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Crystallographer's Creed 
 
This is my X-ray machine. 
There are many like it, but this one is mine. 
My X-ray machine is my best friend. It is my life. 
I must master it as I must master my life. 
Without me, my X-ray machine is useless. 
Without my X-ray machine, I am useless. 
I must collect my data true. 
I must phase faster than my enemy who is trying to publish before me. 
I must shake him before he bakes me. 
I will! 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

-Dr. Bernhard Rupp 
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Background 

Viruses are the smallest self-replicating organisms. The simplest viruses con-
sist only of a nucleic acid protected by a protein shell. Viruses have no me-
tabolism on their own, so they exploit the resources of infected cell for their 
own needs. Even though individually viruses are rather simple, as a group 
they are exceptionally diverse in both replication strategies and structures. 
There are viruses that probably can infect all types of living organisms. 

The study of virus structures and their life cycles has uncovered many of 
the principles of protein-protein and protein-nucleic acid interactions as well 
as the nature of triggered conformational changes. The viruses are complex 
but at the same time among the simplest and experimentally most accessible 
of macromolecular assemblies. 
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Outline of the thesis 

This thesis is based on four papers that describe structures determined by X-
ray crystallography. Reprints of papers are included in the appendix of the 
thesis. 

The introduction summarizes general principles of virus architecture with 
a detailed description of sobemoviruses and leviviruses. A general descrip-
tion of virus structure determination by X-ray crystallography is given so 
that only methodologically interesting points are discussed later for the pre-
sented structures. 

The results presented in this thesis include the structures of Ryegrass mot-
tle plant virus (RGMoV), the bacteriophage ϕCb5 virion and virus-like par-
ticle and the icosahedral particles and octahedral arrangement of a bacterio-
phage MS2 coat protein mutant. 

The discussion focuses on the role of calcium ions in regulation of ϕCb5 
and RGMoV particle stability, the possible use of virus and virus-derived 
structures in medicine and biotechnology, and the structure of the genome in 
a virus particle. 
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Introduction 

Virus particles 
The purpose of a virus particle is to transfer genetic material between cells to 
ensure successful propagation of the virus. Assembly of some viruses is 
aided by proteins that are not part of the final particle. In simple bacterio-
phages like the leviviruses and plant sobemoviruses discussed in this thesis, 
only the proteins that form the mature virion are required for the assembly. 
A critical step in particle assembly is recognition and incorporation of viral 
genome into the particle. This is usually ensured by interaction between the 
genome and a protein component of the capsid. Specific sequences have 
been identified for leviviruses, but are unknown for sobemoviruses. A possi-
ble alternative to RNA-coat protein binding for sobemoviruses is interaction 
of the coat protein with a protein covalently linked to the 5' end of the sobe-
movirus genome. 

The function of the viral capsids as containers for viral genetic material 
imposes some requirements on their structure. The capsid has to form a 
closed shell to protect the viral nucleic acid. Another is genetic economy − 
the information necessary to encode the structural proteins must not exploit 
the coding capacity of the genome. Finally the structure must conform to the 
general mechanisms of protein folding and assembly that determine the spe-
cificity of protein-protein interactions, and putative possibilities of confor-
mational changes necessary for the coat protein functions during the virus 
life cycle. Virus capsids perform a set of operations associated with the in-
fection process. They ensure entry of the whole virus, its parts, or only its 
genetic material into the infected cell. These processes are often accom-
plished by structural rearrangements of the capsids. The capsid must be sta-
ble to protect the genome, but at the same time it must readily undergo con-
formational changes required during infection. For leviviruses the infection 
process involves insertion of the genome through the bacterial pili. A plant 
cell wall is a barrier for sobemovirus infection. The sobemoviruses require 
an insect vector or mechanically damaged cells for successful infection. Spe-
cific functions of the sobemovirus capsid connected to infection have not 
been identified. 
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Icosahedral symmetry and quasi-equivalence 
Crick and Watson (1956) predicted that virus capsids would have cubic 
symmetry. The assumption was that regular platonic solids could be assem-
bled from a defined number of single type asymmetric units. When the first 
structures of viruses were determined it turned out that the virions had icosa-
hedral symmetry. The prediction was true in the sense that the virus particles 
possess cubic symmetry, which is a subset of the icosahedral symmetry. The 
icosahedral symmetry is the most complex of the symmetries possible for 
regular three-dimensional objects. Octahedral and cubic objects are com-
posed of 24 elements and a tetrahedral of 12. There are 60 identical elements 
in objects with icosahedral symmetry such as virus capsids. 

The coat protein gene requires a certain coding capacity of the viral ge-
nome. At the same time the size of the genome is limited by the capsid size 
assembled from the coat protein subunits. The size of the particle can be 
increased by increasing the size of the coat protein, which would require 
increasing the size of the genome, or by using more copies of the coat pro-
tein in assembling the capsid. Most viruses have complex capsids that have 
better genetic economy than simple icosahedral objects composed of 60 sub-
units. In these viruses each of the 60 structural elements contains several 
protein chains. Only certain multiplies of 60 are possible, if the subunit in-
teractions in the icosahedral packing are to be quasi-similar (Caspar and 
Klug 1962). The allowed multiplies of 60 can be expressed by the triangula-
tion number T=h2+hk+k2 where h and k are any integers including zero. 
When T>1, a particular subunit must be able to adopt to several similar but 
distinct sets of contacts depending on its location in the capsid. There are 
some viruses that violate the quasi-equivalence rule such as polyomaviruses 
(Stehle et al. 1994), reoviruses (Grimes et al. 1998), and flaviviruses (Kuhn 
et al. 2002). 

Sobemoviruses 
Genome organization and protein functions 
Viruses belonging to the genus Sobemovirus are small, plant viruses. They 
have icosahedral particles of approximately 28 nm in diameter. The virions 
are composed of one type of coat-protein subunit, a genomic RNA and a 
sub-genomic RNA. Both RNAs have a Vpg protein bound to their 5' end 
(Ghosh et al. 1981). The genome is single-stranded positive sense RNA, 
about 4.5kb. The genome of sobemoviruses encodes four open reading 
frames (ORFs) (Fig. 1). The 5' end proximal ORF1 encodes protein P1. The 
amino-acid sequences of the P1 proteins of different sobemoviruses are not 
similar. P1 is not necessary for virus replication, but it is needed for cell-to-
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cell and systemic movement of the virus (Bonneau et al. 1998). Following 
ORF1 is ORF2 that is translated from the genomic RNA thanks to a leaky 
ribosome scanning (Sivakumaran and Hacker 1998). ORF2 encodes a poly-
protein that is composed of three parts. The N-terminal part is a serine prote-
ase responsible for the self-cleavage of the polyprotein (Gorbalenya et al. 
1988). The middle part of the polyprotein is a small (around 10kDa) protein 
Vpg. The C-terminal end of the polyprotein is a putative RNA-dependent 
RNA polymerase (Koonin 1991; Koonin and Dolja 1993). The ORF3 gene is 
located in the middle of the ORF2 gene in a -1 reading frame. The function 
of the protein P3 encoded by ORF3 is unknown. The coat protein is encoded 
by a 3' proximal ORF4, which cannot be translated from the genomic RNA. 
The coat protein is translated from the sub-genomic RNA (sgRNA) that cor-
respond to the 3' part of the genome. The sgRNAs have been detected in 
sobemovirus-infected tissues as well as in particles (Rutgers et al. 1980; 
Weber and Sehgal 1982). 

 
Figure 1. Genome organization of SCPMV and MS2, representatives of sobemovi-
ruses and leviviruses, respectively. 

Interaction with host 
Sobemoviruses occur at high concentrations in the infected plants. They can 
be found mostly in mesophyl and vascular tissues such as xylem parenchyma 
and xylem vessels (Opalka et al. 1998; Brugidou et al. 2002). Cells in a plant 
body are cytoplasmatically connected through the plasmodesmata. The plant 
viruses can infect the whole organism without the need to leave the cell cy-
toplasm and cross the intercellular space. Rice yellow mottle virus (RYMV) 
and Southern cowpea mosaic virus (SCPMV, previously known as Southern 
bean mosaic virus, cowpea strain) mutants unable to express the P1 protein 
could not establish systemic infection (Bonneau et al. 1998; Sivakumaran et 
al. 1998). Besides the P1 protein, the coat protein has also been shown to 
have a role in cell-to-cell and systemic virus spread (Lee and Anderson 
1998). Subcellular localization of the virus particles is in the nucleus, cyto-
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plasm and vacuola (Dingwall and Laskey 1991; Brugidou et al. 2002). Even 
though sobemoviruses are structurally simple, their life cycle is quite com-
plex. Sobemoviruses infect higher plants by using various insects such as 
aphids, mirids and beetles as vectors. Sobemoviruses also induce systemic 
infections and spread through plant seeds. Sobemoviruses induce severe plant 
diseases; some of them such as RYMV and Cocksfoot mottle virus (CfMV) 
have substantial negative economic impact (Tamm and Truve 2000). 

Coat protein and virion structure 
On the basis of X-ray structures and neutron scattering experiments, the so-
bemovirus coat protein can be divided into two parts. A disordered N-
terminal part rich in positively charged residues is responsible for protein-
RNA contacts. A C-terminal, ordered part is responsible for protein-protein 
interactions within the capsid. Capsid structures of several sobemoviruses 
have been determined including SCPMV (Abad-Zapatero et al. 1980), Ses-
bania mosaic virus (SeMV) (Bhuvaneshwari et al. 1995), RYMV (Qu et al. 
2000) and CfMV (Tars et al. 2003). The structure is also known of Tobacco 
necrosis virus (TNV). It belongs to the genus Necrovirus, but has a coat pro-
tein of high similarity to those of the sobemoviruses (Oda et al. 2000). The 
C-terminal part of sobemovirus coat protein has a jellyroll 
-sandwich to-
pology. There are 
-strands A to I. Strands B to I form two antiparallel 
-
sheets that are the main parts of the sandwich fold and constitute the core of 
the protein. The two N-terminal strands A1 and A2 are visible only in the 
structure of the C subunit (Fig. 1a, paper I). The ordered part of the N-
terminus of C subunit is called the N-terminal arm and is crucial for estab-
lishment of the T=3 quasi-symmetry of the sobemovirus particle. The inter-
connecting loops are named according to the adjacent 
-strands. Some of the 
loops contain short helices. The helices A1 and A2 in the CD loop and helix 
B in the EF loop are common to most jellyroll viral proteins. The coat pro-
teins of sobemoviruses, with the exception of RGMoV, also contain a C 
helix in the FG loop. 

Capsids of sobemoviruses have icosahedral T=3 quasi-symmetry with 
180 coat protein subunits per virion. The three icosahedraly-independent 
subunits are named A, B and C. Five A subunits form a pentamer around the 
icosahedral fivefold axis. Three of each of the B and C subunits form a hex-
amer around the icosahedral threefold axis. The pentamers have a shape of a 
five-sided pyramid, while the hexamers are flat. The difference in shape is 
caused by the N-terminal arms of the C subunits, which are inserted between 
the subunits around the twofold axis. The N-terminal arms of A and B sub-
units are disordered and their contacts are bent. There are two types of con-
tacts between sobemovirus asymmetric units. Contacts of the two asymmet-
ric units related by icosahedral twofold axis are flat because of the presence 
of the N-terminal arms of the subunits. The contacts of asymmetric units 
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related by quasi-twofold axis are bent. The combination of the two types of 
contacts gives sobemovirus particle the characteristic shape of rhombic tri-
acontahedron. The removal of the N-terminal arm by proteolytic cleavage 
(Rossmann et al. 1983) or by genetic engineering methods (Lokesh et al. 
2002) results in formation of T=1 particles where all contacts are bent. The 
N-terminal arms act as a molecular switch, controlling the angles of inter-
subunit contacts, which allows assembly of the T=3 capsid. 

The strands A1 and A2 in the N-terminal arm interact in antiparallel man-
ner with strands in the N-terminal arms of symmetry related C subunits. A 
similar arrangement of N-terminal arms was initially observed in Tomato 
bushy stunt virus (TBSV) (Harrison et al. 1978) and was named 
-annulus. 
In TBSV the 
-annulus is indeed ring-shaped. The same name is used for 
sobemoviruses, but the 
-annulus has the shape of a three-point star (Fig. 1c, 
paper I). 

There are two different ways in which the N-terminal arms of sobemovi-
ruses can be arranged. In SCPMV, SeMV, TNV and RGMoV, the N-
terminus folds back along the core of the C-subunit and interacts with sub-
units directly related by the threefold axis. In CfMV and RYMV, the N-
terminal arm passes around the icosahedral twofold axis towards the three-
fold axis not directly adjacent to the core of the C subunit. Both variants of 
the N-terminal arm positioning have equivalent functions in the T=3 particle 
assembly. 

The RNA-coat protein interactions are important for particle assembly. 
Native coat protein of SCPMV fails to assemble into particles in the absence 
of RNA (Erickson and Rossmann 1982). The dissociation of SCPMV in 
solution with high salt concentration results in disassembly of the particles 
into a complex of the genome with about six copies of the coat protein (Hsu 
et al. 1977). The subunits bind to a specific region of the genome, which is 
the most conserved among sobemoviruses. Any direct role of these interac-
tions in nucleating virus assembly has not been shown. 

The Leviviridae family 
Genome organization and gene products 
The Leviviridae family of small bacteriophages is divided into two genera - 
Levivirus and Allolevivirus. The genus Levivirus includes phages MS2, fr, f2 
and GA, while the genus Allolevivirus includes phages Q
 and SP. Levivi-
ruses that infect bacteria other than E. coli include phages ϕCb5, PP7, PRR1, 
tau and AP205. These have not been assigned to a genus. The two genera 
differ in genome organization. The genomes of the Levivirus phages encode 
four proteins (Fig. 1). A maturation protein (A protein) is responsible for the 
infection of bacteria. A coat protein is the main building block of the capsid. 
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The replicase gene encodes a replicase subunit that combines with E. coli 
translational elongation factors EF-Tu, EF-Ts, and ribosomal protein S1 to 
form phage-specific RNA-dependent RNA replicase (Blumenthal et al. 
1972; Franze de Fernandez et al. 1972; Inouye et al. 1974; Wahba et al. 
1974). Finally, a lysis protein is responsible for cell wall decomposition at 
the end of infection. Phages from the Allolevivirus genus lack the lysis pro-
tein; the lysis is triggered by the A protein instead (Karnik and Billeter 1983; 
Winter and Gold 1983). They also encode a read-through variant of the coat 
protein that is incorporated into the capsid and has a role in virus attachment 
to the pili. 

Regulation of protein expression 
Efficient infection requires different quantities of virus proteins and levivi-
ruses have evolved elaborate translation regulation. When the phage RNA 
enters a cell, only the ribosome binding site of the coat protein gene is acces-
sible for translation. The replicase, lysis, and maturation protein ribosome-
binding sites are inaccessible because of the RNA secondary structures 
(Eggen et al. 1967; Hindley and Staples 1969). In MS2 a sequence of part of 
the coat protein gene interacts with the replicase-gene ribosome-binding site 
(Min Jou et al. 1972; Berkhout and van Duin 1985). Translation of the coat 
protein gene results in disruption of the RNA secondary structure and allows 
replicase gene translation. The synthesis of replicase is further downregu-
lated by binding of the coat protein dimer to the RNA stem-loop located 
close to the replicase initiation codon (Eggen and Nathans 1967; Sugiyama 
and Nakada 1967). Expression of the lysis protein also depends on the trans-
lation of the coat protein. The ribosome binding site of the lysis protein gene 
is blocked by RNA secondary structures formed by sequences located at the 
end of the coat protein gene. Passage of the ribosomes unfolds the RNA 
structures and allows lysis protein synthesis (Berkhout et al. 1987). Transla-
tion of the maturation protein is possible only on nascent RNA molecules 
(Staples et al. 1971). As the RNA molecules elongate and fold into mature 
secondary and tertiary structures, translation of the A protein is repressed. 

Infection process 
The infection cycle of phage MS2 starts by attachment to the F pilus of the 
E. coli bacterium by the A protein. The RNA then enters the bacterium 
through the pilus (Paranchych et al. 1971). Translation of the phage RNA 
can start immediately after it enters the cell cytoplasm. In phages from genus 
Levivirus, the coat protein appears to have no role in the attachment to the 
pili and insertion of the genome. The complex of A protein with RNA can be 
infectious for a piliated cell (Leipold and Hofschneider 1975; Shiba and 
Miyake 1975). For phages from Allolevivirus genus the presence of the 
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readthrough variant of the coat protein is necessary for binding to the pili 
(Shiba and Miyake 1975). After binding to the pili the A protein gets cleaved 
into two fragments, but both fragments enter into the cell together with the 
RNA (Krahn et al. 1972). Not all leviviruses utilize the F pili for infection. 
The phage PP7 attaches to the polar pili of Pseudomonas aeruginosa (Folk-
hard et al. 1981), PRR1 attaches to the P pili (Olsen and Thomas 1973), and 
ϕCb5 attaches to the flagellum of Caulobacter crescentus swarmer cells 
(Schmidt 1966). 

RNA-coat protein interactions and phage assembly 
The coat protein dimer of leviviruses binds specifically to a stem-loop struc-
ture in the genomic RNA. Besides repression of the replicase gene expres-
sion this binding ensures preferential packing of the bacteriophage genomes 
into capsids (Beckett et al. 1988). Crystal structures of the coat protein-loop 
complexes were determined for leviviruses MS2 (Valegård et al. 1994) and 
PP7 (Chao et al. 2008). The RNA loops are bound asymmetrically across the 

 sheet of the coat protein dimer. The binding specificity is ensured by inter-
action with bases. The 
 sheet is a versatile interface for RNA binding since 
the phages MS2 and PP7 have very different arrangements of the RNA-coat 
protein interactions. The coat proteins also bind RNA in a sequence non-
specific manner although with lower affinity (Hohn 1969; Beckett et al. 
1988). 

The levivirus assembly is a highly specific process. Mixed infections of 
Q
 and MS2 do not produce particles with mixed capsids or particles com-
bining coat protein with the genome of the other phage (Ling et al. 1970). 
The complex of the coat-protein dimer and the specific RNA-stem loop was 
suggested to be the nucleation site for capsid assembly in vivo (Hohn 1969). 

Coat protein and capsid structure 
The levivirus virion consists of one copy of the single-stranded RNA ge-
nome, 180 coat protein subunits, and a single copy of maturation protein. For 
bacteriophage R17, the presence of approximately 1000 spermidine mole-
cules in virion has been reported (Fukuma and Cohen 1975). Their function 
is probably in neutralizing the negative charges of the RNA genome. Three-
dimensional structures of several leviviruses have been determined including 
MS2 (Valegård et al. 1990), fr (Liljas et al. 1994), Q
 (Golmohammadi et al. 
1996), GA (Tars et al. 1997), PP7 (Tars et al. 2000) PRR1 (Persson et al. 
2008), and ϕCb5 (paper IV). 

Leviviruses have a coat protein with a topology that differs from all other 
icosahedral viruses. The coat protein of leviviruses consists of an N-terminal 
hairpin with two 
-strands A and B, a five stranded 
-sheet with strands C to 
G, and a C-terminal arm with two �-helices A and B. The N-terminal hairpin 
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and C-terminal arm are exposed on the particle surface, while the five-
stranded 
-sheet forms the inner surface of the capsid. The interconnecting 
loop regions are named according to the adjacent 
-strands. The longest is 
the FG loop connecting strands F and G. The coat-protein subunits form 
stable dimers. In the dimer, the C-terminal arm of one subunit fits into a 
groove formed by the N-terminal hairpin and the C-terminal arm of the other 
subunit. The two five-stranded B-sheets join into one. Interactions between 
the two subunits are mostly hydrophobic. When not assembled into particles, 
the coat protein subunits exist as dimers (Beckett and Uhlenbeck 1988). 

The capsid of leviviruses is composed of 180 subunits following the T=3 
icosahedral quasi-symmetry. There are three protein subunits in the icosahe-
dral asymmetric unit and they are named A, B and C. Because of the strong 
pairwise interactions, the capsid can be assembled from 90 dimers. There are 
two types of dimers - the AB dimer and CC dimer. The AB dimer is located 
at a quasi-twofold axis. The FG loop of subunit B participates in contacts 
around an icosahedral fivefold axis. The FG loops of the A subunits, to-
gether with FG loops of C subunits, make contacts around an icosahedral 
threefold axis. The CC dimer is located at an icosahedral twofold axis. The 
capsid is spherical, with flat areas around fivefold and threefold icosahedral 
axes, protrusions around twofold and quasi-twofold axes, and shallow clefts 
around the quasi-threefold icosahedral axes. Overall the capsid shape corre-
sponds to a truncated icosahedron. Structures of the quasi-threefold related 
levivirus subunits are very similar to each other. There is no flexible region 
regulating assembly of the T=3 particles corresponding to the N-terminal 
arm of sobemoviruses. In phages MS2, fr, and GA, the structures of the FG 
loops of the icosahedraly independent subunits differ based on whether they 
are part of fivefold or quasi-sixfold contacts. In phages PP7, Q
, PRR1, and 
ϕCb5 the FG loops of all subunits are similar. A mutant of phage fr with a 4-
residue deletion in the FG loop was capable of forming wildtype-like parti-
cles (Axblom et al. 1998). The FG loops have a function in particle assem-
bly, but they are not necessary for establishment of T=3 quasi-symmetry. 

The exact location of the A protein in the particle is unknown. The A pro-
tein could not be observed in the electron density of the MS2 phage crystal, 
because it did not have the same orientation in all particles in the crystal. The 
A protein is probably at least partly exposed on the particle surface since it is 
responsible for attachment of the phage to the pili, but it is known to interact 
with the genome as well. A possible place for location of the A protein is at 
the pores in the capsid located at threefold and fivefold symmetry axes. 
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Virus structure determination 
Data processing 
In some aspects determination of a virus structure is both more complicated 
and easier than ordinary protein crystallography. The differences start al-
ready with data collection. Virus crystals usually diffract weakly especially 
at high resolution. At the same time the virus crystals tend to have higher 
mosaicity than normal protein crystals, especially when vitrified. The data 
collection requires intensive exposure in the beam and narrow oscillation 
ranges (0.2-0.25°) to obtain measurable spot intensities. Collecting narrow 
oscillation images with long exposure times usually results in untimely fad-
ing of the diffraction patterns because of radiation damage. The exposure 
time of a typical virus crystal at ESRF beamline ID29 was one second with 
an unattenuated photon flux of around 1013 photons/second (at a wavelength 
of around 0.95Å). The Henderson limit (Henderson 1990) is reached within 
approximately 80 seconds. During this time only 16-20° are collected. The 
fast crystal decay results in datasets that are highly incomplete, especially for 
high resolution reflections, and they suffer from severe radiation damage. 

The decreasing resolution of the diffraction images has to be taken into 
account to avoid scaling of existing but weak spots to noise. Table 1 shows 
the degree of completeness of the datasets and the high resolution bins used 
to determine structures discussed in this thesis. Because of the incomplete 
datasets, only averaged maps were interpretable. 

Table 1. Dataset completeness comparison 

Structure Pdb 
code 

Resolution 
(Å) 

Complet-
eness 

Resolution 
of high 

resolution 
bin (Å) 

Complet-
eness in high 

resolution 
bin 

RGMoV 2izw 35-2.9 41% 3.08-2.90 23% 
CCPD (octahedral assembly) 2vtu 45-3.5 98% 3.72-3.50 99% 
CCPD (icosahedral particle) 2wbh 50-4.7 84% 4.91-4.70 51% 
ϕCb5 VLP 2w4y 50-2.9 59% 3.03-2.90 39% 
ϕCb5 virion 2w4z 50-3.6 79% 3.76-3.60 48% 

Molecular replacement 
Virus structures are usually determined by molecular replacement. The first 
step is to find orientation of the particle(s) in the asymmetric unit. This is 
conveniently done with a locked self-rotation function using the icosahedral 
symmetry of the virus particle. The second step is determination of the posi-
tion of particle center. In special cases, as in paper I, it can be determined 
from the native Patterson function. Alternatively a translation search has to 
be performed. Because of computer memory limitations, only data up to 10-
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15Å resolution can be used, which may result in errors in particle position 
that have to be corrected later. Once the orientation and position of the parti-
cle are known, the particle diameter needs to be determined. The estimate 
can be based on structure of related viruses, EM images, or it can be calcu-
lated approximately from the crystal packing. There are several choices of a 
model for molecular replacement - the structure of a related virus, a cryo-EM 
reconstruction (Dokland et al. 1998), or even a sphere (Munshi et al. 1998). 
The model and the unknown structure need not be as similar as in a standard 
molecular replacement because phases can be refined by real space averag-
ing and phases for the high resolution reflections can be obtained through 
phase extension. 

Real space averaging 
The process of real space averaging starts by calculation of an initial electron 
density map using phases from molecular replacement. The electron density 
of non-crystallographically related units is than averaged using the symmetry 
operators determined from the virus particle orientation. The choice of a 
mask for defining the volume in which the averaging is to be performed can 
be based on the molecular replacement model. For virus crystals the re-
quirements to choose non-overlapping masks are relaxed because of the rela-
tively limited crystal contacts between the capsids. The averaged density is 
than expanded based on the same symmetry operators as those used for av-
eraging. Solvent flattening is performed for the space outside the mask. The 
expanded electron density is used to calculate new phases, which in turn are 
used to calculate a new electron-density map. The gradual phase improve-
ment can be monitored based on the correlation coefficient or R-factor com-
paring Fobs and Fcalc calculated from the expanded electron density map. The 
real-space averaging is repeated until convergence. The gradual improve-
ment in model quality is possible because the averaging reduces the noise in 
the electron density map which was introduced by errors in the initial phases. 

Phase extension 
Phase extension is a method to obtain phases for higher resolution reflections 
than those used in the initial electron density calculation. The molecular 
replacement model is used to calculate phases only for reflections of low 
resolution (up to 15-10Å). The phases for the low-resolution reflections are 
than refined using real-space averaging to correct possible model errors. In 
the next step of electron-density calculation a few extra reflections of higher 
resolution are used. The increment in resolution is usually chosen to corre-
spond to one extra index along the longest unit cell dimension. Phases are 
than refined by three to five cycles of real-space averaging. The procedure is 
repeated until all reflections obtain a phase. At the end of phase extension 
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several extra cycles of real-space averaging are repeated until convergence 
of the R-factor. The phase extension works on the same principle as real-
space averaging. The advantage of phase extension is in the possibility to use 
less similar or low-resolution starting models. 

Real-space averaging and phase extension are particularly powerful for 
virus structures because of their abundant non-crystallographic symmetry. 
Phases from phase extension can be considered experimental and could be 
used in refinement. The phase information is helpful because it increases the 
radius of convergence of the refinement. 
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Structure of RGMoV (paper I) 

RGMoV structure determination 
The virions of RGMoV crystallized in spacegroup P21 with unit cell dimen-
sions a=277.6, b=298.7, c=392.5, 
=92.7°. The unit cell dimensions sug-
gested one particle in the asymmetric unit; thus three parameters for particle 
orientation and two for positioning needed to be determined. The locked 
self-rotation function (Tong and Rossmann 1990) showed that the RGMoV 
particle was rotated ϕ=3.3°, φ=57.6° and κ=146.7° in the XYK polar angle 
convention from the standard icosahedral orientation. Translation parameters 
could be identified from the native Patterson function because one of the 
icosahedral twofold axes was almost parallel to the crystallographic-twofold 
screw axis. The highest non-origin peak in the native Patterson function had 
fractional coordinates 0.569, 0.5 and 0.499. Its height was 27% of the origin 
peak, while the next highest off-origin peak was 4% of the origin peak. The 
vector between crystallographically related objects in P21 space group is 2x, 
1/2, 2z. The particle center was at fractional coordinates x=0.285 and 
y=0.250. The model of CfMV (PDB entry 1NG0) was used for molecular 
replacement. The model was placed into the correct orientation and position 
and used to calculate phases. The calculated map suggested that the radius of 
RGMoV particle was approximately 4Å smaller than that of the CfMV mod-
el. The shifted model was used to calculate phases to 10Å resolution. Phase 
extension was used to calculate phases for reflections up to 2.9Å resolution. 

Structural differences of RGMoV capsid  
explaining its relatively reduced diameter 
The RGMoV coat protein is unique among sobemoviruses by having two 
relatively shortened loop regions that are involved in intersubunit contacts 
within the virus particle. Several residues are missing in the GH loop that 
participates in contacts around the icosahedral quasi-threefold axis (Fig. 2, 
paper I). The relatively shortened RGMoV GH loop results in an extra 4° tilt 
of RGMoV subunits towards the icosahedral quasi-threefold axis (Fig. 4d, 
paper I). The second relatively shortened loop is the FG one, which in other 
sobemoviruses contains the C helix (Fig. 2, paper I). The FG loop of the A 
subunit contributes to contacts around the fivefold axis (Fig. 3d, paper I). In 
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RGMoV, the volume that in other sobemoviruses is taken by the FG loop, is 
partially filled by side chains of adjacent residues (Fig. 3a, paper I). The FG 
loop of C subunits of sobemoviruses other than RGMoV is part of the "flat" 
contacts between two asymmetric units related by an icosahedral twofold 
axis. There are no extra interactions with the 
-annulus to replace those of 
the reduced FG loop in RGMoV (Fig. 3b and e, paper I). Instead the 
-
annulus is stabilized by extended interactions of the A1 and A2 strands of 
the symmetry-related subunits (Fig. 3c, paper I). The "flat" contacts in 
RGMoV capsid are more bent (Fig. 4b, paper I) which contributes to the 
reduction of the particle size. 

The differences in the subunit structure and in the intersubunit interactions 
between RGMoV and other sobemoviruses are reflected in differences in the 
angles at which the subunits of the phages interact. The major differences are 
shown in Figure 4 paper I. SeMV was used for comparison to RGMoV, be-
cause it has the highest sequence similarity to RGMoV among the sobemovi-
ruses so far structurally studied. The differences in relative positions of sub-
units and the icosahedral asymmetric units of RGMoV to other sobemovi-
ruses result in RGMoV having an 8Å smaller particle diameter. 

Missing calcium ion 
Calcium ions are known to stabilize the capsid structures of sobemoviruses 
and many other viruses. Removal of the divalent cations at neutral or basic 
pH results in particle swelling. Particle expansion has been observed for 
TBSV (Robinson and Harrison 1982), Cowpea chlorotic mottle virus 
(Adolph 1975), RYMV (Hull 1977), and SCPMV (Hsu et al. 1976). The 
swollen particles can easily be dissociated by increasing the ionic strength of 
the solution (Adolph and Butler 1974). The swelling is probably caused by 
the repelling force of the acidic side chains that are no longer binding the 
metal ion. Particle swelling is considered the first step in an infection-related 
disassembly, because of the low calcium concentration in the cell. 

In RGMoV the calcium ion clusters would involve the side chain oxygen 
of Asp 139, Asp 142 and Asn 234, the carbonyl oxygen of Ser 184, and the 
C-terminal oxygen of the coat protein Glu 235, but we could not identify the 
density for the calcium ion in the proximity of these residues (Fig. 1e, paper 
I). A possible reason for the absence of the calcium ions is the low pH (3.0) 
of the crystallization buffer. The RGMoV particle structure does not show 
any signs of swelling. The side chains of the aspartates are not charged at 
low pH and so the presence of the calcium ion is not required to counteract 
their repelling effect that would otherwise destabilize the capsid structure. 
The divalent cations are necessary for RGMoV particle stability at neutral 
pH, because the particles disassemble in 0.03M EDTA, 0.6M NaCl 40mM 
Tris pH 7.0 solution. 
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MS2 covalent coat protein dimer in 
icosahedral particles and octahedral crystal 
arrangement (papers II and III) 

Structure determination of  
icosahedral covalent coat protein dimer particles 
The MS2 covalent coat protein dimer (CCPD) was created by genetically 
fusing two copies of MS2 coat protein gene. Serine 2 of the second subunit 
was removed so that the construct would correspond to the single-chain di-
mer dl-13 in Peabody and Lim (1996). The CCPD virus-like particle (VLP) 
crystals were in space group P213. One-third of a virus particle occupied a 
crystallographic asymmetric unit since one of the icosahedral threefolds was 
congruent with a crystallographic threefold axis. Therefore, one parameter 
for the particle orientation and one for the position had to be determined. 
The orientation of the icosahedral 532 point group for the locked self-
rotation function was defined with a threefold axis parallel to the crystallo-
graphic threefold ϕ=45°, φ=54.74°, κ=120° in the XZK polar angle conven-
tion, and the additional five-fold axis was defined as ϕ=45°, φ=92.11°, 
κ=72°. A one-dimensional search around the threefold axis was performed. 
Identification of the correct orientation of the particle was complicated by 
the cubic symmetry, a subset of icosahedral symmetry, in the data (Fig. 2a). 
The highest peak in the locked self-rotation function (Fig. 2b) corresponded 
to the particle orientation in which some of the icosahedral twofold and 
threefold axes aligned with crystallographic axes of the same type (Fig. 2c). 
The second highest peak identified the correct particle orientation (Fig. 2d). 
Translation parameters were identified by the Phaser translation function 
(McCoy et al. 2007) using the correctly oriented MS2 particle (generated 
from PDB entry 2ms2). The particle center was identified at fractional coor-
dinates x=0, y=0.5, z=0.5. Because of the low resolution of the data, a model 
for the interconnecting loop between the N- and C-termini of the subunits in 
the dimer was not built. 
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Figure 2. Orientation of icosahedral CCPD particles in the P213 crystal. (a) Self-
rotation function. The fivefold symmetry is contoured in red, threefold in blue and 
twofold in green. (b) One-dimensional locked self-rotation function search around 
the icosahedral threefold axis. (c) Orientation of a particle corresponding to the third 
and highest peak in (b). (d) Correct orientation of a particle corresponding to the 
middle peak in (b). Positions of fivefold, threefold, and twofold symmetry axes are 
shown as red pentagons, blue triangles, and green ovals respectively. Data of 9-5Å 
resolution were used in the search and the radius of integration was set to 280Å. 
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F432 CCPD structure determination 
The CCPD subunits also crystallized in space group F432 with unit cell di-
mensions a=b=c=220.4Å. The unit cell size indicated that icosahedral parti-
cles could not be the building blocks of the crystal. The Matthews coefficient 
suggested an equivalent of 2-3 wildtype subunits in the crystallographic 
asymmetric unit. A MS2 model (Pdb code 2ms2) with trimmed loops was 
used for molecular replacement. The model refinement was performed in the 
program CNS (Brünger et al. 1998). The model contains three CCPD sub-
units with 50% occupancy in asymmetric unit as discussed below. Van der 
Waals and electrostatic interactions between the subunits occupying the 
same space were switched off using the "igroupstatement" command. 

Orientation of the CCPD dimer is random with  
respect to icosahedral quasi-twofold and twofold axes 
The CCPD subunits were previously shown to fold into wildtype-like dimers 
and to assemble into particles (Peabody and Lim 1996). We have determined 
a 4.7Å resolution electron-density map of the CCPD icosahedral particle. 
The structure is identical to the wildtype virions (Valegård et al. 1990) ex-
cept for the intersubunit linker regions. Because of the low resolution of the 
data a model for the CCPD dimer was not built, but the wildtype MS2 model 
was used to interpret the data. Rigid-body refinement of the positions of the 
subunits resulted in a 1Å shift in comparison to the initial model. This may 
reflect the differences between the CCPD and wildtype particles or simply 
be an error caused by the low resolution of the available data. The map of 
the CCPD capsid shows the density of the intersubunit linkers at all positions 
between the C- and N-terminii of the dimers. The orientation of the CCPD 
subunits was random with respect to the icosahedral quasi-twofold axis. 
Presumably this is also so for the twofold axis. 

The melting temperature of CCPD particles in 40mM Tris-HCl, pH 8.0, 
200mM NaCl buffer was 62°C and that of the virions and wildtype virus-like 
particles was 66°C. The lowered particle stability may be caused by 
incorporation of the approximately twofold-symmetrical CCPD subunits in 
positions where perfect twofold symmetry is required by the icosahedral 
symmetry or by the different interactions of the intersubunit linkers at the 
quasi-threefold interface. The presence of the intersubunit linker may also 
alter the relative mobility of the subunits in the capsid and this may in turn 
affect the particle stability. 
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Lowered temperature stability of CCPD mutant capsids 
When the samples for the temperature stability experiments were heated in 
phosphate buffer (0.32M Na2HPO4, 0.08M NaH2PO4 and 5% PEG 8000), a 
fraction of the CCPD material precipitated at temperatures as low as 35°C. 
This precipitation may indicate that some of the particles had assembly de-
fects. When the phosphate buffer was used as the CCPD crystallization 
cocktail the crystals assembled from single CCPD subunits, even though 
icosahedral particles were detected in samples of CCPD (Fig. 1a, paper III). 
Because the crystallization was performed at 37°C the subunits from parti-
cles with assembly defects may be the source of material for the F432 crystal 
growth. The complexes of CCPD variants with a leu77�pro substitution and 
a 54 residue insertion in one of the FG loops had melting temperatures of 
55°C and 44°C, respectively. The mutations, if present in a single subunit, 
would eliminate its ability to form capsids. 

CCPD F432 crystal arrangement  
corresponds to octahedral particles 
In the crystallization condition containing phosphate, the CCPD subunits 
formed F432 crystals. The arrangement of the CCPD subunits in the crystal-
lographic asymmetric unit, together with the crystal symmetry, corresponds 
to T=3 octahedral particles. The concept of the triangulation number (see the 
introduction) can also be applied to the platonic solids other than the icosa-
hedron. The T=3 octahedron, as seen in our crystals is built from 24x3=72 
subunits. 

We modelled the asymmetric unit in the CCPD F432 crystals with three 
CCPD subunits with 50% occupancy. There are two subunits (J and K) that 
occupy the same position in the asymmetric unit and differ from each other 
only in the orientation of the C- and N-terminii and the intersubunit linker 
(Fig. 3b and c, paper III). The remaining CCPD subunit has crystallographic 
twofold running through its center (Fig. 3b and c, paper III). Application of 
crystallographic symmetry puts the 180°-rotated copy of the subunit on top 
of itself. 

There are several differences between the subunit arrangement in the ico-
sahedral particles and the F432 crystals. The main difference is that there are 
fourfold instead of fivefold contacts. The subunits interact at a sharper angle 
at the fourfold interface than at the fivefold interface (Fig. 4 paper III). The 
smaller the angle the more bent the "particle" surface is. A second difference 
is in the interaction of the AB and CC dimers to the J (or K) and L CCPD 
molecules. The AB-CC contacts are flat, while the L molecule is under J (or 
K) (Fig. 4b paper III). The angle between the least-squares planes is 14° for 
the AB and CC dimers, but it is 57° for the J (or K) and L molecules. In this 
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case the more open angle indicates greater curvature of the particle surface. 
Major differences in the subunit structure are found in comparison of the 
fourfold and fivefold contacts. In the icosahedral capsid the contacts are 
mediated by the FG loops of B subunits interacting with the A subunit of a 
neighbouring dimer (Fig. 4c paper III). In the CCPD octahedral arrangement 
the corresponding FG loops are folded up around the fourfold axis and do not 
make any contacts. Instead the DE loops are in contact (Fig. 4d paper III). 
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Structure of bacteriophage ϕCb5 (paper IV) 

Determination of ϕCb5-VLP structure 
The ϕCb5 VLP crystals were in space group C2 with one virus particle in a 
crystallographic asymmetric unit. Therefore, three parameters for the particle 
orientation and two for the position had to be determined. The locked self-
rotation function suggested that the particle was rotated ϕ=80.7°, φ=59.5°, 
κ=87.7° from the standard icosahedral orientation according to the XYK 
polar angle convention. Translation parameters were identified by translation 
function in the program Phaser (McCoy et al. 2007) at x=95.9Å and 
z=102.3Å. The MS2 model converted to polyalanine was used for molecular 
replacement. The model was oriented and positioned in the unit cell and used 
to calculate initial phases for reflections up to 15Å resolution in the program 
CNS (Brünger et al. 1998). The phases were refined by 15 cycles of averag-
ing in the program AVE (Kleywegt and Read 1997), using the 60-fold non-
crystallographic symmetry (NCS). Phase extension was applied to obtain 
phases for higher resolution reflections. The resulting map had the wrong 
hand, which was readily identified from features such as left-handed helices 
in the map. The problem was overcome by starting the phase extension from 
10Å resolution. The program SigmaA (Read 1986) was used to calculate 
phase probabilities to suppress the model bias in the electron-density calcu-
lations. Particle position, orientation, and unit cell parameters were refined 
by varying them in incremental steps and checking for highest correlation 
coefficient after four cycles of phase refinement. Table 2 shows correlation 
coefficients of the two-dimensional search of the particle center. The optimal 
particle center position was found to be x=95.45Å, z=102.5Å. 
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Table 2. Two dimensional search of the position of the ϕCb5 VLP particle center 
based on correlation coefficient comparison. 
  X coordinate of particle center (Å) 
   95.2 95.3 95.4 95.5 95.6 95.7 95.8 95.9 96.0 96.1 96.2 

102.7 0.86 0.87 0.88 0.89 0.88       
102.6 0.87 0.88 0.89 0.89 0.89 0.87 0.85 0.83 0.80 0.78 0.75 
102.5 0.87 0.89 0.89 0.90 0.89 0.87 0.85 0.83 0.80 0.78 0.75 
102.4 0.87 0.89 0.89 0.90 0.89 0.87 0.85 0.83 0.80 0.77 0.75 
102.3 0.87 0.88 0.89 0.89 0.88 0.86 0.84 0.82 0.79 0.77 0.74 
102.2     0.87 0.85 0.83 0.81 0.79 0.76 0.74 
102.1     0.85 0.84 0.82 0.80 0.78 0.75 0.73 
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102.0     0.84 0.82 0.81 0.79 0.76 0.74 0.72 

Note: Starting position of the particle centre is shown in bold, optimal position in 
underlined bold. Values of the correlation coefficient above 0.80, 0.85, 0.88, and 
0.90 are highlighted by 10, 20, 30, and 50% shading, respectively. 

ϕCb5 virion structure determination 
The ϕCb5 virion crystals were in space group R3 with cell dimensions 
a=b=273.6Å and c=640.0Å. The self-rotation function (Tong and Rossmann 
1997) showed that one icosahedral threefold axis was coincident with the 
crystallographic threefold axis (Fig. 3a). The cell dimensions did not allow 
packing of more than one particle in the ab plane. Thus the particle could be 
positioned with its center at the origin. The coincidence of the threefold axes 
was used in determination of the NCS operators. The symmetry operators for 
the locked self-rotation function search in GLRF were defined to have a 
threefold symmetry axis parallel to the crystallographic z-axis (coincident to 
the crystallographic three-fold axis) ϕ=0°, φ=0°, κ=120° (XZK convention). 
Additional fivefold symmetry axis necessary to define the icosahedral sym-
metry operators was defined as ϕ=0°, φ=37.37°, κ=72°. A one-dimensional 
search around the z-axis in the XZK polar convention was performed to iden-
tify the particle orientation (Fig. 3b). The XZK convention was used because 
it allowed a convenient definition of the z-axis as the rotation axis in the 
search. The particle rotation was ϕ=0°, φ=0°, κ=95.5° (XZK convention), 
which corresponds to ϕ=270°, φ=90°, κ=95.5° in the XYK convention. The 
position of the whole icosahedral asymmetric unit was subjected to rigid-
body refinement in CNS (Brünger et al. 1998). Individual B-factors were 
refined in CNS, but no positional refinement was performed because the reso-
lution of the ϕCb5 structure was lower then that of ϕCb5-VLP. 



 33

 
Figure 3. (a) Threefold self-rotation function calculated from ϕCb5 virus data (space 
group R3). (b) One-dimensional locked self-rotation function search around the 
crystallographic threefold axis (coincident with Z axis). The values are contoured 
relative to the origin peak, which has value 1000. Data of 11-5Å resolution were 
used in the search and the radius of integration was set to 280Å. 
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Determination of the orientation  
of the MS2 cryo EM model 
Current models of genome packing in leviviruses are based on cryo-EM 
reconstructions of the phage particles (Koning et al. 2003; van den Worm et 
al. 2006; Toropova et al. 2008). We decided to compare the ϕCb5 genome 
density with the MS2 cryo-EM reconstruction because it was of the highest 
available resolution. The cryo-EM reconstruction map EMD-1431 of wild-
type MS2 virion was not in standard icosahedral orientation and the corre-
sponding model with icosahedral symmetry operators was not deposited 
(Toropova et al. 2008). To identify the particle orientation, the program CNS 
(Brünger et al. 1998) was used to convert the map into structure factors. The 
locked self-rotation function in the program GLRF (Tong and Rossmann 
1997) was used to identify the particle orientation. The rotation of the parti-
cle in comparison to standard icosahedral orientation was ϕ=15.8°, φ=44.0°, 
κ=92.1° in the XYK polar angle convention. The center of the cryo-EM 
reconstruction electron density was in the center of the arbitrary cell used for 
calculations. The MS2 model 2ms2 was placed into the correct orientation 
and position with the program Moleman2 (Kleywegt and Jones 1996). 

Low resolution RNA density in ϕCb5 virion and VLP 
The availability of structures of both ϕCb5 virions and ϕCb5 VLPs allowed 
comparison of the density belonging to the packed RNA. The density of 
three nucleotides was observed in the structures of both ϕCb5 VLP and 
ϕCb5 virions. Except for a few putative bases stacked to aromatic side 
chains, density corresponding to the genome could not be observed at the 
highest available resolutions (2.9Å and 3.6Å respectively). The 9Å resolu-
tion maps were calculated in hope of observing low resolution features of the 
packed RNA as in the cryo-EM MS2 model (Koning et al. 2003; Toropova 
et al. 2008). Only a narrow band of density was present in ϕCb5 VLP. The 
RNA density in the ϕCb5 virions corresponded roughly to the shape of the 
RNA stem-loop and to the density observed in the cryo-EM study of the 
MS2 virions. In contrast to the cryo-EM MS2 reconstruction the density of 
the ϕCb5 genome did not extend to the particle interior. 

Role of calcium ions and RNA  
in ϕCb5 capsid stability and assembly 
The buried surface area between the ϕCb5 quasi-threefold related subunits is 
25% less than in other leviviruses with known structures (Table 4, paper IV). 
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The interfaces are stabilized by a calcium ion and nucleotide-mediated inter-
actions. In ϕCb5 there are four calcium ions in the icosahedral asymmetric 
unit. One is located close to the icosahedral quasi-threefold axis and has an 
almost perfect octahedral coordination. The presence of the calcium ion be-
tween the icosahedrally independent subunits is also important for the for-
mation of several intersubunit hydrogen-bonds (Fig. 4b, paper IV). The re-
maining three calcium ions are located between the �-helices of the dimer-
forming subunits (Fig. 4c, paper IV). Each dimer is stabilized by two cal-
cium ions. The role of calcium in stabilization of dimer interactions has not 
been observed in leviviruses before. The importance of calcium ions for 
ϕCb5 particle stability is shown by the 25°C decrease in particle melting 
temperature when the calcium ions are chelated with EDTA. ϕCb5 and 
PRR1 (Persson et al. 2008) are the only two leviviruses with experimentally 
determined structures that utilize salt bridges and calcium ions in their capsid 
architecture. The importance of the salt bridges for stability of the ϕCb5 
capsid is reflected in sensitivity of the capsid to elevated salt concentrations. 

The presence of RNA molecules was shown to accelerate bacteriophage 
R17 assembly. A mechanism in which coat protein dimers concentrate at the 
place of capsid assembly because of the interaction with the genome has 
been proposed (Beckett et al. 1988). The ϕCb5 capsid structure revealed a 
new type of levivirus coat-protein RNA interaction. The nucleotide-binding 
pocket was formed by three subunits, two of which are in a dimer (Fig. 4a 
and d, paper IV). This form of nucleotide-coat protein interaction provides 
evidence that the ϕCb5 genome may participate in the capsid assembly not 
only by increasing the local concentration of coat-protein dimers, but also 
through direct stabilization of the intersubunit contacts. The same mecha-
nism ensures simultaneous capsid assembly and genome packing. The nu-
cleotide density was observed in both the ϕCb5 virion and VLP structures 
which suggests that the RNA-coat protein interactions are crucial for capsid 
assembly. The necessity of RNA-coat protein interactions for particle as-
sembly may be a mechanism preventing formation of empty capsids. 
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Concluding discussion and future perspectives 

Role of calcium-regulated particle stability  
in the life cycles of RGMoV and ϕCb5 
Levivirus capsid assembly is a highly cooperative and fast process for which 
no intermediates are known (Hohn 1969; Witherell et al. 1991; Stockley et 
al. 1994). A mechanism regulating proper timing of the assembly is required 
for efficient virus replication. The capsids should not assemble in the early 
stages of the infection because it would prevent replication and translation of 
the viral genomes. It has been proposed that early in the levivirus infection 
the coat protein binds preferentially to the high-affinity RNA stem-loops. As 
the concentration of the coat protein in the infected cell increases, assembly 
proceeds around the nucleation site in a cooperative manner (Hung et al. 
1969; Witherell et al. 1991). The sensitivity of the ϕCb5 capsid to low cal-
cium concentration may be a regulation mechanism preventing premature 
capsid assembly. Since the calcium concentration is very low in living cells 
the ϕCb5 might start its assembly only after the cytoplasmic membrane of 
the infected cell is ruptured and the calcium concentration increases. This 
would leave the genome molecules available for replication and translation 
as long as possible. The effect of decreased ϕCb5 particle stability in envi-
ronments with elevated salt concentrations may work in concert with the ef-
fect of calcium in promoting particle assembly after lysis of the infected cell. 

The sobemovirus virions are sensitive to calcium-ion depletion. It may be 
a mechanism regulating infection-connected disassembly and perhaps also a 
mechanism preventing premature particle assembly as the calcium ion con-
centration is very low in the cytoplasm of plant cells. Sobemovirus particles 
were observed in vacuolae (Brugidou et al. 2002), where the calcium con-
centration is high. The vacuolae may serve as a storage compartment for 
sobemovirus particles. 

Additional experiments are needed to verify the role of calcium ions in 
the levivirus and sobemovirus life cycles. Until the results are available a 
null hypothesis of calcium ions having no role in the life cycle regulation is 
also valid. 
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Capsids and capsid derived structures 
The properties of virus capsids predetermine them for use in medicine and 
biotechnology. The MS2 capsids have been used for delivery of therapeutic 
compounds (Brown et al. 2002; Wu et al. 2005). Genetically or chemically 
modified MS2 capsids have been used to induce immune reaction against the 
inserted epitopes (Mastico et al. 1993; Peabody et al. 2008). A detailed un-
derstanding of phage structure was a key to the success of these projects. An 
analysis of coat-protein mutants exhibiting unusual behavior may provide 
information on mechanisms underlying virus assembly. 

Virus structures are under selection pressure to make the virus assembly 
as efficient as possible. The process is well regulated and seldom results in 
production of defect particles. The same is usually not true for genetically 
modified capsids or in vitro assembly of virus-like particles. Rod-like struc-
tures were reported for bacteriophage Q
 coat protein mutant with a six-
residue substitution in the FG loop (Cielens et al. 2000). The mutation was 
designed to eliminate formation of disulfide-bonds that otherwise stabilize 
the Q
 icosahedral particles (Golmohammadi et al. 1996). The mutant sub-
units formed rod-like particles but also isometric particles similar to wild-
type virions. The rod-like particles had a similar diameter as the icosahedral 
virions. It is likely that the mutation interfered with the ability of the coat 
protein to form pentamers as they are necessary for introducing curvature 
into the icosahedral capsid. Further experiments showing detailed structure 
of the rod-like particles are necessary to understand their assembly. 

Genetically modified MS2 capsids with insertion in the surface loop of 
the coat protein have been shown to be efficient in inducing immunological 
responses (Mastico et al. 1993). A disadvantage of the single subunits is 
their low tolerance to various insertions. The folding problem can to a great 
extent be overcome by using modified CCPDs, which have higher stability 
(Peabody et al. 2008). We have shown that the structure and stability of the 
CCPD particles is almost identical to that of the wildtype MS2 capsids. A 
fraction of the particles probably has assembly defects that greatly lower 
their stability in certain buffer compositions. We have made a rather surpris-
ing observation of the crystallization of the CCPD subunits in spacegroup 
F432 with a subunit arrangement corresponding to octahedral particles. 
There are very few examples of structures derived from icosahedral capsids 
that have lower symmetry than the icosahedral one. Cryo-EM reconstruction 
has been determined for the octahedral sub-viral particle formed by the hepa-
titis B surface antigen (Gilbert et al. 2005). The hepatitis B subviral particles 
may function in sequestration of anti-viral antibodies (Seeger 2007). A mod-
el involving tetrahedral and octahedral particles has been created for sub-
viral particles assembled in vitro from the coat protein of murine polyomavi-
rus (Salunke et al. 1989). Subunit interactions within the CCPD octahedral 
"particles" are analogous to icosahedral particles. The octahedral "particles" 
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have triangulation number 3 as the icosahedral particles. The differences are 
in the angles of intersubunit interactions because of the smaller radius of the 
octahedral particle. Virus capsids as well as the derived structures are excit-
ing study objects because of their possible applications in medicine and bio-
technology. 

Genome organization in virus particles 
The information on genome organization in virus particles is limited because 
there are no suitable structural determination methods. The genomes are 
packed inside of the icosahedral capsids and the capsid surface is not af-
fected by the interaction with the genome. Thus the viruses cannot orient in 
the crystal according to the genome structure. The genomes usually do not 
follow the icosahedral symmetry of the capsid. The information on the or-
dered genome structure, if there is any, is then lost because of the multiple 
orientations of the genome in the crystal. There are only a few exceptions. In 
Cowpea mosaic virus (Chen et al. 1989), nodaviruses (Tihova et al. 2004), 
and Satellite tobacco mosaic virus (STMV) (Larson et al. 1993), a part of the 
genome associates with the internal surface of the icosahedral capsid. In 
STMV approximately 44% of the genome has corresponding density in the 
crystal structure. 

The low-resolution structure of ϕCb5 virions revealed density corre-
sponding to putative RNA stem-loops bound to the coat-protein dimers. The 
low resolution and unresolved features of the map did not allow creation of a 
model describing the general genome packing. Models for levivirus RNA 
packing have been proposed based on the cryo-EM reconstructions (Koning 
et al. 2003; van den Worm et al. 2006; Toropova et al. 2008). In general, the 
cryo-EM reconstruction corresponds to the ϕCb5 virion crystal structure. 
The models predict very dense packing of RNA. Unfortunately the cryo-EM 
reconstructions are of very low resolution and the model explains packing of 
only a fraction of the genome. Ordinary cryo-EM on virus particles does not 
have any major advantage over X-ray crystallography in determining the 
genome structure, because the process of identifying of the initial orientation 
of the particle is dominated by the symmetry of the capsid. 

There are several indications that viral genomes may have regular parts or 
even completely unique structures. The RNA genome of Turnip Yellow 
Mosaic Virus isolated by mild extraction has stable, better-folded regions 
that are more difficult to denature than the linker regions (Kuznetsov and 
McPherson 2006). The MS2 genome contains several regions of stable sec-
ondary structure with functions in regulation of virus gene expression (Wi-
therell et al. 1991; Beekwilder et al. 1995; Beekwilder et al. 1996). It is pos-
sible that the structures are present even when the genome is packed within 
the capsid. The contact of the operator loop with the coat protein is a specific 
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and unique feature in the capsid. Advances in cryo-EM reconstruction tech-
niques may make it possible to determine whether the genomes of some 
viruses have a unique fold. This may be done by substracting the known 
capsid structure from the observed projections of the cryo-EM particle im-
ages and then by performing an asymmetric reconstruction of the difference 
images. A similar method has been used in the study of the inner scaffolding 
protein of phage φ29 (Morais et al. 2003). The determination of the structure 
of the MS2 RNA genome may also shed some light on the location of the A 
protein in the capsid, because it may interact with a specific part of the ge-
nome. Organization of the genomes in the virus particles is an unexplored 
area with potential for continued studies. 
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Summary in Swedish 

Virus är enkla parasiter som är beroende av metabolismen hos andra levande 
organismer. De enklaste virustyperna består enbart av nukleinsyra som 
skyddas av ett proteinskal, också kallat kapsid. Denna avhandling omfattar 
strukturstudier av växtviruset Ryegrass mottle virus (RGMoV), bakteriofa-
gen ϕCb5 samt oktahedrala partiklar bildade av en mutant av bakteriofag 
MS2s skalprotein. 

Virus som tillhör genuset Sobemovirus är små växtvirus. De är ikosahed-
rala partiklar som är ungefär 28 nm i diameter. Virionerna är sammansatta av 
en typ av skalproteinsubenhet, ett genomiskt RNA och ett sub-genomiskt 
RNA. Antalet skalproteinsubenheter är 180, vilket motsvarar kvasisymmetri 
av typ T=3. En enhet av tre kemiskt identiska subenheter (kallade A, B och 
C) bygger upp den symmetriska partikeln. Dessa tre subenheter har liknande 
(kvasiekvivalent) konformation på grund av små skillnader i deras interak-
tioner med andra subenheter. Till skillnad från andra sobemovirus saknar 
RGMoVs skalprotein flera aminosyrarester i två av de ögleregioner som är 
av vikt för bildning av kapsiden. Den första öglan bidrar med kontakter mel-
lan subenheter runt den kvasi-tretaliga symmetriaxeln. Den förändrade kon-
taktytan får till följd att subenheterna vrids in mot den kvasi-tretaliga axeln. 
Bildningen av T=3-kapsiden hos sobemovirus kontrolleras genom att C-
subenheternas N-terminaler bildar en beta-ring. Den andra, mindre öglan i 
RGMoV strukturen deltar i stabilisering av denna beta-ring hos andra sobe-
movirus. Avsaknaden av interaktioner mellan RGMoV-öglan och beta-
ringen kompenseras genom extra interaktioner mellan armarna i N-
terminalerna. Skillnaderna i kapsidernas struktur mellan RGMoV och andra 
sobemovirus visas också genom att diametern hos RGMoV-partikeln är 8Å 
mindre än hos andra sobemovirus. 

Bakteriofag MS2 hör till de små RNA-bakteriofagerna, familjen Leviviri-
dae. De kapsider som bildas av mutanter av MS2s skalprotein med infog-
ningar i öglor på ytan har visat sig vara mycket immunogeniska epitopbära-
re. Kovalenta dimerer av skalproteinet, skapade genom sammanslagning av 
två genkopior av dimeren, klarar av att framkalla en immunrespons lika ef-
fektivt som enkla subenheter. Fördelen med de kovalenta dimererna är deras 
högre stabilitet och tolerans mot infogningar i öglor vid ytan. Vi har löst 
strukturen av den ikosahedrala partikeln sammansatt av kovalenta skalprote-
indimerer till 4.7 Å upplösning. Vid denna relativt låga upplösning liknar 
strukturen MS2s vildtypspartikel med undantag för länkregionerna mellan 
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subenheterna. De kovalenta dimererna bildade också kristaller i den kubiska 
rymdgruppen F432. Dimererna (36 stycken) packar sig där med oktaeder-
symmetri, som motsvarar T=3 oktahedrala partiklar. 

Vi har bestämt strukturen av fagen ϕCb5, som också hör till familjen Le-
viviridae med kvasisymmetri av typen T=3. Kapsiden hos ϕCb5 stabiliseras 
av kalciumjoner i fyra typer av positioner i skalet. En av dessa återfinns mel-
lan de kvasi-tretaligt relaterade subenheterna och är en del av ett nätverk av 
vätebindningar i kontakten mellan subenheterna. Återstående kalciumjoner 
stabiliserar kontakterna inom skalproteindimeren. Elektrontäthet för tre möj-
liga typer av positioner för RNA nukleotider finns också i ϕCb5-strukturen. 
Nukleotiderna underlättar kontakter mellan två subenheter i en dimer samt 
en tredje subenhet i en dimer. Vi föreslår en modell för kapsidbildning hos 
ϕCb5 där addering av skalproteindimerer till den växande kapsiden underlät-
tas av interaktion med RNA-genomet. ϕCb5-strukturen är den första i Levi-
virusfamiljen som ger förståelse för den mekanism genom vilken samverkan 
mellan genom och skalprotein kan accelerera bildning av kapsiden samt öka 
dess stabilitet. 
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