffolding proteins. The 
resulting open procapsids of φX174 
(Dokland et al., 1999) and α3 (Bernal 
et al., 2003) have prominent pores 
around three-fold symmetry axes. The 
openings might be utilised for DNA 
packaging concomitantly with its syn-
thesis. 

1.1.2.3 Assembly of a protein shell around precondensed nucleic acid 

The third mechanism to encap-
sidate the viral genome is the pre-
condensation of nucleic acid. The 
nucleic acid is first condensed in the 
presence of specific proteins resulting 
in a compressed nucleoprotein core, 
which is covered by a protein capsid. 
For circular dsDNA of Simian virus 40 
(SV40) it has been demonstrated that 
the genome is complexed with host-
encoded histones (Garcea and 
Liddington, 1997). Cellular transcription 

factor Sp1 interacts with viral 
multimeric capsid proteins and recruits 
them to the packaging signal ses of the 
SV40 genome near the origin of repli-
cation (ORI; Gordon-Shaag et al., 
2002). This functions as a nucleation 
center for the SV40 capsid assembly. 
The capsomers are polymerised 
around the genome and form interac-
tions with adjacent capsomers and the 
viral genome. 
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1.1.3 EVOLUTION OF VIRUSES 

The rapid sequence divergence 
in virus genomes makes it difficult to 
establish relationships between 
distantly related viruses. RNA virus 
genomes has been estimated to di-
verge by a rate of 10-2 to 10-4 changes 

per nt per year (Takeda et al., 1994; 
Weaver et al., 1997). Sequence data is 
still valuable in comparisons of closely 
related species, while the nucleic acid 
sequences of more distant species 
have diverged.  

1.1.3.1 Viral mosaicism  

Comparisons of tailed dsDNA 
bacteriophage genomes have revealed 
some of the evolutionary mechanisms 
detected at the genomic level. Discov-
ery of conserved genomic patterns 
within specific phage groups has led to 
proposal that tailed lambdoid phages 
have a common global gene pool 
(Hendrix et al., 1999). During their 
propagation phages encounter DNA of 
bacterial or prophage origin and can 
recombine to generate new genomic 
arrangements. Thus, tailed dsDNA 
phages are considered to be genetic 
mosaics (Hendrix et al., 1999; 2003). 
The observed mosaicism of lambdoid 
genomes has evolved by recombina-
tion resulting in the addition of genetic 
modules, morons, described by Juhala 
et al. (2000).  Similar evolutionary 
mosaicisms have been reported for 
recently described marine cyanophage 
genomes (Mann, 2003). Although 
marine cyanophages are quite distinct 
from the other T4-like phages, their 
genomes share similarities with that of 
coliphage T4 (Hambly et al., 2001). 
Most variable areas are found among 
genes that are thought to facilitate the 
adaptation to new environments and 
stresses (Desplats and Krisch, 2003). 
Very recently it was discovered that 
recombination between two 
yersiniaphages, φA1122 and φYeO3-
12, has yielded progeny phages 
(Garcia et al., 2003). It was proposed 
by the authors that one of these 
recombinant phages is coliphage T3 
described ~50 years ago. Due to 

recombination, accurate taxonomic or 
phylogenetic analyses among mosaic 
viruses may be impossible (Lawrence 
et al., 2002). 

Horizontal gene exchange by 
recombination is rare between phages 
infecting phylogenetically distant hosts, 
but coinfection and recombination may 
occur if their hosts are the same or 
phylogenetically relatively close 
(Hendrix et al., 1999). It has been 
observed that in natural aquatic virus 
communities, genetic similarities exist 
between phages infecting related hosts 
(Jiang et al., 2003). Furthermore, 
increasing morphological variance 
observed among T4-type phages cor-
relates with the increasing phylogenetic 
distance of their host (Desplats and 
Krisch, 2003). Exchange between 
more distant species can be a result of 
more ancient exchange of the genetic 
modules or a series of exchanges 
through intermediate genomes 
(Hendrix et al., 1999). Hambly et al. 
(2001) discovered genetic elements 
from marine cyanophages similar to 
terrestrial coliphage T4, which might be 
a demonstration of an ancient recom-
bination.   

While horizontal gene transfer 
as a viral evolutionary mechanism has 
been proposed among tailed lambdoid 
phages, it may not be as universal as 
concluded. The horizontal genetic 
exchange in the T7 group of phages 
has been shown to be limited, as indi-
cated by a strong conservation of 
essential genes and their organisation 
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(Chen and Lu, 2002; Hardies et al., 
2003; Kovalyova and Kropinski, 2003).  
According to a study of Lactococcus 
prophages, genomic similarity of 
lysogenic phages is much lower than 
that of lytic phages (Chopin et al., 
2001). Thus, virulent phages with a 
unique replication strategy and rapid 

and efficient life cycle might evolve by 
genetic adaptation and accumulation of 
point mutations rather than recombin-
ing and exchanging genetic modules, 
which is more common for temperate 
phages (Burch and Chao, 2000; Holder 
and Bull, 2001). 

1.1.3.2 Early viral ancestors 

While primary sequences are 
evolving in response to evolutionary 
pressure, the variation in two homolo-
gous gene sequences might prevent 
the observation of a shared origin. At 
the same time, the corresponding 
three-dimensional structures needed to 
carry out the fundamental viral func-
tions, may maintain a conserved 
structure. Structural studies have an 
increasing importance for analysing 
phylogeny among distant viruses. 
Although it is evident that horizontal 
gene exchange exists, it can be 
considered that vital conserved key 
functions and structures comprising a 
common ‘virus-self’ diverge slowly and 
arose a long time ago (Bamford et al., 
2002).  

An illustration of conserved viral 
structures coupled with vital functions 
is the jellyroll (β-barrel) topology of 
capsid proteins. It has been found in an 
enormously wide range of viruses such 
as bacterial viruses φX174 (McKenna 
et al., 1992) and PRD1 (Benson et al., 
1999), brome mosaic virus (BMV) 
infecting plant cells (Lucas et al., 
2002), and animal viruses SV40 
(Liddington et al., 1991), adenoviruses 
(Athappilly et al., 1994), and picornavi-
ruses (Hogle et al., 1985). A subset of 
these jellyroll topology proteins is the 
double-barrel found in PRD1 (Benson 
et al., 1999), Paramecium bursaria 
Chlorella virus 1 (PBCV-1; 
Nandhagopal et al., 2002), and adeno-
virus (Athappilly et al., 1994) for which 
the major capsid protein crystal 

structures are available. These com-
plex dsDNA viruses use this architec-
ture to accomplish large facets. Struc-
tural modelling based on sequence 
information revealed that the fold of the 
bacillusphage Bam35 coat protein is 
also a double-β-barrel (Ravantti et al., 
2003). The strong conservation of the 
jellyroll fold in coat proteins despite any 
apparent sequence similarity suggests 
its utility as a building block throughout 
evolution. These viruses might share a 
common ancestor, which arose long 
time ago (Chelvanayagam et al., 
1992). Also the glycoprotein structures 
of alphaviruses and flaviviruses are 
related with a similar fold (Lescar et al., 
2001; Pletnev et al., 2001). Although 
there are differences between flavi- 
and alphaviruses in the capsid archi-
tecture and in the genome organisa-
tion, it is more likely that the glycopro-
teins are derived from a common 
ancestor (Strauss and Strauss, 2001). 

Common evolutionary roots 
have been described for some bacte-
rial and animal viruses. Extensive 
similarities have been found in bacte-
riophage PRD1 and adenovirus, 
strongly suggesting a common evolu-
tionary origin (Benson et al., 1999). 
This descriptive example of conserva-
tion between viruses infecting entirely 
different hosts (bacteria and verte-
brates) includes capsid architecture, 
vertex organisation, and genome repli-
cation strategy. Recently two other 
viruses, chlorella virus PBCV-1 and 
bacillus phage Bam35, sharing related 
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structural architectures with PRD1 
have been described (Nandhagopal et 
al., 2002; Ravantti et al., 2003). This 
conservation agrees with the current 
hypothesis by Bamford et al. (2002) 
and proposes that PBCV-1 and Bam35 
belong to the virus lineage of PRD1 
and adenovirus. Also it has been 
noticed that animal herpesviruses 
share structural similarities with tailed 
dsDNA bacteriophages. The assembly 
of herpesviruses occurs via procapsid-
state with the help of scaffolding 
proteins similar to complex bacterio-
phages (King and Chiu, 1997). Discov-
ery of a portal protein in herpesvirus 
(Newcomb et al., 2001), strengthens 
the idea of a common evolutionary 
origin among these viruses (Bamford et 
al., 2002; Belnap and Steven, 2000). 

High-resolution structural data of 
several dsRNA viruses revealed that 
they share structural similarities 
(Bamford et al., 2001). The most strik-
ing similarity is the architecture of the 
inner shell. This unusual “T=2” organi-
sation of the polymerase particle 
essential for RNA metabolism was 
described first for bluetongue virus 

(Grimes et al., 1998). The similarities 
exceed further among the Reoviridae 
family; the folds of the “T=2” shell pro-
tein of bluetongue virus (Grimes et al., 
1998) and reovirus (Reinisch et al., 
2000) are analogous with no sequence 
relationship. Bacterial dsRNA virus φ6 
shares similar organisation and func-
tions with eukaryotic reoviruses 
(Butcher et al., 1997). Thus, it has 
been suggested that these dsRNA 
viruses may also belong to the same 
evolutionary lineage (Bamford et al., 
2002).  

As a conclusion, it seems that 
viruses constitute a huge, ancient, 
rapidly evolving population, that was on 
Earth before the divergence of the 
three domains of life. The basic struc-
tural solutions might have arisen early 
and have been conserved ever since. 
Independent evolution of a set of simi-
lar structures and functions seems 
highly improbable. Obviously each 
virus evolves continuously alongside its 
host organism to ensure efficient re-
production. 

1.2 BACTERIOPHAGE ENTRY 

1.2.1 GRAM-NEGATIVE CELL ENVELOPE  

The cytoplasm of Gram-nega-
tive bacteria is enclosed within two 
concentric membranes: the outer 
membrane (OM) and the cytoplasmic 
membrane (CM). The OM provides a 
rather passive protective layer for the 
cell, while most of the metabolic func-
tions are associated with the CM 
(Kadner, 1996). Additional external 
layers such as capsules and S-layers 
can reside outside the OM as an extra 
protective barrier, which can also 
contribute to attachment to surfaces 
(Sleytr and Beveridge, 1999; Whitfield 
and Roberts, 1999). The periplasm 
between the two membranes contains 

a cross-linked peptidoglycan layer and 
a number of soluble proteins, including 
nucleases. 

Most of the knowledge con-
cerning the organisation of the Gram-
negative cell envelope has been 
obtained from the enteric bacteria 
Escherichia coli and Salmonella 
enterica. The OM of Gram-negative 
bacteria is highly asymmetric. The in-
ner leaflet consists of phospholipids 
[70-80% phosphatidyletanolamine 
(PE), 20-30% of phosphatidylglycerol 
(PG), and cardiolipin], while lipopoly-
saccharides (LPS) are found exclu-
sively in the outer leaflet (Nikaido, 



12 

1996). The Gram-negative OM func-
tions as a barrier for many external 
agents. The protecting effect is mainly 
due to the presence of LPS molecules. 
The low fluidity of the highly charged 
LPS molecules decreases the rate of 
the transmembrane diffusion of lipo-
philic solutes (Nikaido and Vaara, 
1985). 

LPS molecules consist of i) a 
proximal hydrophobic membrane 
anchor lipid A, ii) a central core oligo-
saccharide with multiple phosphoryl 
substituents, and iii) a distal polymer 
consisting of oligosaccharide repeats, 
the O-antigen. The structurally diverse 
O-antigens provide the cell a hydro-
philic surface and are the main anti-
gens targeted by host antibody 
responses. O-antigens also play a role 
in protection against host defence 
mechanisms such as phagocytosis 
(Erridge et al., 2002; Nikaido, 1996; 
Raetz and Whitfied, 2002). The deep 
rough mutants of S. enterica lacking 
the O-antigen and the distal core 
region were found to be extremely 
sensitive to hydrophobic compounds 
such as dyes, antibiotics, detergents, 
or mutagens. Thus, the core region is 
involved in maintaining the barrier 
properties of the OM (Nikaido, 1996). 
Negatively charged residues in the 
proximal core oligosaccharide are 
particularly important to membrane 
integrity. The negative charges allow 
adjacent LPS molecules to be linked by 
divalent cations (Ca2+, Mg2+) strength-
ening the OM structurally (Nikaido, 
1996). The lethality of the lipid A 
mutants suggests that the hydrophobic 
anchor of LPS is essential for the as-
sembly of the OM.  

An additional set of proteins 
contributes in the permeability proper-
ties of the OM. Half of the OM mass 
consists of proteins, that play a role in 
signal transduction, translocation of 
solutes, and nutrient uptake. Scarce 
metal complexes such as iron and 

vitamins such as vitamin B12 are ac-
tively taken up by specialised transport 
complexes operating with the proteins 
in the CM (Moeck and Coulton, 1998). 
Porins are one of the most abundant 
proteins in the OM. They form relatively 
non-specific pores that allow rapid 
passage of small hydrophilic molecules 
across the OM (Nikaido, 1992). A porin 
consists of three β-barrels forming 
channels with a ~10 Å width allowing 
the diffusion of compounds no larger 
than 600 kDa (Koebnik et al., 2000). 
The OM contains also an abundant 
lipoprotein. It is covalently bound to the 
periplasmic peptidoglycan layer con-
tributing to the structural rigidity of the 
OM by forming a network (Shu et al., 
2000). 

The semipermeability of the CM 
and the high solute concentration of 
the cytoplasm contribute to a consider-
able intracellular turgor pressure. This 
pressure forces the CM against the 
stress-bearing bacterial periplasmic 
cell wall. The cell wall is composed of 
murein (or peptidoglycan), which sur-
rounds the whole bacterial cell as a 
single macromolecule (Höltje, 1998). 
The murein forms a three-dimensional 
sack maintaining the shape of the cell. 
Cells have their own enzymes control-
ling the cleavage of the peptidoglycan 
needed during the cell division. The 
peptidoglycan consists of glycan 
strands and peptide chains covalently 
joined together forming a meshwork, 
which restricts the diffusion of large 
protein complexes (Dijkstra and Keck, 
1996). In E. coli, particles larger than 
50 kDa cannot pass the murein layer 
(Demchick and Koch, 1996). A neutron 
small-angle scattering study of E. coli 
sacculus showed that 75-80% of the 
murein is organised in a single-layer, 
the remaining being triple-layered with 
a thickness of 2.5-7.5 nm (Labischinski 
et al., 1991). The glycan strands are 
polymers of aminosugars, N-acetyl-
glucosamine (GlcNAc) and N-acetyl-
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muramic acid (MurNAc), linked 
together by β-1,4 glycosidic bonds. 
While variation among the glycans is 

small, the peptides vary frequently 
between different bacteria. 

1.2.2 DELIVERY OF PHAGE NUCLEIC ACID INTO GRAM-NEGATIVE CELLS 

The virion functions as a protec-
tive shell for its nucleic acid, which has 
to enter the cell to reach the site of its 
replication. In the case of bacterio-
phages infecting Gram-negative cells 
the replication of the viral nucleic acid 
occurs in the cytoplasm. Thus, the rigid 
three-layered Gram-negative cell 
envelope forms a barrier to the enter-
ing bacteriophage. Depending on the 
morphology of the virus and the type of 
the nucleic acid, different strategies for 
the phage nucleic acid internalisation 
have evolved (Poranen et al., 2002). 
The nucleic acid transport is essential 
not only for virus infections, but similar 
mechanisms are utilised widely also 
elsewhere. These include the bacterial 
conjugation, RNA movements across 
the eukaryotic cell nuclear membrane, 
and T-DNA transfer from bacteria to 
plant cells. 

The initial step in the phage 
infection cycle is the recognition of a 
susceptible host. This is commonly 
achieved by specific binding of the viral 

receptor binding protein to a receptor 
exposed on the bacterial surface. 
Several OM proteins, LPS, pili, flagella, 
or capsules act as receptors for bacte-
riophages (Heller, 1992). The 
complexities found in the virion struc-
tures might be a consequence of the 
requirement for conformational 
changes needed for the nucleic acid 
delivery. Structural rearrangements are 
trigged when the virus receives a 
proper signal by host recognition. Upon 
infection tailed coliphages and bacte-
riophage PRD1 inject their genome via 
one vertex, which is structurally 
metastable. The metastability has 
commonly been accomplished by 
symmetry mismatch. Examples of la-
bile structures able to undergo struc-
tural rearrangements include the portal 
proteins with 12 or 13-fold symmetry in 
tailed bacteriophages at a five-fold 
symmetry position and the PRD1 spike 
protein P2 interactions in the vertex 
complex (Rydman et al., 1999; 
Valpuesta and Carrascosa, 1994). 

1.2.2.1 Injection of the genome through the tail 

Although the tailed coliphages 
resemble each other in their gross 
morphology, they utilise different 
mechanisms for DNA ejection. Com-
mon for the translocation of T4, T5, T7, 
and λ genomes is that they are injected 
as linear molecules from the phage 
heads across the cell membranes via 
the proteinaceous phage tail. This 
results in an empty capsid, which 
remains a hallmark of the DNA injec-
tion on the cell surface. In the case of 
T4 (Myoviridae, see Fig. 1), which has 
a bilayered contractile tail, the initial 
reversible binding to the receptor trig-
gers conformational changes in the 

baseplate (Crowther et al., 1977). This 
leads to irreversible binding of T4 to 
the core region of its LPS by the C-
terminal part of the short tail fibres 
(Riede, 1987; Thomassen et al., 2003). 
This activates a contraction of the 
external tail sheath resulting in pene-
tration of the OM and peptidoglycan 
layer by the internal tail tube. The 
recent structural investigations of T4 
proteins in the baseplate complex have 
given indications that gp5 with lytic 
activity acts as a membrane-puncturing 
needle in the tip of the entering tail 
(Kanamaru et al., 2002). 
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Earlier electron microscopic ob-
servations have suggested that infec-
tion of phages might take place prefer-
entially at the adhesion sites of the E. 
coli envelope (Bayer, 1968). In these 
patches the OM and the CM are in 
close contact. However, it is not clear if 
these areas are cell-derived, since it 
has been proposed that the adhesion 
sites are phage-induced. DNA of tailed 
phages crosses the bacterial envelope 
through pores that presumably origi-
nate from the phages. Tarahovsky et 
al. (1991) showed that the crossing of 
the T4 genome induces a fusion 
between the OM and the CM. A similar 
fusion event has been proposed to 
occur during the T5 infection (Letellier 
et al., 2003). 

Phage T5 (Siphoviridae, see 
Fig. 1) which has a long, non-contrac-
tile tail binds irreversibly by its protein 
pb5 to the FhuA receptor (Heller, 
1984). FhuA is an OM protein of E. coli 
utilised in ferrichrome transport 
(Boulanger et al., 1996). Purified pb5 
and FhuA make high-affinity interac-
tions (Plancon et al., 2002), and the 
binding of T5 virions to purified FhuA 
results in conformational changes in 
both the phage and the receptor. FhuA 
is converted into an ion-conductive 
channel and the phage DNA is ejected 
(Bonhivers et al., 1996; Boulanger et 
al., 1996). T5 DNA transfer occurs in 
two steps: 8% of the DNA first enters 
the cytoplasm (Lanni, 1965). The trans-
fer of the remaining DNA is held back 
until the two virally-encoded proteins 
A1 and A2 are produced 
(McCorquodale et al., 1977). The inter-
action between pb5 and FhuA may 
trigger conformational changes in the 
straight tail fiber pb2, which is found in 
the OM and the CM of infected E. coli 
cells (Guihard et al., 1992). A cryo-
electron tomography study of T5 DNA 
translocation into FhuA-containing lipo-
somes revealed that pb2 traverses the 
lipid bilayer (Böhm et al., 2001). Thus, 

it is quite evident that pb2 forms a 
channel for DNA translocation (Feucht 
et al., 1990). Although T5 binding trig-
gers conformational changes in its 
receptor and the FhuA channel is wide 
enough for DNA translocation, the 
translocation presumably occurs 
through a channel formed by viral 
proteins (Letellier et al., 2003). Another 
siphovirus λ requires host-derived 
mannose transporter proteins in the 
CM for its DNA entry (Elliott and Arber, 
1978; Erni et al., 1987). The receptor 
for λ is the OM channel maltoporin 
LamB (Randall-Hazelbauer and 
Schwartz, 1973). λ can deliver its DNA 
to liposomes carrying LamB. Simulta-
neously with DNA delivery the lipo-
somes are permeabilised indicating 
that a transmembrane channel is 
formed (Roessner and Ihler, 1986). 
This pore is most probably the channel 
used by λ DNA to cross the mem-
brane. However, it is not known if 
LamB functions as a channel or 
whether viral proteins are involved in 
the pore formation (Berrier et al., 
2000). 

The non-contractile tail of T7 
(Podoviridae, see Fig. 1) is too short to 
span the cell envelope of a Gram-
negative cell. The channel for T7 
genome injection across the cell enve-
lope is formed by virally-encoded 
proteins similarly to T5 channel forma-
tion. However, the mechanism is totally 
different. Entry of the T7 genome takes 
place concomitantly with its transcrip-
tion (Garcia and Molineux, 1995; 
Zavriev and Shemyakin, 1982). Follow-
ing adsorption and conformational 
changes three internal structural 
proteins, gp 14, 15, and 16, are ejected 
from the phage head to the host mem-
brane forming an extension of the short 
tail. It has been suggested that these 
proteins together form a channel 
across the cell envelope (Molineux, 
2001). 
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Almost all studied bacteriophage 
entry systems involve the penetration 
of a linear nucleic acid molecule into 
the cytoplasm. Penetration of a circular 
DNA molecule into a Gram-negative 
cell has not been analysed in detail. 
Examples include the entry of the 
icosahedral bacteriophage φX174 
(Microviridae, see Fig. 1) with circular 
ssDNA genome. It adsorbs to the LPS 
by its spikes gp H and gp G. gp G 
provides a channel for the DNA trans-

location from the capsid, while gp H 
penetrates through the host membrane 
along with the DNA (Jazwinski et al., 
1975; McKenna et al., 1994). The 
mechanism of φX174 DNA penetration 
cross the cell envelope is unknown. 
Once the DNA has reached the cyto-
plasm, gp H likely directs the binding of 
the circular φX174 ssDNA to a specific 
site at the membrane, where replica-
tion ensues (Hayashi et al., 1988). 

1.2.2.2 Involvement of phage membranes in entry 

Icosahedral bacterial viruses 
that contain a membrane and no tail 
belong to three families: the Tectiviri-
dae, Cystoviridae, and Corticoviridae 
(see Fig. 1). PRD1, φ6, and PM2 are 
the type-organisms of these families, 
respectively. The structures and the 
life-cycles of dsDNA phage PRD1 and 
dsRNA phage φ6 are well-character-
ised, but knowledge of PM2 is still 
incomplete. The viral membranes are 
active components during cell entry.  

PRD1 adsorption is mediated by 
the host recognition protein P2 (Grahn 
et al., 1999). P2 is a part of the multi-
protein vertex complex. Each of the 
virion vertices is metastable and capa-
ble of releasing the DNA. The removal 
of the spike complex creates an open-
ing in the binding vertex of the virion 
(Rydman et al., 1999). This activates 
the transformation of the internal viral 
membrane to a tubular structure, which 
protrudes from the vertex (Bamford 
and Mindich, 1982; Lundström et al., 
1979). This tubular membrane device, 
with the help of several viral membrane 
proteins, is used to deliver the linear 
genome into the host cell. Fusogenic 

protein P11 at the viral membrane 
surface seems to be the first protein 
needed for a successful DNA delivery, 
indicating a role in the OM penetration 
(Bamford and Mindich, 1982; Grahn et 
al., 2002). The genome penetrates the 
cell envelope via the membrane tail, 
which most probably interacts with the 
OM and the CM leaving the empty 
capsid on the host cell surface.  

A totally different strategy is 
employed by the enveloped dsRNA 
phage φ6. The virion absorbs to the 
bacterial pilus, which triggers the 
removal of the spike. Viral transmem-
brane protein P6 mediates the fusion 
between the virion envelope and the 
bacterial OM allowing the nucleocapsid 
to penetrate into the cytoplasm 
(Bamford et al., 1987). The nucleocap-
sid penetration across the CM occurs 
via an endocytic-like pathway, which is 
mediated by the nucleocapsid shell 
protein P8 (Poranen et al., 1999). This 
resembles the endocytic entry of 
animal viruses (Marsh and Helenius, 
1989). 
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1.2.2.3 Cell wall penetration 

Once through the OM, the en-
tering phage faces the peptidoglycan 
layer, which is a barrier to the transport 
of macromolecules (Dijkstra and Keck, 
1996). Numerous hydrolysing enzymes 
are shown to cleave a range of differ-
ent bonds in the peptidoglycan polymer 
(Höltje, 1998). Muramidases degrade 
the glycan strands and amidases 
cleave off the peptides from the 
glycans. Several phages possess 
genes encoding peptidoglycan hydro-
lysing enzymes with conserved lytic 
domains (Koonin and Rudd, 1994; 
Lehnherr et al., 1998). In most cases 
these enzymes are incorporated into 

the phage particles, such as T4 protein 
gp5 and T7 protein gp16, suggesting a 
role in the cell wall penetration upon 
entry (Kao and McClain, 1980; Moak 
and Molineux, 2000; Nakagawa et al., 
1985). Similarly, particles of the lipid-
containing bacteriophages PRD1 and 
φ6 contain lytic activities (Caldentey 
and Bamford, 1992; Mindich and 
Lehman, 1979; Rydman and Bamford, 
2000). PRD1 protein P7 and φ6 protein 
P5 facilitate the phage nucleic acid 
transfer across the cell wall during 
entry. 

1.2.2.4 Energy driving phage DNA entry 

Transport of phage nucleic acid 
across the cell envelope is an energy-
dependent process. DNA injection 
through a special vertex is suggested 
to be driven by the force of the pres-
surised genome in the virus capsid. In 
φ29, a ~50pN force is built up upon the 
DNA packaging, thus providing energy 
for the DNA delivery (Smith et al., 
2001). Pointing to a similar mecha-
nism, the interactions of phages T5 or 
λ with their receptors are sufficient to 
trigger the DNA ejection, which is not 
dependent on the energetic state of the 
host CM (Lambert et al., 1998; 
Roessner and Ihler, 1986). The strong 
stabilisation of receptor binding protein 
pb5 of T5 upon binding to FhuA sug-
gests that pb5 undergoes structural 
rearrangements (Plancon et al., 2002). 
Such conformational changes are con-
sidered to trigger the DNA release 
(Heller, 1992). It seems that cellular 
energy is not required for DNA ejection 
in these cases, but instead the electro-
static repulsion between the packaged 
phage DNA phosphates might drive the 
translocation (Letellier et al., 1999). 
Energy is conserved in the expanded 

internal membrane during the packag-
ing of the PRD1 genome due to strong 
electrostatic repulsion between the 
coat and the membrane. This could be 
the force driving at least partly the 
delivery of the PRD1 genome (Grahn 
et al., 2002; San Martín et al., 2001). 
However, in the case of T5, the capsid 
and the tail can be removed during the 
DNA translocation leaving the remain-
ing part of the genome freely in the 
extracellular environment (Letellier et 
al., 1999). The remaining genome is 
then translocated into the cytoplasm. 
Thus, relief of the internal pressure in 
the T5 phage head cannot be the only 
energy source. 

Proton motive force (∆p) con-
sisting of membrane voltage (∆Ψ) and 
transmembrane pH gradient (∆pH) is 
commonly used in Gram-negative 
bacteria to drive macromolecular 
transport across the membranes 
(Dreiseikelmann, 1994; Grinius, 1980; 
Palmen et al., 1994). T4 and T7 
genome delivery is dependent on the 
energetic state of the host CM. Mem-
brane voltage above 90 mV is required 
for T4 phage-induced fusion of the OM 
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and CM at the site of phage adsorption 
(Kalasauskaite et al., 1983; Labedan et 
al., 1980; Tarahovsky et al., 1991). 
Similarly ∆p has been shown to be 
required for successful delivery of 
phage T7 DNA. The ongoing DNA 
translocation was arrested by collaps-
ing the membrane potential by a 
protonophore (Molineux, 2001). Hence, 
external energy is needed for T7 
genome translocation. It has been pro-

posed that the first 850 bp of the en-
tering genome are brought into the cell 
by a molecular motor formed by viral 
proteins ejected from the phage head 
(Molineux, 2001). The remaining ge-
nome is internalised by transcription 
carried out by the cellular RNA poly-
merase and eventually by the viral 
enzyme (Moffatt and Studier, 1988; 
Zavriev and Shemyakin, 1982). 

1.3 MARINE BACTERIOPHAGES  

Bacteriophages were discov-
ered from oceans ~50 years ago 
(Spencer, 1955). Currently it is estab-
lished that viruses in general and bac-
teriophages in particular are amazingly 
abundant in marine ecosystems, often 
with over 10 million virus particles per 
millilitre of natural sea water (Bergh et 
al., 1989). Since the oceans are the 
largest biosphere, marine phages are 
probably the most abundant biological 
entity on Earth. The exact origin(s), 
ecological importance, and functions of 
these bacteriophage particles are 
unclear at the present.  But the abun-
dance of these virus particles suggests 
that they have a significant ecological 
impact on the marine environment 
(Fuhrman, 1999).  

The tailed dsDNA bacterio-
phages being remarkably diverse and 
the most abundant of all virus types 
represent also the majority of the 
marine virus population (Breitbart et al., 
2002; van Regenmortel et al., 2000). 
This is probably a consequence of the 
proposed ancient nature of these 
phages and the virion morphology that 
can be easily adapted to different 
conditions (Ackermann, 2003; Tetart et 
al., 2001). Knowledge of viral diversity 
has been mainly obtained from phages 
isolated on host bacteria easily grown 
in laboratory. However, these bacteria 
represent only a small portion of bacte-
rial diversity (Dojka et al., 2000; 

Hugenholtz et al., 1998). Thus, the 
extent of viral diversity in marine envi-
ronments is still largely unknown. It has 
been estimated that less than 0.0002% 
of the global phage genome population 
has been sampled (Rohwer, 2003). 
Since many environmental bacteria 
and their viruses are difficult to culti-
vate, culture-independent molecular 
approaches have been used to investi-
gate the genetic diversity of natural 
viral communities. A genomic analysis 
of uncultured marine communities 
revealed that over 65% of the 
sequences obtained were previously 
uncharacterised and the rest of the 
sequences were mostly virus-derived 
(Breitbart et al., 2002). It has been 
assumed that bacteriophages in the 
ocean are genetically more diverse 
than their bacterial hosts (Jiang et al., 
2003). 

Only a few marine viral genome 
sequences have been determined 
(Paul et al., 2002). The genome of 
Pseudoalteromonads phage PM2 was 
the first to be sequenced (see Section 
1.4.1; Männistö et al., 1999). The study 
of the genomes of roseophage SIO1, 
cyanophage P60, and vibriophage 
VpV262 revealed that genetic elements 
found in marine phages are similar to 
well described nonmarine phage 
genomes (Chen and Lu, 2002; Hardies 
et al., 2003; Rohwer et al., 2000). Both 
SIO1 and P60 belong to the T7-like 
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podoviruses. Additionally, the marine 
cyanophage S-PM2 shares conserved 
genetic elements coding structural 
components similar to coliphage T4, 
strongly suggesting that S-PM2 is a 
marine representative of myoviruses 
(Hambly et al., 2001). 

It is obvious that this gigantic 
population of viruses creates a high 
selective pressure to cellular organ-
isms. As demonstrated for cyano-
phages by Waterbury and Valois 
(1993), marine viruses play an impor-
tant role in controlling their host popu-
lation density and influence the genetic 
diversity of the hosts (Wommack and 
Colwell, 2000). It has been suggested 
that marine viruses could mediate hori-

zontal gene transfer through transduc-
tion, thus increasing the genetic vari-
ability in marine microbial communities 
(Jiang and Paul, 1998; Paul, 1999). In 
water samples bacteria harbouring 
prophages are quite common; 40% of 
the cultured marine bacteria are 
lysogens. Lysogeny might have par-
ticular importance in the spreading of 
genes among aquatic bacteria. Inter-
estingly, most toxin and virulence 
genes as well as antibiotic resistance 
genes are prophage-derived. An 
example is the lysogenic filamentous 
phage CTXφ of Vibrio cholerae, which 
encodes for chlorella toxin (Waldor and 
Mekalanos, 1996). 

1.4 BACTERIOPHAGE PM2 

Viruses have been predomi-
nantly classified by the nature of their 
nucleic acid, particle morphology, and 
host organism 
(http://www.ncbi.nlm.nih.gov/ICTV). In 
the first issue of the International 
Committee for Taxonomy of Viruses, 
six bacteriophage genera were pre-
sented, including T4, λ, φX174, MS2, 
and fd phage groups and one lonely 
orphan, newly isolated phage PM2 
originating from the coastal seawater of 
Chile (Espejo and Canelo, 1968a; 
Wildy, 1971). PM2 was the first phage 
for which it was demonstrated that 
lipids could be a structural component 
of a bacterial virus (Camerini-Otero 
and Franklin, 1972). Bacteriophage 
PM2 is an icosahedral particle with an 
internal lipid bilayer and a highly 
supercoiled circular dsDNA genome. 
Due to these unique features it was 
classified into the Corticoviridae family 
in which it still is the only known isolate 
(Ackermann, 2000; Bamford and 
Bamford, 2003; see also Fig. 1). 

The host range of PM2 is 
narrow; it infects Pseudoalteromonas 
espejiana BAL-31 (Gauthier et al., 

1995). (Formerly the host was named 
Pseudomonas BAL-31 or Alteromonas 
espejiana BAL-31 (Chan et al., 1978; 
Espejo and Canelo, 1968b).) BAL-31 is 
a gram-negative marine bacterium and 
the source of the DNA exonuclease 
Bal31. Pseudoalteromonads are wide-
spread in marine environments. They 
are strictly aerobic, polarly flagellated, 
rod-shaped, heterotrophic Pseudomo-
nas–like bacteria originally classified as 
Alteromonads (Baumann et al., 1972). 
Later, the genus Alteromonas was 
divided into Pseudoalteromonas and 
Alteromonas (Gauthier et al., 1995). 

Bacteriophage PM2 has been of 
interest for two reasons. The virion 
contains a membrane component, 
which has made this virus a model 
system for studies on membrane 
structure and biosynthesis. In addition, 
the genome is a small highly super-
coiled circular dsDNA molecule ideal 
for studies on DNA topology. The PM2 
genome has been widely used in 
numerous assays as a substrate. 
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1.4.1 GENOME 

The PM2 genome is a circular 
10 097 bp long dsDNA molecule with a 
42-43% GC content (Espejo et al., 
1969; Männistö et al., 1999). It con-
tains the highest number of negative 
supercoils observed in a natural DNA 
molecule (Gray et al., 1971). The num-
ber of supercoils in the genome in-
creases when the DNA is packaged 
into the virion compared to the free 
intracellular PM2 DNA (Espejo et al., 
1971a; Ostrander and Gray, 1974). It 
has been shown that the purified PM2 
genome can initiate a productive infec-
tion cycle when introduced into 
spheroplasts by transfection (van der 
Schans et al., 1971). 

Determination of the complete 
nucleotide sequence of the PM2 
genome revealed 21 open reading 
frames (ORF) potentially encoding for 
protein (Männistö et al., 1999). The no-
menclature of PM2 proteins and 
genes/ORF is given by Männistö et al. 
(1999). If an ORF (named with a lower-
case letter) has been shown to encode 
a protein, it is considered to be a gene 
and designated with Roman numerals. 
The protein products are named 
respectively with Arabic numerals with 
the prefix P. Currently, 13 ORF have 
been identified to have a function 
during the PM2 infection-cycle classi-
fying them as genes (Männistö et al., 
1999; 2003). Genes are clustered in 
the PM2 genome reflecting their func-
tion and organised into three operons; 
the early left operon (OEL), the early 
right operon (OER), and the late 
operon (OL) (Männistö et al., 2003). 
These are controlled by promoters 
P1207, P1193, and P5321, respectively. 
Two early promoters P1207 and P1193 
are organised back to back and located 
in the same region so that their 
sequences partially overlapp. The OEL 

operon is transcribed in the opposite 
direction than the two other operons. 

Based on the finding that four 
virally-encoded transcription factors 
control the activity of PM2 promoters, a 
model for PM2 transcriptional regula-
tion was proposed (Männistö et al., 
2003). The promoters are repressed 
and activated in a temporal manner. 
Initially, the early genes of operon OEL 
(P1207) are most probably transcribed 
producing gene product (gp) b and 
transcriptional repressors P15 and 
P16. P15 represses its own promoter 
(P1207). Then the genes of operon OER 
(P1193) for the DNA replication proteins 
are transcribed. Promoter P1193 is 
repressed by P15 and P16. Finally, the 
expression of the late operon (OL) is 
turned on by two transcription factors, 
P13 and P14. These proteins act con-
comitantly activating the production of 
viral structural proteins. Analysis of the 
P14 amino acid sequence revealed 
that it has a conserved zinc finger motif 
similar to the eukaryotic and archaeal 
transcription factors (Männistö et al., 
2003; Qian et al., 1993; Wang et al., 
1998). It is noteworthy that P14 is the 
first transcription factor of bacterial 
origin with a zinc finger motif similar to 
archaeal and eukaryotic TFIIS-type 
transcription factors. 

The largest PM2 gene XII en-
coding protein P12 shares significant 
sequence similarity with the super-
family I group of replication initiation 
proteins (Männistö et al., 1999). This 
suggests that the PM2 genome is 
replicated via a rolling circle mecha-
nism. Superfamily I consists of A pro-
teins of bacteriophages such as φX174 
and P2 and initiation proteins of 
cyanobacterial and archaeal plasmids 
(Ilyina and Koonin, 1992). On the basis 
of conserved ORI sequences among 
superfamily I replication initiation pro-
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teins, the ORI of PM2 genome was 
mapped inside gene XII to nt 2253.  

The early operon OEL is ho-
mologous to a Pseudoalteromonas sp. 
strain A28 plasmid pAS28 and is 
thought to be a moron (Kato et al., 
1998; Männistö et al., 2003). The re-
gion in the PM2 genome encoding 
transcriptional repressors P15 and 
P16, and gp b, is similar to the regula-
tory region of plasmid pAS28 
(Männistö et al., 1999; 2003). More-
over, the genes in both of the genomes 
are organised similarly, they are 
transcriptionally coupled and in both 

cases the orientation of the operon is 
opposite to the other operons in the 
genomes. The similarity in the DNA 
and amino acid sequences indicates 
that Pseudoalteromonas phage PM2 
might have acquired these genes hori-
zontally from a Pseudoalteromonas 
plasmid or other way around. Although 
plasmid pAS28 replicates using the 
rolling circle mechanism similar to 
PM2, the corresponding ORF in the 
plasmid does not share any similarity 
to PM2 gene XII encoding the replica-
tion initiation protein P12. 

1.4.2 VIRION 

The PM2 virion is an icosahe-
dral particle containing a protein capsid 
and an internal lipid bilayer surrounding 
a dsDNA genome (Camerini-Otero and 
Franklin, 1972; Espejo and Canelo, 
1968c). Based on electron microscopy 
(EM), small angle X-ray scattering 
(SAXS), and neutron diffraction studies 
the diameter of the particle is ~60 nm 
and the five-fold vertices have clear 
extensions (Espejo and Canelo, 1968a; 
Harrison et al., 1971; Silbert et al., 
1969). The estimated mass of the parti-
cle (~45 MDa) is distributed among 
protein (~72%), nucleic acid (~14%), 
and lipid (~14%) constituents 
(Camerini-Otero and Franklin, 1975). 
The viral lipid composition (~64% PG, 
~27% PE, ~8% neutral lipids, and 
small amount of acyl-PG) deviates 
from that of the host bacterium 
(Braunstein and Franklin, 1971; 
Camerini-Otero and Franklin, 1972; 
Tsukagoshi et al., 1976). The sedimen-
tation coefficient and densities of PM2 
virion in sucrose and CsCl are 
s20,w=290S, 1.24 g/cm3 and, 1.29 
g/cm3, respectively (Camerini-Otero 
and Franklin, 1975). The SAXS based 
model of the virion proposed three 
concentric layers in the particle i) an 
outer protein layer with a thickness of 

~60 Å, ii) a lipid bilayer with a thickness 
of ~40 Å, and iii) a proposed nucleo-
capsid core with a diameter of 400 Å 
(Harrison et al., 1971). The native 
virion is stabilised by calcium (Espejo 
and Canelo, 1968a). Calcium is 
needed for the assembly of virions and 
can be replaced with strontium or 
barium (Snipes et al., 1974). It has 
been proposed that calcium is tightly 
bound to the coat protein (Schäfer et 
al., 1974). The morphology of PM2 
virion resembles the tectiviruses such 
as PRD1 (Bamford et al., 1995; Grahn 
et al., 2003). However, PM2 has been 
classified to its own family mainly due 
to the lack of the ability to transform the 
internal membrane into a tubular 
structure. Also the host range and the 
nucleic acid type differ significantly 
between these two virus families. 

Based on SDS-polyacrylamide 
gel electrophoresis (PAGE) and gel fil-
tration of purified and disrupted PM2 
virions, four different structural pro-
teins, P1-P4, were assigned to the par-
ticle (Datta et al., 1971a). However, it 
has been presented that a higher 
number of structural proteins exists in 
PM2 virion (Brewer and Singer, 1974). 
Based on dissociation of the virus in 
the presence of different amounts of 
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urea the four proteins were assigned to 
the morphological elements of the 
virus: the vertex structure, outer protein 
coat, lipid bilayer, and nucleocapsid 
(Hinnen et al., 1974; Schäfer et al., 
1974). Based on these assignments a 
structural model of bacteriophage PM2 
was presented (Franklin, 1974; 1977; 
Franklin et al., 1976). This model 
remained in the literature and is 
depicted in Figure 2. It is also the only 
description of the structural organisa-
tion of the Corticoviridae family 
(http://www.ncbi.nlm.nih.gov/ICTV).  
 

 
 
Figure 2. An early structural model of 
bacteriophage PM2. The names of PM2 
structural proteins are according to the 
nomenclature given by Männistö et al. 
(1999). Modified from Franklin et al. 
(1976). 
 

The structural organisation and 
locations of the structural proteins were 
described by Schäfer et al. (1974) as 
follows: “DNA and the nucleoprotein, 
polypeptide P4, are in the center of the 
virus. This nucleoprotein complex is 
enveloped by protein P3, which forms 
the icosahedral shell of the nucleo-
capsid core. Protein P1 forms the 
spikes and protein P2 the outer icosa-
hedral shell of the virus. The phos-
pholipid bilayer is sandwiched between 
the outer shell and the nucleocapsid 
core.” Further support for the two-shell 
model was obtained from the “in vitro” 

assembly experiments by reversing the 
virion degradation steps. It was 
described that DNA, and purified 
proteins P3 and P4 were assembled 
into nucleocapsids similar to the 
isolated viral nucleocapsids (Schäfer 
and Franklin, 1975). In addition, infec-
tious virions were reported to be as-
sembled in vitro by combining nucleo-
capsids with phospholipids and pro-
teins P1 and P2 (Schäfer and Franklin, 
1975; 1978). Brewer and Singer (1974) 
did not support the two shell model, 
and they suggested that two major 
proteins form the outer layer and other 
minor proteins are associated with the 
viral membrane. In fact, it was later 
reported that the lipid-free nucleo-
capsids formed by P3, P4, and DNA do 
not exist, but the viral lipid bilayer is 
included in these isolated structures 
(Akutsu et al., 1980; Satake et al., 
1980). 

The calculated phospholipid 
content of PM2 is insufficient to form a 
complete bilayer (Camerini-Otero and 
Franklin, 1972). Based on the 
measured density of the PM2 lipid bi-
layer (0.30 e/Å3) the membrane moiety 
comprises ~2/3 of lipid and the rest is 
protein constituents (Harrison et al., 
1971). The phospholipids are distrib-
uted asymmetrically between the two 
leaflets; PG being enriched in the outer 
leaflet and PE in the inner one (Schäfer 
et al., 1974). The presence of 
increased amount of PG in the viral 
membrane compared to that of the 
host could be due to a higher affinity of 
viral proteins to negatively charged PG 
and/or geometric constraints due to the 
curvature of the membrane in the viral 
capsid. It has been speculated that 
neutral PE lipids have hydrophobic 
interactions with the nucleocapsid and 
the negatively charged PG make inter-
actions with the positively charged 
protein P2 (Schäfer et al., 1974). 
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1.4.3 LIFE-CYCLE 

The infection cycle of PM2 is 
relatively poorly known. PM2 is a lytic 
bacteriophage infecting a marine bac-
terium P. espejiana BAL-31 (Espejo 
and Canelo, 1968a). The viral DNA is 
synthesised during the entire infection 
cycle, whereas the cellular DNA syn-
thesis is inhibited (Franklin et al., 
1969). The virus replication takes place 
in association with the CM (Brewer, 
1978a). Based on sequence compari-
sons and the nature of isolated replica-
tion intermediates, it is quite evident 
that the PM2 genome replicates via a 
rolling circle replication mechanism 
(Canelo et al., 1985; Espejo et al., 
1971b; Männistö et al., 1999). The 
replication initiation protein is P12, 
which resembles the A protein of 
ssDNA bacteriophage φX174 (Baas 
and Jansz, 1988; Männistö et al., 
1999). Three functional consensus 
motifs reside in the 30 nt long 
sequence surrounding the ORI site 
(van Mansfeld et al., 1980). The 
replication initiation protein functions as 
an endonuclease. It introduces a nick 
at the ORI site within its own coding 
sequence remaining covalently linked 
to the 5’ end. The 3’ end is extended 
by the DNA polymerase. After the DNA 
polymerase has synthesised one 
round, the resulting closed ssDNA cir-
cle serves as a template for RNA-
primed lagging strand synthesis 
(Kornberg and Baker, 1992). 

The viral genes are transcribed 
by the host RNA polymerase (Zimmer 
and Millette, 1975a). The DNA-depend-
ent RNA polymerase of BAL-31 is a 
classic prokaryotic αββσ’ holoenzyme 
(Zimmer and Millette, 1975b). The 
most efficient transcription is achieved 
when PM2 DNA is highly supercoiled 

(Richardson, 1974; Zimmer and 
Millette, 1975a). Viral mRNA is also 
synthesised by RNA polymerase of E. 
coli (Richardson, 1975). The formation 
of a stable complex between the poly-
merase and DNA is dependent on the 
number of supercoils in the PM2 DNA. 

Early viral functions are under 
the control of two promoters (Männistö 
et al., 2003). The synthesis of the early 
proteins starts ~10 minutes p.i. and 
continues for ~25 minutes (Brewer and 
Singh, 1982). The late promoter is acti-
vated by two virally-encoded transcrip-
tion factors (Männistö et al., 2003). The 
late proteins appear in the infected 
cells at ~25 min p.i. (Brewer and Singh, 
1982). 21 putative virally-encoded pro-
teins are produced during the infection-
cycle (Männistö et al., 1999). At least 
14 synthesised virus-specific proteins 
have been observed in the infected 
cells (Datta et al., 1971b). Only one 
peptide was found soluble in the cyto-
plasm, while the majority were mem-
brane-associated proteins. Electron 
microscopic observations of infected 
cells revealed that the assembly of the 
virions takes place in association with 
the CM (Dahlberg and Franklin, 1970). 
The viral lipids are host-derived 
(Espejo and Canelo, 1968c). Studies 
on temperature-sensitive PM2 mutants 
indicated that empty membrane vesi-
cles are produced in the absence of 
the coat protein (Brewer, 1976; 1978b). 
The progeny virions stay associated 
with the host membranes until ~60 
minutes p.i., after which several hun-
dreds particles are released by cell 
lysis (Cota-Robles et al., 1968; Franklin 
et al., 1969). 
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2 AIMS OF THE PRESENT STUDY 

Bacteriophage PM2 is the only 
representative of the Corticoviridae 
family 
(http://www.ncbi.nlm.nih.gov/ICTV). At 
the time when this work was started, 
the latest studies on PM2 virology were 
published more than 10 years earlier. 
During ~16 years, starting from 1968 
PM2 was under very intensive investi-
gation. Due to the presence of the 
membrane in the phage particle, PM2 
was used to study lipid biogenesis, 
protein-lipid interactions, and mem-
brane structure. Unfortunately, the 
detailed characterisation of PM2 
structural features was lacking. The 
consensus view from the literature was 
that the PM2 particle consists of four 
proteins, lipid components, and nucleic 
acid organised into two concentric 
protein shells having a lipid bilayer in 
between and enclosing the genome 
(Franklin, 1974; 1977; Franklin et al., 
1976). It was also concluded that two 
minor proteins and the genome form a 
lipid-free nucleocapsid. There were 
reasons to reconsider the structural 
model of PM2. First, according to 
Brewer and Singer (1974) the virion 
contains more structural protein 
species than had been reported. 
Second, the arguments presented by 
Akutsu et al. (1980) and Satake et al. 
(1980) against the presence of a lipid-

free nucleocapsid. Also Harrison et al. 
(1971) had concluded that the lipid 
bilayer contains protein species. 
Recently, the complete nucleotide 
sequence of the PM2 genome and its 
organisation suggested that the 
amount of PM2 structural protein 
species had been underestimated 
(Männistö et al., 1999). 

The first aim of this study was to 
establish methods for production of 
highly infectious virus particles and 
identify the structural proteins forming 
the infectious virion. The second aim 
was to describe the structural organi-
sation of PM2 using biochemistry and 
cryo-electron microscopy combined 
with image analysis. The PM2 infec-
tion-cycle is poorly understood. 
Specifically the initial stages of the 
virus infection have not been 
described. In addition there are no 
examples of penetration of a circular, 
highly supercoiled dsDNA residing 
inside lipid bilayer into a Gram-nega-
tive cell. Our attempt was to study the 
entry of PM2 into marine Gram-nega-
tive Pseudoalteromonads. These re-
sults together could refine the structure 
and functions of PM2 and establish the 
knowledge on the Corticoviridae family 
on a reliable basis. 

 

 
The specific aims of the present study were 

- To set up methods for virus propagation and particle purification to 
obtain highly infectious material 

- To identify the viral structural proteins 
- To describe the particle architecture 
- To study PM2 entry 
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3 MATERIALS AND METHODS 

Bacteriophage PM2 used in this 
study was obtained from the American 
Type Culture Collection (ATCC 27025-
B1; Espejo and Canelo, 1968a). Bacte-
rial strains and plasmids are listed in 
Tables 1 and 2, respectively. Experi-

mental procedures are summarised in 
Table 3 and described in the original 
publications. The references for the 
published methods can be found in the 
articles. 
 

 
Table 1. Bacterial strains used in this study 
 
Bacteria Relevant property or usage Reference 
Pseudoalteromonas   

espejiana BAL-31 PM2 host (Espejo and Canelo, 1968b; 
Gauthier et al., 1995) 

sp. ER72M2 PM2 host I 
sp. strain A28 Tested for virus sensitivity; 

Adsorption assay 
(Kato et al., 1998) 

nigrifaciens 16S rRNA comparison; Tested 
for virus sensitivity 

(Gauthier et al., 1995; 
White, 1940) 

atlantica 16S rRNA comparison; Tested 
for virus sensitivity 

(Akagawa-Matsushita et al., 
1992; Gauthier et al., 1995) 

carrageenovora 16S rRNA comparison; Tested 
for virus sensitivity 

(Akagawa-Matsushita et al., 
1992; Gauthier et al., 1995) 

undina 16S rRNA comparison; Tested 
for virus sensitivity 

(Chan et al., 1978; Gauthier 
et al., 1995) 

haloplanktis subsp. 
haloplanktis 

16S rRNA comparison; Tested 
for virus sensitivity 

(Gauthier et al., 1995; 
ZoBell and Upham, 1944) 

haloplanktis subsp. 
tetraodonis 

16S rRNA comparison; Tested 
for virus sensitivity 

(Gauthier et al., 1995; 
Simidu et al., 1990) 

luteoviolacea 16S rRNA comparison; Tested 
for virus sensitivity 

(Gauthier, 1976; Gauthier et 
al., 1995) 

Alteromonas macleodie 16S rRNA comparison; Tested 
for virus sensitivity 

(Baumann et al., 1972; 
Gauthier et al., 1995) 

PM2 resistant ER72M2 
mutants 

Adsorption assay IV 

Escherichia coli   
K12 16S rRNA comparison; Tested 

for virus sensitivity 
(Carbon et al., 1979) 

HB101 Adsorption assay (Boyer and Roulland-
Dussoix, 1969) 

DH5α Molecular cloning, protein 
expression, and source of 
peptidoglycan 

(Sambrook and Russell, 
2001) 

HMS174(DE3) Protein expression (Studier and Moffatt, 1986) 

Salmonella enterica LT2 16S rRNA comparison; Tested 
for virus sensitivity 

(Chang et al., 1997) 

Pseudomonas syringae 
pv. Phaseolicola 

16S rRNA comparison; Tested 
for virus sensitivity 

(Moore et al., 1996) 
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Table 2. Plasmids used in this study 
 
Plasmid Relevant property Reference 
pDS12 Expression vector, colE1 replicon, Apr (Bujard et al., 1987) 
pJJ2 Expression vector, colE1 replicon, Apr (Ojala et al., 1993) 
pET24 Expression vector, pMB1 replicon, Kmr Novagen 
pDMI Contains the gene for lac repressor, p15A 

replicon, Kmr 
(Certa et al., 1986) 

pRM203 pDS12 + PM2 gene III IV 
pRM206 pDS12 + PM2 gene I IV 
pRM301 pJJ2 + PM2 gene VI IV 
pRM315 pJJ2 + PM2 gene IV IV 
pRM318 pJJ2 + PM2 gene VII IV 
pRM319 pJJ2 + PM2 gene V IV 
pRM325 pJJ2 + PM2 gene VIII IV 
pRM607 pET24 + PM2 gene II IV 

 
 
 
 

Table 3. Methods used in this study 
 
Method Described and used in 
Amino terminal amino acid sequencing I II  IV 
ATP measurements    IV 
Computational analysis of DNA or protein 
sequences 

I  III IV 

Cryo electron microscopy and image analysis   III  
Determination of 16S rRNA sequence I    
Dissociation of phage particles  II III  
Immunoprecipitation of phage particles I II   
Ion flux measurements and ∆Ψ determination    IV 
Isolation of phage resistant ER72M2 cell lines    IV 
Labeling of phage particles    IV 
LC isolation  II   
LPS isolation    IV 
Mass spectrometry   III  
Molecular cloning techniques    IV 
Phage adsorption assay    IV 
Phage lipid isolation and analysis  II   
PM2 growth and purification I II III IV 
Polyclonal antiserum production I II   
Protease treatment of phage particles  II III  
Protein concentration measurement I II III IV 
Protein overexpression     IV 
Protein purification   II  IV 
Reconstitution of phage particles  II   
SDS polyacrylamide gel electrophoresis I II III IV 
Transmission electron microscopy  I II  IV 
Western blotting I II   
Zymogram analysis and isolation of peptidoglycan    IV 
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4 RESULTS AND DISCUSSION 

4.1 HOST BACTERIA - TWO MARINE GRAM-NEGATIVE 
PSEUDOALTEROMONADS 

In addition to the original PM2 
host Pseudoalteromonas espejiana 
BAL-31, another host bacterium, 
ER72M2, was isolated from East River, 
New York City, by Dr. Leonard 
Mindich. In order to identify ER72M2 
we determined its 16S rRNA gene 
sequence (I; GenBank accession num-
ber AF155038). When it was compared 
with sequences in GenBank, the clos-
est sequence similarities were with 
Pseudoalteromonad strains. The clos-
est matches were to Pseudoaltero-
monas nigrifaciens (99.8%), Pseu-
doalteromonas atlantica (99.7%), 
Pseudoalteromonas carrageenovora 
(99.5%), and Pseudoalteromonas 
espejiana BAL-31 (99.5%; I, Table 1). 
Morphology and colour of ER72M2 
colonies and the growth requirements 
distinctly differed from the other Pseu-
doalteromonad strains indicating that 
ER72M2 was a new Pseudoaltero-
monas isolate. 

The sensitivity of various Pseu-
doalteromonads to PM2 was tested 
using a plaque-assay, but only 
ER72M2 and BAL-31 supported the 
growth of the virus indicating that the 
host-range of PM2 is narrow (I; IV). 
Since PM2 did not infect the other 
tested strains, the ability of the cells to 
support the virus reproduction was 

tested further by transfecting the cells 
with purified PM2 genome. It has been 
demonstrated that transfected PM2 
genome can initiate the virus produc-
tion in BAL-31 cells (van der Schans et 
al., 1971) and also in ER72M2 (IV). 
Interestingly, Pseudoalteromonas 
strain sp. A28 produced plaques after 
the transfected A28 cells were plated 
on a lawn of PM2 sensitive cells (IV). 
Other tested cells failed to support 
formation of plaques in this assay. 
Furthermore, we also showed that the 
binding of PM2 to A28 cell surface is 
prevented and that the PM2 entry-
derived ion effluxes across the A28 cell 
envelope were not detectable, demon-
strating that PM2 virion cannot pene-
trate the envelope of A28 (IV). 
Although A28 does not have the cell 
surface receptor for PM2, when intro-
duced into A28 cell, the PM2 genome 
can initiate a productive infection cycle. 
This is in concordance with the obser-
vation that the maintenance region of 
the plasmid pAS28 originating from the 
A28 strain shares significant sequence 
similarity with the replication and regu-
latory region of PM2 genome (Kato et 
al., 1998; Männistö et al., 1999). So far 
there is no evidence of the presence of 
indigenous plasmids in PM2 host cells 
or a prophage state of PM2.  

4.2 PRODUCTION OF VIRUS PARTICLES 

4.2.1 VIRUS PROPAGATION AND INFECTION CYCLE 

PM2 was propagated either on 
BAL-31 or ER72M2 cells in rich SB-
media resembling seawater (I). Both 
hosts are thermosensitive, the optimal 
growth temperature (25-28°C) reported 

for BAL-31 (Espejo and Canelo, 
1968a) was also the optimal for 
ER72M2. At 37°C growth of the cells is 
inhibited, but even at 4°C cells are 
slowly dividing (data not shown).  
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Although hosts grow well at tempera-
tures under 20°C, the growth of the 
virus slows down at these tempera-
tures. PM2 grows at temperatures 
between 22-30°C and 28°C is routinely 
used. Both host cells require sodium 
and magnesium for growth, but 
ER72M2 grows also in a medium 
containing less salt (I; Chan et al., 
1978). However, the lower NaCl 
concentration in the growth medium 
affected negatively the quality of the 
purified virus particles. When PM2 was 
plated with the host cells using SB-soft 
agar, equivalent amounts of plaques 
were observed with both cells lines. 
The plaque count was independent of 
the host used to grow the virus. The 
size of the plaques is homogeneous on 
ER72M2, but varies on BAL-31.  

To obtain a high number of 
phage particles, the growth of the virus 
was optimised in liquid SB-medium. 
The best results were obtained when 
logarithmically growing BAL-31 or 
ER72M2 cells (~6-7×108 cfu/ml) were 
infected using a freshly made virus 

agar-stock (~1×1012 pfu/ml) with a 
multiplicity of infection (MOI) of 10, 
which yielded over 1011 pfu/ml of the 
lysate. The lysate titers were the same 
regardless of the host used for the 
propagation and comparable with 
previously reported BAL-31 lysates 
(Espejo and Canelo, 1968a; Franklin et 
al., 1969). 

Under optimal conditions in SB 
media the lysis starts at ~60 min p.i. 
and is complete in ~80 min with both 
host cells. Thin-section electron 
microscopy of infected BAL-31 and 
ER72M2 cells revealed only few par-
ticles associated with the cell surfaces 
at 10 min p.i. (I; IV; see Section 4.7.1). 
The earliest detectable intracellular 
virus assemblies (at 50 min p.i.) were 
associating with the host CM, but no 
mature particles were observed in the 
cell interior (I). An infected ER72M2 
cell released ~300 progeny virions. 
These results agree with the previous 
ones obtained with infected BAL-31 
cells (Cota-Robles et al., 1968; 
Dahlberg and Franklin, 1970). 

4.2.2 OPTIMISING THE PURIFICATION OF VIRUS PARTICLES  

Sodium and calcium ions are 
needed for PM2 virion viability (I; 
Espejo and Canelo, 1968a; Snipes et 
al., 1974). In order to determine the 
optimal condition for virus storage as 
well as for particle purification, effects 
of different sodium and calcium ion 
concentrations on phage viability were 
tested. It appeared that the most criti-
cal ion for PM2 infectivity was calcium 
(I, Fig. 2). The virus preserved its 
infectivity in much lower salt concen-
tration than earlier has been utilised (I; 
Hinnen et al., 1974). Thus, high ionic 
strength is not needed for the virion 
stability. The virus was stable even in 
10 mM NaCl and 2.5 mM CaCl2 (I). 
Also Snipes et al. (1974) reported that 
1.5 mM Ca2+ ion concentration is 
needed to preserve virus infectivity. 

(The mechanism of inactivation in low 
ion conditions is described in Section 
4.4.) Although high salt concentration 
(2.5 M) did not affect the phage viabil-
ity, the combination of sucrose (~16%, 
w/v) and salt (>0.5 M) caused a loss of 
infectivity (I, Fig. 3). Moreover sucrose 
alone (concentration >20%, w/v) sig-
nificantly inactivated PM2 (I, Fig. 4). 
Thus, higher than 20% concentration of 
sucrose during PM2 particle purifica-
tion could not be used. Reason for the 
sensitivity of the virion to sucrose re-
mained obscure. 

We defined buffer conditions for 
PM2 purification and storage (I; 20 mM 
Tris, pH 7.2, 100 mM NaCl, 5 mM 
CaCl2). Although viruses were stored in 
optimised buffer conditions or in SB-
medium at +4°C, a significant decay of 
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the infectivity was observed. After one 
week of storage the titer was reduced 
to ~50%. PM2 stored at –20°C or –
80°C is non-infectious regardless of 
cryo-protectants used. However, virus 
preparations supplemented with 
glycerol and stored in liquid nitrogen 
were reasonable stable (I). 

Several purification methods 
have been described for PM2 (Hinnen 
et al., 1974; Salditt et al., 1972; Silbert 
et al., 1969). In our hands the recovery 
of infectious particles purified by these 
methods was low; the specific infec-
tivity being <1×1011 pfu/mg of protein. 
The development of an optimal virus 
purification procedure was initiated 
based on the method by Hinnen et al. 
(1974). The new ER72M2 was chosen 
as host, since it had several advan-
tages over BAL-31. During purification 
the yield and the quality of the virus 
specimen originating from ER72M2 
were superior to those obtained with 
BAL-31 (I). The quality of the virus 
preparation was followed during the 
purification process by determining the 
specific infectivity and analysing the 
protein components in tricine-SDS-
PAGE (I, Table 2 and Fig. 5a). The 
tricine-gel protocol (Schägger and von 
Jagow, 1987) was slightly modified to 
enable easier separation of small PM2 
proteins (<10 kDa; I). 

The recovery of infectious virus 
particles was improved when the fol-
lowing steps were optimised (I; II). i) 
The ER72M2 lysate was treated with 
DNase to decrease the viscosity due to 
the host chromosomal DNA. ii) The 
most critical step in the PM2 purifica-
tion was the polyethylene glycol (PEG) 
precipitation (Yamamoto et al., 1970) 
of the particles from the lysate. 
Increasing the PEG concentration to 
10% (w/v) and prolonging the centrifu-
gation time during virus collection 
improved the yield from ~5% to ~40%. 
iii) Purification by rate-zonal centrifuga-
tion in a linear sucrose gradient (5-

20%, w/v) in 20 mM Tris, pH 7.2, 1 M 
NaCl, and 10 mM CaCl2 according to 
Hinnen et al. (1974) produced only a 
low amount of infectious virions. 
However, lowering the NaCl concen-
tration to 100 mM increased the recov-
ery of infectious particles by a factor of 
ten (I, Fig. 3). Infectious virions sedi-
mented in one light scattering zone. 
Empty DNA-less particles have not 
been observed during purifications. 
Other light scattering zones observed 
in the gradient were host-derived. iv) 
PM2 virions equilibrated in sucrose 
(1.26 g/cm3) were non-infectious re-
gardless of the salts used, but other 
tested density gradient media, CsCl or 
iodixanol, did not inactivate the virus (I, 
Fig. 4). The optimised PM2 purification 
procedure included PEG precipitation, 
rate-zonal centrifugation in sucrose, 
and equilibrium centrifugation in CsCl 
or iodixanol (I; II). 

This purification protocol for 
PM2 yields highly infectious, pure, and 
homogenous virus material with a spe-
cific infectivity of up to ~1×1013 pfu/mg 
of protein (I, Table 2; II), which is 
approximately hundred fold higher than 
obtained with previously described 
methods. Similar high specific infectivi-
ties have been reported for ultra pure 
preparations of phage PRD1 (Walin et 
al., 1994) and φ6 (Olkkonen and 
Bamford, 1989). Analysis of the protein 
composition of the highly purified virus 
preparation by tricine-SDS-PAGE 
revealed in addition to the virally-
encoded proteins (see Section 4.3.2) a 
protein band with the N-terminal amino 
acid sequence ISVNTXVTI. This se-
quence was not virus-derived and 
comparison to the databank did not re-
veal the origin of the protein. Based on 
the examination of the negatively 
stained virus preparation and the ob-
servation that the protein sedimented 
slightly differently than the virus parti-
cles, we concluded that the protein was 
host-derived flagellin. Isopycnic CsCl 
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density gradient centrifugation sepa-
rates virus particles from the contami-

nating flagella. 

4.3 PM2 VIRION 

4.3.1 AN ICOSAHEDRAL VIRION WITH AN INTERNAL MEMBRANE BILAYER 

In this study, the three-dimen-
sional structure of PM2 at 12 Å resolu-
tion was solved using cryo-EM and 
image processing techniques (III; 
Baker et al., 1999). The material for 
cryo-EM was produced using the opti-
mised purification method described 
above (I; II). Virions were vitrified 
immediately after purification to avoid 
dissociation. The PM2 virion appeared 
as an icosahedron with slightly convex 
facets. There were clear extensions 
(~7 nm) projecting out from the virion 
vertices (III, Fig. 2b-d), which agree 
with the previous observations 
(Harrison et al., 1971). The distance 
between the opposite facets was ~56.5 
nm. Edge-to-edge and vertex-to-vertex 
dimensions were 59 nm and 63.5 nm, 
respectively. Negative-stain and thin-
section EM of the virions revealed 
icosahedral particles with an average 
diameter of ~60 nm, consistent with 
cryo-EM data (II, Fig. 1a,b; III, Fig. 2). 
Densities of the virion in sucrose and in 
CsCl were determined to be 1.26 g/cm3 
and 1.28 g/cm3, respectively (I). These 
densities and diameters of the virion 
are in agreement with the previously 
reported measurements (Camerini-
Otero and Franklin, 1975; Espejo and 
Canelo, 1968c). 

The central section through the 
PM2 density map showed clearly that 
the outer capsid, giving the strongest 
density, surrounds concentric layers 
with weaker densities (III, Fig. 2b). 

These different layers of the virion 
were also apparent in the calculated 
radial density profile (III, Fig. 3b). The 
outermost layer (between radii ~32-39 
nm) was the spike consisting of protein 
P1 (see Section 4.4.1). The layer with 
the strongest density (between radii 
~24-32 nm) was interpreted as the 
protein capsid formed of protein P2 
(see Section 4.4.2). The lipid bilayer 
(between radii ~19-24 nm) was 
assigned to the two density peaks un-
der the capsid. Three concentric layers 
(between radii ~12-19 nm) were 
assigned to DNA. At lower radii the 
layers were less defined due to the 
reduced icosahedral order. The data 
correspond well to the previously pre-
sented SAXS-model of the PM2 parti-
cle (Harrison et al., 1971). The posi-
tions of the capsid and the membrane 
were equivalent. 

The different parts of the PM2 
structure are not equally defined: the 
highest resolution (8.4 Å) was assigned 
to the capsid region, and the resolution 
of the internal portion of the particle as 
well as the spike was higher than 12 Å 
(III, Fig. 3). We interpret this variation 
to represent different degrees of order 
in the structure. The membrane region 
consists of a lipid bilayer and mem-
brane proteins (see Section 4.5.1). 
Thus, it would be expected to contain 
less ordered components than the 
capsid region. 
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4.3.2 STRUCTURAL PROTEINS 

The conclusion from the previ-
ous PM2 literature was that four struc-
tural protein species build up the PM2 
virion (Datta et al., 1971a). For the 
analysis of the PM2 structural proteins, 
proteins in purified virus preparations 
with high specific infectivity (~1×1013 
pfu/mg of protein) were separated in 
tricine-SDS-PAGE gels (I, Fig. 5a). All 
detected protein bands were subjected 
to N-terminal amino acid sequencing 
and mass spectrometric (MS) analy-
ses. The obtained N-terminal peptides 
were compared to the translated PM2 
genomic sequence (I, Fig. 5b; 
Männistö et al., 1999) and to the pro-
tein database. We observed that nine 
determined N-terminal sequences 
matched the putative protein products 
of PM2 ORF and were identified as 
proteins P1-P9 (I; II). MS analysis of 
the tryptic peptides obtained from the 
position of the major capsid protein in 
the SDS-PAGE gel revealed three 
specific peptides, which matched ORF 
j. This newly found protein product was 
named P10 (III). The only detected 
nonviral protein in the virus preparation 
was host-derived flagellin. The mo-
lecular masses of proteins P1-P10 
range from 37.5 to 3.7 kDa and the 
corresponding genes are I-X. 

Previously described four 
structural proteins I-IV (Datta et al., 
1971a; Hinnen et al., 1974; 1976) or 
alternatively sp43, sp27, sp13, sp6.6 
(Brewer, 1976) were identified. These 
were renamed P1–P4 to maintain the 
previous numbering (Datta et al., 
1971a). Brewer and Singer (1974) 
described two additional PM2 structural 
proteins, which could not be assigned 
to proteins defined by us. Proteins P5 - 
P8 were named according to their mo-
bility in tricine-SDS-PAGE, protein P5 
having the highest molecular mass (I, 
Fig. 5a). Eventually the most recently 

identified proteins were designated as 
P9 and P10 (II; III). The determined N-
terminal amino acid sequences were 
equivalent to the protein sequences 
deduced from the PM2 genome except 
for the N-terminal amino acids of pro-
teins P6 and P9 (I; II). The first 
methionine of protein P6 is removed 
after translation and gene IX starts with 
TTG initiation codon, which encodes 
leusine. This amino acid has been re-
placed with methionine residue in P9. 

Currently 15 PM2 genes (I-X, 
XII-XVI) have been characterised en-
coding protein (I; II; III; Männistö et al., 
1999; 2003). PM2 genes I-X coding for 
structural proteins comprise ~50% of 
the coding capacity of the genome 
(Fig. 3). Genes I-VIII and X belong to 
the late operon, OL (Männistö et al., 
1999; 2003). This operon also includes 
small ORF k and l, which have not 
been so far shown to encode structural 
proteins. Gene IX belongs to the early 
right operon (OER) being presumably 
produced before the other structural 
proteins. Transcription of genes I-VIII 
and X in the OL operon is activated by 
two viral transcription factors, P13 and 
P14 (Männistö et al., 2003). 

Protein P9 contains an 
ATP/GTP-binding consensus site (II; 
Männistö et al., 1999). Other PM2 
structural proteins do not have 
sequence similarity to any proteins in 
the protein databank. Based on com-
puter analysis of the amino acid 
sequences of the PM2 structural pro-
teins (using TMPRED, TMHMM, and 
DAS), P3–P8 and P10 contain putative 
hydrophobic helices (I; III; Cserzo et 
al., 1994; Hofmann and Stoffel, 1993; 
Krogh et al., 2001; Männistö et al., 
1999; Rost et al., 1996; von Heijne, 
1992). Proteins P6, P10 and the gp h 
contain putative Ca2+-binding sites 
(Männistö et al., 1999). 
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Figure 3. PM2 genome. The nucleotides 
of the circular genome are numbered 
starting from the unique EcoRII restriction 
site proceeding in the direction in which 
most of the ORFs are transcribed as de-
scribed by Männistö et al. (1999). The 
genes marked by Roman numerals and 
the ORF by lowercase letters are visu-
alised as arrows indicating the direction of 
transcription. Genes encoding structural, 
non-structural proteins, and ORF are col-
oured black, grey, and white, respectively. 
The genome is organised in three operons: 
the early left, the early right, and the late 
operon named OEL, OER, and OL, 
respectively. The arrows with dashed lines 
show the mRNA start sites for the three 
promoters (P). The origin of replication 
(ORI) is indicated. 
 

4.4 CAPSID 

Calcium ions are a requisite for 
the PM2 virion (Espejo and Canelo, 
1968a; Snipes et al., 1974). In this 
study it was shown that Ca2+ ions con-
trol capsid stability and uncoating of 
the virion. It was found that below 2.5 
mM CaCl2, infectivity of the virions was 
significantly reduced (I). Further analy-
ses revealed that Ca2+ depletion trig-
gered the dissociation of the outer 
capsid (II, Fig. 2b). Analysis of the 
virion dissociation products allowed us 
to identify the capsid components: the 
spike protein P1 (37.5 kDa) and the 
major coat protein P2 (30.2 kDa; II). It 
has been estimated that P2 and P1 
together account for ~40% of the 
protein mass in the PM2 virion. The 
analysis was consistent with the previ-
ous description of the capsid (Brewer 
and Singer, 1974; Hinnen et al., 1974; 
Schäfer et al., 1974). The removal of 
soluble proteins P1 and P2 from the 
virion resulted in aggregation of the 

rest of the viral material. Also freezing 
and thawing completely removes the 
protein shell (II, Fig. 2b; Brewer and 
Singer, 1974). Moreover, even during 
storage under optimised conditions, 
similar dissociation was observed over 
time indicating the metastable nature of 
the PM2 particle. In conditions where 
Ca2+ were present but NaCl was 
omitted the virus titer was reduced due 
to partial removal of the vertices (II, 
Fig. 2b). 

Proteins P1 and P2 can be puri-
fied from virions in a soluble form. The 
purified proteins P1 and P2 were used 
to raise polyclonal antisera (II). The 
obtained antibodies were used in virus 
aggregation and neutralisation assays. 
Viruses treated with antiserum against 
P2 aggregated and made virus-mul-
timers confirming the surface location 
of P2 (II, Fig. 3). However, antiserum 
against protein P1 did not neutralise 
viruses. 
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4.4.1 PROTEIN P1 FORMS RIGID PENTAMERIC SPIKES 

There are obvious brush-like 
protrusions at the five-fold vertices of 
the PM2 virion (Harrison et al., 1971). 
Three-dimensional image recon-
struction of the PM2 virion revealed 
that the vertices are occupied by 
prominent pentameric protein com-
plexes (III, Fig. 2b-d). The vertex 
structure is shaped like a hand with 
well-defined five fingers forming a dis-
tal domain, which is attached to a cen-
tral domain. The base of the vertex 
structure, a proximal domain, is em-
bedded in the capsid (see below). 

Protease treatments were used 
to probe the accessibility of the pro-
teins on the virion surface. It was pos-
sible to produce particles with different 
protein compositions using proteinase 
K or bromelain treatment (II, Fig. 2). 
After protease treatment the particles 
had negligible infectivity and they 
sedimented faster than the virions. 
SDS-PAGE analysis of purified parti-
cles revealed that only protein P1 was 
susceptible to proteolysis resulting in 
particles with truncated peptides. The 
cleaved peptides were identified to 
originate from the N-termini of P1 
molecules (II). Three-dimensional 
difference imaging between the PM2 
virion density map and that of either 
bromelain or proteinase K - treated 
particles revealed the domains of the 
P1 protein. Mass spectrometric analy-
ses were use to determine the 
bromelain and proteinase K cleavage 
sites on P1 defining the boundaries 
between the domains (III). It appeared 
that the cleavages occurred between 
the predicted secondary structure 
elements. After bromelain treatment a 
~6.4 kDa N-terminal fragment of P1 
remained with the virus defining the 
wrist domain interacting with the P2 
capsid. For proteinase K digested 
particles, a ~17.4 kDa N-terminal P1 

fragment was identified. This fragment 
includes the proximal and central 
domains devoid of the distal domain. 
These masses correspond well to the 
mass estimates from the SDS-PAGE 
analysis (II). Thus, the distal 20.1 kDa 
C-terminal domain of P1 (Val159-
Thr335) is exposed to the medium and 
is essential for infectivity. 

A major portion of the spike 
protrudes from the capsid (III, Fig. 2d). 
There are 60 copies of P1 monomers 
(37.5 kDa) per virion and the mass of 
the pentameric P1 is 187.5 kDa. This 
mass accounts for the density 
observed at virion vertices in the three-
dimensional virion density map. 
Segmentation of the P2 trimers from 
the PM2-native reconstruction defined 
the boundary of the pentameric spike 
base (III, Fig. 2c, 5a–c). Moreover, the 
bases of the spike can readily fit in the 
five-fold holes in the P2-shell. Thus, 
the vertices are occupied by 
pentameric spikes formed entirely of 
P1. Based on sequence analyses the 
PM2 spike protein P1 belongs to the 
class of α/β-proteins with no similarity 
to known proteins in Protein Databank 
(III; Rost and Sander, 1993). 

Gel filtration, sedimentation, and 
cross-linking experiments showed that 
P1 is a monomer in solution (II, Fig. 4). 
Behaviour in the sedimentation assay 
and size-exclusion chromatography 
strongly suggests an elongated shape 
for isolated P1. However, in the virion, 
radially orientated P1 monomers form 
pentameric complexes with interactions 
occurring along the length of the 
proximal and central domains. The 
interactions between P1 monomers 
seem to be weak and other factors are 
needed for pentamerisation. Assembly 
of the spike proteins into the P2-shell 
may lead to the multimerisation. 
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4.4.2 PM2 CAPSOMERS ARE ORGANISED ON A NOVEL PSEUDO T=21 
LATTICE 

The major components of the 
PM2 capsid are the P2 trimers (II, Fig. 
4). Based on sequence analysis, P2 
belongs to the class of α/β-proteins (III; 
Rost and Sander, 1993). According to 
the size exclusion chromatography and 
sedimentation analysis the P2 trimer is 
a compact complex. Surface presenta-
tion of the PM2 virion three-dimen-
sional reconstruction at 8.4 Å resolu-
tion (for the capsid) revealed protru-
sions clustering into three-fold and 
local six-fold coordinated positions (III). 
The protrusions were assigned to P2 
trimers resolving the organisation of 
the PM2 capsomers. Three P2 mono-
mers pack closely together forming a 
trimer (3×30.2 kDa) with a pseudo-
hexagonal shape (III, Fig 4a). The 
mean height and width of a trimer are 
~50 Å and ~90 Å, respectively (III, Fig. 
4f). The hexagonal shape of the trimer 
agrees well with negatively stained 
images of isolated viral donut-shaped 
P2 trimers having a diameter of ~7 nm 
(II). The capsomers are organised in a 
pseudo T=21 icosahedral lattice 
skewed to the right (dextro; III, Fig. 4b). 
Each of the 60 asymmetric units is 
composed of ten P2 monomers and 
one monomer of P1 occupying the 
vertex. Thus, the copy-number of P2 is 
600, which agrees well with the previ-
ous estimate (Harrison et al., 1971). 
When rendered at 4σ above the mean 
density, the boundaries between the 
P2 monomers could be defined (not 
shown). A P2 monomer consists of two 
distinct domains (P and Q) giving the 
trimer its pseudo-hexagonal shape (III, 
Fig 4d). The P domain is slightly higher 
than the Q domain, otherwise they 
appear to be similar, although any 
duplication can not be found in the P2 
amino acid sequence. The pseudo 
T=21 capsid lattice arrangement is 

unique and has not described previ-
ously for other viruses. The PM2 
capsid architecture some what resem-
bles the pseudo T=25 capsid organisa-
tion of PRD1 (Butcher et al., 1995).  
The pseudo T=25 capsid lattice is 
constructed of 240 copies of the major 
coat protein trimers with pseudo-
hexagonal shape forming the facets 
and 12 copies of protein complexes 
residing at the vertices. A notable 
difference is that the homopentameric 
vertex structure of PM2 deviates from 
the vertices of PRD1, which are 
composed of several different protein 
species (II; III; Rydman et al., 1999; Xu 
et al., 2003).  

Icosahedral viruses (T>1) have 
developed various strategies to employ 
identical polypeptides to occupy differ-
ent environments, while forming a 
continuous protein shell. In PM2 P2 
trimers 1-4 occupy four positions with 
chemically different environments (III, 
Fig. 4b,c). Type 1 trimers circle the 
five-fold vertices and type 3 trimers 
reside at the three-fold axes of 
symmetries. Type 2 and 4 trimers are 
situated on both sides of the two-fold 
axes. The resolution obtained (8.4 Å) 
allowed putative α-helices to be seen 
on the membrane side of the P2 
trimers (III, Fig. 4e,f). The different 
composition and orientation of the α-
helices in P2 trimers occupying differ-
ent positions reflect conformational 
switching. Similarly, the X-ray structure 
of SV40 revealed that capsid protein 
pentamers have either two or three α-
helices depending on the location of 
the pentamer on the capsid surface 
lattice (Liddington et al., 1991). The 
most significant difference between the 
PM2 trimers is seen at the bottom of 
the adjacent trimers 2 and 4. These 
trimers are connected to the underlying 
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membrane through strong densities 
(anchors), which are described in 
section 4.5.2 (III, Fig. 2b and 4e,g). 

In addition to the anchors, other 
capsid stabilising features like calcium 
binding sites, α-helices, or accessory 
glue proteins might function to hold this 
pseudo T=21 capsid together. 
Although the capsid protein P2 and the 
spike protein P1 do not contain appar-
ent calcium binding sites, the uncoating 
of the virion is regulated by Ca2+ 
proposing the presence of Ca2+ binding 
sites in the PM2 capsid (II). Tenfold 
molar excess of EGTA to remove 
calcium ions reduced the phage titer 
only by ~50%, but the corresponding 
amount of EDTA did not have any 
effect on virion stability (I). Thus, 
calcium ions seem to be tightly bound. 
The best candidates for binding 
calcium are membrane proteins P6 and 
P10 and the protein product of ORF h 
with predicted putative calcium-binding 
motifs (Männistö et al., 1999). It has 
been proposed that P2 binds calcium 
(Schäfer et al., 1974), and it is also 
noteworthy that P2 solubility is 
increased by calcium ion chelation 
(J.T. Huiskonen and S.J. Butcher, 
unpublished). Thus, Ca2+ ions might be 
located at the P2 trimer interfaces 
favouring the assembly state. It has 
been shown for several viruses that 
calcium ions play a role in the capsid 
assembly and stability. These exam-

ples include the outer capsid proteins 
(VP4 and VP7) of rotavirus, (Ruiz et 
al., 1996), the intermediate shell of 
bacteriophage φ6 protein P8 (Olkkonen 
et al., 1991), and SV40 capsid (Brady 
et al., 1977; Stehle et al., 1996). 

Flexible portions of major capsid 
proteins like in tomato bushy stunt 
virus (TBSV; Olson et al., 1983) and 
polyoma virus (Stehle et al., 1996), 
ordered regions of nucleic acid like in 
Flock House virus (Fisher and 
Johnson, 1993) or glue proteins/minor 
capsid proteins like in adenovirus 
(Stewart et al., 1991) and PRD1 
(Rydman et al., 2001; San Martín et al., 
2002) are used to stabilise the lattices. 
The membrane facing surface of the 
PM2 major capsid protein trimers have 
conformational variation as seen in 
different compositions and positions of 
the α-helices (III, Fig. 4e,f). In many 
viruses alternative conformations of the 
N- and/or C-termini of major capsid 
proteins stabilise the protein shells, like 
in SV40 and HK97 (Liddington et al., 
1991; Wikoff et al., 2000). This might 
also be the case in PM2 trimer stabili-
sation. In addition to the putative N-/C-
terminal P2 contacts the N-terminal 
wrist domains of the spike protein P1 
embedded to the P2 shell may function 
as glue. It is not excluded that PM2 
capsid contains small additional pro-
teins. 
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4.5 LIPID CORE – A DNA-FILLED PROTEINACEOUS MEMBRANE 
VESICLE 

Two different models have been 
presented for the organisation of the 
internal part of PM2 virion. The previ-
ous PM2 model is based on studies by 
Franklin and his collaborators 
(Franklin, 1974; 1977; Franklin et al., 
1976). This model suggested that the 
lipid bilayer is located between two 
protein shells: the outer shell formed of 
protein P2 and the inner shell formed 
of protein P3 (Fig. 3; Schäfer et al., 

1974). Predominantly based on particle 
dissociation studies with urea, the pre-
viously identified proteins P1-P4 were 
localised to the virion and it was 
proposed that a distinct nucleocapsid 
(composed of proteins P3, P4, and the 
genome) resides under the membrane 
(Hinnen et al., 1974; Schäfer et al., 
1978). The current model based on the 
results of this study is described below 
(I; II; III). 

4.5.1 DEFINING THE LIPID CORE COMPONENTS AND THEIR 
ORGANISATION 

A central section of the PM2 
cryo-EM based density map visualised 
an apparent 4 nm thick internal lipid 
bilayer (III, Fig. 2b). In cryo-EM micro-
graphs smaller, round dissociation 
products with a diameter of ~48 nm 
were detected in addition to virions (III, 
Fig. 2a). These internal membrane 
vesicles were isolated from PM2 
virions by removing the protein capsid 
with 2 - 4.5 M urea as previously 
described (II; Hinnen et al., 1974; 
Schäfer et al., 1978). The diameter of 
isolated vesicles agrees with the posi-
tion of the bilayer in the virion density 
map (II). These membrane vesicles 
were soluble only in the presence of 
urea. The products of virions dissoci-
ated with urea were separated in 
sucrose gradients containing urea. The 
protein, lipid, and DNA contents of the 
dissociation products were analysed by 
SDS-PAGE and thin layer chroma-
tography (II, Fig. 5b). Phospholipids 
PG and PE forming the majority of the 
PM2 lipid bilayer, the viral genome, 
and structural proteins P3-P9 (and 
most probably P10) were detected in 
the isolated subviral particles. Proteins 
associated with the lipid bilayer were 
also analysed from viral membranes 

obtained by freeze-thawing or calcium 
depletion experiments: proteins P3-
P10 were localised in the membrane 
fraction (II, Fig. 2b; III, 1b). The subviral 
particles lacking P1 and P2 were 
designated lipid cores (LC). Urea-
isolated LC with two different buoyant 
densities were detected (1.15 and 1.19 
g/cm3); the lighter contained smaller 
amount of protein P5, but otherwise 
their protein composition was similar. 
Different phospholipid contents of the 
LC might also explain the density 
difference. 

By subtracting the P2 shell den-
sity, from the PM2 virion density the 
surface of the LC can be visualised (III, 
Fig. 2d). The PM2 membrane is 
asymmetric; the inner membrane leaf-
let is denser than the outer leaflet (III, 
Fig. 2b, 4g). The circular dsDNA 
genome resides next to the inner 
membrane leaflet. The increased order 
of the inner leaflet might be a conse-
quence of the close association with 
the genome. PM2 phospholipids are 
distributed asymmetrically between the 
two leaflets; PG being enriched in the 
outer membrane leaflet (Schäfer et al., 
1974). This could be explained by the 
specific interactions between PG mole-
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cules and the membrane proteins, 
similarly as observed in bacteriophage 
PR4 (Davis and Cronan, 1985). 
However, the enrichment of PG in the 
PR4 membrane does not seem to be a 
prerequisite for the assembly of infec-
tious particles (Vanden Boom and 
Cronan, 1988). The asymmetric distri-
bution of phospholipids may also be a 
consequence of geometrical constrains 
(de Kruijff, 1987; 1997).  

Only the outermost concentric 
DNA layers can be seen in the icosa-
hedrally-averaged PM2 density map. 
The average distance between the 
phospholipid head groups and the 
inner leaflet to the DNA phosphates is 
~17 Å. Concentric rings of DNA have 
been observed also in capsids of other 
dsDNA bacteriophages and herpes-
viruses (Booy et al., 1991; Cerritelli et 
al., 1997; Olson et al., 2001; San 
Martín et al., 2001). The spacing 
between the outermost adjacent DNA 
layers in PM2 is unequal, which is also 
seen in bacteriophage PRD1 (San 
Martín et al., 2001). Calculations based 
on the genome size and the LC interior 
volume indicate that the PM2 genome 
is less densely packaged (0.35 bp/nm3) 
than that of tailed bacteriophages or 
herpesviruses, but similar to the PRD1 
genome (III; Casjens, 1997). 

According to the previous 
structural model of PM2, the first layer 
of density below the membrane (radius 
of 18.5 nm) was suggested to be the 
inner protein shell formed of P3 (see 
III, Fig. 3b; Harrison et al., 1971; 
Hinnen et al., 1974; Schäfer et al., 
1974). This model also proposed that 
the lipid bilayer could be stripped off, 
leaving an intact lipid-free nucleocapsid 
(Hinnen et al., 1974; Schäfer et al., 
1978). In this study we present a differ-
ent interpretation for this layer. No 
evidence for distinct lipid-free nucleo-
capsid was observed (II; III). Our data 
agree well with the results of Satake et 
al. (1980) who showed that 95% of the 

viral phospholipids are associated with 
isolated LC. According to Akutsu et al. 
(1980) and Satake et al. (1980) a lipid-
free nucleocapsid does not exist, but 
the lipids are found in the form of a 
bilayer both in the virion and the LC. 
Furthermore, SAXS analysis of the 
PM2 membrane demonstrated that 
proteins occupy ~1/3 of the membrane 
volume (Harrison et al., 1971). This is 
consistent with our analysis, since 
secondary structure predictions identi-
fied a putative transmembrane helix in 
proteins P3-P8 and P10, which associ-
ate with the isolated LC (II; III; 
Männistö et al., 1999). Thus, these 
proteins are likely to be partially 
embedded in the viral membrane. In 
the case of protein P9 no transmem-
brane regions were detected and its 
incorporation to the LC is most proba-
bly mediated by protein-protein inter-
actions. Although protein P3 is the 
major LC-protein, it is more likely to be 
embedded into the lipid bilayer, rather 
than forming a continuous shell. The 
observation that the recombinant 
protein P3 expressed in E. coli is 
insoluble and found in the membrane 
fraction of the cells also supports a 
membrane location for P3 (IV). A puta-
tive candidate for a protein constituent 
residing in the interior of the virion is 
the small protein P4, which supposedly 
binds DNA (Marcoli et al., 1979; 
Satake et al., 1981). Proteolytic treat-
ment of isolated LC produced pleomor-
fic membranes containing only P4 (II). 
Thus, P4 might be located completely 
inside the LC as previously has been 
proposed (Armour and Brewer, 1990; 
Hinnen et al., 1976). Although the other 
LC-associated proteins were cleaved 
with trypsin in isolated LC (II), small 
domains of these proteins could possi-
bly reside inside the LC. As a conclu-
sion, the density underneath the mem-
brane could consist of both protein and 
DNA closely juxtaposed to the mem-
brane (III). 
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4.5.2 ANCHORS LINK THE MEMBRANE TO THE CAPSID 

Although the isolated LC seem 
to be spherical, the membrane in the 
virion follows the curvature of the 
icosahedral capsid (II; III). Underneath 
the five-fold vertices the membrane is 
more rounded than the interior of the 
protein capsid (III). Therefore, the 
icosahedral shape of the membrane 
vesicle is imposed by its interactions 
with the P2 capsid. A similar 
phenomenon is seen also in PRD1, 
where the internal membrane also 
follows the shape of the icosahedral 
capsid (Butcher et al., 1995). 

In all of the membrane-contain-
ing virus structures examined so far, 
there appear to be connections 
between each of the major capsid 
protein molecules and the membrane. 
Examples include the P3 α-helical 
contacts in PRD1 (San Martín et al., 
2002), the E2 transmembrane helices 
in Semliki Forrest virus (SFV; Mancini 
et al., 2000) and the M and E α-helices 
in dengue virus (Kuhn et al., 2002; 
Zhang et al., 2003). In this respect, the 
connection between the PM2 mem-

brane and the capsid is different. The 
three-dimensional reconstruction of the 
PM2 virion revealed that near the two-
fold axis of symmetry the membrane is 
brought together with the capsid by 60 
anchors (III, Fig. 2b and 4g). Each 
anchor is most likely formed by a 
bundle of α-helices, which extend from 
the capsid to the membrane under the 
type 2 and 4 trimers of the adjacent 
facets. Thus, only a subset of 120 P2 
polypeptides is linked to the mem-
brane. P2 is most likely not connected 
to the membrane, since the protein 
capsid can be removed from the virion 
exposing the intact membrane surface 
(II). Moreover, the P2 amino acid 
sequence does not contain any 
predicted transmembrane helices. 
Furthermore, the density forming the 
anchors is not part of the averaged P2 
trimer (III, Fig 4f).  The most probable 
candidates for anchor proteins are the 
LC-associated proteins such as protein 
P10 (29 kDa), which could readily 
account for the anchor density. 

4.5.3 IS THE LIPID CORE AN ASSEMBLY INTERMEDIATE? 

Does the disassembly product, 
the LC, have a real biological function? 
Previous analyses of temperature-
sensitive PM2 mutants identified an 
assembly intermediate apparently 
similar to the LC (Brewer, 1978b; 
1979). These mutants had defective 
capsid formation and the DNA 
packaging was blocked producing only 
virus-sized empty membrane vesicles. 
This indicates that PM2 membrane 
vesicle formation is not dependent on 
the presence of the major capsid 
proteins. Thin section EM of PM2 
infected cells showed viral assembly 
intermediates smaller than progeny 
virions lining with the CM (Cota-Robles 
et al., 1968; Dahlberg and Franklin, 

1970). This is consistent with the idea 
that LC is an assembly intermediate. 
The majority of the proteins synthe-
sised during PM2 infection are mem-
brane-bound (Brewer and Singh, 1982; 
Datta et al., 1971b). Thus, the CM 
containing the viral proteins could acts 
as an assembly site for the LC. 

There are no examples of how a 
circular supercoiled dsDNA molecule 
could be encapsidated inside the viral 
lipid bilayer. All described encapsida-
tion systems of dsDNA bacteriophages 
proceed via a procapsid state including 
also the membrane-containing bacte-
riophage PRD1 (Bamford et al., 1995; 
King and Chiu, 1997). There is no evi-
dence so far for an empty PM2 pro-
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capsid. It is intriguing how PM2 has 
solved the packaging puzzle. The 
intracellular, newly replicated PM2 
genome is supercoiled as the 
packaged DNA in the virion (Ostrander 
and Gray, 1974). The only encapsida-
tion system for highly supercoiled cir-
cular dsDNA is that described for 
papovavirus SV40. The SV40 genome 
is first precondenced and then sur-
rounded by the major capsid proteins 
(Gordon-Shaag et al., 2002). The pres-
ence of the putative packaging ATPase 
P9 in the PM2 LC suggests that energy 
is required for packaging (II). Is the LC 
assembled around a condenced 
genome like in SV40 or is the circular 
dsDNA packaged into a preformed 
empty LC? Brewer (1976) favoured the 
latter option based on the finding that 
virus-sized membrane vesicles are 
formed without DNA or scaffolding 

protein. Thus, the membrane vesicle 
containing integral membrane proteins 
could wrap around the circular super-
coiled genome at the host CM. 
Assuming that the LC is an assembly 
intermediate, P1 and P2 are subse-
quently co-assembled on the LC 
surface. The most potential candidates 
for the shell nucleation are the anchor 
pairs at the two-fold axis of symmetry. 

The packaged nucleic acid in 
the bacteriophage head is highly pres-
surised (Casjens, 1997; Smith et al., 
2001). Thus, the capsid must resist an 
extensive force derived from the pack-
aged DNA. PM2 DNA-filled LC can be 
isolated suggesting that they can with-
stand any forces that may have arisen 
during DNA encapsidation. The super-
coiling of the DNA might decrease the 
pressure against the LC wall. 

4.6 ‘RECONSTITUTION’ OF THE PM2 VIRION 

An in vitro reconstitution of the 
PM2 virion using purified viral compo-
nents have been described by Schäfer 
and Franklin (1975; 1978). The assem-
bly experiments were carried out by 
combining separated viral structural 
proteins, nucleic acid, and phos-
pholipids obtained from urea-dissoci-
ated virions. It was reported that PM2 
nucleocapsids were assembled from 
denatured proteins P3 and P4, and 
from the viral genome (Schäfer and 
Franklin, 1975). Subsequently, combin-
ing P1, P2, PE, and PG with reconsti-
tuted or isolated nucleocapsids was 
reported to produce infectious virions 
(Schäfer and Franklin, 1975; 1978). 
Criticisms against these experiments 
have been presented. According to 
Satake et al. (1980) isolated nucleo-
capsid contained 95% of the viral 
phospholipids and the viral lipids could 
not be removed from the nucleo-
capsids. Knowing that the PM2 particle 
consists at least of ten different struc-

tural protein species (I; II; III), it is 
puzzling to imagine how the infectious 
virion could be assembled from the 
described pure components. There-
fore, we repeated the reconstitution 
experiments using these newly defined 
viral components and tried to assemble 
a protein shell around the LC. 

As mentioned above, treatment 
of PM2 virions with 4.5 M urea results 
in the removal of proteins P1 and P2 
from the particle thus exposing the LC 
(II, Fig. 5). For reconstitution the disso-
ciation was carried out in the presence 
of 20 mM 2-mercaptoethanol as 
described by Schäfer and Franklin 
(1975; 1978). In 4.5 M urea P1, P2, 
and LC are soluble. To repeat the 
experiments described earlier we 
lowered the urea concentration gradu-
ally by dialysis. The dialysed material 
was analysed by rate zonal centrifuga-
tion revealing that the depletion of urea 
from the reconstitution mixture resulted 
in aggregation of the viral material. 
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However, when 0.5 M urea was left in 
the reconstitution mixture some P1 and 
P2 were assembled on the LC 
producing soluble non-infectious parti-
cles (II, Fig. 6). The amount of assem-
bled P1 and P2 on the LC was signifi-
cantly lower than in the virions.  

Also the ability of P1 and P2 
obtained from freeze-thawed virions to 
assemble on urea-isolated LC was 
tested. P1 and P2 obtained by freeze-
thawing precipitated when the urea 
concentration exceeded 1 M and we 
were restricted to use <1 M urea 

concentrations in these reconstitution 
experiments. Combining P1 and P2 
with isolated LC resulted in non-infec-
tious aggregates of viral components. 
Addition of either bovine serum 
albumin as proposed by Schäfer and 
Franklin (1975) or PEG did not result in 
any specific assembly products. In 
conclusion, the repeated reconstitution 
experiments were not successful and 
did not produce infectious virions in 
contradiction to previously published 
results. 

4.7 BACTERIOPHAGE PM2 ENTRY 

4.7.1 PHAGE ADSORPTION TRIGGERS DISSOCIATION OF THE VIRION 
EXPOSING A FUSION-ACTIVE LIPID CORE 

Bacteriophage PM2 has to 
deliver its genome into the host cell 
cytoplasm to initiate the infection-cycle. 
There is no description of the events 
during the penetration of phage PM2 
into its host cells. It is known that puri-
fied PM2 DNA can initiate an infection 
cycle when introduced into BAL-31 
cells by transfection (van der Schans et 
al., 1971). Also ER72M2 and A28 
spheroplasts can be infected with puri-
fied PM2 DNA (IV). Thus, only the PM2 
genome has to enter the cell, no 
parental protein or lipid components 
are needed to carry out the reproduc-
tion cycle. 

On the basis of binding assays, 
hundreds of PM2 particles were bound 
to the cell surface of the two marine 
Gram-negative Pseudoalteromonads 
demonstrating a high abundance of 
PM2 receptor molecules on the sensi-
tive cells (IV, Fig. 1b). This correlates 
well with the high rate of the phage 
binding to the cells (IV, Fig. 1a). As 
mentioned above (Section 4.1) other 
tested Pseudoalteromonads do not 
support PM2 growth, although they are 
closely related to the hosts (I). This 
indicates that the receptor mole-

cule/complex is not a common surface 
structure of Pseudoalteromonads. In 
order to identify the PM2 receptor, 
virus binding inhibition in the presence 
of LPS and the soluble and insoluble 
fractions of sensitive cell were ana-
lysed (IV). No inhibition of virus binding 
was observed. The reason for this may 
be that disruption of the cell envelope 
inactivates the receptor, which might 
be functional only when organised 
properly on the cell surface. This is the 
case in the PRD1 non-extractable 
receptor-complex (Daugelavičius et al., 
1997b). Moreover, an extensive prote-
ase treatment of the sensitive cells did 
not affect the virus binding (IV). 

Proteins P1 and P2 on the sur-
face of the PM2 virion encounter the 
receptor on the host cell. In the present 
study we purified recombinant proteins 
P1 and P2 as well as the correspond-
ing proteins obtained from disrupted 
PM2 particles (II; IV). The proteins 
were added into phage adsorption as-
say to test their capability to interfere 
with the phage binding to the sensitive 
cells. It was shown that the P1 mono-
mers (recombinant and virus-derived) 
prevented phage adsorption, while P2 
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trimers had a negligible effect. Thus, 
the specific binding to the cellular 
receptor is mediated by protein P1 (IV). 

The lability of the interactions in 
the PM2 capsid might assist in initiating 
DNA delivery upon receptor recogni-
tion. Association experiments of the 35 

S-methionine- and the 33P-labeled PM2 
virions to host cells revealed that 
receptor binding is followed by release 
of virion components (IV, Fig 2). The 
major coat protein P2 was found to be 
soluble after the phage adsorption. In 
addition to this, a fraction of the viral 
DNA was released. We propose that 
binding of PM2 to the cellular receptor 
leads to the uncoating of the virion. 
Several observations support this 
hypothesis. Calcium depletion or 
freeze-thawing of the virions trigger 
dramatic rearrangements in the outer 
capsid. The spikes and the capsomers 
are simultaneously released and the 
fusogenic LC is exposed (II; III). Analo-
gous uncoating triggered by calcium 
depletion has been described for the 
P8 layer of bacteriophage φ6 and VP7 
of rotavirus forming the T=13 middle 

shell lattice (Olkkonen et al., 1991; 
Ruiz et al., 1996). This uncoating event 
is essential for infection. On the other 
hand, obviously the interactions 
between the PM2 spike and the cellular 
receptor activates the next step in the 
infection leading to the transfer of the 
viral DNA into the host cell. After 
genome injection of various dsDNA 
bacteriophages including internal 
membrane-containing tectiviruses 
PRD1 and Bam35, the empty protein 
capsid stays bound to the cell surface 
(Lundström et al., 1979; Ravantti et al., 
2003). In contrast no empty viral cap-
sids were seen on the host cell surface 
after all the PM2 entry-derived changes 
on the cell envelope were completed 
(IV, Fig. 1c-e). In fact, the observed 
cell-associated particles had a diame-
ter of ~40 nm, which corresponds to 
the diameter of the LC. Thus, the 
exposed LC is an entry-intermediate, 
which faces the cell surface and is 
needed for the penetration of the highly 
supercoiled circular dsDNA through the 
cell envelope. 

4.7.2 PENETRATION OF PM2 INDUCES CHANGES IN HOST CELL 
ENVELOPE PERMEABILITY 

The electrochemical character-
istics of the cell envelope of marine 
Gram-negative Pseudoalteromonads 
have not been described.  It is known 
that the phospholipid composition and 
ratio of BAL-31 membranes are similar 
to that of Enterobacteria such as E. coli 
(Espejo and Canelo, 1968b). The OM 
of Gram-negative bacteria are perme-
able to small hydrophilic compounds 
and inorganic ions, which freely diffuse 
though porins. However, the outer 
leaflet of the OM forms a permeability 
barrier to lipophilic compounds such as 
tetraphenylphosphonium (TPP+), 
phenyldicarbaundecaborane (PCB-), 
and ionophoric antibiotics like grami-
cidin D (GD) (Daugelavičius et al., 

1997a; Nikaido, 1996). The bacterial 
CM is permeable to lipophilic ions and 
GD, but inorganic ions like K+ can not 
penetrate the membrane. The penetra-
tion of the viral nucleic acid across a 
Gram-negative cell envelope induces 
changes in the OM and the CM 
(Letellier et al., 1999). Thus, the ion 
fluxes across the cell envelope are 
indicators of the energetic state of the 
CM and the permeability of the OM. 
The ion flows can be measured using 
selective electrodes. They monitor the 
concentrations of the used indicator 
ions in the media surrounding the cells. 
In this study three indicator ions were 
used: TPP+, PCB-, and K+. If phage 
infection increases OM permeability, it 
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should be observed as an increased 
uptake of lipophilic ions. Furthermore 
the ionophoric antibiotic GD can then 
reach the CM thus inducing depolari-
sation, which results in exit of intracel-
lular K+. 

Analyses of the electrochemical 
characteristics of the cell envelopes of 
Pseudoalteromonads revealed that 
their OM are highly permeable to the 
lipophilic compound TPP+ (IV). In this 
respect their OM are different from the 
well-characterised Gram-negative cell 
envelopes of E. coli or S. enterica 
(Nikaido, 1996). Chelating agents such 
as EDTA destabilise the OM of Gram-
negative bacteria by removing the 
stabilising divalent cations (Vaara, 
1992). This results in a partial release 
of LPS molecules. The permeability 
observed in the OM of the Pseu-
doalteromonad resembles that of 
enteric bacteria when their OM have 
been permeabilised by Tris-EDTA 
treatment (Daugelavičius et al., 1997a). 
Interestingly, the EDTA treatment did 
not increase the OM permeability of 
Pseudoalteromonads. Pseudoaltero-
monads are grown in a medium 
resembling seawater. High salt in the 
growth medium results in an increased 
concentration of cellular solutes 
(Ingraham and Marr, 1996). Thus, the 
high intracellular K+ concentration of 
Pseudoalteromonads (IV) and the high 
permeability of the OM might be an 
adaptation to their natural marine envi-
ronment. 

Ion fluxes across the cell enve-
lope were measured during PM2 entry 
into Pseudoalteromonds, BAL-31 and 
ER72M2 (IV). Although the OM of 
Pseudoalteromonads were permeable 
to lipophilic TPP+, it formed a perme-
ability barrier for lipophilic but rather 
large GD molecules. However, the 
phage addition allowed GD to pene-
trate the OM and cause depolarisation 
in the CM. (IV, Fig. 6). This virus-
induced transient permeabilisation of 

the OM can be interpreted as a fusion 
between the viral membrane and the 
OM. This results in a virus-derived 
membrane patch in the outer leafter of 
the OM. Less than two minutes after 
virus addition the OM was recovered 
possibly due to the diffusion of the 
lipids and movements of the LPS 
molecules. Also the uncoating of the 
virions upon the penetration of the viral 
DNA across the cell envelope supports 
the proposal of a fusion between the 
LC and the host OM.  

Penetration of the membrane by 
the PM2 nucleic acid induced a release 
of accumulated TPP+ from the cells 
and a leakage of intracellular K+, as 
well as PCB- binding to the cellular 
membranes (IV, Fig. 3, 4). These 
phage-induced effects on the CM 
started ~15 s after the addition of the 
virions into the cell suspension and 
were over in approximately two min-
utes showing that the initial stages of 
PM2 infection are fast. The transfer of 
the PM2 DNA across the CM only 
slightly destabilised the membrane. 
The CM was partially depolarised, but 
the intracellular ATP concentration did 
not decrease during the infection. The 
strong uptake of PBC- by the cellular 
membranes upon phage infection 
correlates with the pore formation in 
the bacterial envelope during T4 and λ 
infections (Boulanger and Letellier, 
1988; Daugelavičius et al., 2001; 
Grinius and Daugelavičius, 1988). Also 
it has been shown that there is an 
efflux of K+ simultaneously with T4, T5, 
and T7 DNA injection (Letellier et al., 
1999).  Similarly strong binding of PBC- 
and release of K+ are triggered by PM2 
infection (IV, Fig. 4b,c). Presumably 
the CM is transiently reorganised 
allowing K+ to leak out through a pore. 
This putative pore is impermeable to 
ATP and sealed after the DNA 
passage minimising the harmful effects 
for the cell energy balance. 
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Calcium has a role in controlling 
the stability of the PM2 virion (II). 
According to the electrochemical 
measurements the stage when PM2 
penetrates the CM is also controlled by 
calcium. The cells were incubated 
without calcium and highly infectious 
virus particles were added. (Amount of 
calcium coming from the virus prepara-
tion into the adsorption mixture was 
small, <0.01 mM CaCl2). In the 

absence of calcium the phage-induced 
effect on the OM permeability is seen, 
but the CM is not depolarised indicat-
ing that the infection process is blocked 
(IV, Fig. 7). Different interpretations of 
the role of the calcium ions during PM2 
infection have been presented (Snipes 
et al., 1974). According to these experi-
ments PM2 binding to the cell does not 
require calcium ions, but calcium is 
needed only for the particle assembly. 

4.7.3 LIPID CORE-ASSOCIATED PROTEIN P7 HAS LYTIC ACTIVITY 

The PM2 virion contains a parti-
cle-associated lytic activity previously 
assigned to protein P3 (Tsukagoshi et 
al., 1977). We analysed the virion 
associated lytic activities by zymogram 
analysis (Bernadsky et al., 1994). In 
this assay proteins are first separated 
by SDS-PAGE in a gel that contains 
peptidoglycan isolated from Gram-
negative bacteria. The electrophoresis 
is followed by renaturation of the sepa-
rated proteins into their proper confor-
mation. The lytic enzymes that have 
regained their active conformation 
digest the peptidoglycan in the gel, 
which results in visible zones in the 
stained gels. 

Zymogram analyses of purified 
PM2 virions and isolated LC particles 
derived from freeze-thawed particles 
produced one clear zone (IV, Fig. 8). 
Thereby the PM2 lytic enzyme was 
localised to the LC. The molecular 
mass of the protein responsible for the 
digestion as determined by SDS-PAGE 
was small (below 17 kDa) assigning 
one of the putative membrane proteins, 
P3-P8, as the lytic enzyme. Proteins 
P3-P8 were expressed separately in E. 
coli and the cell extracts were 
screened by the zymogram assay. The 
expression of two small proteins P4 
and P8 could not be detected by 
Coomassie blue staining. Cell extracts 
containing PM2 recombinant proteins 
P3, P5, P6, or P7 were compared to 

the negative control (bacteria with the 
cloning vector). This revealed that the 
cell extract containing recombinant 
protein P7 had a similar peptidoglycan 
hydrolysing activity than that observed 
with purified PM2 virion and isolated 
LC (IV, Fig. 8). 

Since the PM2 lytic enzyme P7 
is a component of the virus particle, it 
is more likely that it facilitates DNA 
delivery rather than being involved in 
the liberation of progeny virions by host 
cell lysis. Bacteriophages T7, T4, φ29, 
and φ6 contain a particle-associated 
peptidoglycan-hydrolysing enzyme, 
which aids the penetration of the viral 
nucleic acid into the cytoplasm 
(Caldentey and Bamford, 1992; Kao 
and McClain, 1980; Moak and 
Molineux, 2000; 2004; Nakagawa et 
al., 1985). For T4 and T7 it is known 
that host cell lysis is induced by non-
structural viral proteins. In contrast, the 
PRD1 virion contains two different 
types of lytic enzymes associated with 
the internal viral membrane. P15 
causes host cell lysis, while P7 acts 
during phage DNA entry (Caldentey et 
al., 1994; Rydman and Bamford, 2000; 
2002). 

The lytic enzymes are harmful 
for the cell if not controlled properly. 
During PM2 assembly P7 is incorpo-
rated into the membrane, in a similar 
manner to PRD1 P7 (Rydman and 
Bamford, 2000). The embedding of P7 
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into the membrane might limit its en-
zymatic activity until it is needed. PRD1 
membrane-connected lytic enzymes 
reach the peptidoglycan layer when the 
viral membrane is transformed into a 
tubular tail-like structure, which pene-
trates the OM (Grahn et al., 2002). 
Conceivably PM2 P7 is connected to 

the inner surface of the viral bilayer by 
its putative transmembrane helix. The 
small size of the protein (3.7 kDa) 
makes it more likely that it can not 
reach the outer surface of the viral bi-
layer. Thus, it is presumably activated 
by the viral membrane fusion. 

4.7.4 A MODEL FOR PM2 ENTRY 

Combining all the observations 
presented here, a model for PM2 entry 
process can be proposed as follows 
(Fig. 4); i) receptor recognition, ii) OM 
penetration, iii) peptidoglycan diges-

tion, and iv) CM penetration. The 
outermost capsid of PM2 functions in 
viral attachment to the cell surface, 
while the innermost LC is needed for 
penetration of the cell envelope. 

 
 
 
 

 
 
Figure 4. A model for PM2 entry into the Gram-negative Pseudoalteromonads (for details 
see the text). A) Receptor binding B) Uncoating of the virus C) LC fuses with the OM and 
the membrane-bound viral lytic enzymes locally digests the peptidoglycan layer. D) The 
CM is transiently opened for the DNA translocation and is sealed ~2 min after infection. 
 
 
 

PM2 recognises a cellular 
receptor on the surface of two Pseu-
doalteromonads (IV). It is likely that 
each of the pentameric P1 spikes at 
the vertices can bind to the receptor. 
The distal C-terminal domains of P1 
contain the host recognition site (III). 
The receptor binding is a signal, which 

is transmitted to the P2 protein capsid 
through the N-terminal wrist domain of 
P1, which is directly in contact with the 
capsid (III). This leads to release of the 
protein shell exposing the LC to the cell 
surface (IV). 

Fusion between viral and host 
membranes is a common event during 
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enveloped animal virus entry. Among 
bacteriophages, membrane-containing 
φ6 fuses with the bacterial OM allowing 
the internalisation of the nucleocapsid 
(Bamford et al., 1987). An indication of 
a fusion event during PM2 DNA entry 
was obtained by electrochemical 
measurements (IV). It can be postu-
lated that the protein-rich LC fuses with 
the host OM resulting in transient per-
meability to lipophilic ions. Some 
protein components in the LC, which 
are exposed after the uncoating might 
mediate fusion with the host 
membrane. Following fusion, the LC 
interior faces the peptidoglycan layer, 
which may be locally opened by the 
membrane-bound lytic enzyme P7. 

To cross the bacterial CM, the 
circular supercoiled dsDNA of PM2 
supposedly needs a pore to bypass the 
barrier. Tailed bacteriophages T5, T7, 
and λ have accomplished this task by 
forming a pore built up from virally- or 
host-encoded proteins for linear DNA 
translocation (Feucht et al., 1990; 
Molineux, 2001; Roessner and Ihler, 
1986). Concomitant efflux of K+ with 
the virus entry indicates that the CM is 
permeabilised due to the phage DNA 
translocation through a channel 
(Letellier et al., 1999). Analogously a 
transient efflux of K+ from the cyto-
plasm was measured during PM2 entry 
(IV). However, the slight decrease in 
the membrane voltage as well as the 
steady cellular ATP level observed 
during PM2 DNA passage indicate that 

there is a well-controlled pore in the 
CM formed of host or virus proteins or 
both. At this stage the proteins present 
in the LC might act and induce the 
formation of a channel for the PM2 
genome. 

Bacteriophages typically use a 
single vertex for the delivery of their 
dsDNA. Here we propose a novel 
mechanism for the entry of PM2 
genome. It deviates considerably from 
previously described phage DNA deliv-
ery mechanisms. Bacteriophage PRD1 
possesses a similar general archi-
tecture as PM2. The proteinaceous 
internal membranes of PRD1 and PM2 
play important roles in the phage DNA 
translocation. However, the mecha-
nisms deviate considerably. The injec-
tion of the PRD1 genome occurs 
through a tail-tube formed of the mem-
brane (Bamford and Mindich, 1982; 
Grahn et al., 2002). There is no 
evidence of tube formation in PM2, but 
the PM2 membrane most probably 
fuses with the bacterial OM. The differ-
ence observed in the electrochemical 
measurements during PRD1 and PM2 
entry also indicate, that the entry path-
ways are different (IV; Daugelavičius et 
al., 1997a). The role of the PM2 mem-
brane in DNA injection resembles more 
that of the membrane of the enveloped 
animal viruses. An example of this 
mechanism can be also found in 
another bacterial virus, dsRNA phage 
φ6 (Bamford et al., 1987). 
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5 CONCLUSIONS 

As a result of the present study, 
understanding of the marine dsDNA 
membrane-containing bacteriophage 
PM2 representing the Corticoviridae 
family has considerably advanced. The 
microbiological, biochemical, and elec-
trochemical techniques combined with 
the cryo-EM and image analysis 
methods provided a vast amount of 
information on the virion structure and 
led to insights into the life-cycle of 
PM2. Today, 15 genes out of 21 puta-
tive ORF have been assigned to func-
tion during the PM2 infection-cycle (I; 
II; III; Männistö et al., 1999; 2003). Pre-
viously published purification methods 
were optimised to considerably in-
crease the recovery of infectious virus 
particles (I). Currently virions can be 
purified to high homogeneity with a 
reasonable yield (~2.5 mg of pure 
virus/ litre of lysate). This allowed de-
tailed structural studies of the PM2 
virion. 

A new host for PM2, Pseudoal-
teromonas sp. ER72M2 was intro-

duced (I). Among several Pseudoal-
teromonads only two strains were 
shown to be sensitive to PM2. In addi-
tion we showed that PM2 can replicate 
in resistant Pseudoalteromonas sp. 
strain A28 cells (IV). PM2 and plasmid 
pAS28 originating from strain A28 have 
homologous genome regions tran-
scribed autonomously (Männistö et al., 
2003). In lambdoid phages such 
regions acquired by horizontal gene 
exchange are called morons (Hendrix 
et al., 1999; Juhala et al., 2000).  The 
concomitant replication of PM2 with 
plasmid pAS28 in A28 cells has most 
probably enabled the recombination 
between the genomes. 

This study provides the first 
three-dimensional description of the 
PM2 virion, which determines the 
structural organisation of virions in the 
Corticoviridae family. A schemantic 
model of the PM2 virion is shown in 
Figure 5. 

 

 
 
Figure 5. The current model of bacteriophage PM2 virion. Schematic presentation of 
PM2 is modified from II. Structural proteins of PM2 separated in tricine-SDS-PAGE 
(Coomassie blue stained) are shown on the right. 
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The virion architecture is unique, not 
described for other viruses. The capsid 
has a pseudo T=21 dextro organisation 
(III). The membrane bilayer closely 
follows the internal surface of the ico-
sahedral capsid with 60 evident protein 
anchors, which link a subset of the 
capsomers to the underlying mem-
brane near the two-fold axes of sym-
metry. This is a novel arrangement of 
interactions between a viral lipid bilayer 
and capsomers. The proteinaceous 
membrane bilayer encloses the circular 
supercoiled dsDNA genome desig-
nated as the LC particle (II). Inside the 
LC the genome closely interacts with 
the inner leaflet of the viral membrane. 
The capsid is a metastable structure 
able to undergo rapid structural rear-
ragements leading to a total dissocia-
tion of the protein shell. Calcium ions 
located most probably at the capsomer 
interfaces stabilise the lattice (II).  

It was demonstrated that the 
protein composition of highly infectious 
PM2 virions is more complex than pre-
viously described (I; Datta et al., 
1971a). Having also the PM2 genome 
sequence available, ten structural 
proteins, P1-P10, were identified (I; II; 
III; Männistö et al., 1999). The proteins 
were biochemically localised either to 
the capsid (P1 and P2) or to the LC 
associated with the membrane (P3-
P10) (II; III). The pseudo T=21 capsid 
architecture is built from 200 pseudo-
hexagonal trimers of the major capsid 
protein P2 (III). Depending on the loca-
tion of four different quasi-equivalent 
P2 trimers, the base of the capsomer 
has from one to three α-helices parallel 
to the membrane. The large pen-
tameric spikes formed by the receptor-
binding protein P1 fill the vertices (II; 
III). These rigid, three-domain struc-
tures are radially oriented and mul-
timerised upon particle assembly. The 
distal C-terminus of P1 protrudes from 
the vertices and the proximal N-termi-

nus interacts with the P2 capsomers 
(II; III). The virion structure presented 
in this study agrees well with the SAXS 
based model of PM2 particles 
(Harrison et al., 1971), but partially dis-
agrees with the model dominating the 
previous PM2 literature (Fig. 2 and 5). 
The previous model proposed that the 
PM2 virion has two concentric icosa-
hedral protein shells, similar to the 
structure of SFV (Franklin et al., 1976; 
Mancini et al., 2000). We found no evi-
dence for two protein shells. 

This work together with earlier 
observations yielded also insights into 
the PM2 infection-cycle, which is 
summarised in Figure 6. The viral 
membrane plays a role both in entry 
and assembly. A model for the PM2 
entry pathway is proposed here (Fig. 
4). It provides the first model of how a 
circular supercoiled dsDNA viral 
genome is introduced into a Gram-
negative cell. Binding of the receptor 
by the distal C-terminus of spike P1 
triggers a cascade of events leading to 
dissociation of the viral capsid and 
fusion of LC with the host OM (IV). A 
lytic enzyme associated with the PM2 
virion was assigned to the membrane 
protein P7 (IV). We propose that P7 
assists the phage DNA delivery. The 
novel entry pathway of PM2 deviates 
significantly from other described 
phage DNA delivery mechanisms. 

The virion structure suggested a 
probable mechanism for the particle 
assembly. The LC might be an assem-
bly intermediate, which packages DNA 
and acts as a scaffold for co-assembly 
of the capsomers and the spikes on the 
LC surface. Two pieces of evidence 
have been presented supporting that 
the assembly proceeds via a pre-
formed viral membrane vesicle. 
Transmission EM of PM2 infected cells 
has revealed the maturation of virus-
sized empty vesicles into virions
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Figure 6. Life cycle of PM2. a, The PM2 virion binds to the host cell receptor with the 
spike protein distal domain. b, Receptor binding triggers uncoating of the virion. c, Lipid 
core fuses with the host outer membrane leading to genome delivery. d, DNA replication 
and protein synthesis is associated with the host cytoplasmic membrane. e, A lipid vesi-
cle buds internally with the help of viral membrane proteins. f, The empty vesicle associ-
ates with the circular, supercoiled genome. g, The vesicle wraps around the genome. h, 
Assembly of the capsid nucleates from the P2 trimers interacting with the lipid core 
anchor proteins. i, Lateral interactions between P2 trimers mediate the assembly of the 
rest of the capsid. Monomeric P1 proteins associate into pentameric spikes. j, Host cell 
lysis. 
 
 
(Dahlberg and Franklin, 1970). 
Additionally, shifting to a permissive 
temperature induced the maturation of 
the temperature-sensitive PM2 mutant 
membrane vesicles into infectious viri-
ons (Brewer, 1976; 1980). The anchors 
on the LC surface might act as a 
nucleation center for capsid assembly. 

Characteristics of PM2 are 
unusual for a bacteriophage. It does 
not have a tail and it has an internal 
membrane bilayer (Fig. 1). It resembles 
the tectiviruses (Bamford et al., 1995; 
Grahn et al., 2003). Even though PRD1 
and PM2 have common features, they 
have significant differences such as the 
detailed capsid architecture, genome 
organisation, and replication mecha-
nism. Also the assembly processes 
and infection mechanisms seem to be 

different. PM2 does not have structural 
similarity to any other membrane-
containing viruses. PM2 is also very 
distinct from phage φX174 that has a 
similar DNA replication mechanism 
(Männistö et al., 1999). Obviously, 
unique mechanisms for delivery and 
packaging of circular highly supercoiled 
dsDNA molecule have evolved. 
However, only a minor fraction of 
available phages have been sampled 
(Rohwer, 2003). Thus, it is quite appar-
ent that similarities to PM2 may 
emerge when new membrane-
containing viruses are discovered. The 
results presented in this thesis support 
the placement of PM2 into its own 
family, the Corticoviridae. 
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