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Abstract

Single strand (ss) RNA viruses are amongst the most prevalent viral pathogens in nature.
A key event in the life cycle of many of these viruses is the packaging of their ssSRNA genome
into a capsid of defined size and shape. The mechanism by which genome packaging and capsid
assembly proceeds is however poorly understood. Increased knowledge of this event is
beneficial for novel anti-viral drug design, as well as contributing to our understanding of
macromolecular assembly events. This project has explored the role(s) of the RNA genome in
the capsid assembly process of the model ssRNA virus, bacteriophage MS2.

In vitro capsid reassembly reactions have been carried out using recombinant coat protein
and ssRNA transcripts corresponding to different regions of the MS2 genome. These reactions
have been assayed by size distribution analysis using native gel shift assays and sedimentation
velocity analysis. This has allowed the effects of RNA size, sequence and structure on capsid
assembly to be investigated. All the genomic RNAs transcripts, independent of sequence and
size, promoted capsid assembly. The efficiency in which they each promote assembly was,
however, different. This was shown to be due to the mechanism by which genomic RNA is
packaged. It appears that coat proteins bind to RNA causing conformational changes that reduce
its volume to that of the capsid interior. This was evident from the observed RNA length
dependence on capsid assembly efficiency. Estimates of the hydrodynamic radii of assembly
components and the inhibitory effect that ethidium bromide, a compound which stiffens RNA
structure, has on capsid formation also supported this hypothesis.

The RNA structural transition was investigated using an RNA structure probing assay. The
solution structures of the RNA transcripts were compared to the MS2 genome structure within
the virion. Lead acetate was used to cause structure-specific cleavages within these RNAs which
were then detected by reverse transcription using labelled primers. The results show that the
RNA structure is partly conserved in solution and within the virion, implying that the
conformational changes during encapsidation involve primarily tertiary structure rearrangement.
The data suggest that the MS2 virion RNA has a defined structure within the virion. These
results are consistent with cryo-electron microscopy of virions and capsids carried out by other
members of the laboratory. One implication of this work is that compounds capable of
inhibiting the conformational rearrangements required for virus assembly could serve as potent
anti-viral therapeutics.

The work presented in this thesis has contributed to our understanding of how ssRNA is

packaged into ssSRNA virus capsids and, in particular, the roles it plays in capsid assembly.
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1 Introduction

Viruses are organisms that infect all forms of life at the cellular level. They are
parasitic genes that have evolved to ensure their own replication which often results in
deleterious effects on the host. In their simplest form they are composed of nucleic acid
and a capsid comprised of multiple protein subunits. The nucleic acid encodes the
information for construction of the molecular machinery necessary to infect and
multiply within their host, while the protein capsid serves as a protective container
during nucleic acid transport between host organisms (Wagner et al., 2008).

Virus research has been at the forefront of discoveries into the properties of
proteins and nucleic acids and the deciphering of biological mechanisms such as
replication, translation and transcription (Summers, 2006). Underlying this is that
viruses allowed the isolation of large quantities of homogenous protein or nucleic acid
which represented an obstacle prior to the invention of heterologous expression systems
(Schneemann, 2003). Viruses still represent model systems where molecular events are
readily accessible to experiment. One of these events is the assembly of viral capsids,
the understanding of which is beneficial towards novel anti-viral drug design as well as
increasing understanding of macromolecular interactions and assembly events.

This thesis reports results where the MS2 virus has been used as a model system to
investigate the formation of viruses containing a ssRNA genome enclosed in an
icosahedral capsid. In particular it addresses how the viral genome interacts as a whole

with multiple proteins to self assemble into a container of defined size and shape.

1.1 Classification of viruseé

Nearly 5500 viruses are classified in a hierarchical manner by the International
Committee on Taxonomy of Viruses (ICTV) based on their nucleic acid content, virion
morphology and host type (Wagner et al., 2008). In this way viruses are classified into
orders, families, sub-families, genera and species. It is not known whether all viruses
have a common ancestor and therefore a true linean classification is not possible. A
similar but more manageable way of classifying viruses was proposed by David

Baltimore (1971), in which viruses are classified solely on the way they produce
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messenger RNA and their method of replication. In this manner viruses are categorised
into six groups as outlined in Table 1-1.
Table 1-1. The Baltimore classification of viruses. ssRNA viruses can be positive or

negative strand based on whether the RNA within the virion can be directly translated
into protein upon cell entry.

Group Genome Example

1 dsDNA Adenovirus

Il ssDNA Parvovirus

n dsRNA Bluetongue virus
v (+)ssRNA MS2 phage

\ (-)ssRNA Rabies virus

Vi ssRNA with DNA intermediate HIV

Vil dsDNA with RNA intermediate Hepatitis B

1.2 Small icosahedral ssRNA viruses as research models

Icosahedral ssSRNA viruses represent ~ 15 % of all viruses classified by the ICTV.
These viruses are responsible for diseases in animals and humans such as the common
cold, gastroenteritis, foot and mouth disease, yellow fever and rubella. Because of the
pathogenic nature of viruses, working with them presents a health hazard. This hazard
can be circumvented by working with viruses with similar characteristics that are non-
infectious to humans. A great deal of knowledge concerning virus life cycles, structure
and assembly has been gathered on small (<50 nm diameter) icosahedral viruses
infecting plants (Rossmann and Johnson, 1989) and bacteria (Calendar, 2006). As a
result they are very well characterised both structurally and biochemically and therefore

represent ideal model systems for virus research.

1.3 Architecture and symmetry of icosahedral viruses

In order to gain appreciation for virus structure and assembly an understanding in
basic viral architecture is essential.

In 1956 Crick and Watson proposed that plant viruses, such as Tumip yellow
mosaic virus (TYMV), which had been observed to be spherical by electron
microscopy, would have the geometric form of a platonic solid (for example:
tetrahedron, octahedron, icosahedron) and therefore be composed of asymmetric

subunits (ASU) of a fixed number which could not exceed 60 (Figure 1-1 A). They
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further suggested that using multiple copies of a single polypeptide would be the most
efficient way of enclosing a genome with a limited coding capacity (Crick and Watson,
1956). X-ray diffraction studies of viruses confirmed that spherical viral capsids were
highly ordered and adhered to icosahedral symmetry, however, they were not
necessarily composed of just 60 subunits (Caspar, 1956). In a biological context this
posed the question of how identical proteins, whose interactions with each other within
the capsid were presumably identical, could generate a capsid of more than 60 subunits
as this was not allowed based on the rules underlying icosahedral symmetry.

Realising the dynamic nature of biological macromolecules, Caspar and Klug
(1962) devised the concept of quasi-equivalence. They predicted that capsids could be
comprised of increasing numbers of identical protein subunits if these subunits could
adapt very similar yet distinct conformations: quasi-equivalent conformations.
Essentially they realised that the protein interactions within the capsid need not be the
same between each and every protein subunit. In this way, capsids adhering to
icosahedral symmetry of increasing size could be produced by increasing the number of
identical protein subunits comprising the capsid. Caspar and Klug defined the
arrangement of protein subunits necessary to form capsids of ever increasing sizes with
the triangulation number T (Figure 1-1 B). T is defined by T = W +hk+k where h and
k are integers that define the positioning of the capsid five fold axes relative to one
another (Caspar and Klug, 1962; Johnson and Speir, 1997). The theory of quasi-
equivalence has proved highly successful at predicting virus capsid structure and
furthermore allows the immediate appreciation of the size and protein organisation

within a capsid through the concept of the T number (Harrison, 2001).
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3 ASU

Figure 1-1. Spherical capsids have icosahedral symmetry. An icosahedron can only
be constructed from a defined number of asymmetric building blocks. A) An
icosahedron has 2-, 3- and 5-fold symmetry axes labelled as an ellipse, triangle and
pentagon, respectively. These axes are used to define the positioning of protein
subunits which comprise an icosahedral capsid. Each of the 20 triangular facets of the
icosahedron is comprised of 3 asymmetric sub units (ASU). B) Icosahedral symmetry
constraints and quasi-equivalence theory restrain the number of protein building blocks
to 60T, where T is the number of protein subunits comprising an ASU. A T = | capsid
is comprised of 60 identical protein subunits, where each protein corresponds to an
ASU. A T = 3 capsid is comprised of 180 protein subunits, where each ASU is
comprised of three proteins. The areas highlighted in grey correspond to the ASU in the
T =1and T = 3 capsids.
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1.4 lcosahedral capsid structure

The first virus ever to be viewed at atomic resolution was Tomato bushy stunt virus
(TBSV) by Dr. Steve Harrison and co-workers at Harvard. The structure of the capsid
was consistent with Caspar and Klug’s theory of virus structure in that it was comprised
of 180 identical subunits observed in three distinct environments (Harrison et al., 1978).
Since then, the structures of a plethora of icosahedral viruses infecting all forms of life
have been elucidated with X-ray crystallography and more recently cryo-electron
microscopy (cryo-EM). Interestingly, many of these viruses, in particular viruses
infecting eukaryotes, have structural characteristics similar to that of TBSV (Rossmann
and Johnson, 1989; Harrison, 2001) making it an excellent model for explaining
conserved features of viral structure.

The structural organisation of the capsid coat proteins of TBSV is shown in Figure
1-2. The coat protein (CP) is composed of two domains termed the protruding domain
(P) and the shell domain (S). The S domain of the protein has a swiss roll topology and
is composed of two sets of four anti-parallel B-strands, which lie parallel to the capsid
surface. The swiss roll is the most common coat protein tertiary structure observed in
ssRNA viruses infecting eukaryotes including Turnip crinkle virus (TCV) (Hogle et al,
1986), Brome mosaic virus (BMV) (Lucas et al., 2002), Norovirus (Prasad, et al., 1999)
and Rhinovirus (Rossmann et al., 1985). This has been used as evidence for a common
ancestry of these viruses (Rossmann and Johnson, 1989), however given the different
amino acid (a.a.) sequence that underlie these folds, and that this protein topology is not
exclusively found in viruses it is possible that the similarity is the result of convergent
evolution to a highly advantageous protein structure (Williams and Westhead, 2002).

The main site of structural variation observed between the A, B and C quasi-
equivalent conformations in TBSV is seen in the N-terminal region of the coat proteins.
This region is ordered in the C-subunit but disordered in the A and B subunits. Inthe C
subunit, the N-terminus is interlocked with two other N-termini of different C subunits
related by 3-fold symmetry, forming a structure termed the B-annulus at the 3-fold axes.
These interactions result in two types of dimer conformations, A/B and C/C which
coalesce at different angles and thereby allow the successful closure of the capsid. The
importance of the N-termini for quasi equivalent switching has since been observed for
various virus particles where deletion of the N-termini results in defective virus particles

or none at all (Erickson and Rossmann, 1982; Sorger et al., 1986; Calhoun et al., 2007).
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This is however not applicable to all capsids composed of proteins with the jelly roll
fold implying that quasi-equivalence is induced in different ways dependent on the virus
type ( Prasad et al., 1999; Satheshkumar ez al., 2005). The f-annulus 3-fold complex

and its implications for capsid assembly are further discussed in the next section.

Q2-fold

Figure 1-2. The T = 3 icosahedral capsid structure of TBSV. From lefi, the capsid is
comprised of 180 CP seen in three distinct environments termed A, B and C. The
protein is comprised of two domains, a protruding domain (P) and a shell domain (S).
The fold of the shell domain is conserved in various eukaryotic virus structure proteins.
The N-terminus of the CP can be seen protruding downwards from the S domain of the
C conformer. The organisation of the CP in the capsid is shown in a figure modified
from Harrison et al. (1978). The CP are observed as two types of dimers within the
‘capsid, A/B and C/C. The angle at which these dimers coalesce is different and serves
to incorporate curvature into the capsid. This is highlighted to the right with a view
perpendicular to the quasi 2-fold and 2-fold symmetry axes by which the subunits
comprising the dimers are related. The quasi 2-fold and 2-fold axes are designated
with dashed yellow and magenta lines, respectively. Understanding the manner in
which these two dimer conformations are attained to produce an icosahedral capsid is
key to understanding capsid assembly.

Not all icosahedral ssSRNA capsid structures adhere to Caspar and Klug’s theory of
quasi-equivalence. The capsids of poliovirus and rhinovirus, for example are composed
of four chemically distinct proteins: VP1-4. These proteins are however geometrically
arranged in a similar manner as in a 7 = 3 capsid, wherein VP1-3 all have the jelly roll
topology and are interchanged for CP conformers 1-3 as observed in the TBSV
structure. Capsids that are composed of chemically distinct coat proteins are said to be

pseudo symmetric and designated with P numbers.



1.5 Capsid assembly

1.5.1 Assembly is nucleated

Prior to the availability of atomic resolution structures of viruses it had been shown
that purified viral coat proteins of T = 3 viruses infecting plants and bacteria could self
assemble in vitro into structures resembling their respective capsids in the absence of
viral RNA (Wagner et al., 1971; Matthews and Cole, 1972). This implied that all the
information necessary for constructing a capsid was intrinsic to the protein. Based on
this, capsid assembly, from multiple subunits of identical proteins, is analogous to a
finite crystallisation event. The only requirement for such a process is the formation of
a nucleating species (Prevelige et al., 1993).

The kinetics of capsid formation for small icosahedral viruses is consistent with a
crystallisation event (Figure 1-3). The sigmoidal curve indicates that the rate of the
reaction increases with time and that this is due to an increase in concentration of
reactive species over time. This implies that assembly is initially slow but speeds up
following an initial nucleation phase and as more binding sites become available in the
growing capsid (Prevelige ez al., 1993; Zlotnick, 2005).

Because successful virus formation requires RNA to be packaged, a nucleation
complex involving viral RNA is reasonable. Indeed, early in vitro capsid assembly
reactions reported that assembly was induced by RNA at low concentrations under
conditions where capsids otherwise would not form (Hung et al., 1969; Hohn, 1969,
Matthews and Cole, 1972). These results implied that specific coat protein binding to
RNA might act to nucleate assembly. Capsid assembly has since been shown to be
promoted by coat protein binding to specific RNA sequences within the virus genome
thereby allowing selective RNA packaging. Such sequences are referred to as
packaging sites and have been identified in viruses such as TCV (Sorger et al, 1986),
Flock house virus (FHV) (Zhong et al., 1992), Human immunodeficiency virus (HIV-I),

(Aldovini et al., 1990) and bacteriophages as discussed in section 1.8.
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Figure 1-3. Capsid assembly is a finite polymerisation event. Capsid assembly kinetics
are consistent with a multistep reaction preceded by a nucleation event. C apsid
subunits (blue) associate to form a nucleation complex (green) as evident by a lag phase
during assembly. Once a critical concentration of nucleating ‘s'pecie.s"or assembly
intermediates is reached, they react quickly and irreversibly with other subunits or
intermediates to form capsids. The figure is modified form Zlotnick and Stray (2003).
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1.5.2 Assembly and control of quasi equivalence

The crystal structures of TBSV and other plant viruses that followed made it clear
that the nucleating species for capsid assembly would most likely be associated with
formation of the 3-fold or 5-fold symmetry axes. This was based on the observation
that arranging capsid subunits in oligomeric pentamers, relating to the 5-fold axes or
oligomeric hexamers, relating to the 3- fold axes, serves to define the overall curvature
of the shell (Rossmann, 1983). This suggestion further implied that quasi conformer
control would have to take place early during capsid assembly and would presumably
be linked to the formation of the nucleating complex.

This was observed for Tumip crinkle virus (TCV), a close relative of TBSV,
wherein capsid assembly was proposed to proceed from a nucleation complex of 3 C/C
dimers forming a B-annulus complex at the capsid 3-fold axes following specific RNA
binding. The RNA supposedly acts as a scaffold which facilitates assembly by aligning
the C/C dimers in space in such a way that facilitates B-annulus formation. Following
formation of the B-annulus, capsid assembly would then proceed by coat protein dimer
addition as C/C or A/B conformers dependent upon whether they could bind to free N-
termini already incorporated in the growing capsid shell. Proteolytic cleavage of the N-
terminus resulted in T =1 capsid particles suggesting that the N-terminus is crucial for
formation of the planar contacts at the 3-fold axes while the curvature necessary for
formation of the 5-fold axes is intrinsic to the protein (Hogle ez al., 1986; Sorger et al.,
1986).

The mechanism proposed for TCV assembly demonstrated for the first time how
quasi-equivalence is controlled through CP dimer interactions. The role of RNA in this
process has further been highlighted in that deletion of the B-annulus does not
necessarily result in particle polymorphism (Bertolotti-Ciarlett et al, 2002;
Satheshkumar et al., 2005; Tang et al., 2006). Conformational switching due to RNA
binding was first observed for the nodaviruses FHV (Fisher and Johnson, 1993) and
Black beetle virus (BBV) (Wery et al., 1994) where it was shown that specific RNA
binding acts as a conformational switch between flexed A/B like dimers and planar C/C
like dimers (Figure 1-4). Similar flexed and planar dimers are observed for TBSV and

TCV suggesting that RNA might contribute to quasi equivalence control in a similar

manner for these plant viruses.
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Quasi equivalent control of coat protein conformations is a mutually induced
process where the contributions of the RNA-coat protein interactions and intra coat
protein subunit interactions can vary. This is dependent upon virus type due to the
manner in which protein subunits, such as the N-termini at the 3-fold axis, interact and

stabilise quasi-equivalent conformers.

Figure 1-4. Quasi-equivalence can be induced by RNA binding. From lefi: BBV has a
T = 3 capsid composed of 180 subunits labelled A,B and C. The icosahedral symmetry
axes are labelled with a white oval (2-fold), yellow oval (quasi 2-fold), white triangle
(3-fold) yvellow triangle (quasi 2-fold) and pentagon (5-fold). To the right, a view
perpendicular to the 2-fold (top) and quasi 2-fold (bottom) symmetry axes shows how
binding of an RNA A-type duplex wedges the protein dimer into a C/C conformation.
The binding of RNA acts to rigidify the subunit contacts at the 2-fold axes thereby
defining the planar 3-fold axes. Note that a T = 3 capsid is composed of a mixture of
bent and planar subunits, if only bent A/B subunits are used a T = 1 capsid composed of
30 A/B dimers as 12 pentamers is produced. Similarly if only planar C/C dimers are
used a flat sheet would result. The figure is adapted from Reddy et al. (1998).



1.6 The role of genomic RNA during capsid assembly

RNA can act in at least two ways during capsid formation, namely it can initiate
capsid assembly via a sequence recognition event and it can act as a conformational
switch controlling protein conformations necessary to form a capsid of defined shape.
The packaging of RNA into capsids and how RNA contributes to this process is poorly
understood. This lack of basic knowledge arises from the observation that once
assembly is initiated, the assembled capsid is the only stable species on the assembly
pathway of transient species that are only present in limiting amount (Zlotnick et al.,
1994; Stockley et al., 2007). This inevitably restricts research into characterising
assembly reaction substrates and products. Structural analysis of large “substrate” RNA
molecules in solution is experimentally difficult in part because of their size and
asymmetry which does not allow their three dimensional structural characterisation with
the modem analytical techniques commonly applicable to proteins. Characterisation of
capsid “products” with X-ray crystallography and more recently cryo-EM has however
been moderately successful and provided information on the structural organisation of
RNA genomes within viral capsids, allowing hypotheses concerning RNA packaging to
be made.

Using a combination of X-ray crystallography and cryo-EM, 23 % of the genomic
RNA residing within the capsid of the nodavirus Pariacoto virus (PaV), closely related
to FHV and BBV, was observed as a discontinuous dodecahedral cage directly beneath
the capsid (Tang et al., 2001) (Figure 1-5). Interestingly, the organisation of the RNA
suggests a considerable deviation from the minimum free energy “tree like” structures
associated with RNA. These results revitalised interest into understanding how RNA is
reorganised into a compact and complex tertiary structure not normally associated with
RNA (reviewed in Schneemann, 2006). A similar study into the plant virus Bean pod
mottle virus (BPMV) revealed a non-random discontinuous nucleotide consensus
sequence repeated more than 60 times within its ssSRNA genome (Lin ef al., 2003)
(Figure 1-6). These findings suggest a nucleotide template, beyond packaging signal

recognition, which could help promote efficient capsid assembly as proposed earlier for
TCV (Sorger et al., 1986).
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Figure 1-5 The RNA genome of PaV is organised as a dodecahedral cage. From left,
a cryo-EM reconstruction of PaV virus. Removal of half of the protein capsid shows the
dodecahedral arrangement of RNA within the virion. X-ray crystallography of PaV
shows that the dodecahedral cage is comprised of thirty 25 bp A-type RNA duplexes
located underneath the C/C dimers at the 2-fold axes. RNA is also observed at the
quasi 2-fold axes underneath the A/B dimers which is observed as islands of density
surrounding the 5-fold axes. Note that the dodecahedron reflects structural ordering
beneath the C/C dimers and is an icosahedrally averaged view of the genome. The

figure is adopted from Tang et al. (2001).

Figure 1-6. Proposed assembly mechanism of BPMV. The non random nucleic acid
sequence APuPyPyPyX is repeated in the BPMV genome suggesting that multiple
packaging signals within the genome direct assembly. The viral genome folds to form a
structural scaffold (1) which can direct capsid assembly via coat protein binding to
secondary structural elements (2-6). The figure is modified from Lin et al. (2003)

A specific nucleotide sequence is however not always a requirement for capsid
assembly. In pioneering work by Bancroft and Hohn into in vitro capsid assembly of
viruses with 7'= 3 capsids, viral coat proteins were observed to readily encapsidate not
only their own RNA but also heterologous and non-viral RNA as well as polyanions
such as polyvinyl sulfonate under conditions where viral particles do not otherwise form

(Bancroft er al., 1969; Hohn, 1969). Furthermore, follow-up research into the structure

26



of heterologous RNA within recombinant PaV particles suggests that the PaV genome
is not a specific determinant of three dimensional RNA structure observed within the
virion (Johnson et al., 2004; Tihova et al., 2004) (Figure 1-5). In these cases it seems
that coat proteins are capable of imposing a structure upon RNA that is compatible with
the capsid.

RNA has however also been shown to impose specific capsid morphology onto
virus particles. For example, when recombinant BMV coat protein is expressed in vivo
it forms T = 1 virus particles composed of 60 coat protein dimers which exclusively
contain the 1 kb non-replicating RNA encoding the coat protein. Interestingly the
dimers are non-equivalent and interact within the capsid in distinctly different ways than
what is seen in regular T = 3 BMV capsids composed of 90 dimers enclosing
approximately 3 kb of RNA. This suggests that RNA is capable of directing viral
ribonucleoprotein complex formation (Krol et al., 1999).

The structural plasticity of RNA and the hierarchical manner in which it folds,
which is intrinsic to the nucleotide sequence (Tinoco Jr and Bustamante, 1999),
suggests two scenarios for RNA packaging. In the first, viral RNA can fold on its own
accord into a compact scaffold upon which capsid assembly can take place. With
respect to RNA structure predictions based on the thermodynamics of nucleotide base
pairing (Rudnick and Bruinsma, 2005; Yoffe et al., 2008) along with presumed
electrostatic self repulsions of the phosphate backbone (van der Schoot and Bruinsma,
2005) it is unlikely that an RNA genome can adopt a structure that is compatible with
the capsid in this way. Investigations into the stability of the 7 = 1 Satellite tobacco
mosaic virus (STMV) capsid and genome have however indicated that an “RNA first”
mechanism can not be ruled out (Kuznetsov et al., 2005, Freddolino et al., 2006). In the
second packaging scenario, the coat protein subunits bind to the RNA and fold it into an
assembly competent structure driven by non-modular interactions between the CP
subunits and charge neutralisation of the phosphate backbone. It is likely that the
structural co-evolution of RNA and capsid proteins has led to a highly synergistic virus
assembly mechanism (Schneemann, 2006), however the details of this mechanism are in
question.

So far, virus structure and assembly of simple icosahedral viruses has been
discussed with respect to viruses with common structural features, accounted for by the
common swiss roll capsid protein fold. Interactions between coat protein N-terminal

domains and with viral RNA are of importance for controlling capsid assembly and
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morphology of these virus types. How quasi equivalence is controlled within a virus
capsid along with the details of genome packaging within the particle are old but yet
still key questions at the forefront of structural virology (Harrison et al, 1978). The
bacteriophage MS2 has provided some of the most detailed answers to these questions.
MS2 is distinct from the viruses already discussed in that the structure of the coat
protein is unique to bacteriophages, however it still adheres to 7 = 3 morphology and
RNA acts to promote its assembly. This thesis concerns itself with the manner in which
RNA promotes MS2 capsid assembly and the structural nature of the RNA genome

during MS2 virus assembly. The MS2 virus is reviewed in the next sections.

1.7 ssRNA bacteriophages

The ssRNA bacteriophages were discovered in 1961 by Loeb and Zinder through
screening of raw New York sewage for viruses whose infectivity was confined to male
strains of Escherichia coli (E.coli) and therefore dependent upon F-pili (Loeb and
Zinder, 1961).

ssRNA bacteriophages form the virus family Leviviridae (or lightweight viruses)
which is split into the genera Levivirus and Allolevivirus based on genome size (3.5 kb
vs. 4.2 kb) and gene organisation (four vs. three genes). The Levivirus genus is further
split into subgroups I and II based on sequence homology and serological properties
within the genus. The Allolevivirus genus is similarly split into subgroups III and IV.
MS2 (male specific, fraction 2) and QP of sub groups I and III respectively, represent

the best characterised viruses of the Leviviridae family.

1.8 Bacteriophage MS2

The bacteriophage MS2 is composed of a 3569 nt RNA genome that encodes four
gene products: an A-protein (or maturation protein), a coat protein, a lysis protein and a
replicase apoprotein (Figure 1-7) (Fiers et al., 1976; Beremand and Blumenthal, 1979).
The MS2 phage is an excellent example of genetic economy where the limiting coding
capacity of the genome has resulted in a read-through overlap of the lysis gene with
respect to the CP and replicase genes (Beremand and Blumenthal, 1979). The A protein
is preceded by a 129 nt 5’ untranslated region (UTR) which is involved in control of
gene translation (Groeneveld et al., 1995) while the 3’UTR of 171 nt has unknown
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function. The genome is enclosed in a capsid composed of 180 copies of CP (see

section 1.8.4) and a single maturation protein which together define the MS2 virion.
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Figure 1-7. Genetic map of the MS2 genome. The nucleotide positions of the genes
within the genome are obtained from the wild type MS2 sequence, nucleotide accession
number NC_001417.

1.8.1 The MS2 genome

MS2 was the first living organism to have its genome sequenced and structurally
characterised by partial enzymatic digest. 75-85 % of the genome is proposed to be
base paired, forming a intricate network of RNA secondary structural elements (Fiers et
al., 1976; Thomas et al., 1976; Skripkin et al., 1990) (Figure 1-8). The degree of
secondary structure of the RNA is higher than can be expected on the basis of a random
nucleotide sequence suggesting that the RNA has evolved towards compactness (Fiers,
1975: Yoffe et al., 2008). The secondary structure of the genome is implicated in gene
translation and RNA replication (reviewed in van Duin, 2006). Furthermore, the RNA
hairpin structures, which are of abundance in the proposed RNA structure, are thought
to act as potential binding sites for the CP during capsid assembly (see section 1.9.3).
The structural role of the MS2 genome for capsid assembly is the main focus of
chapters 4 and 5 with the goal of defining the structural transition of RNA during

packaging and mapping discontinuous CP binding sites within the RNA genome.
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Figure 1-8. A proposed secondary structure of the MS2 genome. The 5’ and 3’
termini are highlighted with yellow circles. The coding regions of tl;e A-protein, coat
protein and replicase are coloured in green, blue and red respeciivelv 7l";ze s‘tar,‘twad
stop codons of the genes are highlighted in the same colours. The Ivs'i..s‘ gene ‘s'tart ""d
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1.8.2 The A-protein is important for phage infectivity

The A-protein is a 44 kDa protein which is present in one copy in MS2 virions
(Steitz, 1968). The infectivity of MS2 virions is dependent upon their ability to bind F-
pili which in turn is dependent upon a functioning A-protein (Crawford and Gestland,
1965; Lodish et al., 1965; Steitz, 1968). The protein forms a ribonuleoprotein complex
with genomic RNA which is infectious in the absence of coat protein (Richelson and
Nathans, 1967; Leipold and Hofschneider, 1976). Ribonuclease protection assays have
shown that the A-protein interacts specifically with the genome at positions centered on
nucleotides 393 and 3515 (Shiba and Suzuki, 1981). This, along with its importance for
F-pilus binding, suggests that it protrudes both in and out of the MS2 capsid. The
molecular details of A-protein association with the capsid are unclear, however its
positioning on the capsid has recently been shown to be at the 5-fold axes of icosahedral
symmetry (Hill et al., 1997; Toropova, 2009). The mechanism by which the virion
enters the cell after F-pilus attachment is not understood although the RNA and A-
protein are known to enter the cell together (Kozak and Nathans, 1971).

1.8.3 The replicase

Following cell entry the (+) ssSRNA genome serves as a template for translation and
subsequent replication by a newly synthesised replicase. The (+) ssSRNA and resulting
(-) ssRNA is replicated in tandem. The replicase is a 60 kDa protein which forms a
RNA dependent RNA polymerase with ribosomal subunit S1 and elongation factors Ef-
Tu and Ef-Ts of the host cell. An additional host cell factor (Hf), which is not part of
the holoenzyme, stimulates replication of the (+) sSRNA. The host factors S1, Ef-Tu
and Hf are all implicated in template binding but to different degrees. S1 and Hf are
required for replication of viral (+) ssRNA. In their absence RNA replication occurs but
is non specific (reviewed in van Duin, 2006). S1 is further implicated in gene
translation as discussed in 1.8.6. What is known of replicase function is based upon
research into replicases from bacteriophages GA and QP of groups II and III of the
Leviviridae family, respectively (Blumenthal ef al., 1976; Yonesaki and Haruna, 1981).
These replicases are similar in terms of structure and replicate RNA within their genera.
Replicase function is therefore assumed to be similar within the Leviviridae family

(Yonesaki et al., 1982).
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1.8.4 The MS2 capsid and coat protein

The MS2 capsid is a T =3 icosahedral protein container that is 27.5 nm in diameter.
It is composed of 180 copies of the coat protein. The crystal structure of the MS2 virus
was solved by Lars Liljas and co-workers which showed the details of the CP fold
(Figure 1-9) and the arrangement of CP within the capsid (Figure 1-10) (Valegard et
al., 1990; Golmohammadi ez al., 1993). The structure of the CP is conserved within the
Leviviridae family (Plevka et al., 2009). The MS2 CP fold is different from that
observed for coat proteins of viruses infecting eukaryotes (Figure 1-2). This is most
obvious from the lack of features corresponding to a P- domain and an N-terminal arm
which are common in viral coat proteins with a jelly roll fold.

The capsid is composed of CP subunits observed in three distinct conformations as
defined by a 16 aa polypeptide loop connecting the F and G B-strands (FG-loop)
(Figure 1-10, A-C). The conformations of the A, B and C subunits define the quasi-
equivalent capsid interactions. These interactions are different at the 3- fold and 5-fold
symmetry axes. In the A and C subunits, the FG-loops are extended and interact at the
capsid 3-fold axes forming a pore of approximately 1.6 nm. In the B subunits however
the FG-loop is folded towards the capsid exterior forming a pore of 1.7 nm. It is
through these pores that the A-protein is thought to make contact with viral RNA. The
pores also render the capsid permeable to small molecules. This was exploited in
experiments reported in chapter 5 where the resistance of the RNA genome within the
capsid to lead ion induced hydrolysis was used as a tool to investigate genome structure.

The three CP subunits form two types of quasi-equivalent dimers (CP,) (Figure 1-
10, DE). The capsid is composed of 60 A/B dimers and 30 C/C dimers. The CP is
stable as a dimer in solution (Beckett and Uhlenbeck, 1988; Stockley ef al., 2007). CP
subunits inter-digitate via their C-terminal a-helices. The C-terminal a-helices of one
CP subunit sit in a hydrophobic groove of the neighbouring CP subunit. The groove is
formed by the N-terminal A and B B-sheets and the C-terminal a-helices (Figure 1-10
DE). The dimer is further stabilized by hydrogen bonds between G B-sheets of the
interacting CP subunits. The CP; presents a continuous, relatively flat surface of ten
anti-parallel p-strands to the interior of the capsid which are implicated in RNA binding
(Peabody, 1993).
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Figure 1-9. The structure of the MS2 coat protein. The MS2 CP is a folded as a five-
stranded anti-parallel f-sheet (labelled C-G) with two anti-parallel f3-strands folding
over it at the N terminus (labelled A & B) and a kinked a-helix at the C terminus
(labelled A'& B’). It is 13.7 kDa and composed of 129 aa. A cartoon model of the A

coat protein subunit is shown.  The figure is based on the pdb file 2MS2
(Golmohammadi et al., 1993).

Figure 1-10. The structure of the MS2 capsid. The MS?2 capsid is composed of 180
CP subunits observed in three quasi-equivalent conformations termed A, B and C (their
colour coding is constant throughout this thesis). The main site of structural variation
between the subunits is in the conformation of the loop of polvpeptide, highlighted in
grey, connecting the F and G [-strands. The CP subunits form two types of non-
covalent dimers termed A/B (D) and C/C (E). The dimers are shown as viewed from the
capsid exterior. The positioning of the dimers within the capsid determines its size and
symmetry. The capsid is shown in F as viewed down the 2-jold axes. The MS2 capsid
adheres to T = 3 icosahedral symmetry as shown in G. The A/B dimers lay on the quasi
2-fold axes and span the distance between the capsids icosahedral 5- and 3-fold axes.
The C/C dimers lay on the 2-fold axes and span the distance between the capsids 3-fold
axes. The figure is modified from Toropova et al., (2008).
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1.8.5 The Lysis protein

The lysis protein is a small 8.7 kDa membrane protein which is crucial for release
of phage progeny (Beremand and Blumenthal, 1979). The cell lysis mechanism is not
fully understood. It is thought to act by inhibiting peptidoglycan biosynthesis resulting
in cell wall breakdown on the basis of its sequence homology to the lysis protein of the
ssDNA phage & 174. The A2 protein of Allolevivirus QP has been shown to function in
a similar manner (reviewed in Bernhardt ef al., 2002). The control of translation of the
lysis protein is crucial for effective phage release and indeed the translation of all the

MS?2 proteins is tightly regulated at the RNA level.
1.8.6 Control of gene translation

Radioisotope labelling of the f2 bacteriophage at multiple timepoints following
infection have shown that viral proteins are expressed at different stages and to a
different degree during infection (Beremand and Blumenthal, 1979) (Figure 1-11A).
This effect is also observed in vitro (Lodish, 1968). This ensures correct protein
stoichiometries for virion assembly and efficient use of host cell resources in order to
maximise phage progeny at the time of cell lysis.

Regulation of translation has been shown to be dependent upon the structure of
RNA flanking individual start codons. By involving nucleotides in stable secondary
structures that otherwise recruit translational machinery to an RNA cistron, translation
is effectively averted. Down regulation of the A-protein is achieved in this manner.
The Shine-Delgarno sequence upstream of the A-protein gene is base paired in full
length viral RNA which inhibits translation except off nascent RNA molecules (Steitz,
1973; Fiers et al., 1975; Groeneveld et al., 1995). Translation of the lysis gene and
replicase genes is controlled in a similar manner. Here, however, the time frame for
initiation of translation at the lysis and replicase cistrons is controlled by ribosomal
readthrough of the CP gene rather than folding of the 5° RNA terminus as is the case for
the A-protein (Figure 1-11 B) (Min Jou et al., 1972; Kastelein et al., 1982; Berkhout
and van Duin, 1985). The ability of ribosomes to translate these proteins is therefore
governed largely by RNA folding kinetics following either RNA replication or CP

translation.
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Figure 1-11. Levivirus RNA structure controls gene expression. A) f2 protein
expression levels following infection. f2 is a group I Levivirus like MS2. The figure is
adapted from (Beremand and Blumenthal, 1979). B) MS2 secondary structure in the
region of the lysis and replicase start codons. The start codon of the CP, lysis and
replicase genes are boxed. Lysis gene translation is dependent upon disruption of the
lysis hairpin. Replicase gene expression is dependent upon disruption of the long range
base paired stem (LR). These secondary structure elements obstruct ribosome binding
to the start codons of the lysis and replicase genes but are disrupted upon ribosomal
readthrough of the CP gene. CP; also inhibit replicase translation when bound to the
TR operator. The figure is adapted form (van Duin, 2006).

An additional level of translational control is in place on the viral replicase. When
the coat protein concentration becomes sufficiently high in the cell, it binds to a
translational operator (TR) stem loop (Figure 1-11B) and acts as a translational
repressor (Lodish and Zinder, 1966; Ward et al., 1967; Bernardi and Spahr, 1972). This
binding has dual functionality as it also initiates capsid assembly as detailed in 1.9.2.
Replicase gene expression is therefore kept at low levels reflecting the catalytic nature
of the molecule and is abolished when the viral life cycle enters its virion construction
phase.

It is not known how lysis expression is kept low at early times of infection.
However, in addition to ribosomal readthrough of the CP gene, translation of the lysis
gene is dependent upon the positioning of the CP stop codon (Berkhout ef al., 1987).

This has been explained by lateral diffusion or “scanning” of ribosomes on MS2 RNA
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following termination of translation at the CP stop site. In Adhin and van Duin (1990)
E.coli ribosomal scanning was shown to occur within a 40 nt radius of the CP stop
codon and predominantly induced initiation of translation downstream to the stop
codon. Although not suggested by the authors, this implies that the drop in replicase
expression levels and subsequent increase in lysis expression could both be linked to
CP, binding at the TR operator. CP; binding might result in directing ribosomal
scanning towards the lysis start codon.

Unlike the start codons of the genes already discussed, the start codon of the coat
protein is exposed at the top of an RNA hairpin loop. It is the only freely accessible
ribosome binding site on the RNA genome (Steitz, 1973). CP translation is regulated
by competitive binding of ribosomes and the replicase holoenzyme to a region 43 nt
upstream of the CP start codon through binding of the S1 translation factor at this site.
S1 binding therefore discriminates between translation and replication depending on its
association with either the replicase holoenzyme or the ribosome (reviewed in van Duin

2006).

1.9 MS2 capsid assembly

MS2 virions are dissociated upon treatment with 60 % (v/v) glacial acetic acid
which allows separation of CP from RNA and A-protein. The CP is easily purified by
centrifugation followed by buffer exchange to provide CP; that can self assemble into
capsids in vitro (Herrmann et al., 1968). CP; can similarly be obtained by acid
dissociation of recombinant MS2 capsids produced upon overexpression of the CP gene
contained within a replicating plasmid in E.coli (Mastico et al., 1993). Self assembly is
dependent upon CP concentration with an optimum pH of 5.5-7.5. Capsid yield
increases at lower temperatures and increasing salt concentration (Matthews and Cole,

1972).
1.9.1 Assembly induced by genomic length RNA

Assembly is promoted by RNA under conditions where self assembly of CP does
not take place (Sugiyama et al, 1967; Hohn, 1969; Matthews and Cole, 1972).
Sugiyama and co-workers (1967) investigated MS2 capsid assembly in vitro by mixing

various stoichiometries of radio labelled CP to viral RNA and analysed the components
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by sucrose density centrifugation. They showed that virion RNA induces formation of a
ribonucleoprotein complex (complex I) at low CP:RNA ratios which is comprised of 1-
6 CP subunits. Complex I was specific to MS2 RNA as it could not be detected with
rRNA, tRNA or poly-adenylic acid. At higher CP:RNA ratios, capsids were observed
with morphology similar to MS2 phage as observed by transmission electron
microscopy (TEM) but sedimenting slower than the virion, most likely due to the
absence of the A-protein. As only these two components could be observed it was
concluded that capsid assembly was co-operative and most likely took place through an
initiation complex that might also be responsible for viral replicase gene suppression
reported earlier (Lodish and Zinder, 1966).

Similar experiments were reported by Hohn (1969) in which a series of sub-
genomic RNAs and non-native viral RNAs were assessed for their ability to form
Levivirus fr capsids. Remarkably, all RNAs tested were capable of inducing capsid
formation suggesting that a specific RNA sequence and structure were not a
requirement for capsid assembly. Assembly in the presence of nucleotide phosphate
alone however did not take place indicating that a polymer was required to string
together CP subunits to form a capsid. As with MS2 (Sugiyama et al., 1967) the
assembly nucleating ability of non-native RNA was not associated with formation of an
initiation complex such as could be seen with fr RNA, suggesting specific interactions
between fr RNA and fr CP.

These results were among the first suggesting that selective viral RNA
encapsidation and icosahedral capsid assembly would be dependent upon sequence
specific recognition. For MS2, knowledge of sequence specific RNA binding and its
implication for capsid assembly has provided one of the most detailed descriptions of

capsid assembly at the molecular level.
1.9.2 Assembly induced by TR

Ribonuclease digestion of ribonucleoprotein complex I formed by viral RNA and
coat protein established that coat protein binding covers a 59 nt region incorporating the
replicase start codon (Bernardi and Spahr, 1972). Further analysis showed that the
binding affinity was specific to a 19 nt stem loop operator (TR) incorporating the
replicase start codon within the hairloop stem (Gralla et al., 1974; Carey et al., 1982a).

The association constant for CP; binding to TR as compared to the RNA genome is
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similar as observed by filter binding assays (Carey er al., 1982b). As a consequence
the TR operator is implicated in initiating capsid assembly in vivo (Ling et al., 1970) as
well as acting as a translational repressor of the replicase gene as already described in
1.8.6.

The CP>-TR interaction has been characterised both biochemically and structurally
allowing the factors underlying RNA binding specificity to be defined. RNA binding
discrimination is dependent upon the RNA adhering to a stem loop structure while
binding affinity is dependent upon the nucleotide sequence (Figure 1-12) (Romaniuk et
al.. 1987 Valegard et al., 1994; Stockley er al., 1995; Valegird er al., 1997; Hom et al.,
2006).
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Figure 1-12. The TR operator and CP>-TR ribonucleoprotein complex. A) TR forms
a 19 nt stem loop structure with a bulged adenine at position -10 and a hairpin of four
nucleotides. The numbering is with respect to the replicase start codon (numbered +1).
B) A cartoon model of the A/B dimer bound to TR (coloured red) is shown in side view
and rotated 90 ° to show the dimer from the capsid interior (Pdb file: 2C4U, Grahn et
al.. 2001). Crystal structures, obtained by soaking TR and oligonucleotide variants of
TR into recombinant capsid crystals, along with site directed mutagenesis have shed
light on the molecular details of CP>-RNA binding. TR forms a crescent like structure
that is stabilised by a series of hydrogen bonds between CP; aa residues within the 10
strand p-sheet to seven phosphate groups at the 5 half of TR (Valegard et al., 1997).
For high affinity binding, the -4 and -10 nucleotide positions must be adenines
(Romaniuk et al., 1987) although exceptions do occur (Rowsell et al., 1998). The two
adenines (modelled as sticks in the figure) extrude from the stem loop and bind into
shallow pockets on each of the two CP subunits through a series of intermolecular
hydrogen bonds and hydrophobic contacts. Having a pyrimidine at the -5 position has
also been shown to be beneficial for strong binding (Grahn et al., 2001).

MS2 capsid assembly can be induced in vitro by addition of TR to purified CP,
(Beckett and Uhlenbeck, 1988). Assembly initiation is not dependent upon the TR
operator sequence as similar stem loops are capable of inducing assembly, however

higher concentrations of oligonucleotide variants of TR and CP; are generally required.
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This reflects the high affinity of the CP, for the TR stem loop and suggested that the
CP>-TR complex initiates capsid formation (Beckett and Uhlenbeck, 1988; Beckett et
al.. 1988). Recent investigations into MS2 capsid assembly in the presence of TR have
provided molecular details of how this event occurs. Using a combination of gel
chromatography, mass spectrometry and NMR the TR operator was shown to induce the
switching between quasi-equivalent CP, conformations thereby allowing assembly to
proceed efficiently (Stockley er al., 2007).

In Stockley er al. (2007) it was observed that upon mixing CP> with TR at a
stoichiometric ratio of 1:1, capsid assembly was inefficient with the dominating species
in the assembly reaction corresponding to the CP,-TR complex as assayed by non-
covalent mass spectrometry. Upon further addition of CP; to bring the stoichiometric
ratio to 2:1, capsid assembly proceeded through a hexameric or pentameric intermediate
by rapid CP, addition. These results implied that two types of CP, were required for
efficient assembly, an RNA bound and RNA free coat protein dimer and that in the
absence of free CP, capsid assembly is kinetically trapped as the CP,-TR complex.
Subsequent NMR structural analysis of a coat protein mutant unable to assemble past a
dimer. showed that RNA binding results in a conformational change within the FG-loop
region from a symmetric C/C-like dimer to an asymmetric A/B-like dimer. These
findings resulted in a proposed model for in vitro MS2 capsid assembly where TR acts
as an allosteric switch to provide the two types of quasi equivalent conformers in

solution both of which are necessary for efficient capsid assembly (Figure 1-13).
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Figure 1-13. The MS2 capsid assembly mechanism. In the absence of TR, coat protein
dimers are predominantly C/C like and capsid formation is negligible. The TR operator
acts as a molecular switch providing the A/B-like CP> conformation in solution whose
absence otherwise has a rate limiting effect on capsid assembly. Using non-covalent
mass spectrometry, components of the assembly reaction were identified. Assembly
takes place through a hexameric or pentameric intermediate by rapid dimer addition.
These intermediates correspond to dimer arrangements around the capsid 3-fold or 5-
fold symmetry axes. Formation of capsids through a hexameric intermediate excludes
‘the pentameric intermediate during capsid assembly and vice versa. The hexameric
intermediate is shown here. The figure is adapted from Stockley et al (2007).
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The mass spectrometry side of the work reported in Stockley er al. (2007) represent
results from a three month laboratory project that I undertook during a foundation year
at the beginning my PhD and are part of my PhD project. It sparked further interest in
capsid assembly and macromolecular assembly mechanisms which resulted in the
project reported in this thesis. It was decided not to discuss these results in detail in this

thesis. The publication is however supplied in the Appendix.
1.9.3 The MS2 virion structure and assembly

The in vitro assembly mechanism proposed for MS2 provides a detailed description
of quasi equivalent control during capsid assembly. However, the situation in vivo must
be different. The reactions reported in Stockley et al. (2007) were performed at close to
equimolar ratios of CP: to TR raising the question of how quasi equivalence conformer

switching is achieved during packaging of the full length viral genome ( Figure 1-14).

Figure 1-14. Quasi-equivalent control during capsid assembly. The two capsid
intermediates identified by mass spectrometry corresponding to the capsid 5-fold (A)
and 3-fold axis (B) are shown in cartoon model with TR bound at a single A/B dimer
position. How are the conformations of A/B like dimers controlled in vivo when there is
only one copy of the TR operator in the full length genome?

Recent cryo-EM reconstructions of viruses of the Levivirus genus have indicated
that multiple sites within genomic RNA interact with the capsid interior (Konig er al.
2003: van den Worm er al., 2006). This suggests that stem loop structures other than TR
could act to control the conformation of an incoming CP; during capsid assembly.

These results correspond with the idea that strong RNA binding is not necessary to
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induce capsid assembly (Beckett er al., 1988). A higher resolution cryo-EM

reconstruction of the MS2 phage was recently reported by Toropova and co-workers.

-fold axis 3-fold axis S-fold axis

Figure 1-15. The organisation of genomic RNA within the MS?2 virion. A cryvo-EM
density map showing a 40 A thick central region of the MS2 genome as observed down
the 2-fold axes (A), the 3-fold axes (B) and the 5-fold axes (C). The crystal structure of
the MS2 capsid is shown in cartoon representation enclosing the genomic RNA which is
radially coloured from pale blue to pale red. The genome is folded as two concentric
shells with roughly two thirds of the genome located in the outer shell and the
remainder residing in the inner shell. Columns of density connect the two shells at the
icosahedral 3- fold axes which can be observed in A and B. These columns are large
enough to accommodate a single RNA duplex. Icosahedral averaging does not allow
accurate assessment of how often RNA transcends the distance between the two RNA
shells. The figure is adopted from Toropova et al. (2008).

In Toropova er al. (2008) an icosahedrally averaged cryo-EM structure of the MS2
virion at sub-nanometer resolution was reported. Interestingly, a high degree of ordered
density was observed within the capsid shell which accounted for roughly 90 % of the
RNA genome (Figure 1-15). The icosahedrally averaged model provided for the first
time the details of RNA genome packaging within a 7' = 3 viral capsid. The RNA
genome is observed as a complex fold of two concentric shells connected at the 5-fold
axes of icosahedral symmetry. The outermost RNA shell lies directly beneath the
capsid forming a network that maps the binding sites for RNA on the inner surface of
the capsid. The density at these positions is consistent with the positioning of the CP»-
RNA binding site. Beneath the A/B dimers, density is observed that is extended
towards the 5-fold axes forming a ring of continuous density around the 5-fold axes.
Averaged density is also observed beneath every C/C dimer, however, it is distinct from
the density associated with A/B dimer. This suggests that RNA interactions at these

positions are different and 1s consistent with the idea of RNA induced conformer
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control. The location of the outer shell of RNA is therefore suggestive of an assembly
process assisted by repeated conformer switching to A/B dimers at correct positions to
form the 5-fold axes (Toropova et al., 2008).

The data reported in Toropova ef al. (2008) imply an active role for the RNA
genome in assembly of the MS2 capsid. The structure of the MS2 virion highlights
some interesting puzzles concerning virus capsid assembly. How does the genome
operate during capsid assembly? Does the RNA act throughout assembly or just at the
beginning to promote formation of a seed complex? Is it a pre-folded template upon
which capsid assembly takes place or is it a dynamic structural scaffold? How does the
genome acquire the structure observed within the virion? Is this structure related to the
solution structure of the genome? MS2 provides an ideal system to investigate the roles
of genomic RNA during icosahedral capsid assembly as it is well characterised

biochemically and structurally.

1.10 The aims of this project

The ability RNA to induce capsid formation and selective packaging of viral RNA
in vivo suggests that icosahedral ssRNA virus assembly is a co-condensation process
where coat protein assembles selectively around its cognate RNA. The roles of
genomic RNA in this process are however poorly understood. The main focus of this
project was to gain an understanding of the roles of RNA during ssSRNA virus capsid
assembly. The project formed part of a dedicated multidisciplinary group effort into
understanding ssSRNA virus assembly and structure.

In chapter 3 the production of MS2 genomic RNA corresponding to different
segments of the MS2 genome is described. These RNAs allowed the importance of
RNA size, sequence and structure for capsid assembly to be addressed. The chapter
reports the production of three sub-genomic MS2 RNAs using standard molecular
biology techniques. Additionally, their ability to promote capsid assembly as assayed
by gel mobility shift assays is reported.

In chapter 4, the dependence of capsid assembly efficiency on RNA is further
investigated using sedimentation velocity analysis. These assays allowed evaluation of
the hydrodynamic properties of MS2 capsid assembly reaction components and were

instrumental in gaining an understanding of how genomic RNA is packaged into
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capsids. Capsid assembly induced with oligonucleotide variants of TR was also assayed
in order to investigate how different stem loops induce capsid assembly.

In chapter 5, the solution structure of three sub-genomic RNA fragments is
compared to the structure of the MS2 RNA genome in virion as observed by their
susceptibility to lead ion hydrolysis. These experiments are discussed in light of an
RNA structural transition during genome packaging as well as a proof of principle
experiment that allows mapping CP; binding sites on the RNA genome.

The focus of this project was originally quite different, where the aim had been to
generate recombinant MS2 capsids for use as platforms for random peptide display.
These libraries would allow identification of capsids with cell specific adhesion
properties using biopaning techniques which would allow production of cell specific
RNA cargo delivery vehicles. An underlying requirement of this system was to gain
further understanding of the MS2 RNA packaging process and RNA size restrictions.
Although work was continuous throughout the project on producing a phage display
system, progress was limited. Exciting results obtained with respect to how RNA
affects capsid assembly however channelled work in that direction, the results of which

are reported here.
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2 Materials and Methods

2.1 Materials

2.1.1 General chemicals

Inorganic chemicals were supplied by Fischer Scientific Inc., Sigma Aldrich Co.

and Ambion.
2.1.2 Molecular biology products and reagents

1 kb DNA ladder and dNTPs were supplied by Invitrogen. 2-Log DNA Ladder
(0.1-10 kb) was supplied by New England Biolabs Inc. rNTPs were supplied by Roche
Applied Sciences. RNA sample loading buffer was supplied by Sigma-Aldrich Inc.
RNA size reference marker 0.28-6.6 kb was supplied by Sigma-Aldrich Inc.
RNaseOUT ribonuclease inhibitor was supplied by Invitrogen. RNasecure was supplied

by Ambion.
2.1.3 Enzymes

All restriction enzymes were supplied by Fermentas Life Sciences. Taq DNA
polymerase, Thermoscript reverse transcriptase, T4 DNA ligase and T7 RNA
polymerase were supplied by Invitrogen. RQl RNase-free DNase and T4
polynucleotide Kinase were supplied by Promega Corporation. Transcriptor reverse
transcriptase was supplied by Roche Applied Science. Reverse-iT One-Step RT-PCR
Kit was supplied by ABgene. Immolase DNA polymerase was supplied by Bioline.
Kod Hot Start polymerase was supplied by Novagen. PfuTurbo DNA polymerase was
supplied by Stratagene. Phusion DNA polymerase was supplied by New England
Biolabs Inc. Megascript in vitro transcription system was supplied by Ambion. All

ribonucleases were supplied by Ambion.
2.1.4 Bacterial strains

The cell strains XL1-Blue and XL10-gold were generally used for cloning and were
supplied by Stratagene.
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2.1.5 Media and solutions

All media was prepared with ddH;O and autoclaved at 121 °C forA40 minutes
unless otherwise stated. The media supplements ampicillin or kanamycin were added to
LB media at a final concentration of 50 pg/ml or 30 pg/ml respectively. For production
of LB-agar plates for blue-white colour screening, filter sterilised X-gal and IPTG were
added to the LB-agar medium at final concentrations of 80 pg/ml and 20 mM

respectively.

Table 2-1. Media.

Media Constituents 1!
Luria Broth (LB) 10 g tryptone
5 g yeast extract
5 g NaCl

Adjusted to pH 7.0 with NaOH

LB agar 20 g bacto agar
1 L LB-medium

Soc Medium 20 g tryptone
5 g yeast extract
0.5 g NaCl
Adjusted to pH 7.5 with NaOH
12.5 ml 1 M MgCl,; (filter sterilised)
12.5 ml 1 M MgSO, (filter sterilised)
I ml 1 M glucose (filter sterilised)

Table 2-2. Solutions.

Solutions Constituents

Q buffer 50 mM HEPES/NaOH/pH 7.2
100mM NaCl

10 mM DTT
5mM EDTA

A buffer 10 mM HEPES / NaOH /pH 7.2
100 mM NaCl
1 mM EDTA
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Buffer A 10 mM Tris/ HC1/ pH 7.4
100 mM NaCl

1 mM MgSO4
0.1 mM EDTA
0.002 % NaN3

10 X MOPS buffer 400 mM MOPS /NaOH / pH 7.0
100 mM NaOAc
10 mM EDTA

10 X TBE 108 g Tris
55 g boric acid
0.5 M EDTA
pH 8.0 with NaOH

Prt Loading dye 2g SDS
20 ml glycerol
5 mg bromophenol blue
92 ml 100mM Tris ph 6.8

8 ml B-mercaptoethanol

DNA loading buffer 70 % Sucrose
0.005% bromophenol blue

5 x Assembly Buffer 200 mM CH3;COONH,/pH 7.2
5 mM Mg(OAc),

DEPC treated H,0

2.1.6 Vectors

The pGEM-T Easy Vector System was supplied by Promega Corporation. The
CloneSmart Blunt Cloning Kit was supplied by Lucigen Corporation. GeneJet Blunt

Cloning Kit was supplied by Fermentas corporation.
2.1.7 Oligonucleotide primers

All oligonucleotide primers were supplied by MWG-Biotech. For reverse
transcription of lead ion cleavage products, primers were either labelled with ATP 7-32P
using T4 polynucleotide kinase (Promega) according to the manufactures instructions or

purchased pre-modified with a 5° cy5-fluorophore. The sequences of the primers used

in this study are given in Table 2-3.
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Table 2-3. The sequence specific primers used in the production of MS2 cDNA clones
and in reverse transcription of lead ion cleavage reaction products. The numbering of
the primers refer to their positioning in the MS2 genome sequence (Genbank accession
number: NC_001417)

Primer Sequence Modification
1.F GGGTGGGACCCCTTTCGG -
1.F_T7 GATAATACGACTCACTATAGGGTGGGACCCCTTTCGG -
19_F GGTCCTGCTCAACTTCCTGTCG -
992_F GGGAAAAGGTGCCTTTCTCATT -

992 F T7 GATAATACGACTCACTATAGGGAAAAGGTGCCTTTCTCATT -
1419 F_ T7 GATAATACGACTCACTATAGGGGTCGCTGAATGGATCAGC -
2166_F GGCACAAGTTGCAGGATGC -

2676_R TTGTGGAAAATAGTTCCCATCG -
3044_R TTATAGAGGCGTGGATCTGACAT -
3550_R TAGTTACCAAATCGGGAGAATCC -
3569 R TGGGTGGTAACTAGCCAAGC -

3550 R TAGTTACCAAATCGGGAGAATCC Cy5
3163 R CCGTACGGAGTCTTGGTGTAT Cys
2676 R TTGTGGAAAATAGTTCCCATCG Cy5
2223 R TAACGGTTGCTTGTTCAGC Cys
1666 R CCTTGCATTGCCTTAACA Cys
1115 R CCCGTTATTACGTCAGTAACTGTTC Cy5
566 R GCCTCTGCTAAAGCAACACC Cys
1568_R AAGCTCTACACCACCAACAGTCT 2p
1666_R CCTTGCATTGCCTTAACA 2p
1812 R CGCGAGGAAGATCAATACATA 2p
1951_R TCATTACCAGAACCTAAGGTCGGA 32p
2061_R GATCCCATGACAAGGATTTG 2p
2223 R TAACGGTTGCTTGTTCAGC 2p
2.2 Methods

2.2.1 Purification of MS2 recombinant capsids

Frozen E.coli cell paste containing overexpressed CP, as recombinant capsids was
supplied by Dr. Gabriclla Basnak. The paste was dissolved in Q buffer and sonicated
with a pulse sequence of 20 on, 20 off for 30 cycles. The cell lysate was then

centrifuged at 14750 RCF for 30 minutes at 4 °C in order to remove cell debris. The
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supernatant was treated with DNase I for 30 minutes at room temperature followed by
centrifugation at 14750 RCF for 30 minutes at 4°C in order to degrade and remove
DNA. (NH4):SO4 was then added to the resulting supernatant to 40 % saturation in
order to salt out the MS2 capsids. The resulting protein precipitate was isolated by
centrifugation at 14750 RCF for 30 minutes at 4 °C and re-suspended in a minimal
volume of buffer A and then dialysed against the same buffer in order to remove
(NH4);SOs. The dialysed MS2 protein sample was loaded onto 15 - 45 % (w/v) linear
sucrose density gradient that was prepared using a Gradient Station apparatus from
Biocomp Instruments. The gradient was centrifuged at 42000 RCF for 16 hours and the
band corresponding to MS2 capsids was excised from the density gradient. Following
dialysis against buffer A the sample was then loaded onto a gel filtration column
containing sepharose CL-4B and cluted off the column with buffer A at 1 ml/min.

Purified MS2 capsids were precipitated in 80 % (NH4);SO4 and stored at 4 °C.
2 2.2 Dissociation of MS2 capsids to produce MS2 CP

The purification of MS2 CP is a modified method originally devised by Osborne et
al., (1970) to purify bacteriophage R17 A-protein. 6-10 ml of the MS2 (NH;),SO,4
capsid precipitate was spun down in a centrifuge at 13000 rpm for 20 minutes and the
precipitate re-suspended in a minimal amount of 40 mM CH3;COONH, and dialysed
against 40 mM CH;COONH, at 4 °C to remove (NH4):SO4. MS2 CP was purified by
dissociating recombinant phage capsids, suspended in 40 mM ammonium acetate (pH =
6.76), with two parts glacial acetic acid for 1 h at 4 °C. At the end of the time period
the mixture was spun down and the supernatant filtered with 20 mM acetic acid on a
NAP10 column (Sephadex G-25 DNA grade, Amersham Biosciences) which had been
pre-washed with the eluting solvent. This yielded pure MS2 coat protein as judged by
SDS-page and mass spectrometry. The concentration of the protein was calculated by
measuring the absorbance at 280 nm and 260 nm and substituting into the formula [CP;]
= (Azgo*1.55-A260*0.76)/1*€, where & = 33240 and | = length of sample cell (Layne,
1957; Gill and von Hippel, 1989; Beckett and Uhlenbeck, 1988; Stockley et al., 1995;
Stockley et al., 2007). The equation takes into account any nucleotide impurities which
might not be removed during filtration of the CP following acid dissociation of the
capsid (Osborn er al., 1970). Recombinant MS2 capsids contain various sized RNAs
most likely originating from the host from which they are purified or perhaps mRNA
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encoding the recombinant protein as implied from both absorbance measurements of

recombinant capsids and electrophoresis of RNA extracted from them.
2.2.3 RT-PCR

RT-PCR reactions were performed according to instructions with the reverse

transcriptase enzyme used, using 1-2 pg of RNA template.
2.2.4 PCR

PCR reactions were mixed according to the instructions for the DNA polymerase
used to amplify the DNA target unless otherwise stated. Reactions were then cycled on

a programable thermocycler (DNA Engine, BioRad) according to

1. 94 °C 2min

2. 94 °C 40 sec

3. 58 °C 40 sec

4. 72 °C 2 min 50 sec (repeat 2-4 x29)
5. 72 °C 10 min

6. 4°C o

with appropriate changes to denaturing, primer annealing and extension times and

temperature when necessary.
2.2.5 In vitro transcription

Reactions were set up in 0.3 ml PCR tubes as follows:

5 ul 10x transcription buffer
2ul 1 MDTT
2 ul RNAsecure
Nuclease free water to 40 pl including template DNA
300-500 ng template DNA
This mixture was incubated at 60 °C for 15 mins in order to activate the RN Asecure

prior to addition of

1.25 pl of each 100 mM INTP
1 ul RNase OUT
1 pl Yeast Inorganic Pyrophosphatase
3 ul T7 RNA polymerase (150 U)
Reactions were incubated at 37 °C for 2-4 hours and then treated with DNase 1

according to:

6 pl1 10 x DNase 1 buffer (supplied)
4 pl DNase 1
Incubated at 37 °C for 20 min, then 65 °C for 10 min.
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Reaction mixtures were loaded straight onto denaturing agarose gels and the RNA
product excised and purified by electrophoresis and phenol extraction. In vitro
transcription was also performed using a MEGAscript in vitro transcription kit
(Ambion) according to the supplier’s instructions, incubating at 37 °C for 2h and then
precipitating the RNA immediately, following DNase 1 treatment, with ammonium
acetate or lithium chloride. This procedure afforded RNA more homogenous in length
and in much higher yield which consequently did not need to be gel purified prior to use

in capsid assembly reactions.
2.2.6 Agarose gel electrophoreses

Native agarose gels were prepared by dissolving 1.0 g of agarose (Helena
Biosciences) in 100 ml of TBE buffer by boiling the solution in a microwave for 1 min
or as necessary. Upon cooling, EtBr was added to the solution to a final concentration
of 500 ng/pl before casting the gel. Native agarose gels were run in TBE at 70 V for up
to21/2h.

Denaturing agarose gels were prepared by dissolving 1.0 g of agarose in 72 ml H,O
by boiling the solution in a microwave for 1 min or as necessary. Upon cooling, 10 ml
of 10x MOPS buffer and 18 ml of 37 % formaldehyde (12.3 M) were added to the
solution before casting the gel. Denaturing agarose gels were run in 1 x MOPS buffer at

90 V for 40 min.

2.2.7 Isolation and purification of DNA and RNA

DNA and RNA was purified by cutting it from agarose gels followed by
electroelution at 20-100 V for 10-30 min or, in the case of DNA, by running the
dissolved gel slice through a spin column (Qiaquick Gel extraction kit). DNA isolated
by electroelution was extracted with phenol chloroform and precipitated with two
equivalents of EtOH at a final NaOAc concentration of 100 mM. The DNA/RNA
precipitate was washed with 70 % EtOH in H,0 and resuspended in H;O and frozen at -
20 °C until needed.

The concentrations of RNA/DNA was calculated by measuring absorbance at 260
nM. An OD of 1 =50 ng/pul for DNA. An OD of 1 =40 ng/ul for RNA. The molecular

weights of the RNA fragments were calculated using the ambion molecular weight
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calculator: VRNA = 1,148,304 g/mol, 5’RNA = 794,255 g/mol, 3° RNA = 829,571
g/mol, iRNA = 298,545 g/mol.

2.2.8 Cloning and sequencing of DNA

Purified DNA fragments were cloned into either pPGEMT or pSMART according to
the manufacturer’s protocol. Following transformation of a competent E.coli cloning
strain, cells were grown on LB agar O.N. with the appropriate antibiotic. Colonies were
selected and, if possible, 8-10 minipreps were performed using a Wizard miniprep kit.
Sequencing of purified plasmid DNA was performed by the Sequencing Service,
University of Dundee using plasmid specific primers flanking the plasmid multiple

cloning site distributed by the relevant vector manufacturer.
2.2.9 MS2 assembly reactions

Assembly reactions (standard procedure) with the genomic RNAs were carried out
in 40 mM ammonium acetate, 1 mM Mg(OAc), at pH = 7.2 at room temperature. RNA
at a final concentration of 40 nM was titrated with various amounts of CP; in 20 pl or
320 pl final reaction volumes for GEMSA assays or sedimentation velocity assays
respectively. For reactions induced with oligonucleotide stem loops, reactions were
performed at a final concentration of 2 uM of oligonucleotide and carried out at 4° C.
Reactions components were added in this order: 5x assembly buffer, H,0O, RNA, CP,

and incubated for a minimum of 3 h prior to analysis.

2.2.10 Native agarose gel mobility shift assays (GEMSA assay)

MS?2 capsid reassembly reactions were monitored using native agarose gel mobility
shift assays. 20 pl reactions were performed at ratios ranging from 5:1 to 150:1 of
CP,:RNA in a buffer containing 40 mM ammonium acetate and 1 mM Mg(OAc),. The
final concentration of RNA in these reactions was 30-50 nM dependent on the RNA
length. Reactions were allowed to proceed for 3 h and then loaded and run in 1 %
agarose gels at 90 V for 60- 80 min in TBE buffer. The gels were then stained with 5
pg/pl EtBr for 20 min before imaging under short wave UV.

Densitometry of the GEMSA were performed with the Gene Tools software
package from SYNGENE.
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In the instances where assembly products were treated with RNasA prior to
electrophoresis, reactions were treated with 0.1 U of RNAse A and tenfold dilutions

thereof according to the manufacturers instructions for 15 min at room temperature.
2.2.11 Preparation of transmission electron microscopy grids

Copper TEM grids were prepared by Adrian Hick. The samples were prepared by
placing the grid, carbon coated surface down, on the capsid sample for 30 sec. The grid
was then washed with ddH,O prior to staining with 2 % uranyl acetate for 30 sec.
Finally the grid was washed again with ddH;O to remove excess uranyl acetate and
placed on filter paper and allowed to dry before viewing by TEM. All electron

micrographs were taken at a 40000x magnification.
2.2.12 Sedimentation velocity assays

Capsid reassembly reactions were performed as described in 2.2.9. The 320 pl
assembly reaction along with 340 pl of buffer in the reference sector was loaded into a
two-sector meniscus matching epon centrepiece cell. Sedimentation velocity analysis
was carried out using an Optima XL-I ultracentrifuge using a An-50 Ti rotor.
Sedimentation velocity profiles were collected at 17,000 rpm by recording absorbance
at 260 nm. Scans were recorded approximately every 12 minutes. 50 scans were
normally recorded. Due to the large difference in sedimentation rate of the substrates
and products of MS2 capsid assembly reactions initiated with the RNA
oligonucleotides, these reactions were spun at both 17,000 rpm and 40,000 rpm
collecting 50 and 100 scans were respectively. The resulting sedimentation profiles
were analysed using the C(S) method in SEDFIT (Schuck, 2000). The buffer viscosity
and density were calculated with the program SEDNTERP
(http://www.rasmb.bbri.org/)) and were calculated to be 0.001008 Pa s and 0.99835
g/ml respectively. A partial specific volume of 0.53 ml/g (Enger, et al., 1963; Fiers et
al., 1967) was used in fitting all acquired data except that of the CP; and capsids alone
where the partial specific volume of 0.68 ml/g was used (Strauss and Sinsheimer et al.,
1963). Due to diffusional broadening of sedimenting RNA species at these slow rotor
speeds, the 25-50 first scans were normally used in data fitting. Size distribution
profiles were used when a c(s) model fit with an rmsd of 0.02 or lower could be

obtained.
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2.2.13 Lead acetate structure probing

All reactions were performed in 10 pl final volume. The 5’ and 3’ sub-genomic
fragments were at a 0.1 pM final RNA concentration. The iRNA was kept at 0.27 upM
final concentration. RNA concentrations were measured by absorbance at 260 nM
assuming that 1 AU is equivalent to 40 pg/ul. WT MS2 phage was used at final
concentration of 0.285 pg/ul or 0.15 pl of 19 mg/ml phage stock solution per reaction.
These concentrations were increased tenfold when the reactions were assayed by
capillary electrophoresis in order to maximise sequence read length and signal intensity.
Prior to cleavage with lead ions, the MS2 sub-genomic RNAs were heated to 65 °C
for 10 minutes and then cooled to r.t. at +2 °C/min on a thermal cycler in 6 pl final
volume. At this point 2 pl of 5x assembly buffer was added to the sample resulting in a
final concentration of 40 mM NH,"CH3COO", 1 mM Mg(OAc),, pH = 7.2. 2 pl of 2
mM lead acetate was then added to each reaction to afford a final concentration of 0.4
mM of lead ions. RNA was incubated with lead acetate at room temperature for 5, 10,
30 and 60 minutes followed by addition of 5 pl 0.1 M EDTA, 1.5 pl 3 M NaOAc and 35
ul EtOH and stored at -20 °C for > 2h. RNA was recovered as a pellet by centrifugation
at 13000 rpm and washed once with 70 % EtOH prior to resuspension in 5 ul DEPC
treated H20. WT MS2 capsids were treated similarly but were phenol/ chloroform
extracted prior to precipitation with 3M NaOAc. Prior to reverse transcription, the
appropriate labelled primer was annealed to the cleaved RNA by addition of 1 pl of 1
M labelled primer stock solution and incubated at 65 °C for 10 min followed by snap
cooling on ice. Reverse transcription was then performed with Transcriptor® reverse
transcriptase (Roche Diagnostics) at 52 °C for 30 min according to the manufacturers
description. Reverse transcription products were then precipitated by addition of 3 pl of
3 M NaOAc and 60 ul EtOH. ssDNA was recovered by centrifugation and washed once
with 70 % EtOH, allowed to dry at r.t. for 15 minutes, packaged and sent for fragment
analysis. When the reactions were assayed with gel electrophoresis, reverse
transcription products were dissolved in 95 % formamide RNA loading buffer
(Ambion) and run on 8 % denaturing polyacrylamide slab gels as described in

Sambrook et al., (2006). The gels were then exposed to film at -80 °C overnight.
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3 Production of sub-genomic MS2 RNA fragments and

their effects on MS2 capsid assembly

3.1 Introduction

The assembly of icosahedral capsids enclosing ssSRNA is promoted by RNA. In the
case of MS2, RNA stem loops (Beckett and Uhlenbeck, 1988; Stockley et al., 2007)
along with the full length RNA genome (Hung ef al., 1969; Sugiyama et al., 1967) can
induce capsid assembly. Selective encapsidation of genomic MS2 RNA indicates that
RNA packaging and capsid assembly are a synergistic event (Ling et al, 1971). The
function of genomic RNA in this process is not understood. Recently, cryo-EM
reconstructions of MS2 and other ssSRNA viruses have suggested a possible structural
role for RNA genomes during capsid assembly (Schneemann, 2006).

A prerequisite for investigating the role of the MS2 genome in MS2 capsid
assembly was that the reaction components, the CP; and RNA, were accessible to
experiment. The MS2 coat protein is easily isolated from acid dissociated recombinant
capsids, as described in 2.2.2 using a well established in house method. A route |
towards generating MS2 RNA transcripts that would allow assessment of the effects of
RNA size, sequence and structure was however required. MS2 RNA sub-genomic
fragments of different sizes and corresponding to different regions of the MS2 genome
would allow assessment of the catalytic properties of MS2 RNA during MS2 capsid
assembly. The initial objective of this project was therefore to produce sub-genomic
MS2 RNAs and assess their ability to promote MS2 capsid assembly. It was not clear
whether sub-genomic RNA would promote capsid assembly as the scaffolding role of
the genome suggested in Toropova et al. (2008) might be eradicated upon genome
truncation.

This chapter reports the production of RNA transcripts that correspond to different
regions of the MS2 genome and initial experiments into how these transcripts affect
MS2 capsid assembly. The results section is split in two. In 3.2.1 the production of
MS2 RNA sub-genomic fragments using molecular biology methods is described. In
3.2.2, investigations into how these sub-genomic RNA fragments affect MS2 capsid
assembly is reported based on results from gel mobility shift assays (GEMSA) of in

vitro capsid assembly reactions.
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3.1.1 The selection of MS2 sub-genomic RNA fragments to study

the effect on capsid assembly

The MS2 sub-genomic RNAs that were to be used in in vitro capsid assembly
reactions, were chosen in light of the structural organisation of the MS2 genome within
the MS2 virion.

The cryo-EM reconstruction reported by Toropova et al. (2008) showed that the
MS2 genome is organised as two concentric shells of RNA connected at the capsid
jcosahedral 5-fold axes of symmetry. Roughly two thirds of the RNA genome comprise
the outer shell of observed RNA density and is involved in contacts to the capsid
interior while the remaining one third resides in the inner shell. The organisation of the
MS2 genome based on the cryo-EM reconstruction was discussed in section 1.9.3.

While in practice, RNA transcripts representing any part of the MS2 genome could
have been used, the cryo-EM reconstruction implies that the RNA within the capsid has
a specific topology and/or particular fold. Further support for this idea has come from
the way the A-protein is situated on the capsid 5-fold icosahedral symmetry axis
(Toropova, 2009) and has been shown to bind to the MS2 genome, connecting to its 5’
and 3’ termini (Shiba and Suzuki, 1981). This idea, along with the estimates of the
amount of RNA located in the each of the RNA shells within the virion resulted in the
strategy of producing MS2 sub-genomic fragments of sizes corresponding roughly to
the size of RNA seen in each of the RNA shells (Figure 3-1).

It was decided to produce a minimum of three MS2 sub-genomic RNAs and
investigate their effect on capsid assembly with respect to RNA size, structure and
sequence. Two transcripts would be produced that represented two thirds of the MS2
genome from both its 5’ and 3’ termini along with an additional transcript that
corresponded to roughly one third of the MS2 genome. In light of the genome
organisation within the virion, it was anticipated that using these fragments to study
capsid assembly would result in a high probability of observing different RNA induced
effects on capsid assembly based on structure and sequence. Additionally these RNAs
were to be used in parallel cryo-EM reconstructions of assembled capsids carried out by
Dr. Katerina Toropova as part of a group effort to elucidate the role of MS2 genomic

RNA in MS2 capsid assembly.
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Figure 3-1 Selection of MS2 sub-genomic RNAs to study the role of RNA in MS2
capsid assembly. The sizes of the sub-genomic RNA fragments were to correspond
roughly to the amount of RNA observed in each shell of RNA density observed within
the MS2 virion in the crvo-EM reconstruction reported by Toropova et al. (2008) shown
here in slab view down the icosahedral 3-fold axis. The RNA transcripts, whose
production is described in 3.2, are shown aligned to the MS2 genome on the right.
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3.1.2 Production strategy of the MS2 RNA sub-genomic fragments

In order to produce the MS2 RNA sub-genomic fragments, it was decided to
generate cDNA copies of the MS2 genome which could act as templates to generate
RNA in in vitro RNA transcription reactions using T7 RNA polymerase. The three
reactions underlying this route, namely reverse transcription, the polymerase chain
reaction (RT-PCR) and in vitro transcription, represent central molecular biology
techniques following their discovery by David Baltimore and Howard Temin in 1970
(for review see Verma, 1977), Kary Mullis (Saiki et. al., 1988) and Chamberlin et al.
(1970), respectively. Using these methods the MS2 RNA sub-genomic fragments of
choice could be produced. The access to a homogenous source of MS2 ¢cDNA in good
yield however, represented a key step for production of MS2 sub-genomic RNA.

Cloning of DNA into a replicating plasmid molecule that is maintained in bacteria
represents the most straightforward procedure of generating large amounts of
homogenous DNA. Previous investigations into MS2 genetics and protein translation
had however indicated that maintaining MS2 ¢DNA within a replicating plasmid in
E.coli was problematic as the MS2 ¢cDNA was lethal to the cells resulting from
continuous phage production even under controlled transcription conditions (Devos et.
al., 1979; Hill, 1993; Shaklee, 1990). This type of “leaky” transcription has also been
reported for bacteriophage QP (Taniguchi et al., 1978)

To bypass this problem a purely in vitro approach towards generating the MS2 sub-
genomic cDNA was devised and is shown in Figure 3-2. This strategy however proved
non-practical as it resulted in various problems in downstream reactions when it came to
the production of the sub-genomic RNAs. The strategy was therefore modified to
include a cloning step which was successful and proved crucial in terms of obtaining
good cDNA yields. Figure 3-3 highlights the production process of the MS2 RNA sub-

genomic fragments which is described in the following sections.
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Figure 3-2. The in vitro strategy for production of MS2 cDNA stock. MS2 ¢DNA is
lethal to E.coli. In order to bypass cloning of MS2 cDNA an in vitro approach towards
generating MS2 ¢DNA was initially preferred. The figure shows the outline of the
production of MS2 cDNA. 1: The MS2 RNA is reverse transcribed using two different
primers (black and red arrows) to produce two different ssDNA strands representing
MS2 RNA truncated at the 3’ and 5’ ends. 2: The single stranded DNA acts as a
template in a PCR reaction generating a cDNA copy of the corresponding 3’ and 5°
truncated MS2 RNA. 3: The two ¢cDNA fragments overlap by ~1700 nucleotides which
allows production of full length MS2 cDNA through either ligation at a common
restriction site or annealing the two fragments followed by DNA extension by a DNA
polymerase. The full length cDNA could then act as a template for further PCR with T7
promoter containing primers to produce cDNA for use in in vitro transcription
reactions with T7 RNA polymerase. The purely in vitro approach was abandoned
because of low yields from RT-PCR reactions which resulted in various problems in
downstream applications such as the annealing of the cDNAs and incorporation of the
77 promoter sequence by PCR. The 5" and 3’ sub-genomic MS2 cDNA fragments were
therefore cloned into plasmids which allowed production of MS2 RNA as outlined in
Figure 3-3.
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Figure 3-3. The production strategy of MS2 sub-genomic RNA for use in MS2 capsid
assembly reactions. 1. Full length MS2 RNA is extracted from WT MS2 virions. 2. The
Sull length RNA acts as a template in RT-PCR reactions to generate cDNA, the length of
which is defined by the primer annealing positions. 3. The cDNA is cloned into a vector
to provide a source of the MS2 ¢DNA fragment. 4. A T7 RNA polymerase promoter
sequence is introduced into the cDNA sequence by amplification of the cDNA fragment
with a T7 promoter containing primer. 5. The T7 containing cDNA is transcribed in
vitro by T7 RNA polymerase to produce a MS2 sub-genomic RNA. 6. The MS2 sub-
genomic RNA is used along with purified MS2 CP; to study the effect of MS2 genome
sequence, length and orientation on capsid assembly.
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3.2 Results

3.2.1 Production of MS2 sub-genomic RNAs

3.2.1.1 Production of MS2 sub-genomic cDNAs by RT-PCR
MS2 ¢DNA was produced by RT-PCR using MS2 virion RNA (VRNA) as template
and sequence specific primers. The VRNA was purified by phenol extraction from MS2
virions which were a gift from Dr. David Peabody at the University of New Mexico.
Three MS2 ¢DNAs were produced which could be used to generate MS2 RNAs of
sizes needed to study the effect of RNA on capsid assembly as described in 3.1.1.1. The

alignment of these cDNAs to the MS2 genome is shown in Figure 3-4.
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Figure 3-4. Alignment of the three sub-genomic MS2 cDNA fragments produced by
RT-PCR to the MS2 genome. Two sub-genomic cDNAs corresponding to roughly two
thirds of the MS2 genome from either the 5" or 3" terminus were produced along with a
nearly-full length cDNA. The nearly-full length cDNA clone could be used to generate
RNA corresponding to nearly any part of the MS2 genome. These fragments were
cloned into vector constructs as described in section 3.1.2.2. to provide a stable source
of homogenous ¢DNA that could be used to provide RNA transcripts for use in MS2

capsid assembly reactions.
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Initial RT-PCR reactions were non-specific towards the desired cDNA product,
produced the cDNA in low yield and required optimisation. RT-PCR reactions were
optimised with respect to formation of cDNA corresponding to the 5° terminus of the
MS2 genome using primers 1.F and 2676.R. This cDNA is referred to as the 5’ sub-
genomic MS2 ¢cDNA and alignment to the MS2 genome is shown in Figure 3-4.

The 5’ sub-genomic MS2 cDNA was successfully amplified by RT-PCR. The MS2
vRNA template was incubated in a buffered solution containing the primer 2676.R and
Transcriptor reverse transcriptase and dNTPs for 40 min at 60 °C. The reverse
transcription reaction was then used as a template to generate double stranded cDNA
using PCR as described in section 2.2.4 with the primers 1.F and 2676.R. Figure 3-5
shows the results of the reaction optimization with respect to MS2 RNA template
concentration. A band corresponding to the 2676 bp product appeared when the RNA
template amount used was 0.8 pg and became fairly constant when using in excess of
1.5 pg RNA template in the reverse transcription reaction. RT-PCR was also dependent
on the amount of DNA polymerase used in the PCR step of the RT-PCR reactions.
Increasing the DNA polymerase concentration four-fold resulted in a visible increase in
the cDNA product of the expected size (Figure 3-6). Optimisation of MgCl, and ANTP
concentrations did not affect product yield.

The 3’ 2578 bp sub-genomic cDNA, produced using primers 992.F and 3569.R and
the 3528 bp nearly-full length MS2 ¢cDNA, produced using the primers 19.F and 3550.R
were amplified in a similar fashion to the 5 sub-genomic cDNA albeit using the DNA
polymerase Pfu in the PCR step. Figure 3-7 shows an agarose gel of RT-PCR products
corresponding to the 3’ sub-genomic MS2 c¢DNA and the nearly-full length MS2
cDNA.

All the sub-genomic MS2 cDNAs were purified by electro-elution from agarose

gels, precipitated and stored at -20 °C until needed in downstream reactions.
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Figure 3-5. RT-PCR optimisation with respect to MS2 RNA template concentration.
The figure shows a 1.2 % agarose gel of RT-PCR amplification products from reactions
where an increasing amount of MS2 vRNA was used as template to generate the 5°2676
bp sub-genomic MS2 cDNA. The arrow marks the position of the expected 2676 bp
product. 1: 2- log DNA ladder. 2-12: 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, and
8.0 ug MS2 vRNA template. 13: no MS2 vRNA control. 14: no RT primer control. 15:
no reverse transcriptase control. 16: no PCR primers control. 17: 2-log DNA ladder.
In all cases 10 ul of reaction mixture were loaded in each lane from 50 ul PCR
reactions using Sul of the first strand synthesis reaction as template. The expected yield
of the 2676 nt cDNA product did not increase as the RNA substrate concentration was
increased above 1.5 ug suggesting that an optimum vRNA substrate concentration had
been reached. The unexpected product observed in lane 16 was observed in repeats of
this reaction control (see Figure 3-6) and most likely represent products produced by
self priming of ssDNA , produced in the RT reaction, at it’s 3" end.
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Figure 3-6. RT-PCR optimisation with respect to DNA polymerase concentration.
The figure shows a 1.2 % agarose gel of RT-PCR reaction products at increasing
concentration of the DNA polymerase Immolase to produce the 5’2676 bp sub-genomic
MS2 ¢DNA. The arrow marks the position of the expected 2676 bp product. 1: 2-log
DNA ladder. 2: RT reaction mix. 3: RT reaction mix, no RNA template control. 4: RT
reaction mix, no 2676.R primer control. 5: RT reaction mix, no reverse transcriptase
control. 6: 4 ul PCR, 1.0 Immolase unit. 7: 4 ul PCR, 2.5 Immolase units. 8: 4 ul PCR,
4 Immolase units. 9: 4 ul PCR, no RT, reaction template control. 10: 4 ul PCR, no
primers control. 11: 4 ul PCR, no Immolase control. 10 ul of the RT reaction mix were
loaded in lanes 2-5 corresponding to the 10 ul of RT-reaction mix used as a template in
the subsequent PCR reactions. 4 ul of the PCR reaction mix were loaded in lanes 6-11.
An obvious increase in the expected product yield followed increasing the DNA
polymerase concentration. This reaction provided enough 5’ 2676 bp sub-genomic
MS2 cDNA for cloning experiments which would provide a stable source of this sub-
genomic ¢DNA as described in the next section. Similar to what is seen in Figure 3-5,
an unexpected product is observed in lane 10. Because no forward primer was
available in this control reaction (only reverse primer from carry-over from RT
reaction) it appears likely that this product originates from self priming of the ssDNA
RT product, i.e. the 3" end of the ssDNA folds back upon itself and acts as a primer for
DNA polymerisation.
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Figure 3-7. RT-PCR of the 3°2578 bp and 3528 bp sub-genomic MS2 cDNAs.
Expected products are indicated with black arrows. The figure shows a 1.0 % agarose
gel of RT-PCR reaction products. 1: 0.5 ug 1 kb DNA ladder. 2: 4 ul of 2578 bp RT-
PCR reaction mix. 3: 4 ul of 2578 bp RT-PCR reaction mix-no template control. 4: 4 ul
of 3528 bp RT-PCR reaction mix. 5: 4 ul of 3528 bp RT-PCR reaction mix-no template
control. Both sub-genomic MS2 cDNAs were amplified in good yield and provided
¢DNA that was then cloned to provide a stable source of these sub-genomic cDNAs as
described in section 3.2.1.2.

3.2.1.2 Cloning and sequencing of the sub-genomic MS2 cDNAs

The three sub-genomic MS2 cDNAs were cloned into vectors that would allow
isolation of large quantities of the cDNA for use as template in PCR reactions to
generate T7 promoter containing DNA as outlined in Figure 3-3. Figure 3-8 shows the
vector constructs containing the three sub-genomic MS2 cDNAs produced.

The 5° sub-genomic cDNA was successfully cloned into pGEM-T, a vector
designed for direct cloning of PCR products. The 3’ and 3528 bp MS2 sub-genomic
¢DNAs could however not be cloned into this vector despite attempts at optimising both
vector:insert ligation conditions and E.coli cell strain and transformation conditions.
The two fragments were ultimately cloned into a different vector, pPSMART. pSMART
is a cloning vector which, unlike pGEM-T, contains transcription terminators flanking
the multiple cloning site thereby minimizing transcription of the cloned insert which
could occur during transcription of other plasmid encoded genes.

The difficulties in cloning the 3’ and nearly-full length MS2 ¢cDNAs as compared to
the 5° MS2 sub-genomic cDNA suggests that cloning of cDNA encoding the CP and

replicase gene products is more toxic to E.coli cells than cloning of a cDNA lacking a
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full copy of the replicase gene. This implies that if MS2 RNA is produced in vivo, a
functioning replicase results in lethal expression levels of CP from numerous RNA

copies or production of MS2 phage in the case of the nearly-full length MS2 ¢cDNA

clone.
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Figure 3-8. Vector constructs of the three cloned sub-genomic MS2 c¢DNA
fragments. Each cloned cDNA, produced by RT-PCR as described in section 3.2.1.1, is
shown above the corresponding vector construct. The 2676 bp MS2 sub-genomic
fragment was cloned into the vector pGEMT. The 3528 and 2578 bp MS2 sub-genomic
fragments were cloned in_to the vector pSMART, a vector designed for the cloning of
polentiall_\' lethal ¢cDNA fragments. These vectors provided a stable source of ¢cDNA
that was used as template in PCR reactions to generate cDNA which in turn was used in
in vitro transcription reactions as described in sections 3.2.1.3. All three vector inserts
were sequenced. The DNA mutations identified in these vectors are given in Table 3-1.
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The clones carrying the MS2 sub-genomic cDNA inserts were sequenced and found
to have a number of nucleotide mutations compared to the published sequence for MS2
phage (genbank accession ID: NC001417) (Table 3-1). There are however reasons to
believe that some of the sequence variation might be due to the MS2 virion used in this
study being of a different genotype than the MS2 virion originally sequenced or that the
original sequencing was inaccurate. This is evident from comparison of NC001417 to
the sequences of pLaACR62, an infectious MS2 cDNA clone created by Eric Remaut
and co-workers (1982), and ACN89891 a more recent sequence for WT MS2 phage
(Betancourt, 2009). A large proportion of the identified mutations in the MS2 sub-
genomic cDNAs are also present in the infectious MS2 sequences pLaACR62 and
ACN89891. Also, sequence alignment of a hypothetical replicase gene product
carrying all the mutations identified in the replicase region of the MS2 sub-genomic
cDNAs suggested that mutations occurring at aa residues GDR81-83DRC and P134S
did not represent mutations but rather the WT MS2 phage sequence as these aa residues
are highly conserved within the Levivirus genus (Figure 3-9).

Sequence variations that could not be accounted for in any WT MS2 sequence were
however also identified. A total of six nucleotide mutations were found in the three
MS2 sub-genomic cDNA clones that were not observed in the infectious MS2
sequences and were not shared between the MS2 sub-genomic cDNA clones (Table 3-
1). Four of these result in missense aa mutations. D209G and G359R were identified in
the A-protein genes of pPGEMT-2676 and pSMART-2578 respectively. K205E and
D40N were identified in the replicase gene of pPSMART-2578 and pSMART-3528
respectively. Sequence alignments of the respective protein products from the three
c¢DNA clones to the WT MS2 A-protein and replicase revealed that these mutated aa are
highly conserved within the Levivirus genus.

The problems associated with the production of the three MS2 c¢cDNA clones
reflected previous results where isolation of full length MS2 cDNA was problematic as
described in 3.1.2. It is possible that the mutations identified in the MS2 sub-genomic
cDNA clones result in non functioning A-protein and replicase gene products and that
these clones were isolated due to positive selection constraints imposed by the cloning
procedure. It was decided to use these clones for the production of MS2 sub-genomic

RNA: s as the effects on RNA structure and function were anticipated to be minimal.
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Table 3-1. Nucleotide mutations identified from automated sequencing results in the
MS?2 sub-genomic cDNA clones pGEMT-2678, pSMART-2578 and pSMART-3528.
The mutation positions are relative to the MS2 cDNA GenBank reference sequence
NC001417. Two additional WT MS2 cDNA clones, pLaCR62 and ACN89891.1, are
also shown for comparison. These WT MS2 cDNA sequences are highlighted in yellow.
Of the twenty mutations identified in all three sub-genomic MS2 ¢DNA clones, fourteen
are shared in two out of the three WT MS2 cDNA reference sequences and between all
MS?2 sub-genomic clones. These positions are highlighted in grey. This suggests that
nucleotide variation found in the MS2 sub-genomic clones is due to the MS2 virus used
in this study being of a different genotype than the one originally sequenced. Mutations
which could result in non functioning gene products were also identified. These are
addressed in Figure 3-9.

DNA Coding aa pGEMT-  pSMART-  pSMART- MS2 MS2
Mutation region mutation 2676 2578 3528 pLaACR62  ACN89891.1 NC001417
G83A No No No - Yes - No No
A744G A-protein No Yes = No No No No
A755G A-protein  D209G Yes = No No No No
GI1204A A-protein G359R No Yes No No No No
GI878A Replicase D40N No No Yes No No No
G2002A Replicase G81D Yes Yes Yes Yes Yes No
G2004C Replicase D82R Yes Yes Yes Yes Yes No
A2005G Replicase D82R Yes Yes Yes Yes Yes No
T2006G Replicase R83C Yes Yes Yes Yes Yes No
C2007T Replicase R83C Yes Yes Yes Yes Yes No
T2159C Replicase No Yes Yes Yes Yes Yes No
C2160T Replicase P134S Yes Yes Yes Yes Yes No
A2361G Replicase K205E No Yes No No No No
T2426C Replicase No Yes Yes Yes Yes Yes No
C2429T Replicase No Yes Yes Yes Yes Yes No
A2591T Replicase No - Yes Yes Yes Yes No
(3451 insert No No - Yes Yes Yes Yes No
C3452 insert No No s Yes Yes Yes Yes No
C3462 del No No - Yes Yes Yes Yes No
C3463 del No No - Yes Yes Yes Yes No
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Figure 3-9. Multiple sequence alignment of replicase gene products from selected
viruses in the Leviviridae family and a hypothetical replicase gene product carrying
all the mutations identified in the replicase coding region from Table 3-1. A window
of 10 aa residues is shown around each aa mutation. Alignment shows that the
mutations in the replicase residues 81-83 and 134, which were present in all sequenced
clones. are conserved to a high degree in the Levivirus Genus (all excluding Qf, SP and
AP205) suggesting that these residues represent an infectious MS2 sequence and that
the original MS2 ¢DNA sequence of NCO0I417 is incorrect or originating from a
different virus genotype. Both D40 and K205 are however highly conserved in the
replicase’s of the Levivirus Genus, indicating that these are most likely mutations of the
MS?2 sequence. A similar homology alignment Jfor an A-protein product carrying the
mutations D209G and G359R identified in pGEMT-2676 and pSMART-2578 showed
that these aa positions are conserved within A-proteins of the Levivirus Genus.

3.2.1.3 Introduction of T7 promoter sequence

The next step in the production of MS2 sub-genomic RNA involved generating
cDNA that could be used in in vitro transcription reactions using T7 RNA polymerase.
The use of T7 RNA polymerase to generate RNA requires the cDNA template to be
fused to a 21 bp T7 promoter sequence which is necessary for T7 RNA polymerase
DNA recognition and initiation of transcription (for review of see Kochetkov er al.,
1998). The most straightforward way of producing cDNA fused to a T7 promoter
sequence is by PCR using oligonucleotide primers to incorporate the T7 promoter
sequence as outlined in Figure 3-3.

Three cDNAs containing the T7 promoter sequence were generated by PCR using
the MS2 sub-genomic ¢cDNA clones as template (Figure 3-10). These ¢cDNAs
corresponded to the RNAs required for capsid assembly reactions as described in 3.1.1.
The T7 containing cDNA corresponding to the first 2676 nt of the MS2 genome from

the 5° terminus was amplified from the MS2 sub-genomic clone pGEMT-2676.
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Similarly, a 2578 bp cDNA representing the 3’ terminus of the MS2 genome and an
internal sub-genomic cDNA fragment of 928 bp were amplified from pSMART-2578
and pSMART-3528 respectively. Amplification of the T7 promoter containing cDNA
was straightforward using Pfu polymerase as described in 2.2.8 and afforded ¢cDNA
that, following purification by phenol extraction and precipitation with sodium acetate,

was used as template to generate MS2 sub-genomic RNAs.
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Figure 3-10. The production of sub-genomic MS2 cDNAs containing a T7 promoter
sequence. Three sub-genomic cDNAs were produced by PCR using T7 promoter
containing primers using the MS2 sub-genomic cDNA clones as template. PCR
reaction products were analysed on 1 % agarose gels. The expected 5°2676 bp,
3'2578bp and internal 928 bp MS2 sub-genomic cDNA products are indicated by
arrows. A) 1: 0.5 ug 1kb DNA ladder. 2-3: 2676 bp MS2 sub-genomic cDNA using
primers 1.F_T7 and 2676.R. 4: no primer control 5: no polymerase control. 6-7: 2578
bp MS2 sub-genomic cDNA using primers 992.F T7 and 3569.R. 8: no primer control.
9: no polymerase control. B) 1: 0.5 ug 1 kb DNA ladder. 2: 2676 bp MS2 sub-genomic
c¢DNA using primers 1.F_T7 and 2676.R. 3: empty lane. 4: 928 bp MS2 sub-genomic
¢DNA using primers 1431.F_T7 and 2346.R. 5: empty lane. These cDNAs were used to
produce RNA as described in 3.2.1.4.
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3.2.1.4 Production of MS2 sub-genomic RNAs by in vitro transcription

MS2 sub-genomic RNAs corresponding to two thirds of the MS2 genome from
both the 5° and 3’ genomic termini and an internal RNA (iRNA) corresponding to
roughly one third of the MS2 genome were generated by in vitro transcription as
outlined in Figure 3-3 and described in 2.2.5. The RNA transcripts are shown aligned
to the MS2 genome in Figure 3-11.

The 5° MS2 sub-genomic RNA is smaller than the 5° MS2 cDNA whose
amplification and cloning has been described (2469 nt vs. 2676 bp). This was due to a
mishap in the lab where a batch of 5° MS2 T7 ¢cDNA template was cut with Bcll
(Figure 3-2) prior to in vitro transcription'. The resulting 5° 2469 nt MS2 sub-genomic
RNA was then used in cryo-EM reconstructions of MS2 capsid assembly products
(Toropova et al., 2009). This was unfortunate, but because the 5’ 2469 nt MS2 RNA
still represented roughly two thirds of the MS2 genome and had been used in important
parallel experiments it was decided to always cut the 5> MS2 T7 cDNA template with
Bcll prior to in vitro transcription.

Characterisation of the MS2 sub-genomic RNAs is shown in Figure 3-12.
Production of the RNAs in sufficient yield and purity for further reactions represented
continuous work throughout this project as large quantities of RNA were required for
analytical ultracentrifugation experiments (chapter 4). The best results were obtained
using MEGAscript, an in vitro transcription kit supplied by Ambion for the production
of large RNA transcripts. The yield and purity of sub-genomic RNAs generated with
this kit were far superior to results obtained using the method outlined in 2.2.10 which
is based on Sambrook et al. (2006), which showed little fidelity towards the correct size
RNA product despite attempts at optimisation with respect to incubation time, template
quantity and buffer composition. Using the Megascript kit, the sub-genomic MS2
RNAs were produced in sufficient yield and purity given that transcription was not
allowed to proceed for more than two hours and that every precaution was taken to
avoid RNase contamination. The sub-genomic RNAs were immediately precipitated
following transcription with lithium chloride or ammonium acetate, kept in -80 °C and

used in capsid assembly reactions within four to six weeks.

! The 5° RNA fragment was being used in paralel ligation reactions at the Bcll restriction site (Figure 3-2)
in order to generate full length MS2 cDNA.
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Figure 3-11. The alignment of the MS2 sub-genomic RNA transcripts to the MS2
genome. The MS2 genome is shown in cyan with the positioning of the four gene
products shown for reference (van Duin and Tsareva, 2006). The 5 sub-genomic RNA
is shown in red. The 3" sub-genomic RNA is shown in green. The iRNA is shown in
blue. An internal control RNA (icRNA) is shown in magenta which was produced
similarly to the iRNA and is discussed in 3.2.2.4. The TR-operator is highlighted in
bright-red. These four MS2 sub-genomic RNAs al‘ong with MS2 virion RNA were the
RNA substrates that were used to study the effect of MS2 RNA on MS2 capsid assembly.
The colour coding of the RNAs is constant throughout this thesis.
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Figure 3-12. The purity of the MS2 RNAs was assessed on denatzfr{'ng 1 % agarose
gels. A) Denaturing agarose gel of MS2 vRNA extracted from MS2 virions. The 5’ sub-
genomic RNA is shown for comparison. 1: Sigma RNA standard. 2: empty lane. 3:
MS2 VRNA. 4: 5 sub-genomic RNA.  B) Denaturing agarose gel of the MS2 sub-
genomic RNAs, transcribed in vitro from corresponding MS2 ¢cDNA and purified by
LiCl precipitation. Two repeats of the lefimost gel G Sho_‘t'n. The sub-genomic RNA
concentration is halved in identical lanes going from left to right. 1: Sigma RNA
standard. 2: 5 2469 nt sub-genomic RNA. 3: 3'2578 nt sub-genomic RNA. 4: 928 nt
iRNA. MS2 RNAs were used without gel purification in capsid re-assembly reactions.
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3.2.2 The effect of MS2 sub-genomic RNA on MS2 capsid assembly

Investigations into sSRNA bacteriophage capsid assembly have shown that RNA
stem loops (Beckett and Uhlenbeck, 1988) along with full length RNA genomes (Hung
et al., 1969; Sugiyama et al., 1967) are capable of promoting the formation of capsid
like structures in vitro as detailed in section 1.9. Although the packaging of sub-
genomic RNA has also been reported (Beckett ef al., 1988) this RNA is considerably
smaller (1 kb) than the MS2 sub-genomic RNAs (Figure 3-11) with an additional report
suggesting a 1 kb size restraint on non-genomic RNA that could be packaged into the
MS?2 capsid (Pasloske et al., 1998). Whether or not the MS2 sub-genomic RNAs would
induce capsid assembly represented a principal question that this project sought to
answer which would further allow addressing the roles of RNA in ssRNA virus capsid
assembly.

The following sections describe the results from investigations into whether the
sub-genomic RNAs could be used to study MS2 capsid assembly by characterisation of
in vitro capsid assembly products by gel mobility shift assays (GEMSA) and

transmission electron microscopy (TEM).

3.2.2.1 MS2 sub-genomic RNA promotes capsid like product formation

MS?2 capsid assembly reactions initialised with each of the three MS2 sub-genomic
RNAs (Figure 3-11) were monitored at increasing CP, concentrations using native gel
electrophoresis and TEM as described in sections 2.2.10 and 2.2.11 respectively. Capsid
assembly with the VRNA was also monitored for comparison. The results are shown in
Figures 3-13 through 3-16 and are discussed below.

Interestingly, all the RNAs were observed to form capsid like products in the
presence of purified CP; in reassembly buffer after 3 h at room temperature. This was
evident from the GEMSA by the appearance of a band migrating at the same position as
recombinant MS2 capsids which became visible at a CP,:RNA stoichiometry of 5-50:1
depending on the RNA. The TEM micrographs further confirmed the presence of MS2
capsid like products at CP2:RNA concentration ratios of 30:1. No capsid products were
observed by TEM in the absence of RNA consistent with reports that CP, do not
associate to form capsids at low ionic strength (Mattheaus and Cole, 1972). TEM

micrographs at lower reaction ratios were not obtained.
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These results correspond with a previous report by Sugiyama and coworkers (1967)
where capsid like product formation with MS2 VRNA was observed at 23:1 of
CP,:vRNA. The observed packaging of the MS2 sub-genomic RNAs however,
represent the first results where truncated MS2 genomic segments of sizes approaching
the full length viral genome are packaged into capsid like structures. They suggest that
there is not a size restraint on the genomic RNA that can be encapsulated in vitro
consistent with reports for the Levivirus bacteriophage fr (Hohn, 1969). The genomic
RNAs were however observed to promote capsid assembly with different efficiency as
addressed in 3.2.2.3.

The capsid assembly reactions did not exclusively form capsids. An assembly
product migrating slower than both the capsid and the RNA was identified from the
GEMSAs of capsid assembly at high CP2:RNA stoichiometries with all the genomic
RNAs tested. These products appeared at CP2:RNA stoichiometric ratios of 50:1 and
higher for the sub-genomic RNAs and at 90:1 for the VRNA. When an assembly
reaction was performed at a 300:1 stoichiometry of CP2:5’RNA no material migrated
into the gel but stayed in the well. When purified recombinant capsids were run on
similar agarose gels no bands were seen that corresponded to these slower migrating
species until at very high capsid concentrations (data not shown). These species were
thought to correspond to aggregated capsids and/or incomplete capsids based on their
slower migration in the gel. The TEM images confirmed this idea as an increased
amount of incomplete capsid-like material was visible at high CP;:RNA molar ratios.
The aggregated capsid like particles resembled in some ways the monster particles
identified by Sorger and co-workers (1986) during in vitro capsid assembly of turnip
crinkle virus at high coat protein concentrations.

GEMSA of assembly reactions with the 5’ and iRNA sub-genomic RNAs were
performed under various conditions in order to maximise capsid formation and observe
whether aggregation or the formation of incomplete capsids could be minimised. No
difference in capsid formation was observed when capsid assembly reactions were
allowed to proceed for 24 h as compared to 3 h. Lowering the temperature to 4 °C and
incubating for 3 h or 24 h also resulted in no change. This suggested that the formation
of the incomplete/aggregated capsid like products was non-reversible and that they most
likely represented kinetically trapped material on the capsid assembly pathway. The
formation of mis-assembled capsid products has been shown to be highly dependent

upon coat protein subunit concentration and temperature (Matthews and Cole, 1972;

73



Nguyen et al., 2007). As the aggregates were only seen at high CP,:RNA molar ratios it
is tempting to conclude that their formation results from non-specific CP, binding
which then hinders proper capsid assembly and is prone to aggregation.

The ssRNA virus genome of bacteriophage R17, a close relative of MS2, has been
observed to be accompanied with spermidine (Fukuma and Cohen, 1975), a positively
charged polyamine that is believed to neutralise charge interactions of the RNA genome
to allow more efficient packaging into to the volume of the viral capsid (Ames and
Dubin, 1960). MS2 capsid assembly induced with the MS2 vVRNA in the presence of 1
mM spermidine however did not have a marked effect on capsid formation. This was
perhaps not surprising as Mg2+, present in the reassembly buffer, has been shown to
compact MS2 VRNA in a similar manner to spermidine although higher concentrations
of Mg®" are required (Leipold, 1977).

Further attempts at optimising capsid assembly reactions included addition of DTT
to the assembly buffer and changing to a Tris/OAc buffer system at pH = 7.4. Again,
these attempts did not result in hindering aggregate formation as viewed by agarose
electrophoresis. It was decided not to experiment with the ionic strength of the
assembly buffer as high salt concentrations have been shown to induce capsid assembly
in the absence of RNA (Mathews and Cole, 1971) which would then compete with
capsid formation induced by the protein-RNA interaction.

The GEMSA and TEM assays confirmed that the sub-genomic RNAs formed
capsids in vitro and therefore could be used to study the role of MS2 RNA on capsid
assembly. Further details on how the RNAs affected capsid assembly are addressed in

3.2.2.2-4.
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Figure 3-13. Invitro capsid assembly induced by MS2 virion RNA. Capsid assembly
reactions were performed at increasing ratios of CP; to vRNA in a 20 ul final volume of
buffer consisting of 40 mM CH;COONH, and 1 mM Mg(OAc),. The vRNA
concentration was kept constant at 30 nM. After 3 h incubation at rt the reactions were
analysed by GEMSA and TEM. A shows a | % native agarose gel of capsid assembly
reactions. The number above each lane indicate the CP2:vRNA stoichiometric ratio of
the assembly reaction in that lane. The migration position of VRNA, recombinant MS2
capsids and what is believed to be aggregated material is marked with an arrow. The
three boxes indicate the area in each lane used to produce the densitometry plot shown
in B and are colour coded according to B. The plot shows the percentage of vRNA,
capsid and aggregate products at each CP:RNA reaction ratio and is an average of
GEMSAs as shown in A. The error bars represent standard deviation from average. C
shows TEM micrographs of capsid assembly reactions at selected CP,:RNA
stoichiometries which are indicated in the upper right corner of each micrograph. The
black size bar corresponds to 200 nm. The results show that vRNA is packaged into
virus like particles, consistent with previous reports, and that packaging is inefficient
with only around a third of the RNA packaged. Furthermore the results imply that
capsid assembly is cooperative with capsids observed at CP,:vRNA stoichiometries as
Jow as 30:1 and that increasing the CP; concentration leads to aggregate Jormation,
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Figure 3-14 In vitro capsid assembly induced by MS2 5’ sub-genomic RNA. The
packaging of the MS2 5" sub-genomic RNA was investigated in an identical manner as
described for the VRNA in Figure 3-13. Capsid assembly reactions at increasing
concentration ratios of CP2:5'RNA were analysed with GEMSA (A), densitometry of
GEMSA (B) and TEM (C). The results were similar to the vRNA in that capsid like
products were observed at low CP,:RNA ratios and increasing CP; concentration did
not lead to the formation of more capsids but rather increased amounts of aggregated
or incomplete capsids. In contrast to assembly induced with the vRNA (Figure 3-13),
more capsids were seen 1o SJorm with the 5’ sub-genomic RNA at similar CP>:RNA

ratios suggesting that smaller MS2 genomic RNA is packaged more efficiently than the
full length RNA genome.
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Figure 3-15. In vitro capsid assembly induced by the 3’ sub-genomic RNA. The
packaging of the MS2 3" sub-genomic RNA was investigated in an identical manner as
described for the vRNA in Figure 3-13. Capsid assembly reactions at increasing
concentration ratios of CP::3'RNA were analysed with GEMSA (A), densitometry of
GEMSA (B) and TEM (C). The results were similar to the vRNA in that capsids were
observed at low CP2:RNA ratios and increasing CP> concentration did not lead to the
formation of more capsids but rather increased amounts of aggregated capsid like
‘material. In contrast to assembly induced with the vRNA (Figure 3-13), more capsids
were seen to form with the 3" sub-genomic RNA at similar CP>:RNA stoichiometries.
This was also observed for the 5 sub- genomic RNA (Figure 3-14) suggesting a size
constraint on the RNA that is encapsulated. Comparison of these results with those of
the 5 ' sub-genomic RNA did not imply an RNA structure or sequence constraint on RNA

packaging.
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Figure 3-16. In vitro capsid assembly induced by the sub-genomic iRNA. The
packaging of the MS?2 sub-genomic iRNA was investigated in an identical manner as
described for the VRNA in Figure 3-13. Capsid assembly reactions at increasing
stoichiometries of CP2:iRNA were analysed with GEMSA (A), densitometry of GEMSA
(B) and TEM (C). Similar to the other genomic RNAs, the iRNA was observed to
promote capsid assembly at low CP;:RNA ratios consistent with a co-operative
assembly mechanism. At higher CP;:iRNA stoichiometries aggregate products were
detected. Capsid assembly induced with the iRNA resulted in more capsid product
formation at lower CP>:RNA stoichiometric ratios than had been observed for the 5'
and 3’ sub-genomic RNAs and the vRNA. This suggests that smaller RNAs are
packaged more efficiently into MS2 capsids than larger RNAs.
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3.2.2.2 MS2 capsid assembly is cooperative

Apart from the capsid aggregate already mentioned, only signals corresponding to
the RNA and fully formed capsid product were detected in capsid assembly reactions
assayed by GEMSA. This implies that CP, do not bind equally to all the genomic
RNAs in solution as this would result in depletion of free CP; and inhibit formation of
the final capsid product. Rather, the results suggest that CP; bind to genomic RNA
which then promotes further growth of the capsid, perhaps through CP; dimer addition
(Sorger et al., 1986; Stockley et al., 2007). When the capsid assembly reactions are
assayed after 3 h at equilibrium, close to all CP; has gone into forming capsids, leaving
only free RNA and the capsid in solution. This suggests that a CP, comprising a capsid
is energetically favourable to a free CP; or a lone CP2 bound to RNA due to stabilising
interactions between the neighbouring CP; subunits and the genomic RNA within the
capsid. The results observed for the VRNA and the sub-genomic MS2 RNAs correlate
well with the findings of Sugiyama and coworkers (1967). Using sucrose gradient
centrifugation, they characterised two components from in vitro MS2 capsid assembly
reactions induced by VRNA which corresponded to RNA bound to 1-3 CP; and the
capsid product.

The apparent lack of intermediates as well as the formation of capsid products at
low CP;:RNA stoichiometries suggests that the packaging of the sub-genomic RNAs
and VRNA into capsids is a co-operative process. This corresponds to accepted models
of capsid formation where assembly occurs co-operatively and irreversibly following
formation of a capsid intermediate seed complex (Sugiyama et al., 1967; Hohn, 1969;
Zlotnick, 1994; Zhang et al., 2006; Stockley et al., 2007).

3.2.2.3 Smaller RNA is packaged more efficiently than larger RNA
The GEMSAs of capsid assembly suggest that the smaller sub-genomic RNAs

promote capsid assembly more efficiently than the longer RNAs. This was evident
from two observations.  Firstly, capsids were observed at lower CP,:RNA
stoichiometries for the smaller RNAs. Capsids were regularly detected with the iRNA
at CP2:RNA reaction stoichiometries of 5:1 while they could not be observed with
confidence at ratios lower than 30:1 for the 5° and 3’ sub-genomic RNAs. Although
capsids could also be detected in assembly reactions with the VRNA at 30:1, the yield of
capsids compared to the sub-genomic fragments was notably lower. Secondly, at 110:1

CP,:RNA, capsid yield increased following a series of iRNA>5’RNA>3’RNA>VRNA.
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Although the errors on the densitometry plots were quite high due to smearing of the
products, the capsids represented roughly 55 % for the iRNA, 42 % for the 5° RNA, 35
o4 for the 3° RNA and 28 % for the VRNA of the total material in the capsid assembly
reactions. Above 110:1 CP2:RNA, capsid yield was constant or decreased due to
aggregate formation.

These results imply that there is a size, and therefore a structural constraint on RNA
during packaging although there does not seem to be a constraint on the overall size of

the genomic RNA as all the RNAs were indeed packaged.

3.2.2.4 The role of RNA structure and sequence on capsid assembly

The size restraint during packaging of the MS2 sub-genomic RNAs implies that
the different efficiencies observed are due to how easily the RNA structure can be
accommodated within the viral capsid.

The iRNA was observed to be the most efficient at promoting capsid assembly.
This is most likely due to a more compact structure of the iRNA compared to the 5°, 3°
and. vRNA, which therefore allows more efficient packaging. Indeed the iRNA
migrates faster than the MS2 capsid in the agarose gels as opposed to the 5°, 3* and
vRNA which migrate slower. Although migration in agarose gels depends upon both
size and charge of the component, the migration rates suggest that the iRNA can be
packaged directly from a pre-formed structure, while the 5’ and 3° RNAs must be
structurally reorganised or folded in order to fit inside the capsid. As the 5* and 3 sub-
genomic RNAs promoted capsid formation better than the VRNA it follows that it is
even harder to package the full length genome into the capsid shell. In chapter 4, the
stokes radii of the MS2 sub-genomic RNAs was estimated and found to complement
this idea.

The 5° and 3’ sub-genomic RNA fragments encompass different regions of the
MS2 genome and must have different structure, imposed by their different nucleotide
sequence. Very few differences were observed between these two RNAs in their ability
to promote capsid formation. If there are differences, it is likely they can be better
observed by monitoring reaction kinetics rather than equilibrium states. The packaging
of RNAs of different structures is sure to follow different reaction pathways although
the end result, which is what was viewed by GEMSA, is the same.

The MS2 genomic RNAs used to study capsid assembly up to this point all

contained the translational operator (TR) which has been shown to promote capsid
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assembly in vitro and in vivo as discussed in section 1.9. Following reports suggesting
that various genomic secondary structural elements other than TR could induce capsid
assembly (Beckett and Uhlenbeck, 1988; Koning ef al/, 2003) and supported by the
GEMSA results which suggested that CP; could bind to the genomic RNA at multiple
positions as evident from aggregate formation, it was decided to monitor capsid
assembly with a genomic RNA lacking the TR operator.

A MS2 genomic fragment of length corresponding to the iRNA but lacking the TR
operator was produced in a similar manner as has been previously described for the
iRNA. This internal control RNA (icRNA) corresponded to nucleotides 2166-3041 of
the MS2 genome. Its alignment to the MS2 genome is shown in Figure 3-11. Its
ability to promote capsid formation was assessed using GEMSA with the results shown
in Figure 3-17. The icRNA promoted capsid assembly indicating that the TR operator
is not necessary for successful in vitro capsid assembly. This supports ideas that CP, are
able to bind a plethora RNA stem loop structures and that these sequences are repetitive
in the MS2 RNA genome. The molecular properties that set TR aside from similar stem
loop structures within the RNA genome, with respect to promoting capsid assembly, are

explored further in chapter 4.
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Figure 3-17. In vitro capsid assembly induced with a 874 nt MS2 sub-genomic RNA

lacking the TR operator. A 874 nt sub-genomic RNA lacking the TR operator (icRNA)

was produced and its ability toward promoting capsid formation analysed with GEMSA

in a similar manner as described in Figure 3-13. The icRNA was able to promote
capsid formation confirming reports that secondary structural elements within the MS2

genome other than TR are capable of inducing capsid assembly (Beckett et al., 1988:

Toropova et al., 2009). Surprisingly the icRNA seemed the most efficient at promotiné
capsid assembly of all the MS2 genomic RNAs under observation despite the absence of
the TR operator. This corresponded well with the idea that smaller sub-genomic RNAs
are packaged more efficiently than larger RNAs, discussed in 3.2.2.3.
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Having shown that all MS2 RNAs with or without the TR operator could promote
capsid assembly it was decided to investigate whether this also applied to non-MS2
RNA. Capsid assembly was performed with a 1.89 kb control mRNA corresponding to
the elongation factor la gene of Xenopus Laevis’. The results were not definitive as the
migration rate of the RNA was very close to the migration rate of the capsid. This
made it difficult to distinguish between unbound RNA and capsid however they did
indicate that the foreign RNA was more prone to aggregation with CP; rather than

capsid formation perhaps an indication of non-specific RNA binding.

3.2.2.5 MS2 capsid assembly assayed with light scattering

In order to verify the observed effects of the sub-genomic RNAs on capsid
assembly and get information on assembly kinetics, reassembly reactions were
monitored by measuring changes in laser light scattering. All molecules scatter light
with intensities which can be related to their molecular weight (Tinoco et al., 1995).
Light scattering has been used successfully to monitor capsid assembly kinetics as it
allows the change in molecular weight to be monitored (Zlotnick et al., 2000; Casini et
al., 2004). Furthermore, a light scattering detector which monitors the output from a gel
filtration column (GFLS) allows the production of size distribution profiles of biological
samples. GFLS has been used successfully in this laboratory to assay MS2 capsid
assembly reactions initiated with oligonucleotide RNAs (Stockley ef al., 2007; Basnak
et al., 2009).

MS2 capsid assembly was promoted with the 5° and iRNA sub-genomic RNAs in
assembly buffer and assayed at timepoints up to 90 min at 37 °C (Figure 3-20).
Unfortunately the resolution of assembly products was not good. Capsid products were
not sufficiently well separated from capsid-like aggregates. The results do however
imply that the reactions have reached equilibrium as changes in light scattering were not
observed between the 60 and 90 min timepoints. Identical reactions were assayed with
the iRNA at 4° and at room temperature with no apparent changes in elution profiles
after 60 min. It was decided not to optimise gel filtration conditions as advised by the

GFLS facility manager Dr Gabriella Basnak.

2 This fragment was transcribed ﬁo_m pTRI-Xef supplied as a template control for in vitro transcription
with the Megascript transcription kit from Ambion.
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Figure 3-18. Capsid assembly assayed with gel filtration coupled light scattering.
Assembly reactions induced with the 5" RNA and iRNA were assayed at a molar ratio of
90:1 at three time points. The traces show light scattering response vs. elution time off
the gel filtration column. A shows recombinant capsids which elute off the column after
18 min. B shows the elution profiles of CP> and iRNA. A small signal can be seen at 15
and 17 min in the CP> sample after 1 h incubation in assembly buffer. The iRNA was
not detected with LS however an absorbance trace that was collected simultaneously
along with the LS trace indicated that iRNA is eluted off the column at 22-38 min. The
5" RNA was not assayed on its own. C and D show elution profiles of capsid assembly
reactions with the iRNA and 5' RNA at increasing time points respectively. The
dominant LS peak observed at 15-25 min is composed of at least two components. The
sharper peak at ~16 min has been shown to correspond to aggregated capsid like
products by TEM (Dr. Gabriella Basnak, personal communication). Taking into
account the GEMSA of capsid assembly it is likely that these products represent capsids
and aggregate which are not separated well during gel filtration.

32.2.6 The 5 RNA induced capsid product shows RNase resistance

The TEM micrographs of the symmetric capsid products assembled with the sub-
genomic RNAs (Figures 3-13-16) indicated that they were similar in size and shape to
MS?2 virions (Katerina Toropova, personal communication). It has however been
shown that Levivirus phage particles reconstructed in vitro with vRNA are different
from infectious virions as observed by their sedimentation properties (addressed in

section 4.2.1.1) and their susceptibility to RNase (Hung er al.,1969; Sugiyama, 1967:
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Hohn, 1969). These differences are thought to arise from both the absence of the A-
protein and protrusion of RNA from particles which are then susceptive to RNase.
RNase susceptibility is therefore an indication of fully formed MS2 capsid particles as
the capsids confer ribonuclease resistance (Argetsinger and Gussin, 1966).

In order to investigate whether the capsids assembled with the sub-genomic RNAs
represented fully formed capsids, a capsid assembly reaction initiated with the 5° RNA
at a molar ratio of 110:1 of CP2:RNA was treated with RNase A (Figure 3-18) for 15
min at increasing concentrations of RNase A. The 5° RNA within the capsid appeared
resistant to nuclease cleavage while aggregate products were degraded suggesting that
the assembled capsids protect packaged RNA against ribonuclease cleavage while
aggregates are more prone to degradation. Similar reactions were performed for up to 1
h which similarly showed that ~50 % of RNA was degraded upon treatment with RNase
A. This corresponds with the yields of capsids obtained from in vitro assembly with the

5° RNA as shown in Figure 3-14 and was discussed in 3.2.2.3.
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Figure 3-19. The 5’ sub-genomic RNA capsid product shows RNase resistance.
Capsid assembly reactions were performed at increasing molar ratios of CP,:5'RNA
and analysed on a 1 % native agarose gel. The CP;:5'RNA molar ratio is indicated
above each lane. Identical reactions at 110:1 CP:5'RNA were treated with increasing
amounts of RNase A. A4 decrease in signal intensity corresponding to capsid aggregates
was observed while no decrease in intensity of the signal corresponding to MS2 capsids
could be seen.
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3.2.2.7 Assembled capsids contain the sub-genomic RNA

In order to verify whether the capsids that were reconstructed with the sub-genomic
RNAs contained the correct sized RNA, capsid assembly reactions induced with the 5’
RNA were subjected to sucrose density centrifugation (Figure 3-19). Capsid assembly
was performed at a molar ratio of 60:1 CP;:5’RNA rather than 110:1 to allow
identification of all reaction components. Three samples were isolated off the sucrose
gradients which corresponded to the 5° RNA, capsid and aggregate components as
suggested by comparison to the 5° RNA GEMSA (Figure 3-14). Denaturing agarose
electrophoresis of the samples showed that full length RNA was present in the capsid

samples indicating that the correct length RNA was indeed being incorporated into

capsids.
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Figure 3-20. MS2 capsid assembly products contain sub-genomic RNA. Capsid
assembly products were purified on sucrose density gradients and analysed by
denaturing agarose electrophoresis and TEM. A) Absorbance traces of sucrose density
gradients of MS2 capsid assembly with the 5' sub-genomic RNA following
centrifugation at 17000 rpm for 16 h. Five reactions were analysed at increasing RNA
concentrations, all at a molar ratio of 60:1 CP,:5'RNA, in order to optimise the
detection of assembly products using a UV-detector that was coupled to a fraction
collector for sample isolation. The absorbance of all samples is shown normalised to
the highest peak in the 60 nM RNA sample (black trace). The samples corresponding to
the peaks labelled 1-3 from each reaction were pooled to afford samples 1-3. B) TEM
micrographs of these samples indicated that capsids were only present in samples 2 and
3. The diameter of 10 capsid particles was measured directly off the TEM micrographs
and found to be the same. The black size bar represents 200 nm. C) The RNA from
samples 1-3 was purified by phenol/chloroform extraction and analysed on a 1 %
denaturing MOPS gel. Full length 5° RNA can be seen in all samples but is less
degraded in 2 and 3. The slight difference in migration rates is due to different amounts
of the RNA carrier Glycoblue in each sample.
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3.3 Discussion

RNA nucleates ssSRNA virus capsid assembly. Employing the bacteriophage MS2
as a model system, the properties of genomic RNA during capsid assembly can be
investigated. Using MS2 sub-genomic RNA of defined lengths, it was anticipated that
the importance of RNA size and structure on MS2 capsid assembly could be explored.

The access to sub-genomic MS2 RNA of different lengths and the question whether
MS2 sub-genomic RNA would promote assembly of capsids in vitro represented initial
questions in this project. Below, the successful production of MS2 sub-genomic RNA

as well as reports on how these RNAs promote capsid assembly is discussed.
3.3.1 The production of MS2 sub-genomic RNA

The structure of the MS2 genome within the MS2 virion provided a foundation for
further research into the structural role of the MS2 genome during capsid assembly.
The organisation of the genome into two concentric shells within the virion which
represent, in principle, roughly 1/3 and 2/3 of the genome provided an incentive for
producing RNA fragments whose sizes corresponded to the amount of RNA in these
shells. The sub-genomic RNA fragments were produced in four steps which involved
RT-PCR to produce cDNA, cloning of the cDNA, amplification from the cDNA clones
with a T7 promoter containing primer and finally in vitro transcription.

It proved difficult to generate cDNA that corresponded exactly to the desired cDNA
product lengths due to RNA sequence constraints affecting DNA primer design.
Reverse transcription reactions were initially non-specific towards the desired cDNAs
but were optimised successfully by manipulating reaction conditions. It proved pivotal
to use polymerase enzymes with high thermal stability in RT-PCR reactions which
allowed efficient denaturation of the RNA and DNA templates during amplification.
This was perhaps not surprising given the high degree of base pairing and compactness
reported for the MS2 RNA genome (Fiers ef al., 1976; Skripkin ef al., 1990). Three
MS2 c¢DNA products were produced corresponding to two thirds of the MS2 genome
from the 5’ and 3’ termini along with a nearly-full length cDNA sub-genomic fragment.
These cDNAs allowed the generation of nearly any sized RNA using the strategy

already outlined.
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The MS2 cDNAs were cloned into replicating plasmids and maintained in E.coli in
order to obtain them in relatively homogenous and copious amounts for downstream
reactions. Initially, cloning of the cDNAs was avoided as production of MS2 cDNA
clones had been reported to be problematic do to the lysogenic nature of the MS2 phage
(Remaut et al., 1982; Hill, 1993). However the cDNAs obtained from RT-PCR could
not be used to template further production of T7 containing cDNA and efforts at
producing a full length cDNA by ligation or annealing of the 5’ and 3° ¢cDNAs were
hampered by low yields from RT-PCR reactions. Cloning of the MS2 ¢cDNAs proved
essential in that it provided the three cDNAs in good yield and they were used
successfully to template the production of T7 promoter containing cDNA by PCR.

The cDNA clones deviated slightly in sequence from the reported wild type
sequence of MS2 (Fiers et al., 1976). This deviation was shown to be most likely due
to different infectious phage genotypes, supported by comparison to other infectious
MS2 RNA sequences. The MS2 phage genome has recently been shown to rapidly
incorporate adaptive mutations induced by environmental growth conditions
(Betancourt, 2009). True mutations of conserved amino acids within the maturation
gene of the 5°- and 3° cDNA clones and replicase gene of the 3’ and nearly-full length
cDNA clones were however also identified. Given the difficulties in cloning these
cDNAs, it is likely that the cloning procedure resulted in positive selection of non-lethal
cDNA clones. This was further suggested in experiments, not described in detail here,
where expression from the 3528 nt nearly-full length cDNA, which had been cloned
into a pET expression vector, resulted in CP; production with no detectable formation of
phage as judged by SDS-PAGE and plaque assays of E.coli cell extract and growth
medium. The specific effects of these mutations on the virus life cycle were not
pursued.

Despite the MS2 cDNA fragments containing possible mutations it was decided to
use these cDNAs for the production of MS2 RNA. It is generally accepted that ssSRNA
viral genomes exist as ensembles of non-identical but closely related sequences which
in part accounts for their rapid adaptability to environmental changes (Domingo er al.,
1997). This sequence variety is generated by the error prone replicase and does not
seem to affect the ability of RNA to be encapsidated as suggested by the large number
of defective phage (Rhode ef al., 1995; Brakmann ef al., 2001). This implies that the
structural plasticity of the RNA genome is not likely to be affected by the introduction

of a small number of nucleotide mutations.
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The sub-genomic RNA fragments were transcribed in vitro from their
corresponding cDNA templates affording three MS2 RNA sub-genomic transcripts that

were used to assay their ability to promote capsid assembly.
3.3.2 Sub-genomic MS2 RNA nucleates MS2 capsid assembly

The MS2 sub-genomic RNAs were shown to promote capsid assembly as observed
by their ability to generate products that migrated at similar rates as recombinant and
virion capsids within native agarose gels. This had been partly anticipated in light of
the pioneering work of Tomas Hohn into the role of fr RNA on fr capsid assembly
(Hohn, 1969). The conservation of coat protein aa residues associated with RNA
binding (Peabody, 1993) and similar capsid crystal structure of MS2 and fr (Liljas ez al.,
1994) had also suggested that the RNA packaging mechanism for these two phages was
likely to be similar. With the exception of GA, this similarity with respect to RNA
genome packaging can not be extended to other phages within the Leviviridae as the
structure of the B-type coat protein FG-loop is dissimilar for these viruses (Plevka et al.,
2009). This suggests a different mechanism of quasi-equivalent control of coat protein
dimers for these viruses and therefore perhaps a different mechanism of RNA
packaging.

The MS2 capsid assembly products were, as observed by TEM, shown to resemble
in vitro capsid assembly products reported earlier for icosahedral bacteriophages
(Sugiyama et al., 1969; Hohn, 1969; Matthews and Cole, 1972). TEM was mainly used
as an analytical tool to verify the presence of MS2 capsids in assembly reactions. No
particular emphasis was put into further characterisation of the capsid products using
TEM. As part of a group effort to investigate the MS2 genome packaging mechanism,
all detailed structural analysis using EM and cryo-EM with the sub-genomic RNAs was
in the hands of Dr. Katerina Toropova (Toropova, 2009) and are discussed in section
4.3.

The assembled capsid products were shown to contain the correct size RNA when
capsid assembly was induced with the 5° sub-genomic RNA and the encapsulated RNA
shown to be partly resistant to RNase cleavage.

By monitoring capsid reassembly reactions with gel mobility shift assays at
different molar ratios of CP2 to RNA, the concentration dependence of capsid assembly

with the sub-genomic RNAs was investigated. These reactions showed that capsid
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formation is dependent upon CP, concentration. Capsid formation proceeds at low
CP,:RNA molar ratios or down to 5:1 CP2:RNA depending on the RNA. This confirms
the ability of RNA on promoting capsid assembly. This suggests that genomic RNAs
are able to recruit CP, which are able to form capsids at concentrations where the CP,
might otherwise be expected to be evenly bound to the entire RNA population. This
corresponds to accepted models of capsid formation where assembly occurs co-
operatively and irreversibly following formation of a capsid intermediate nucleation
complex (Stockley et al., 2007, Zlotnick, 1994). The MS2 nucleation complex was first
identified during in vitro assembly at equal molar ratios of CP2:vRNA (Capecchi and
Gussin, 1965; Sugiyama et al., 1969). Non-covalent mass spectrometry of assembly
reactions with TR indicate that this complex might correspond to either a hexamer of
CP, or a pentamer of CP, (Stockley et al, 2007). The ability of RNA to form this
complex is possibly a dominating factor in the ability of RNA to promote capsid
assembly. A co-operative assembly pathway takes advantage of the limited
concentration of CP; in solution. The virus perhaps takes advantage of this in order to
minimise encapsidation of host RNA.

At higher ratios of CP;:RNA, approximately 50:1 and above, the formation of
aggregates in the assembly reactions became apparent. TEM micrographs indicated that
these aggregates correspond to incomplete capsid-like material. It is likely that these
aggregates form due to non-specific CP, binding to genomic RNA and initiation of
assembly at multiple sites on the same RNA strand. This would inevitably produce
capsid intermediates incapable of combining to produce a 7= 3 capsid. Using a sub-
genomic MS2 RNA lacking TR it was shown that capsid assembly can take place in the
absence of TR so this scenario is not unlikely at high CP, concentrations. Taking into
account the results from chapter 4, where evidence is provided that the RNA genome is
folded into the volume of the capsid, it is likely that non-specific binding could also
hinder folding of the RNA into an assembly competent structure producing kinetic traps
that are then prone to aggregation.

The CP; concentration dependence of capsid assembly efficiency was not the same
for the genomic RNAs. This implied that RNA size is an important factor for efficient
capsid assembly. This was observed from the genomic RNAs efficiency to promote
capsid formation being inversely proportional to RNA size. With respect to the co-
operative manner in which assembly is observed to proceed, the length dependence

could be associated with the number of CP; binding sites available on the sub-genomic
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RNAs. At identical reaction ratios, the CP; will have to “sample” fewer binding sites
on short RNAs as compared to long RNAs in order to associate and form an assembly
competent seed complex i.e. at identical reaction ratios, the smaller RNAs will on
average have CP, bound in closer proximity to on another as compared to the larger
RNAs. This would result in a higher probability of formation of an assembly nucleation
complex at lower reaction ratios for smaller RNAs. In addition, if the co-operative
mechanism of assembly is due to the RNA directing the “migration” of CP, towards the
growing capsid then CP; will on average be bound to RNA closer to the growing capsid
on small RNAs as compared to large. The distance the CP; would have to “migrate” to
be incorporated into a capsid enclosing a small RNA would therefore be shorter and the
coat protein dimer less likely to diffuse into the bulk solution than if a larger RNA were
being encapsidated. Another factor which could influence the RNA length dependence
on capsid formation efficiency is negative charge repulsion of the RNA phosphate
backbone. It is perhaps easier to encapsidate smaller RNAs as charge neutralisation
upon CP; binding will be greater for smaller RNAs resulting in lower charge repulsion
of the RNA backbone during packaging. Additionally the cryo-EM of the MS2 virion
(Toropova et al., 2008) suggests that it could be harder to package larger RNAs due to a
more complex conformation that these RNAs must adopt in order to fit into the capsid.
The results confirmed reports suggesting that various secondary structure elements
within the MS2 genome are capable of promoting capsid assembly (Beckett and
Uhlenbeck, 1988; Koning et al., 2003). A sub-genomic RNA lacking the TR operator
was packaged efficiently. What property of the RNA does then allow for efficient
packaging? Assembly reactions with a foreign mRNA sequence indicated that this
sequence was not as efficient at inducing assembly as genomic MS2 RNA. It is
unlikely that this RNA does not contain stem loop structures capable of inducing capsid
assembly. Reports that indicate that large foreign albeit icosahedral viruses RNAs can
be packaged while ribosomal RNAs of similar size cannot seem to indicate that the
structural plasticity of the RNA may be of importance (Sugiyama et al., 1967; Hohn,
1969). Furthermore, in Yoffe ef al (2008) it was argued that evolutionary constraints
imposed by icosahedral capsids on ssRNA have resulted in viral RNAs being spatially
more compact than RNAs of similar nucleotide composition. Finally, the cryo-EM
reconstruction of the MS2 phage suggests that the arrangement of stem-loop structures

within the RNA genome could be of importance for assembly. This is discussed further
in4.3.2.
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The results reported here suggest two possible reaction mechanisms in which
genomic length RNA might promote assembly. In the first, RNA is only necessary to
induce formation of the nucleation complex after which capsid assembly can proceed
most likely through dimer addition with no further help from the RNA. If this is the
case, the key to the catalytic properties of RNA lie in its ability to promote the
formation of the pentameric/hexameric nucleation complex. In the second mechanism,
after formation of the nucleation species, RNA could assist in capsid formation
throughout the assembly process. The two identified attributes of genomic RNA during
capsid assembly, namely co-operativity and RNA size dependence, imply that the latter
mechanism is more likely to be true. Although capsid assembly is co-operative in the
absence of RNA (Mattheus and Cole, 1972) the size dependence implies that the RNA
is an active participant in the assembly process. Taking into account the manner in
which the genome interacts with the capsid shell (Toropova ez al., 2008) and the control
of quasi-equivalent CP; conformations which must occur at defined positions within the
capsid (Stockley et al., 2007), this catalytic assembly mechanism for genomic RNA
seems plausible.

Initial efforts into monitoring the capsid assembly reactions with GEMSA were not
successful as the migration of the 5°-, 3’- and VRNA and capsid products in the gels was
very similar resulting in poor resolution of reaction products. This was eventually
solved by running the agarose gels at low voltages for longer periods of time ( 2 % h)
the results of which have already been discussed. This problem however fuelled ideas
that the size/hydrodynamic radius of the RNA was perhaps an underlying requirement
for packaging and that the diameter of the RNA to be packaged had to conform to the
inner diameter of the MS2 capsid. This seemed plausible as a recent report had
suggested that some viral RNA tertiary structures are highly stable, unfolding only at
high temperature (Kuznetsov ef al., 2005). This suggested that the RNA perhaps acted
as a prefolded structural template upon which capsid assembly could take place.

In order to verify the observed RNA length dependence on capsid assembly and
investigate further the manner in which genomic RNA is packaged into the MS2 capsid
it was decided to assay the assembly reactions with analytical ultracentrifugation. The

results of these experiments are described in the next chapter.
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4 MS2 genomic RNA encapsidation studied by

sedimentation velocity analysis

4.1 Introduction

In the previous chapter, the production of sub-genomic MS2 RNAs of different
lengths and corresponding to different regions of the MS2 genome was reported. The
RNAs were analysed with respect to their ability to promote MS2 capsid formation in
vitro. Interestingly, these investigations suggested that the efficiency of capsid
formation is dependent upon RNA length. This suggests that the role of the MS2
genome during capsid assembly is not confined to a single CP,-RNA recognition event.
The results indicate a complex assembly process where multiple CP,-RNA interactions
are of importance. This correlates well with the complex RNA fold of the virion RNA
observed in the cryo-EM model of the MS2 phage. Furthermore, the results confirm
suggestions that stem loop structures other than TR must be capable of quasi-equivalent
conformer switching between A/B and C/C type coat protein dimers both of which are
required for capsid formation (Stockley et al., 2007; Toropova er al, 2008; Beckett ef
al., 1988). The manner in which genomic ssRNA is packaged into virus particles is of
enormous interest. ssRNA viruses are amongst the most prevalent viral pathogens.
These viruses all share the common task of packaging their genomes into a confined
protein container. The mechanism by which this occurs is not understood (Rudnick and
Bruinsma, 2005; Schneemann, 2006; Yoffe et al., 2008). The observed RNA length-
dependence on packaging efficiency implies a capsid assembly mechanism where RNA
is compacted into the MS2 capsid.

In order to gain further insight into the mechanism in which RNA is packaged into
the MS2 capsid, a different analytical technique was sought which could complement or
confirm the findings reported in chapter 3. This chapter reports results wherein MS2
capsid assembly was assayed with analytical ultracentrifugation. In section 4.2.2,
sedimentation velocity analysis of MS2 capsid assembly, induced with MS2 genomic
RNA and the MS2 sub-genomic RNAs is reported. In section 4.2.3, similar analysis of
MS2 capsid assembly reactions, albeit induced with RNA oligonucleotides is reported.
These results are then discussed with respect to the packaging mechanism of the MS2

genome and the sequence specificity underlying coat protein dimer quasi-equivalent
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conformer switching. The results presented in this chapter have contributed to two
manuscripts which have been submitted to peer-reviewed journals at the time this is

written: Rolfsson and Toropova et al. (2009) and Basnak et al. (2009).
4.1.1 Sedimentation velocity analysis

Molecules can be fractionated and characterised based on their sedimentation rate
under an applied centrifugal force. This type of analysis is referred to as sedimentation
velocity analysis (SV) and can be performed using an analytical ultracentrifuge. The
analytical ultracentrifuge is comparable to a preparative centrifuge, however it is
equipped with a laser light detection system that allows the direct measurement of the
sedimentation rate of macromolecules in solution. This is achieved by measuring the
change in the concentration distribution of a sedimenting particle over time (Figure 4-
1). When particles such as virus capsids sediment under a centrifugal force, a boundary
is formed which represents the concentration gradient formed during sedimentation.
The displacement of the boundary over time is dependent upon the sedimentation rate of
the molecule in solution and to a lesser extent its diffusion during sedimentation
(reviewed in Stafford, 1997; Lebowitz et al., 2002).

The method was largely developed by Svedberg in 1940. Although it has since
been surpassed in terms of speed and sensitivity, sedimentation velocity analysis is still
an important analytical method due to its versatility. Biological macromolecules of
nearly any size can be investigated within a broad range of buffer conditions and the
results are directly related to the molecular properties of the macromolecule based on
the physical postulates comprising hydrodynamic theory (Schuck, 2000). The
sedimentation rate of molecules is dependent upon molecular mass, shape and buoyancy
as implemented in the Svedberg equation (Figure 4-2). The frictional coefficient
implemented in the Svedberg equation connects the sedimentation rate of molecules to
their size and shape as defined in the Stokes-Einstein equation (Tinoco et al., 1995).
Sedimentation velocity analysis therefore allows characterisation of the hydrodynamic
properties of molecules by measuring their sedimentation rate (reviewed in Lebowitz et

al., 2002).
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Figure 4-1. Sedimentation velocity analysis. A) A Beckman XI-1 analytical
ultracentrifuge. The sliding top door on the ultracentrifuge allows access to a vacuum
chamber shown in B which houses a fixed angle rotor and a xenon flash lamp. The
rotor houses eight AUC centerpieces. Each centerpiece contains two sector shaped
compartments which hold the sample and reference buffer in dialysis equilibrium. A
centerpiece is shown in inset from the side and a top down view. C) A schematic of a
centerpiece is shown. The arrow indicates the direction of sedimentation. The
concentration distribution of a sample is obtained by measuring the absorbance at a
fixed wavelength by scanning the sector cells while the rotor spins. This produces a
sedimentation profile as an absorbance vs. radius plot where the radius represents the
distance from the axis of rotation. The absorbance profile describes the concentration
distribution of the sample within the sector shaped sample volume. D) Collection of
cedimentation profiles at different time points (Ty-T3) during sedimentation allows the
rate of sedimentation of a molecule to be calculated from the movement of the
sedimentation boundary over time. .
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Figure 4-2. Forces acting on a sedimenting particle in solution under an applied
centrifugal field. A) A particle, such as a virus capsid, in a centrifugal field is affected
bv a sedimentation force (Fy) which is proportional to the particle mass (m) and the
acceleration of the particle in the centrifugal field defined as angular velocity squared
times the radius (w°r). The buoyant force (Fy) opposes Fy and is proportional to the
weight of displaced solvent. F is proportional to angular acceleration, the mass and
partial specific volume of the particle (vbar, which is the inverse of density) and the
density (p) of the solvent. The driving force that causes the particle to sink is the
difference between F and Fy. As the particle sinks however it experiences frictional
drag (Fy witch is proportional to the particles frictional coefficient and sedimentation
velocity (u). Fyincreases with increased velocity of the particle and balances out the
driving force of sedimentation which results in the particle sedimenting at terminal
velocity. B) At terminal velocity the sum of the forces acting on the sedimenting particle
are zero (1). Rearrangement of the forces acting upon the particle produces the
quantity (u/w’r) which is referred to as the sedimentation coefficient (S). S has the
dimension of seconds but is expressed in Svedberg units, defined as 107 sec. The
Svedberg equation (2) shows that sedimentation rate is proportional to the mass and
buovancy but inversely proportional to the size/friction of a particle. The Stokes
equ'alion (3) can be combined with the Svedberg equation to allow estimation of the
degree of hvdration and shape of a sedimenting particle.

4.1.1.1 Sedimentation boundary analysis

The appeal of SV analysis has been boosted by the development of methods for
whole sedimentation boundary analysis. Traditionally, the sedimentation rate of a
particle has been identified by measuring the displacement of the boundary at its
midpoint (Stafford, 1997: Tinoco et al., 1995). Whole boundary analysis however

involves inspection of the displacement and shape of the whole concentration gradient
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during sedimentation. This is beneficial as it takes into account the transport properties
of molecules during sedimentation which ultimately affect sedimentation and allows
identification of all sample components simultaneously (Stafford, 1997; Schuck, 2000;
Howlett et al, 2006).

An example of boundary analysis is shown in Figure 4-3. For a fast sedimenting
homogenous sample which conforms to ideal behaviour during sedimentation, analysis
is straightforward. This is observed for a sample such as purified MS2 capsids as
shown in the top half of Figure 4-3 A which has concentration distribution profiles
which are well resolved and of similar shape over time. While the displacement of the
concentration boundary due to sedimentation is most obvious, the change in boundary
displacement is also caused by molecular diffusion which opposes the concentration
gradient formed during sedimentation. This results in spreading of the boundary during
sedimentation which can complicate data analysis. Boundary spreading is most
prominent at later stages during sedimentation when a large concentration gradient has
formed towards the bottom of the sample cell due to sample accumulation. This can be
observed in the top half of Figure 4-3 B. The spreading of the concentration boundary
is also attributed to non-ideal behaviour. For a highly negatively charged RNA
molecule this would correspond to increased electrostatic repulsion at later times during
sedimentation (Ralston, 1995).

Perhaps most crucially, the shape of the boundary during sedimentation is
informative of the sample composition. When particles of different size and molecular
weight sediment, the concentration gradient formed during sedimentation will reflect
the stoichiometry of the particles in solution producing a boundary shape that is
characteristic of the composition of the sample. This effect can be observed in the top
half of Figure 4-3 C where components which differ largely in molecular weight
sediment with different rates. SV analysis thereby allows the size distribution analysis
of sample components.

Sedimentation velocity analysis uses the strongly size dependent time course of
boundary migration to build a size distribution profile. As shown in Figure 4-3 B the
sedimentation profiles are however convoluted by the hydrodynamic properties of the
particles which complicates data analysis because it becomes more difficult to resolve
subpopulations of the size distribution. A whole boundary concentration distribution
model has been described by Peter Schuck (2000) which takes into account the effect of

boundary broadening due to diffusion. This model, referred to as the c(s) model, is
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fairly powerful in reporting the qualitative features of sample size distribution. The
model fits the sedimentation profiles to Lamm equation solutions which describe the
concentration distribution of a dilute sample sedimenting over time in a sector shaped
cell (Schuck, 2000). For a tutorial review see Lebowitz er al. (2002). The fitting model
is implemented in the computer program Sedfit (Lebowitz ef al., 2002) which allows
automatic computational analysis of sedimentation profiles. Figure 4-3 shows the size
distribution profiles obtained by fitting the sedimentation distribution profiles to the c(s)
model. The output of the fitting process is a c(s) plot which shows a continuous
concentration dependent sedimentation coefficient distribution over a region of selected
S-values. The model is dependent upon prior knowledge of the density of the solvent,
the partial specific volume of the sedimenting component and the shape of the molecule.
However errors in estimates of these properties do not affect the resolution of sample
components drastically if the components sediment with fairly different rates (Schuck,
2000).

The hydrodynamic properties of ssRNA viruses within the Levivirus genus are well
characterised (Boedtker and Gesteland, 1975). The sedimentation coefficients and
partial specific volume for both the MS2 phage and MS2 RNA have been determined by
Strausss and Sinsheimer (1963) and others (Overby et al., 1966; Fiers et al., 1967).
Density centrifugation, where sample components are analysed after centrifugation
through a density gradient, has also been used successfully to characterise MS2 capsid
assembly reactions with full length viral RNA (Sugiyama et al, 1967) as outlined in
section 1.91. The gel mobility shift assays of MS2 capsid assembly reported in chapter
3 did initially not provide good resolution of assembly reaction components.
Furthermore a gel filtration light scattering assay did not provide resolution between
reassembled capsids and aggregated material. It was decided to assay capsid assembly
reactions using SV applying the c(s) method to provide size distribution profiles of the

MS2 capsid assembly reactions with the sub-genomic MS2 RNAs described in chapter
3.
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Figure 4-3. Sedimentation velocity size distribution analysis with the ¢(s) model. The
top three plots show three examples of sedimentation profiles (black lines) for MS2
capsids (A). the 5" sub-genomic MS2 RNA (B) and a capsid assembly reaction (C).
They are shown here as an example in order to highlight macromolecular behaviour
dtu"ing sedimentation and the ability of sedimentation velocity to distinguish between
sample components. Large particles such as MS2 capsids sediment fast which is evident
from a wide boundary distribution (A). The 5'RNA fragment sediments slower which is
‘evident from the more tightly spaced concentration profiles (B). The individual
boundaries are however also spread out over a larger region within the sample cell as
compared to the MS2 capsid. This is due to the concentration gradient build up and
back diffusion during sedimentation. An assembly reaction produces sedimentation
profiles with a double S-like shape which correspond to a mixture of components (C).
The sedimentation profiles can be fit to a continuous size distribution c(s) Lamm
equation model (red traces) affording the sedimentation coefficient distribution plots
shown below. The capsid assembly distribution profiles clearly show two sedimenting
components which are well resolved on the c(s) plot.
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4.2 Results

4.2.1 Characterisation of the components of MS2 capsid assembly
by SV

In order to be able to assay MS2 capsid assembly reactions using SV it was
necessary to obtain the sedimentation coefficients of all the MS2 capsid assembly
components.  This entailed monitoring the size distribution of both the MS2 capsid,
CP, and all the genomic MS2 RNAs individually. These could then be used as standards

in the SV assays of MS2 capsid assembly reactions.

4.2.1.1 The MS2 capsid and coat protein

The sedimentation distribution profiles of the MS2 virion, the MS2 recombinant
capsid and the MS2 CP; were obtained by monitoring their sedimentation over time and
fitting the concentration distributions to the c(s) model as outlined in 2.2.12. This
allowed the characterisation of these components based on their sedimentation rate.
Figure 4-4 shows the sedimentation coefficient distribution plot obtained for these three
components. The identified sedimentation coefficients are given in Table 4-1.
Examples of sedimentationdistribution profiles of the components are shown in
Supplementary Figure 1 in the appendix.

The CP, was observed to sediment as a homogenous population with an S;,, of 2.3.
The CP; has previously been observed to sediment at 1.9 S in 20 mM acetic acid but at
2.3 S in TMK buffer at pH = 7.4 (Mr. Andy Baron, personal communication). The
sedimentation coefficient of the coat protein of the closely related Levivirus f2 has
similarly been reported as 1.9 S under acidic conditions (Matthews and Cole, 1972).
This difference in sedimentation rate suggests self association of the coat protein at
physiological pH and is consistent with the idea that the stable form of the CP is that of
a dimer (Beckett and Uhlenbeck, 1988; Stockley et al., 2007).

The observed Sy of the recombinant MS2 capsid was 65.8. This value
corresponds well with a previously determined in-house Sy, of 66.1 for recombinant
capsids (Mr. Andy Baron, personal communication). The MS2 virion sedimented faster
with an Syow of 75.1 which is most likely due to its higher molecular mass. It is unlikely
that the capsid sediments slower due to increased friction. Cryo-EM reconstructions of

recombinant MS2 capsids assembled with the TR operator and the MS2 virion indicate
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an identical diameter for these particles (Toropova et al., 2008). The MS2 virion has
previously been reported to have an Syw of 78.5-81 (Strauss and Sinsheimer, 1963;
Overby et al., 1966 Fiers, 1967). The lower sedimentation rate observed for the MS2

virion compared to these values is most likely due to different experimental conditions.
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Figure 4-4. Sedimentation coefficient distributions of the CP,, recombinant MS2
capsids and MS2 virions. The three components were analysed individually in assembly
buffer. The CP> was allowed to equilibrate for 3 h prior to analysis. The sedimentation
distribution plots were overlaid to produce the c(s) plot shown. The purified CP;
(black), capsid (red) and virion (blue) all sediment as fairly homogenous populations at
2.3 Soom, 65.8 Sap and 75.1 S, respectively. A small component sedimenting slightly
faster than the main peak can be seen in the capsid and virion samples indicating a
degree of self association. The virion is different from the recombinant capsid in that it
contains the A-protein and the full length MS2 genome. The recombinant capsid does
not have the A-protein and contains random cellular RNA. Due to these differences in
shape and mass, the MS2 virion sediments Jfaster than the recombinant capsid. Capsids
devoid of RNA have been shown to sediment with an S, of 45 (Mathews and Cole,

1972).

If a molecule of known mass and density is spherical and unsolvated its radius can
be calculated and inserted into the Stokes equation (Figure 4-2) to determine the
particle frictional coefficient (Lebowitz er al., 2002). This frictional coefficient (f;) will
be the smallest frictional coefficient that a particle of that molecular mass can have. F,
can be inserted into the Svedberg equation to calculate the maximum S value (Sinax) of
the particle. The ratio of Sma/Sebservea 1 equal to the frictional ratio of the particle (f/fy)
which is an indicator of particle hydration and shape. A f/fp = 1 will indicate a

completely spherical particle, a completely unsolvated molecule or both while a
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deviation from unity will indicate a degree of hydration or a non-spherical shape
(Tinoco et al., 1995). For the MS2 virion the Spax is 86. Along with the S;ow of 75.1
obtained for the MS2 virion the calculated f/f, is 1.14. This correlates well with the
spherical shape of the MS2 virion. The known molecular mass and frictional ratio can
be used to obtain the Stokes radius of the MS2 virion which was calculated at 11.6 nm.
Table 4-1 lists the frictional ratios of the MS2 recombinant capsid and CP,. Similar
frictional ratios and stokes radii were obtained for the MS2 recombinant capsid and the
virion, while the values are lower for the CP; as expected. The Stokes radius of the
MS2 virion is smaller than the radius observed by X-ray crystallography (13.75 nm)
(Golmohammadi et al., 1993). It is possible that this error is due to the estimates of the
density of the buffer and the estimation of the diffusion coefficient which is
implemented in the c(s) fitting of the data. The obtained frictional ratios and Stokes
radii are however intercomparable and indicate a similar size for the MS2 capsid and

virion which is consistent with previous reports.
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Table 4-1. The hydrodynamic properties of the MS2 capsid assembly reaction components. Sedimentation was monitored in 40 mM
ammonium acetate, 1 mM Mg(OAc),, pH= 7.2 at 20°C. The table shows the average experimentally observed sedimentation coefficients for the
MS?2 capsid assembly components (S.,) and the standard sedimentation coefficients corrected for buffer conditions, in water at 20 °C (S2q).
The estimated frictional ratio (f/fy), observed molecular weight (M.,) and calculated molecular weight (M..,,) are also shown. The observed and
calculated molecular weights are similar as indicated by Me/caie. Rs denotes the Stokes radius which is obtained from the M., and the fify. All
the RNAs were found to have sedimentation coefficients and R, proportional to their size. Including EDTA in the assembly buffer results in a
slower sedimentation rate of the larger RNASs.

Sexp S20w f/ f0 Mexp (kDa) 1\'Icalc (kDa) Mexp/ Mcalc Rs (nm)
MS2 Virion 74.6 £0.52 75:1 171 3663.2 3662.2 0.03 % 11.6
MS?2 capsids 65.4+2.0 65.8 152 3237.8 - - 11.7
CP, 253 L1017 2.3 1.4 27.6 2753 0.52 % 2.8
Virion RNA 25.7+1.48 25.8 3.0 1140.7 1148.3 0.66 % 18.4
Virion RNA+ 25 mM EDTA 2251531576 223 34 1140.7 1148.3 0.66 % 2153
5'RNA 20.4 +1.33 20.5 29 783.8 794.3 1.33 % 1'5:9
5'RNA + 25 mM EDTA 175351121 17.4 34 551 794.3 2.73.% 18.4
3'RNA 21.2+1.30 213 2:9 825.9 829.6 0.45 % 16.1
3'RNA + 25 mM EDTA 18.5+1.59 18.6 325 823.2 829.6 0.77 % 19.5
1IRNA 9.7 +£0.85 9.8 3:2 301.1 298.5 0.84 % 12.8
iRNA + 25 mM EDTA 10.6 £1.76 10.7 3.0 302.9 298.5 1.45 % 11.8
icRNA 9.7+ 047 957 321 285.2 281.1 1.45 % 1281
icRNA + 25 mM EDTA 10.5+1.43 10.5 2.9 290.5 282.1 3.26 % 114
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4.2.1.2 Characterisation of genomic MS2 RNA

The sedimentation rate of the MS2 virion RNA extracted from MS2 phage and the
MS?2 sub-genomic fragments were assayed with SV in a similar manner as described in
the previous section. The obtained sedimentation coefficients and calculated
hydrodynamic properties of these RNAs are given in Table 4-1. The sedimentation
coefficient distributions are shown in Figure 4-5. The alignment of the sub-genomic
RNAs to the MS2 genome is shown in Figure 3-11.

The MS2 virion RNA sedimented with a dominating component at 25.7 + 1.48 S.
The sedimentation rate of the MS2 genome has been reported previously at 25.5-28 S
dependent upon solvent, which is in good agreement with these results (Strauss and
Sinsheimer, 1963; Fiers, 1967). The sedimentation distribution plot indicated that the
RNA was not structurally homogenous. Sedimenting material observed as a shoulder
centered at 16.6 S was detected. This material corresponded to 20 % of the total
material. This peak is due to either conformational heterogeneity of the RNA or RNase
contamination prior to or during analysis. Fiers (1967) reported that the MS2 genome
sediments as three distinct populations at 16 S, 21 S and 27 S which he concluded was
due to contaminating enzymatic cleavage of the RNA. Strauss and Sinsheimer (1963)
reported the sedimentation coefficient of 14 S for the RNA denatured in formaldehyde
indicating that the slower sedimenting material could correspond to full length RNA.

The sub-genomic MS2 RNAs were observed to sediment slower than the full length
genome as expected based on their lower molecular mass. These RNA samples were
each dominated by a major species with an S-value proportional to its length and
corresponding to sedimentation coefficients of RNAs of similar size (Fiers, 1967;
Brosius et al., 1978; Brosius et al., 1980). The 3’ sub-genomic RNA had a wider
sedimentation distribution on average then the 5° RNA perhaps indicating a broader
distribution of conformational states. A fraction of the 3’- and iRNA samples were
observed to sediment slower than the dominating species, similar to what was observed
for the full length MS2 genome indicating a degree of conformational heterogeneity of
these RNAs. Every precaution was taken in order to avoid RNase contamination during
sample handling and RNAs were homogenous as observed by denaturing agarose

electrophoresis prior to analysis.
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Figure 4-5 Sedimentation coefficient distributions of the MS2 gem)»{i(' RNAs. The
RNAs were analysed in assembly buffer in the presence and absence of 25 mM EDTA.
The RNAs all sediment with S-values proportional to their length. The sedimentation
coefficients are given in Table 4-1. Removal of magncsi{ml ions by addition of EDTA to
the Aassembly buffer allowed assessment of the extent of tertiary structure of the RNAs.
Addition of EDTA results in the longer RNAs sedimenting more slowly.

In order to investigate the extent of tertiary structure in the genomic RNAs in
assembly buffer, the change in RNA population size distributions upon removal of
magnesium jons with EDTA was assessed. RNA structure has been shown to be
sensitive to Mg®™ which stabilises tertiary structure through charge neutralisation of the
phosphate backbone (Shcherbakova er al., 2008). The capsid assembly buffer contains
magnesium ions at 1 mM concentration. EDTA chelates Mg and it was therefore
anticipated that addition of EDTA to the assembly buffer would interrupt RNA tertiary
structure due to Mg:' stabilisation. Treatment with EDTA resulted in a 10-15 %
reduction in the observed Sy, values for the 5°-, 3~ and vVRNA with a corresponding

increases in the frictional coefficient and stokes radii. The slower sedimentation rate is
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suggestive of a more expanded RNA structure indicating that these RNAs have a
tertiary fold in assembly buffer that is partly dependent upon magnesium ion
concentration. The VRNA has previously been shown to be more compact at higher
Mg2+ concentrations by TEM under denaturing conditions (Jacobson, 1976). The iRNA
and icRNA were not observed to expand upon addition of EDTA.

The drop in sedimentation rates of the larger RNAs is not as significant as observed
for 23 S rRNA (2903 nt), which is similar in size to the 5°- and 3’RNA. Upon removal
of magnesium jons a 60 % decrease in sedimentation rate was observed with a
corresponding increase in frictional ratio (Yi and Wong, 1982). This difference
confirms the compactness of the MS2 genome due to the high degree of complementary
base pairing as compared with RNAs of similar length (Fiers et al., 1976; Yoffe et al.,
2008)

The frictional coefficient ratios of all the genomic RNAs analysed indicate a
hydrated or highly asymmetric RNA structure in assembly buffer. Interestingly, the
hydrodynamic radii of all the RNAs is larger than that observed for the virion and
capsid. These results indicate that encapsidation of these RNAs must involve

conformational rearrangement of their solution structures prior to or during capsid

assembly.
4.2.2 Analysis of MS2 capsid assembly by SV

Having successfully characterised the MS2 capsid assembly reactants and capsid
products based on their sedimentation rates, MS2 capsid assembly reactions could now
be investigated with SV. Capsid assembly was performed at increasing reaction
stoichiometries of CP2:RNA in assembly buffer and analysed after 4 h as described in
2.2.12.

Figure 4-6 shows the sedimentation coefficient distributions of MS2 capsid
assembly with each RNA fragment at reaction stoichiometries from 10:1 to 110:1 of
CP,:RNA. The amounts of sedimenting components corresponding to both RNA and
capsid in the assembly reactions are given in Table 4-2. As the protein concentration is
increased an increasing amount of RNA sedimenting with S values comparable to the
recombinant capsid is observed. These species had sedimentation coefficients of 62 -

63 S independent of the genomic RNA and correspond to the sedimentation rate of
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capsids reconstituted with VRNA which has been previously reported (Sugiyama et al.,

1967: Hohn, 1969; Mathews and Cole, 1972; Beckett and Uhlenbeck, 1987).
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Figure 4-6. Sedimentation coefficient distributions of MS2 capsid assembly reactions
initiated with the genomic MS2 RNAs. Normalised c(s) vs. S plots of capsid assembly
reaction components (two top-most plots) and of individual capsid assembly reactions
with each of the RNAs at increasing CP; concentrations after 4 h at 20 °C in 40 mM
ammonium acetate, 1 mM Mg(OAc),, pH = 7.2. The shorter RNA fragments promote
capsid formation at lower CP, concentrations than the longer RNA fragments
suggesting that it is harder to package larger RNAs into the volume of the capsid. The
apparent lack of intermediates supports a co-operative capsid assembly process. The
amount of sedimenting species corresponding to RNA and capsid are given in Table 4-
g
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Table 4-2. The observed quantities of RNA and capsids in the MS2 capsid assembly
reactions assayed by SV. The assembly reaction stoichiometry is shown in the leftmost
column. The numbers in each row represent sedimenting material corresponding to
either RNA or capsid reported as a percentage of the total sedimenting material at the
indicated reaction stoichiometry.

Capsid

Capsid

RNA  Capsid | RNA RNA RNA  Capsid
CP2:RNA (%) (%) (%) (%) (%) (%) (%) (%)
0 100.0 ; 100.0 § 100.0 . 100.0 -
10 89.8 . 84.0 - 89.3 10.6 79.5 12.1
30 §1.2 6.3 46.6 26.5 74.4 25.1 402 35.9
90 418 21.0 18.5 49.5 14.6 50.7 0.0 443
110 0.0 477 0.0 56.6 0.0 50.4 0.0 55.4

Few species were observed that sedimented with intermediate S-values between the
genomic RNA and the capsid product. Those that did could not be detected in a
reproducible manner. ~ An exception to this was the sedimenting component
corresponding to the iRNA which sedimented faster at increasing CP, concentrations
perhaps indicating an RNA-CP; assembly intermediate complex. A similar change in
sedimentation rate of the peaks corresponding to other genomic RNAs was not
observed. At higher concentrations of CP», assembly products sedimenting faster than
the MS2 capsid became visible, most likely corresponding to capsid-like aggregates as
observed by TEM and described in the previous chapter. The results are consistent with
the conclusions from the GEMSA assays and are suggestive of a co-operative capsid
assembly process.

The RNAs are packaged with different efficiencies as judged by their ability to
promote formation of species sedimenting at the same rate as the 7 = 3 capsid. The
iRNA is packaged most efficiently. Capsids were detected at low CP2:iRNA reaction
ratios and all of the iRNA was protein bound at a reaction ratio of 90:1. The 5°- and
3'RNAs also promoted capsid assembly at low CP,:RNA ratios, however at 90:1, more
species corresponding to free RNA could be observed as compared to the iRNA. The
vRNA was least efficient at promoting capsid assembly. Fewer capsids were detected
sedimenting at 30:1 and 90:1 as compared to the sub-genomic RNAs. These results
suggest that the efficiency of encapsidation is inversely proportional to the length of the
RNA. This is consistent with the GEMSA assays of capsid assembly. The implication
of these results together with the obtained hydrodynamic radii of the assembly

components suggest that the MS2 genomic RNA is folded into the MS2 capsid during
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capsid assembly and is therefore not a prefolded structural scaffold upon which capsid
assembly takes place.

Similar to the GEMSA results, few differences were observed between the 5° and
3'RNAs which suggested a difference in their ability to promote capsids dependent
upon their sequence and/or structure. The icRNA and the iRNA, which are of similar
size, also appeared to promote capsid formation with similar efficiencies (Figure 4-7).
The lack of the TR operator does not appear to affect the ability of genomic RNA to
produce capsids consistent with the idea that various stem loops are capable of inducing
capsid assembly (Beckett and Uhlenbeck, 1988; Koning er al., 2003; Toropova et al.,
2008). The observed lack of sequence specificity indicates that CP, folds MS2
genomic RNA in a manner which is independent of the genomic sequence. The results

do not suggest that assembly is independent of RNA sequence in general.
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Figure 4-7. SV assay of icRNA confirms that RNAs lacking the TR operator promote
capsid assembly. Normalised sedimentation distribution plots of the iRNA and the
icRNA show that the absence of the TR operator does not result in a reduced ability to
promote MS?2 capsid formation. The icRNA confirms that smaller RNAs are p a(‘kc;ge d
more efficiently than larger RNAs.
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The sedimenting species corresponding to the T = 3 capsids all sedimented with
similar rates independent of the RNA packaged and slower than the MS2 virion. The
difference in sedimentation rate of capsids reconstituted with the vVRNA and MS2
virions is thought to be due to the absence of the A-protein (Sugiyama et al.,1967) and
the possibility that RNA protrudes from the particle which results in frictional drag
during sedimentation (Hohn, 1969). The RNase cleavage assay reported in section
3.2.2.6 does not indicate whether this is the case. A difference in gel mobility shift
would be expected if a large portion of the RNA protruding from the capsid would be
excised. This is not clear from Figure 3.19. In order to investigate this, assembly
reactions with the 5° RNA at 110:1 CP2:RNA were treated with RNase A in a similar
manner as before and assayed with SV. The results from these reactions were
unfortunately not conclusive. Reaction controls of 5° RNA in the absence of both
RNase A and CP; was slightly degraded, however capsid products sedimented slightly
slower in the presence of RNase compared to in its absence (data not shown). This
suggests that the reconstituted MS2 RNA capsid products are not completely
ribonuclease resistant and that RNA could protrude from the capsids. The RNA could
however also be susceptible to ribonuclease due to temporary expansion of the capsid or
loss of CP, subunits from the capsid. The RNase susceptibility of the reconstituted
capsids correspond with results which have indicated that capsids, containing genomic
length RNA are not ribonuclease resistant in the absence of the A-protein (Lodish et al
1965; Argetsinger and Gussin, 1966).

The c(s) sedimentation distribution model which was used to fit the data is strictly
applicable to non-interacting species showing ideal behaviour. During fitting of the
sedimentation velocity profiles an identical frictional ratio was used in fitting of all the
data. If the RNAs protrude from the reconstituted capsid the frictional coefficients will
be different for the different RNAs. Further investigations will have to be performed in
order to understand how the reconstituted capsids are associated with different RNAs.
An interesting experiment which would show whether the RNA is indeed fully enclosed
in the particle would be to obtain electron micrographs of capsids reconstituted with an
RNA that is end labelled with a heavy metal such as gold. The electron micrographs
would then give ideas about the location of RNA termini. MS2 capsids have been
successfully reconstituted with the TR operator which has been end labelled with a gold

nanoparticle (Atul Mohan personal communication).
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4.2.2.1 Ethidium bromide inhibits folding of MS2 genomic RNA

An obvious consequence of the structural rearrangement of the RNA that must
occur during encapsidation is that reagents preventing or inhibiting RNA folding should
reduce packaging efficiency. To test this idea, capsid assembly reactions were
performed in the presence of ethidium bromide (EtBr). EtBr intercalates between
nucleotide base pairs (Waring, 1965; LePecq and Paolotetti, 1967) which results in
distortion and stiffening of DNA and RNA structure by inducing a change in sugar
pucker, glycosidic torsional angle and phosphodiester torsional angles (Sobell et al.,
1977; White et al., 1987). The final result is a distorted RNA structure which should
form MS2 capsids less efficiently than in the absence of EtBr. This is indeed what was
observed (Figure 4-8 and 4-9).

MS?2 capsid assembly with the 5° RNA fragment was monitored with SV analysis
and GEMSA in the presence of EtBr at a 30 uM concentration. The concentration is
close to the saturating concentration of EtBr bound to RNA at the genomic RNA
concentration used in the assembly experiments and corresponds to one EtBr molecule
bound every 5-10 nucleotides as observed by fluorescence binding measurements of
total rat liver ribosomal RNA and tRNA (Waring, 1965; LePecq and Paolotetti, 1967,
Bittmann, 1969).

In the presence of EtBr the 5’ sub-genomic RNA sedimented at 19.1 + 0.9 S
compared to 20.4 + 1.3 8 in the absence of EtBr which correspond to average Sy, of
19.2 and 20.5, respectively. An increase in frictional ratio from 2.9 to 3.1 and an
increase in hydrodynamic radius by 2 nm was estimated based on the sedimentation
rates. These values perhaps indicate a slightly expanded RNA conformation in the
presence of EtBr, however the c(s) model does not take into account the change in
buffer density and viscosity upon addition of EtBr.

In the presence of EtBr assembly becomes notably less efficient. Many fewer
capsids are observed to sediment at a 90:1 CP,:5’RNA reaction stoichiometry in the
presence of EtBr. Similarly, few if any capsids are detected with the GEMSA in the
presence of EtBr. These results suggest that RNA packaging becomes more difficult
due to inhibitory effects induced by binding of EtBr to RNA and is consistent with the

idea that an RNA conformational change accompanies genome packaging.
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Figure 4-8. The 5’ RNA is folded into the volume of the MS2 capsid. Normalised c(s)
vs. S plots of capsid reassembly reactions at increasing CP;:5'RNA ratios in the
presence and absence of 30 uM EtBr which corresponds to one EtBr molecule bound
every 5-10 nucleotides. The RNA sediments slowler in the presence of EtBr. Capsid
assembly is notably less efficient in the presence of EtBr. This suggests that EtBr
restricts the RNAs capability to adopt a structural conformation that can be packaged
into the capsid.
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Figure 4-9. GEMSA assay of capsid assembly with the 5° RNA fragment with and
without 30 UM EtBr. The numbers above each lane indicate the molar ratio of CP; to
5'RNA. Recombinant capsids are indicated with a C. In the presence of EtBr no
material migrating at the same position as the capsid is observed. The GEMSA assay

confirms the SV analysis and indicates that EtBr inhibits capsid assembly.



4.2.3 Stem loops other than TR promote capsid assembly

A molecular mechanism in which quasi-equivalent control of the A/B and C/C CP,
conformers is achieved during capsid assembly has been proposed (Stockley er al.,
2007). The 19 nt stem loop operator TR has been shown to act as a molecular switch
which upon binding to CP; induces a conformational change from a symmetric C/C like
dimer to an asymmetric A/B like dimer (see section 1.9.2). The TR operator is however
only present in a single copy in the MS2 genome and therefore, in principle, multiple
switching events are required to generate the MS2 phage capsid. Since coat protein
dimers bind only to RNA with secondary structure (Romaniuk et al., 1987) the
assembly experiments with the icRNA assayed by AUC and GEMSA suggest that stem
loops are present within the MS2 genome that are capable of inducing a CP,
conformational change in a similar manner as TR. In order to investigate the sequence
dependency of quasi-equivalent conformer switching, MS2 capsid assembly was
investigated by SV using RNA stem loops different from TR. These experiments were
part of a dedicated group effort wherein the efficiency of different stem loops to induce
capsid assembly was monitored with gel filtration light scattering (GFLS), TEM, and
mass spectrometry.

MS2 capsid assembly was monitored in the presence of three RNA stem loops in
addition to TR (Figure 4-10). These RNAs correspond to two RNA aptamers (F6 and
F7) that are known to bind CP; at the same site as TR but with less affinity (Rowsell e
al., 1998; Lago et. al., 1998) and the translational operator of the Allelovirus QB. The
QB stem loop is functionally equivalent to TR but is discriminated against by MS2 CP,
in vivo and is a poor binder in vitro (Ling et al., 1970; Horn et al., 2006).

The RNAs were analysed using sedimentation velocity analysis in a similar manner
as before. The obtained S values and estimated hydrodynamic properties are given in
Table 4-3. The sedimentation coefficient distributions of the RNAs are shown in
Figure 4-11 (second from top). The oligonucleotides sedimented with Saow values
between 2.0 and 2.28 indicating that these RNAs are homogenous under these
conditions. The F6 aptamer sedimented faster than the other oligonucleotides despite
having the lowest mass, perhaps indicating a more compact structure as compared to

TR, F7 and Q.
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Figure 4-10. The RNA oligonucleotides used to study the sequence specificity of
quasi-equivalent conformer switching. The stem loops are different in nucleotide
sequence, length, hairpin size and with respect to the presence of a bulged adenine. TR
F6 and Qb are also different in that a different number of base pairs separates the
bulged adenine from the loop.

Table 4-3. Hydrodynamic properties of the oligonucleotide series. The
oligonucleotides were analysed in assembly buffer at 4 °C by SV at 40000 rpm. The
table is similar to Table 4-1 and shows the observed sedimentation coefficients and the
estimated hydrodynamic properties of the capsid assembly components.

Mexy/
Se"p Saow f/fo Mexp (kDa) Mcalc (kDa) Mcalc Rs (nm)

TR 204£009 205 L1 590 6.05 0.8 21

F6 226+0.17 228 10 590 445 327 1.08

F7 203+0.16 207 10 496 448 106 1.0l

QF 199007 200 12 630 6.37 .1 1.32
Capsid 65420 658 12 = 3237 C i 1174

CP,  23+017 232 14 216 2745HER 0152 sl 2 84

MS2 capsid assembly was performed with the RNA stem loops in a similar manner
as described for the genomic RNAs. A notable difference however was that the samples
were incubated at 4° C in order to emulate similar reactions assayed with mass
spectrometry and GFLS. In addition, samples were spun subsequently at 17000 rpm
and 40000 rpm in order to characterise the slow sedimenting RNA oligonucleotide
species which sedimented too slowly at 17000 rpm for analysis. An intermediate rotor
velocity could not be used because the assembled capsids sedimented too fast at rotor
speeds above 17000 resulting in too few sedimentation boundaries for SV analysis. The
sedimentation profiles from the two runs were fitted independently to the continuous
sedimentation coefficient distribution model and then normalised with respect the

amount of sedimenting material at the two different rotor speeds. Figure 4-11 shows
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the combined sedimentation coefficient distribution plots of capsid assembly reactions
with the four RNA stem loops. For S-values below six, results from SV at 40000 rpm
are shown. For S-values above thirty, results from SV at 17000 rpm are shown. No
species sedimenting between 5-30 S were detected in a reproducible manner. The
sedimentation coefficients of identified components are given in Table 4.4. The
amounts of capsid-like products formed with the RNA stem loops are given in Figure
4-12.

The SV assays of capsid assembly show that at a stoichiometric equivalent of CP,
to RNA, two dominating species are detected in all assembly reactions which sediment
faster than both the corresponding RNA stem loop and the free CP,. The slower
sedimenting species observed at 2.3-2.9 S, most likely correspond to ribonucleoprotein
complexes similar to the CP,-TR complex which has been detected by filter binding
assays (Beckett and Uhlenbeck, 1987) and non-covalent mass spectrometry (MS)
(Stockley et al., 2007). CPz;RNA complexes have similarly been detected by MS in
assembly reactions initiated with the non-cognate stem loops (Basnak et al., 2009).
Upon addition of a second stoichiometric equivalent of CP, these species sediment
faster at 3.0-2.6 S suggesting that the composition of the sedimenting ensemble
component has changed. This is consistent with the idea that even when the amount of
RNA that is encapsidated is taken into account (Figure 4-12), CP; is saturated with
RNA at a 1:1 reaction stoichiometry while the reverse is true at a 2:1 reaction
stoichiometry. The different sedimentation rates of these species at the two reaction
ratios reflect this.

The similar sedimentation rates of the slower sedimenting complex formed during
assembly with the stem loops suggests they promote assembly in a similar manner to
TR. This was confirmed by mass spectrometry. The non-cognate stem loops were
observed to promote formation of assembly competent capsid assembly intermediates in

a similar manner as reported for TR (Basnak et al., 2009).
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Figure 4-11. Normalised sedimentation coefficient distributions of MS2 capsid
assembly reactions initiated with TR, F6, F_7 and Qff. Assembly reactions were
perﬁ)rmed in assembly buffer and incubated for 4h at 4°C prior to analysis. The
sedimentation coefficient distributions of CP», capsid and virion and the RNA stem
loops are shown for comparison on the two upper c(s)‘ vs. S plots.  Upon addition of
CP>, the species corresponding to RNA sediment faster and have sedimentation
coefficients of 3.0-3.6 at a 2:1 reaction stoichiometry consistent with the formation of a
CP}-RNA complex. Products with sedimentation ‘coq[/iciems similar to recombinant
capsids are detected at 5 0-63 S. More capsids are formed at the reaction ratio of 2:1.

Table 4-4. Sedimentation coefficients of identified components in the assembly
reactions induced with RNA stem loops. The table shows the S-values of the slow
sedimenting species (CP>-RNA) and the capsid at 1:1 and 2:1 stoichiometric ratios of
C P:R/VA

TR

1:1 2:] 1k 2zl 1:1 2:1 151 2:1
2.840.2 3.6+0.1 2.740.3 3.240.5 2.6+0.3 3.0+0.4 2.3+0.1 3.1+0.1
53.0+4.0 | 55.844.6 | 56.5+1.7 | 62.9+2.8 | 53.3+4.9 | 554439 | 499+]1.8 | 52.4+3.8

Component
CP:-RNA
Capsid
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Figure 4-12. SV quantification of the capsids produced with the RNA stem loops. The
bar chart shows that all the oligonucleotides promote capsid assembly to a similar
degree over the 4 h incubation period at the same reaction ratios. The error bars
represent standard deviation from average of at least two assembly reactions.

A second, faster sedimenting species was also detected in all the assembly
reactions. These species sedimented at rates between 49.9-62.9 S dependent upon the
RNA oligonucleotide and the CP2:RNA reaction ratio. These S-values are similar to
that of the recombinant capsid (65.4 S) and correspond well with the sedimentation
coefficient of 53 S obtained by Beckett and Uhlenbeck for capsids, reconstituted with
TR (Beckett and Uhlenbeck, 1987). TEM micrographs of the larger assembly
component isolated by GFLS further suggest that these faster sedimenting species
correspond to capsids (Basnak ez al., 2009).

Figure 4-12 shows the amount of capsids formed in the assembly reactions.
Strikingly, these data show that the RNA stem loops all promote capsid assembly with
similar efficiencies and that there are few, if any, differences between the four stem
loops, even at a 1:1 reaction stoichiometry, after incubation for 4 h. For TR this was
unexpected because the results suggest that the kinetic trapping effect which occurs
upon binding of CPy to TR and inhibits assembly of capsids at a 1:1 stoichiometry due
to the lack of C/C like dimers in solution, is not observed after an incubation period of 4
h. After 4h it appears that the kinetic trapping effect of the A/B dimer like CP>-TR
complex has been relieved.

The implications of these finding for capsid assembly become clear when the
kinetic effects of these RNAs are investigated. Interestingly, gel filtration coupled light

gcattering assays of assembly reactions under similar conditions showed that the three
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non-cognate stem loops are all better initiators of capsid assembly than TR. Many more
capsids are observed to form at early time points during assembly with F6, F7 and QP as
compared to TR (Basnak ef al., 2009). This suggests that the kinetic trapping effect,
observed at early time points during assembly with TR, is not emulated with the non-
cognate stem loops and that the efficiency in which RNA stem loops in general promote
capsid formation is modulated by their affinity for the CP,. If binding of all the non-
cognate RNA stem loops causes a conformational change from a C/C like to an A/B like
dimer then lower affinity binding will result in more C/C type dimers being present in
solution due to faster dissociation of the CP,-RNA complex. Because capsid assembly
must proceed in the presence of both types of quasi equivalent dimer, this explains why
the non-cognate stem loops are better initiators of assembly than TR. The higher
affinity of TR as compared to the stem loops results in a lower C/C dimer concentration
because more dimers will be saturated with TR resulting in the A/B dimer conformation
dominating in solution (Basnak et al., 2009). With respect to genomic length RNA,
these results are consistent with the idea that multiple stem loops can trigger the

assembly reaction, even RNAs that have very low affinity for the CP,.
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4.3 Discussion

The manner in which ssSRNA viruses, enclose their genome within icosahedral
capsids is not understood in detail. The results reported in this chapter give valuable
insight into the dynamic behaviour of the RNA genome during ssRNA virus capsid
assembly.  Monitoring MS2 capsid assembly with analytical ultracentrifugation
provided good resolution of assembly reaction components which allowed to assess the
effect of RNA size and sequence on capsid assembly. These experiments highlighted
important aspects of the MS2 capsid assembly mechanism. Firstly, MS2 genomic RNA
must be folded into the volume of the capsid during assembly. Secondly, various stem
loop structures are capable of controlling quasi-equivalent CP; conformations. Together
these results suggest that quasi-equivalent conformer switching occurs
throughout/during assembly. The results highlight the already multifunctional roles of
viral RNA. Its function is not restricted to encoding protein products, serving as a
template for its own replication and to “isolated” coat protein recognition events. The
genome functions as a whole, as a dynamic structural scaffold upon which capsid
assembly takes place. Beyond MS2, these results offer new insight into the roles of
RNA in ssRNA virus assembly and suggest a possible route to novel therapeutics

capable of binding but misfolding RNA.
4.3.1 MS2 RNA has an active role during MS2 capsid assembly

The GEMSA assays of capsid assembly reported in chapter 3 had suggested that
assembly induced with genomic MS2 RNA was co-operative and that there was a size
constraint on the packaging efficiency of genomic RNA. These effects were confirmed
by analysing capsid assembly by analytical ultracentrifugation. The size constraint
implies that it is more difficult to package larger RNAs into the volume of the capsid
than it is smaller RNAs. The different hydrodynamic radii of the MS2 genomic RNAs
and the observation that they are all larger than the MS2 capsid offer clues as to why
this is the case. The hydrodynamic radii of the sub-genomic RNAs in assembly buffer
indicate that a conformational change is associated with packaging the genomic RNAs.
The larger hydrodynamic radii of the MS2 genome and the MS2 sub-genomic RNAs as
compared to the MS2 capsid suggest that the CP, induce this conformational change.

Coat protein dimers therefore have RNA chaperone activity (Weeks et al,, 1997) and
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fold the RNA into the volume of the capsid. The RNA packaging process is distinct
from RNA folding which is predominantly dependent upon nucleotide base-pairing to
stabilize RNA tertiary structure (Tinoco and Bustamante, 1999; Scherbakova et al.,
2008). Folding of the genome is further suggested by the findings that capsid assembly
becomes less efficient in the presence of EtBr. This indicates that EtBr intercalation
inhibits the RNAs ability to adopt a conformation compatible with the volume of the
capsid interior. This idea implies that the length dependence of RNA packaging is
related to the higher energy barrier associated with packaging larger RNAs due to the
need to bring more negatively charged phosphodiester groups into close proximity
and/or the greater variety of conformational space which needs to be sampled by larger
RNAs in order to fit inside the capsid.

Interpretation of the length dependence of packaging efficiency can however also
be dependent upon whether the RNAs are all packaged with the same or with different
folds. Cryo-EM reconstructions of the capsid assembly products induced with the sub-
genomic MS2 RNAs suggest that their tertiary structure within reconstituted capsids is
similar. This implies that the sub-genomic RNAs adhere to a tertiary structural template
within the capsids which, interestingly, is observed to be defined by interactions with
the CP; at specific positions in the capsid shell (Figure 4-13). The ordered electron
density which is not due to the protein capsid is observed surrounding the capsids
icosahedral 5-fold axes in all the assembled capsids (Toropova, 2009; Rolfsson and
Toropova, 2009). This is consistent with RNA induced quasi-equivalent conformer
switching occurring at the A/B dimer positions in the capsid (Stockley ez al., 2007;
Toropova et al., 2008) and the observations reported in this chapter that variaties of
stem loops can trigger this effect.

The sizes of the sub-genomic MS2 RNAs were initially selected as they, in
principle, corresponded to the size of genomic RNA seen in two shells of RNA density
in the structure model of the MS2 virion (Figure 1-15). All the sub-genomic structure
models showed little density attributed to RNA which was not in close contact with the
capsid interior i.e. no inner RNA shell was visible. Possible reasons for this are that the
sub-genomic RNAs are packaged with different RNA structures from that of the virion.
A cryo-EM reconstruction of capsids reconstituted with vVRNA however showed that the
inner shell is reformed suggesting that the tertiary structural arrangement of RNA within
in vitro assembled capsids and MS2 virions is similar. Perhaps the lack of an inner shell

with the sub-genomic RNAs therefore represents a greater disorder of the RNA
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segments which take part in forming the inner shell (Toropova, 2009; Rolfsson and
Toropova, 2009). Given a requirement for quasi-equivalent conformer switching, a
large proportion of the sub-genomic RNAs would however be expected to be in contact
with the capsid as roughly 2/3 of the RNA in the MS2 virion are located in the outer

shell (Toropova et al., 2008).

1 3569 1 2469 3569 1 1419 2346 3569 1 992 o
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Figure 4-13. The MS2 sub-genomic RNAs interact with the capsid interior in a
manner which is consistent with quasi-equivalent conformer switching. Cryo-EM
reconstructions of MS2 capsid assembly products at 16-18 A resolution as viewed down
the 2-fold axes of icosahedral symmetry. The rear half of each structure model is
shown. The MS2 virion is shown for comparison on the left, with the inner shell of RNA
density removed. All the capsids are similar in the protein capsid region. Electvon
density which can be associated with the sub-genomic RNAs is located pre-dominantly
beneath A/B type coat protein dimers. This is evident as a ring of density surrounding
the icosahedral 5-fold axes. There is less electron density observed beneath the C/C
dimer positions which reflects little RNA occupancy at these positions. This suggests
that genomic RNA controls CP> conformation throughout the capsid assembly process.
Crvo-EM reconstructions of the capsid assembly products were obtained by a
co}lah()raring PhD student Katerina Toropova. The figure is modified from Rol /\ oz
and Toropova, 2009. [

Together with the SV results, the cryo-EM reconstructions suggest that both the
RNA and the CP; act as chaperones of each others conformation! During assembly the
RNA is therefore folded by the CP> while at the same time the genomic RNA controls
the quasi-equivalent conformation at A/B dimer positions. These results strongly
suggest a nucleotide template, beyond isolated packaging signal recognition, that could
help promote efficient capsid assembly. It therefore appears that global RNA structure

has an active role in capsid assembly. The precise positioning of RNA stem loops
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within the genome could act to facilitate capsid formation by bringing CP; with the
correct conformations into close proximity with one another throughout the assembly
process.

Support for this idea has been obtained by monitoring MS2 capsid assembly
induced with oligonucleotide variants of TR which contain nucleotide extensions in
cither the 5° or 3’ direction. GFLS and MS assays show that increasing the length of
TR in either the 5> or 3’ direction to incorporate an adjacent stem loop, positively
affects the rate of capsid formation (see Figure 1-11 B for nucleotide structure adjacent
to TR operator). If however the nucleotide extensions are non-cognate, capsid assembly
becomes inefficient and aggregate formation dominates (Basnak et al, 2009).
Furthermore, in Basnak ef al. (2009) an oligonucleotide variant of TR with an extension
in the 5° direction was shown to differentiate between capsid assembly mechanisms,
capsid assembly occurring preferentially through the 3-fold hexamer of dimers rather
than the 5-fold pentamer of dimers (Figure 1-14). These results confirm the scaffolding

nature of genomic RNA and suggest that genomic RNA can direct capsid assembly.
4.3.2 Assembly can be inhibited

The experiment with EtBr demonstrates that reagents that alter the stiffness or
structure of viral genomes reduce RNA packaging efficiency. This is an important
result. The implication is that small molecular inhibitors, such as complementary
oligonucleotides or aminoglycoside derivatives which are capable of binding and
inhibiting correct folding of genomic RNA, could act as novel anti viral therapeutics
(Turner et al., 2006; Ironmonger ef al., 2007; Rolfsson et al., 2008). These could
represent potential clinical tools since incompletely assembled virions could be
jmmunogenic but non-infectious. Similarly, RNA mimics that encompass viral coat
protein binding sites could be effective anti-viral agents because they would either trap
coat proteins in unproductive aggregates or redirect the normal assembly pathway. It
appears that viral RNA and its protective coat proteins have to make very many precise
interactions with each other, and if such contacts occur improperly anywhere during the
assembly process the formation of infectious progeny virus could be impaired. Few
current therapeutics target viral capsid self-assembly pathways while none target the
viral RNA directly. Reagents with such potential could prove successful at inhibiting

viral assembly pathways.
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The results discussed here suggest that there is a network of RNA stem loop
structures capable of quasi equivalent conformer switching at defined positions within
the MS2 genome. The requirement for quasi-equivalent conformer switching at precise
positions within the RNA genome must constrain the assembly process in such a way
that only RNAs with solution structures which have a defined spacing of stem loops
which allow correct conformer switching are packaged efficiently. The observed length
dependence on RNA packaging efficiency could therefore be dependent on the structure
of the MS2 RNAs prior to assembly. Knowledge of the exact binding positions of the
CP, to the RNA genome could provide further understanding of how the genome
contributes to capsid assembly and would be beneficial for understanding the topology
of the RNA fold within the virion. In the next chapter, experiments are reported where
the solution structures of the sub-genomic RNAs were compared to the structure of the

MS2 genome inside the virion in order to address these ideas.
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5 Comparison of MS2 RNA structure in virion vs. in vitro

5.1 Introduction

The results reported in chapter 4 along with the cryo-EM reconstruction of
assembly products (Toropova, 2009) suggest that genomic RNA folds into a complex
structure within the capsid which is defined by RNA-coat protein interactions at the A/B
dimer positions within the capsid. This indicates that capsid assembly is a mutually
induced process where RNA acts to control coat protein conformers while the coat
protein dimers act as chaperones that fold the RNA into a structure capable of fitting
inside the 7= 3 capsid.

This type of assembly model raises two interesting series of questions. Firstly, does
the observed RNA length-dependence on packaging efficiency depend upon how easily
the sub-genomic RNAs adopt an assembly competent tertiary structure? Their ability to
attain such a structure would in turn be dependent upon the type of structural
rearrangement required for efficient packaging (Figure 5-1). In other words, do the
sub-genomic RNAs share a similar secondary structure in solution and is this structure
conserved within the virion?

Secondly, the proposed assembly mechanism implies that there are multiple stem
loop structures within the MS2 genome capable of inducing a conformational change
from a C/C to an A/B type dimer both of which comprise the MS2 capsid. Figure 5-1
gives an example of two minimum energy structure predictions of the MS2 genome.
Although mfold is not accurate at predicting long RNA structures (Zuker et al., 2003;
Deigan et al., 2009), it is obvious from these predictions as well as from the secondary
structure proposed in Fiers et al. (1976) (Figure 1-8) that there are multiple secondary
structure elements within the genome that could induce allosteric conformer switching.
The ability to map coat protein dimer binding positions within the RNA genome would
be beneficial for understanding the RNA fold within the capsid.

This chapter describes results wherein the susceptibility of RNA to lead ion induced
hydrolysis was used to compare the structures of the three MS2 sub-genomic RNAs in
vitro to that of the virion RNA residing within the MS2 phage (in virion). In section
5.2.1, a 740 nt genomic region, shared within all the RNAs, is compared based on lead

jon induced cleavage positions within each RNA, as assayed with polyacrylamide
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sequencing gels. In section 5.2.2, results from similar lead ion structure probing
experiments are reported as assayed using high-throughput capillary electrophoresis.
These results are then discussed with respect to the solution and virion RNA structure
and its implications for capsid assembly. Additionally the ability of these assays to map

coat protein dimer binding sites within the RNA genome are explored.

™

Figure 5-1. How does RNA folding affect RNA structure? Folding of the MS2 genome
implies a change in RNA tertiary structure during RNA packaging. Depending on
whether or not the RNA structure is conserved in the virions, the packaging could also
induce a change in RNA secondary structure. This would depend on whether the
genome can be directly folded from an RNA secondary structure in solution that is
conserved within the capsid (1) or if structural reorganisation of the RNA genome is a
prerequisite for RNA encapsidation (2). A structural comparison of genomic RNA in
vitro and genomic RNA in virion would indicate whether RNA packaging is
accompanied by RNA secondary structure reorganisation and thereby provide insight
into whether the genome structure is conserved in virion. The RNA structures shown
here are minimum energy structure predictions of the MS2 genome from the program
mfold and have a free energy difference of 7 kcal/mol. They are depicted to highlight the
type of structural rearrangement that might occur during RNA packaging. Mfold
predicts a further 9 structures which differ in minimum free energy of 7 kcal/mol or
less.
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5.1.1 RNA structure probing and lead ion hydrolysis

RNA structure can be investigated by using a plethora of enzymatic and chemical
probes, each capable of cleavage or modification of RNA in a manner which is often
sequence and/or structure specific. The reactivity of nucleotides within an RNA
molecule towards these reagents reflects their immediate structural environment. This
is because nucleotide reactivity is governed by steric factors conferred by RNA
structure or a bound RNA ligand, which ultimately affects reaction rates. The mapping
of nucleotide positions within an RNA molecule with respect to their reactivity towards
probes with distinct RNA cleavage or modification specificities therefore provides
information on RNA structure (reviewed in Moine et al., 1998).

The best known method of probing RNA structure is by sequence specific
ribonuclease digestion. For example, ribonuclease T1 cleaves RNA specifically at the
3* side of unpaired guanines while ribonuclease V1 cleavage is specific for helical
RNA. The parallel use of these ribonucleases thereby allows the discrimination
between nucleotide environments and allows the elaboration of RNA structure models.
The MS2 genome structure was originally characterised in vitro by chemical analysis of
oligonucleotide products obtained by partial digest of the RNA with ribonuclease T1
(Figure 1-8) (Fiers et al., 1976). Obviously structure probing of viral genomes in virion
with ribonucleases is not possible as capsids render the genome nuclease resistant.
Capsids such as MS2 with large pores at the 5- and 3-fold icosahedral axes are however
permeable to small molecules (Valegérd et al., 1994).

A range of small organic compounds have been identified that selectively modify
nucleotides. Their mechanism of action often relies on selective chemical modification
of purines and pyrimidines which inhibit nucleotide base pairing and allow their
position within an RNA molecule to be determined using reverse transcription (see
below). The central region of the MS2 genome has been structurally probed in virro
using a combination of chemical and ribonuclease probes (Skripkin ef al., 1990) which
afforded results similar to those obtained by Fiers (1976). In addition to small organic
compounds, RNA structure can also be investigated using divalent metal ions.

RNA is hydrolysed upon treatment with divalent metal ions. The best studied
examples are lead ions (Pb*") which were first observed to depolymerise RNA sequence
specifically and in a concentration dependent manner by Farkas (1968). Lead ions were

later shown to bind and cleave tRNAM™ in a structure dependent manner (Werner et al.,
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1976; Brown et al., 1983). Since then they have been utilised in structure probing of
various RNAs and found use in mapping divalent metal ion binding sites (reviewed in
Kirsebom and Ciesiolka, 2005).

Lead ions cleave RNA in two ways that are distinguished by their efficiency of
RNA hydrolysis, although the mechanism of cleavage of the phosphodiester bond is
essentially thought to be the same (Figure 5-2). In the first case, phosphodiester bonds
are cleaved efficiently and with high specificity at low lead ion concentrations (<100
uM). These cleavages are associated with tight metal ion binding sites that co-ordinate
the lead hydrate allowing optimal alignment for 2’OH deprotonation. This has been
observed in the site specific cleavage of tRNA™ (Brown er al., 1983) and 16 S and 23
S ribosomal RNAs (Winter ez al., 1997). High efficiency cleavage is however quite rare
with most cleavages occurring at higher concentrations of lead (> 0.5 mM) and usually

occurs at several consecutive phosphodiester bonds (Kirsebom and Ciesiolka, 2005).
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Figure 5-2. The proposed mechanism of lead ion hydrolysis of RNA. From left, lead
ions form lead ion hydrates in aqueous solution. Lead ion hydrate acts as a base and
deprotonates the 2'OH group of a ribose. Subsequent nucleophilic attack by the
deprotonated oxygen on the phosphorus results in cleavage of the phosphodiester bond
through formation of a penta-coordinated transition state, shown here in brackets.
Cleavage efficiency is thought to depend on the proper orientation of the lead ion
hydrate for deprotonation of the 2'OH moiety and the conformational flexibility of the
phosphate backbone to allow formation of the penta-coordinated transition state. The
mechanism was proposed by Brown et al. (1983).

Because the lead hydrate reacts equally well with all accessible 2°0OH groups on
RNA, a difference in cleavage specificity of the RNA molecule is an indicator of the

immediate structural environment of the cleaved bond. Lead ion cleavage at higher
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concentrations is dependent on the conformational flexibility of the RNA backbone.
Cleavages occur mainly in single stranded regions excluding regions involved in
stacking or other higher order interactions (Ciesiolka ef al., 1998). In comparison to
small molecules that specifically modify RNA, lead hydrolysis is less sequence specific.
Its main advantage is that it allows the detection of subtle conformational changes
which occur upon RNA structure rearrangement or ligand binding (Huntzinger et al.,
2005). It follows that lead ions are well suited for structural comparison of the MS2
sub-genomic RNAs, their small size enabling them to penetrate MS2 capsids allowing
further comparison to the RNA genome in virion.

RNA structure probing reactions must be assayed in a manner which allows
identification of nucleotide cleavage positions within the RNA. This can be achieved
by primer extension of cleaved or modified RNA products. Primer extension analysis
relies on reverse transcription of modified unlabelled RNA using a radio-labelled DNA
primer. The separation of end-labelled ssDNA products by denaturing polyacrylamide
gel electrophoresis (PAGE) and subsequent autoradiography produces a structural
snapshot or “footprint” of the RNA region being probed. Simultaneous electrophoresis
of appropriate controls and nucleotide size markers allows hydrolysis positions to be
identified. These assays are very sensitive and precise allowing single nucleotide
resolution of ssDNA products at amounts as low as 2 pg to be detected (Boorstein and
Craig, 1989). Their main drawback is however the relatively small window of
nucleotide sequence that can be probed at a time. This has in some ways constrained
the size of RNAs that have been structurally characterised to the sub-kilo base region,
although with exceptions (Yoffe ef al., 2008). Advances in high throughput nucleotide
sequencing methods have recently been realised with respect to RNA structure probing
(Mitra ef al., 2008; Wilkinson ef al., 2008) which could bypass the necessity to analyse
RNA structure by PAGE. The use of capillary electrophoresis (CE) to analyse RNA
structure probing reactions has promised to allow RNA structure to be explored in a

wider structural context than has been possible to date (Watts et al., 2009).
5.1.2 MS2 RNA structure probing strategy

In order to investigate how the conformation of RNA is altered during capsid
assembly, it was decided to assay the sub-genomic RNAs, whose production was

described in chapter 3 and the RNA genome within the MS2 virion with respect to their
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susceptibility to lead ion induced hydrolysis. Because lead ions also allow probing of
RNA-ligand interactions it was anticipated that CP> binding sites could be mapped

using this strategy. The outline of the experimental assay is shown in Figure 5-3.
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Figure 5-3. A schematic of the lead ion cleavage assay. The MS?2 capsid is permeable
1o small molecules such as lead ions allowing structural comparison of RNA in vitro
and in virion. A) MS2 phage and an MS2 sub-genomic RNA are treated individually
with lead ions produced by the solvation of lead acetate. This hydrolyses the RNAs at
pred()ﬂlinant[v single stranded positions producing a pool of various sized RNA
fragments.  B) The pool of RNA is proportionately post-labelled by reverse
transcription using a genome specific radio-labelled primer. This generates ssDNA of
sizes that are defined by the primer annealing position within the RNA genome and the
lead hydrolvsis position. C) Size fractionation of the ssDNA by PAGE provides a
banding pattern or a structural “footprint™ of each RNA.  Comparison of banding
patterns allows regions of similar structure or regions involved in coat protein dimer
interactions to be identified. Size fractionation of ssDNA can also be performed by
capillary electrophoreses which produces a electropherogram or trace. Comparison of
traces of different RNAs similarly allows identification of identical hydrolysis positions.



5.2 Results

The structural comparison of the MS2 sub-genomic RNAs and the virion RNA
inside the MS2 capsid was performed by assaying their susceptibility to lead ion
induced hydrolysis. The lead ion cleavage reactions were assayed using PAGE and CE.
Although these assaying methods produced similar results, it proved difficult to
combine the two data sets due to problems relating to nucleotide resolution of the assays
coupled with the consecutive manner in which lead ions cleave RNA. These assays are

therefore reported separately and finally compared in section 5.2.2.5.
5.2.1 Lead-induced hydrolysis of MS2 RNA assayed by PAGE

The 5°-, 3’-, and iRNA sub-genomic fragments were treated independently with
lead acetate in a time dependent manner at room temperature.  Following incubation
with lead acetate, reactions were quenched with EDTA and the RNAs precipitated at
high salt concentration. The MS2 phage was treated similarly with the addition of a
phenol chloroform extraction step, following treatment with EDTA, to remove CP,.
The RNA samples were then used as templates in reverse transcription reactions (a
detailed description of the experiments is given in section 2.2.13). Primer extension
was performed using six primers that had been radiolabelled at their 5° termini with 3P.
The primers were spaced at roughly 130 nt intervals within the MS2 genome which
resulted in partial overlap of the primer extension products when resolved on 6-8 %
polyacrylamide sequencing gels. Subsequent autoradiography of the gels allowed the
structure of the MS2 RNAs to be compared over an approximately 740 nt region of the
MS2 genome (Figure 5-4). This region of the genome was specifically chosen as it
represents a region which is present in all the MS2 sub-genomic RNAs and incorporates
the TR operator. In addition, this region of the genome has been exhaustively probed
by van Duin and co-workers (Skripkin et al., 1990) which along with the structure
model proposed by Fiers (1976) allowed the results to be compared to previous

structure proposals.
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Figure 5-4. Structurally probed regions of the MS2 virion RNA and the sub-genomic
RNA fragments. The regions analysed by PAGE and CE, are shown in yellow aligned
10 the MS2 genome and the MS2 sub-genomic RNA Sfragments. The structural data from
PAGE and CE assays covers 74 % of the MS2 genome.

All the MS2 sub-genomic RNAs and the MS2 phage were probed simultancously
and assayed with a single primer in one go in order to produce results that could be
directly compared in terms of lead induced cleavage patterns. Figure 5-5 shows the
results of a lead induced cleavage assay with the primer 1812.R. Lead induced
hydrolysis positions can be identified as black signals, corresponding to ssDNA
products of defined lengths, whose intensity increases with increased lead ion
incubation time. The absence of a signal in the control lane is a further indicator of lead
ion induced hydrolysis. In Figure 5-5 B, two signals are readily observed for the 5°
sub-genomic RNA corresponding to Pb>* cleavage sites. One occurs within the 3’
region of the TR operator and another adjacent to the 5° end of the TR operator and are
indicated with black arrows. Various non-randomly distributed Pb> cleavages of lesser
intensities are also observed in the TR region. Signals are also observed where the
intensity is similar in all the lanes including the control as indicated by a red arrow.
These sites most likely represent reverse transcriptase stop positions where the reverse
transcriptase has fallen off the RNA transcript due to underlying secondary structure.
The MS2 genome is highly structured which was reflected in the PAGE assays by

numerous transcription stop sites.
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Figure 5-5. Lead ion probing of MS2 virion RNA and the sub-genomic RNAs. A shows an autoradiograph of a 6 % PAGE assay of primer
extension products obtained by reverse transcription of virion RNA, 5’ RNA, 3’ RNA and iRNA treated with Pb*". A 30 nt region covering the
TR operator (red) is emphasized in B. Samples were treated with 0.4 mM Pb* in assembly buffer for 5, 10, 30 and 60 minutes as indicated bya
black triangle. A no Pb** control reaction is indicated with a ~. The red and black arrows indicate examples of transcription termination and
Pb*" induced cleavage, respectively. Dideoxy sequencing ladders (G and C), a hydroxyl ladder (OH) and size standard (L) allowed the
estimation of lead induced cleavage positions. The autoradiograph represents a structural snapshot of a region that is intrinsic to all the RNAs
probed, this is highlighted in C which shows the approximate position of the genomic region being probed. Interestingly, the structural

Jootprints of the MS2 sub-genomic RNAs and the MS2 genome in virion are similar.
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5.2.1.1 The solution structure of the MS2 sub-genomic RNAs is conserved

Interestingly, the structural footprints of the sub-genomic MS2 RNAs were similar.
The two highlighted Pb>" cleavage sites in Figure 5-5 B are also clearly detected in the
3* RNA and iRNA. Furthermore, the non-randomly distributed pattern of cleavages
observed within the TR operator in the 5> RNA is mirrored in the 3" and iRNA sub-
genomic MS2 RNAs. The intensities of the Pb®" cleavage positions were however
considerably higher in the iRNA. This was because approximately three times the
amount of iRNA was probed with respect to the 5’ and 3’ sub-genomic RNAs in order
to keep the stoichiometry of phosphodiester bonds to Pb** the same in all samples. The
higher intensities observed for the iRNA therefore do not necessarily indicate a more
dynamic structure but rather that there is more material detected in the iRNA primer
extension reactions. Examination of Figure 5-5 A shows that the structural similarity
with respect to lead ion cleavage is not isolated to the TR region. Careful examination
of this gel and repeats of this experiment with the 1812.R primer indicated that the
structure of the sub-genomic RNAs was fairly similar over the roughly 160 nt region
probed. This suggested that the conformation of these RNAs over the probed region in
the assembly buffer was similar.

In order to investigate whether the conformation of the sub-genomic RNAs was
conserved outside this region, primer extension reactions were performed that
incorporated flanking regions that allowed structural comparison of nucleotides 1450-
2190 of the MS2 genome (Figure 5-4). The identified lead ion cleavage positions
within this region are shown in Figure 5-6. Perhaps surprisingly, the lead ion cleavage
footprint over this region is strikingly similar for the three sub-genomic RNAs. A total
of 119, 121 and 139 lead ion induced hydrolysis sites were identified within the 5°, 3’
and iRNA’s, respectively. Figure 5-7 shows the number Pb*2 cleavage sites occurring
at identical nucleotide positions within the three sub-genomic RNAs. 104 Pb2* cleavage
sites were identified at identical positions within the three sub-genomic fragments. This
represents a large percentage of the identified cleavage sites for each RNA transcript.
87 % of the cleavage sites identified in the 5° sub-genomic fragment were also
identified in the 3” and iRNA, while this percentage was 86 % and 75 % for the 3’ RNA

and iRNA respectively. These results suggest that the solution structures of the three

sub-genomic RNAs are similar in vitro.
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Figure 5-6. Lead ion cleavage map of the 1450-2190 nucleotide region of the MS2
genome. The map highlights all identified lead ion cleavage positions within the sub-
genomic RNAs in vitro and the genomic RNA within the MS2 virion. Cleavage positions
are indicated with vertical bars that are colour coded according to the RNA and are
accurate to = 1 nt. The map can be analysed like a PAGE gel if rotated 90°. All
cleavage sites are shown. No discrimination was made between strong and weak
cleavage positions when the cleavage sites were identified from autoradiographs. The
annealing positions of the primers used in primer extension reactions are shown as
black arrows, with the exception of the primer 2223.R.  Lead ions cleave the sub-
genomic RNAs at many identical positions producing very similar cleavage patterns.
This suggests that they each exist as an ensemble of structurally similar conformations.
A large proportion of the identified cleavage sites are also detected in the vRNA
suggesting that MS2 genome structure is partly conserved within the MS2 capsid. The
numbers of identical cleavage positions identified with respect to each RNA are shown
in Figure 5-7. Figure 5-8 further highlights regions of similar conformational
flexibility between all the RNAs probed.

135



121

100%
v
g o . .
s B0% Virion
% ] RNA
S 60% -
Q
S 40%
9 m 3'RNA
O
S 20% |
2 m iRNA
(o]
> 0%

Virion RNA  5'RNA 3'RNA iIRNA

Figure 5-7. MS2 RNA structure is conserved in vitro and in virion. A large
proportion of identified Pb~" hydrolysis sites within the probed region of the MS2
genome occur at identical nucleotide positions within fhe RNA transcripts and virion
RNA. The bar chart shows the number of identical Pb~" cleavages as a percentage of
the total number of Pb~~ cleavages identified for a particular RNA. For example: 121
Pb’ cleavages were identified in the virion RNA, of those 121 sites, 81, 78 and 93 were
also identified in the 5'-, 3- and iRNAs, respectively. 64-77 % of the Pb”* cleavages
identified in the virion RNA therefore also occur in the RNA transcripts in vitro
suggesting that in vitro MS2 RNA structure is partly conserved within the MS2 virion.
Shared cleavage sites are even more RNUMOrous between the sub-genomic RNAs
suggesting a similar secondary structure for these RNAs within the probed region.

5.2.1.2 The MS2 RNA genome structure is partially conserved in virions

Comparison of the lead ion induced hydrolysis positions of the MS2 sub-genomic
RNAs and the RNA genome within the virion reveals that these RNAs are structurally
similar (Figure 5-6 and 5-7). A total of 121 lead ion induced cleavage sites were
identified in the MS2 genome within the virion over the probed region. 78 of these
cleavage sites or approximately 64 % were detected in all three sub-genomic MS2
RNAs in vitro. This suggests that the conformational flexibility of a large part of the
RNA region probed is similar in vitro and in virion and that RNA structure is partly
conserved in the MS2 virion.

The fact that there is a defined cleavage pattern obtained for the MS2 virion RNA
suggests that the RNA genome does not exist as an ensemble of conformationally

distinct structures within the MS2 virion, rather it has a defined structure. This is in
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excellent agreement with the cryo-EM reconstruction of the MS2 phage which indicates
that the genome adopts a defined tertiary fold in the capsid (Toropova et al., 2008).
There are also regions where the susceptibility of phosphodiester bonds to
hydrolysis is different between the virion RNA and the RNAs in solution. These are
observed where lead ions induce cleavage of the phosphate backbone within the sub-
genomic RNAs but not within the MS?2 virion and vice versa. There are a multitude of
cleavage positions detected in the sub-genomic RNAs that are masked within the MS2
virion. It is hard to speculate as to the exact reason for these structural differences as
they could be due to differences in underlying secondary structure or due tertiary
structure interactions associated with a more compact structure of the RNA within the
virion. The high degree of structural similarity of all the assayed RNAs with respect to
lead ion induced cleavage however suggests that a large contribution of the differences

observed must be due to CP; binding.

5.2.1.3 CP;binding can be mapped by lead ion induced hydrolysis

RNA-protein complexes can be detected based on the change observed in lead ion
induced cleavage reactivity over a particular region of RNA in the presence and absence
of protein. The change in reactivity is attributed to the shielding effect of RNA bound
protein (Kirsebom and Ciesiolka, 2005). The cryo-EM reconstruction of the MS2 virion
suggested that the CP; interacts at multiple positions with the MS2 genome (Toropova
et al., 2008). It was decided to investigate whether the lead ion induced structural
footprints of the sub-genomic RNAs in vitro and RNA genome in virion could be used
to identify CP; binding sites within the RNA genome.

Figure 5-8 highlights the positions of the 78 identical lead ion induced cleavage
positions detected in the RNA genome in virion and all the sub-genomic RNAs in vitro.
104 identical cleavage positions were observed for the sub-genomic MS2 RNAs alone
which indicates that 26 of the cleavage sites that are shared between the sub-genomic
RNAs are masked within the virion. These cleavage positions represent RNA regions at
which CP; binding is most likely to occur. Because coat protein dimer binding has been
mapped to the TR operator (Gralla et al., 1974; Carey et al., 1982a) it represented an
RNA region where lead cleavage patterns were expected to be different for the RNAs in
vitro vs. in virion. As can be seen in Figure 5-5 and Figure 5-8 the cleavage pattern of
the TR operator is different in vitro and in virion. Most notably, the cleavages observed

at 1755U and 1756U, which are intrinsic to the TR loop, are not observed in the

137



genomic RNA within the virion. This suggests that lead ion induced hydrolysis can be
used to map CP; binding sites within the RNA inside the MS2 virion.

Coat protein dimers have been shown to bind RNA stem loop structures (Beckett
and Uhlenbeck, 1988). Lead ions induce cleavage predominantly in single stranded
regions such as RNA loops and bulges although hydrolysis is ultimately thought to be
dependent upon the flexibility of the RNA backbone. In order to investigate whether
the masked Pb** cleavage sites fell within predicted stem-loop structures, which could
then be correlated with CP, binding, their positions were aligned to three structure
predictions of the MS2 genome (Figure 5-8). Figure 5-9 further maps the lead ion
cleavage positions identified specifically onto the MS2 secondary structure proposed by
Fiers et al (1976). The observed results show that the masked Pb** cleavage sites do not
necessarily occur within proposed stem-loop regions. This corresponds to results which
have shown that the susceptibility of a hairpin to Pb?* induced cleavage is dependent
upon the loop size and nucleotide composition (Ciesiolka et al., 1998). The intensity of
the two observed cleavages detected within the TR hairpin in vitro are for example quite
weak which perhaps reflects the rigidity of the loop due to base stacking (Valegérd er
al., 1994). Many of the masked Pb>* induced cleavages do however occur within or
very close to predicted hairpins or single stranded regions. These cleavage sites could
be due to CP, binding as it is plausible that an RNA-CP; interaction could effect the
conformation of the RNA in the vicinity of the binding site. This is observed for
binding at the TR operator where the pattern of lead ion cleavage at the 5’ side of the
TR region in virion is clearly different from the cleavage pattern in vitro (Figure 5-5,
black arrow number 1). It is difficult to conclude that the Pb** induced cleavage sites
masked within the virion at other positions than TR correspond to CP; binding sites.
These sites appear to be non-randomly distributed within the genome as expected, but
they are not observed to cluster in the same manner as observed within the TR region.
It is highly likely that the masked ion cleavages within the virion also represent regions
wich are involved in interactions with other regions of the folded genome.

RNA structure proposals of the MS2 genome (Fiers et al., 1976) and mfold
minimum energy structure predictions indicate that there are multiple stem loops within
the MS2 genome that could act as binding targets for CP;, as implied by the cryo-EM
model of MS2. Surprisingly, although these predictions differ in structure, a simple
count of the number of stem loops predicted for the genome reveals that the number of

stem loops corresponds well with the number of A/B dimers within the MS2 capsid (n=
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60). The genome structure proposed in Fiers ef al., (1976) has exactly 60 stem loops
while the ten lowest free energy structure predictions obtained from mfold have an

average of 60.6 + 2.7 stem loops (data not shown).

1400 1450 1500 1550 1600

1600 1650 1700 1’&! 1800

T
| mown

1800 1850 1900 1950 2000

2000 2050 2100 2150 2200

a =
O I T i

| Shared lead cleavage sites | Lead cleavage masked in virion

l dsRNA Loop [[] ssRNA Bulge

Figure 5-8. Lead ion cleavage map of the 1450-2200 nt region of the MS2 genome
produced from PAGE results. The 78 lead ion induced cleavage sites that occur in all
RNAs are marked with a black band. These are regions where RNA structure can be
expected to be similar. The 26 lead ion induced cleavage positions that occur in the
sub-genomic RNAs in vitro but not in the virion RNA are marked with a magenta band.
These are cleavage sites that are masked in the virion which could be associated with
CP, binding. The TR operator (nucleotides 1746-64) is aligned to the map in red.
Cleavage positions within the TR operator in vitro are masked in virion. The map is
aligned to two structural proposals (A: Fiers et al., 1976 and B: Skripkin et al., 1990)
and one structure prediction (C: mFold minimum free energy structure) of this region of

the genome. Most of the lead ion cleavage sites occur within or very close to regions
that are predicted to be single stranded.
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sites are highlighted on the secondary structure proposed by Fiers et al. (1 976) The emphasized region corresponds to nucleotides 1323-2180.

Nucleotides which are cleaved are colour coded dependent on whether the Pb””

cleavage was detected in vitro (red), in virion (cvan) or both

(red). Regions where CP; binding is likely to occur are marked with a red dotted line. Many cleavages fall within or close to proposed single
stranded regions, however, they are also detected in proposed double stranded regions.

. )+ . . . : : . 5 S
conditions. Pb™" probing was carried out at room temperature while enzyvmatic probing performed by Fiers et al was carried out at 4°.
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The masked lead induced cleavage sites are an indicator of the structural
rearrangement which occurs upon CP; binding . It seems that a more detailed structural
analysis of the whole RNA genome allowing quantification of ssDNA products and
perhaps incorporating complementary chemical probes would be required in order to

accurately map CP; binding.
5.2.2 Lead induced hydrolysis of MS2 RNA assayed by CE

The structural footprinting data of the sub-genomic RNAs and the virion RNA
reported in section 5.2.1 strongly suggests that the MS2 RNA secondary structure is
partially conserved in virions. It was decided to assay the full length genome in virion
and all the sub-genomic RNAs in vitro with respect to lead induced hydrolysis in order
to get a complete structural footprint of the RNA genome. This would provide further
confirmation of conserved RNA structure in virion. The mapping of CP; binding sites
would also perhaps become more straightforward, taking into account the discontinuous
manner in which CP, must interact with RNA within the virion. In addition,
information on the topology of the MS2 genome double shell fold within the virion
could be obtained (Toropova et al., 2008).

Assaying lead acetate reactions using PAGE is a time consuming process.
Furthermore, the sequencing gels used to comprise the marker maps in Figures 5-6 and
5-8 did no allow more than a ~200 nt region to be probed at a time. This is close to the
upper limit of the nucleotide “window” that can be observed in a single PAGE assay
without compromising excessively on nucleotide resolution (Sambrook et al., 2006).
Recently, capillary electrophoresis (CE) has emerged as a method to assay RNA
structure probing reactions (Mitra ef al., 2008; Vasa er al., 2008). Like the PAGE
assay, CE relies on indirect labelling of modified or hydrolysed RNA products by
reverse transcription with a labelled primer. The primer is however fluorescently
labelled which results in fluorescently labelled ssDNA reverse transcription products.
The DNA products are fractionated using a DNA sequencer and detected as peak
profiles which correspond to labelled ssDNA (Figures 5-3 and 5-10). Addition of a
fluorescently labelled size standard to the primer extension reactions allows the
positions of RNA modification or cleavage to be identified with relation to the primer
binding site. Additionally, dideoxy sequencing reactions can be assayed in parallel.

Although the analysis of fluorescently labelled ssDNA by CE has been around for quite
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some time, the limitation in terms of usage for RNA structure probing has been due to a
lack of software capable of analysing and quantifying the data output (Mitra et al.,
2008). Two such software analysis packages have recently been described, both of
which analyse the peak profiles by fitting them to Lorentzian peaks whose number and
position is constrained by the size standard using a non-linear least squares fitting model
(Mitra et al., 2008; Vasa et al., 2008). The intensities of the peaks can then be used to
quantify nucleotide reactivities with respect to an RNA probe and compile an RNA
structure model. The use of CE to assay RNA structure probing reactions is beneficial
over PAGE assays in that larger regions of genomic RNA can be probed at nucleotide
resolution in a high throughput manner (Wilkinson et al., 2008; Watts et al., 2009).

It was decided to attempt to assay lead ion induced cleavage reactions of the MS2
sub-genomic RNAs and the full length MS2 genome in virion with capillary
electrophoresis. The following sections report preliminary and pioneering results into

genome wide structure probing of MS2 RNA.

5.2.2.1 Assaying MS2 RNA lead induced hydrolysis positions with CE

The CE assays were performed in collaboration with Dr Susan J Schroder at the
University of Oklahoma. The MS2 sub-genomic RNAs and the virion RNA within the
MS2 capsid were treated with Pb*" in a similar manner as described in section 5.2.1.
Following primer extension of hydrolysed MS2 RNA, the ssDNA products were
desiccated and shipped to the USA where they were resuspended and fractionated using
a Beckmann CEQ 8000 Genetic Analysis System operated by Dr Xiabo Gu.

The Pb** induced hydrolysis reactions required optimisation in order to maximise
nucleotide sequence read length and signal intensity. This was successfully achieved by
increasing the amount of MS2 sub-genomic RNA and MS2 phage that was being
probed by a factor of ten as compared to the cleavage reactions assayed by PAGE.
Additionally, the sub-genomic RNAs and MS2 virion were incubated with Pb>* ions for
30 min which resulted in optimal detection of Pb** induced cleavage. This provided

nucleotide sequence read lengths in excess of 600 nt. Figure 5-10 shows a typical

sequencing trace of a PbZ* probed MS2 RNA.
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Figure 5-10. Capillary electrophoretic analysis of the Pb*" induced MS2 RNA
cleavage positions. TI eatment of the sub-genomic RNAs and the virion RNA inside the
MS?2 phage with Pb°" was similar to that outlined in F igure 5-3. Primer extension was
carried out with primers labelled at the 5° termini with a Cy5 fluorophore and the
reactions were analysed in the presence of a Beckman WellRed size standard. In A the

sequence traces of primer e\lensl()n reactions of the 5 sub-genomic MS2 RNA in the
presence and absence of Pb”" with the primer 1666.R are shown. The size standard
which is co-electrophoresed with the primer extension products is also shown. The
arrow indicates the positioning of the primer within the sequence trace. The traces are
fed into the software CAFA which fits the signals to the appropriate number of
nucleotides as defined by the size standard and aligns the two traces. Normalisation of
the peak intensities allows comparison of trace files and the identification of c/eavag.c
positions indicated with green spheres (B).

The trace data were fed into the software algorithm CAFA (capillary automated
footprinting analysis) which allowed automated alignment of the trace files of all four
MS2 RNA samples obtained with identical primers. CAFA also fits the trace files and
estimates the intensity at each nucleotide positions based on Lorentzian peak areas
(Mitra et al., 2008). The data output from CAFA therefore promises to allow
quantification of the hydrolysed RNA products, given that the data is of good quality
with respect to nucleotide resolution and signal intensity. Based on the nucleotide

sequence read length of roughly 600 nt, the MS2 sub-genomic RNAs and MS2 virion

143



RNA were probed with lead ions and analysed using eight primers which were spaced at
roughly 500 nt within the MS2 genome in one go. Two of the primers did not work
which resulted in a drop of coverage at the 5’ end of the MS2 genome and a roughly
330 nt region close to the 3” end of the genome (Figure 5-4).

5.2.2.2 Automated data analysis

Unfortunately the CE data were not of such quality that allowed automated
sequence comparison and quantification of hydrolysis positions. Results from
automated data analysis are however supplied in Supplementary Figure 8 in the
appendix. The alignment of the nucleotide traces was often off by ~2 nt which inhibited
data analysis by simple deduction of the control trace from the Pb** hydrolysis reaction
trace to identify regions of lead ion cleavage. Trace mis-alignment can be observed at
positions 1260-1262 in Figure 5-10 B which results in false positives lead ion cleavages
being identified. This effect was predominantly observed at distances over ~300 nt
from the primer annealing positions. The alignment problem had been anticipated and
therefore, ddGTP and ddCPT sequencing reactions were carried out with all the primers
used, however the read length from these reactions was unsatisfactory. Proper
alignment of the sequence traces is crucial for accurate assignment of lead ion induced
cleavage positions, particularly in light of the subtle conformational changes that Pb**
jon probing is capable of detecting. For example, the cleavage pattern in Figure 5-5 B
(black arrow 1) is slightly different over a region of four nt within the virion RNA as
compared to the sub-genomic RNAs which could only be detected by CE given proper
trace alignment.

Another problem that presented itself was slight bleedthrough of the ladder signal
into the reaction traces. This was observed as signals with ~20 nt spacing within some
CE traces dependent upon the primer used during reverse transcription. The intensity of
these signals was dependent upon the signal intensity ratio of the ladder compared to the
reaction trace. The dyes used to detect the primer extension products (CyS5) and the size
standard (Wellred) have well resolved fluorescence emission maxima of 688 nm and
820 nm, respectively. It seems a simple solution to this problem could involve
optimisation of the amount of ladder added to each primer extension reaction with
respect to the primer being used as yields from primer extension reactions will be

dependent upon the primer used.
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The amount of noise present as RT-stops or cleavages in the control reactions
lacking Pb?" was rather high in all the samples analysed presenting an additional
problem. This had the effect of masking lead ion cleavage sites by producing false
negatives. As opposed to the PAGE assays, these false negatives could not be identified
with as much accuracy as the reactions assayed with CE were only assayed at a single
Pb?" incubation time point.

Despite the shortcomings of the CE data set, comparison of the traces by eye

revealed that they complemented the results from the PAGE assays quite well.

5.2.2.3 CE assays confirm that MS2 RNA structure is partly conserved in vitro

and in virion

Examination of the CE traces confirmed the results obtained from the PAGE
assays. Figure 5-11 shows an alignment over a 100 nt region incorporating the TR
operator of the three sub-genomic RNA fragments. Lead ion induced cleavage
positions are conserved over this region between the sub-genomic RNAs in vitro
suggesting a similar conformation for these RNAs in solution. Figure 5-12 shows all
ijdentified lead ion cleavage positions within the 5’-, 3’- and iRNA sub-genomic
fragments. Lead ions induce hydrolysis of these RNAs at many identical nucleotide
positions within regions where these RNAs overlap.

The overlapping region of all the sub-genomic RNAs which was assayed with CE
corresponds to nucleotides 1419-2160 of the MS2 genome. This corresponds to roughly
the same region which was assayed by gel electrophoresis. Figure 5-13 shows the
number of Pb%" induced cleavage sites occurring at identical nucleotide positions within
the MS2 sub-genomic fragments over this region. 66 % of the lead ion cleavage sites
identified in the 5° sub-genomic RNA were also identified in the 3° RNA and iRNA
while this percentage was 51 % and 82 % for the 3° RNA and iRNA respectively.

The MS2 genomic region which was assayed in which only the 5°- and 3° MS2
sub-genomic fragments overlap encompasses nucleotides 992-2165 of the MS2 genome.
This region corresponds to 48 % and 46 % of the 5’- and 3’ RNA sequences,
respectively. 146 identical Pb* cleavage positions out of a total of 183 for the 5° RNA
and 199 for the 3° RNA were identified within this region which corresponds to 80 %
and 73 % of the total number of cleavages identified for each sub-genomic fragment.
The observation that lead ions induce cleavage of the sub-genomic RNAs at many

similar nucleotide positions strongly implies that their solution structure is partly
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conserved in assembly buffer. This correlates with the results obtained from the PAGE
assays and implies that the ensemble of structures that these RNAs exist in prior to

capsid assembly is analogous.

* TR S— Pb20
1 - 2 — Control

Intensity

MS2 Genome position

Figure 5-11. The structure of the MS2 sub-genomic RNAs is partly conserved in
solution. The figure shows nucleotide traces of primer extension products obtained by
reverse transcription of MS2 virion RNA, 5" RNA, 3" RNA and iRNA lead ion induced
hydrolysis products. A 100 nt window fncmporating the TR operator is shown. The
traces shown in each row for the Pb~" probed (red) and control sample (black)
correspond 1o the RNAs indicated on the left. The intensities of the peaks within a trace
are normalised to the average intensity of that particular trace. The positions of some
lead ion induced cleavages are conserved between the sub-genomic RNAs (dashed
Jines) suggestive of a similar RNA structure. The conserved lead ion induced cleavage
sites all appear to be masked within the MS2 virion. The arrows correspond to the
arrows shown in Figure 5-5 and highlight an identical lead ion induced cleavage
pattern obtained for the MS2 RNAs independent of the nucleotide size fractionation

assay.

Complementary to the PAGE assays, the CE assays suggested that the susceptibility
of the MS2 genome within the MS2 virion to lead ion induced cleavage is somewhat
similar to that observed in vitro. 217 lead ion cleavage sites were identified in an area
that covers 74 % of the MS2 genome. These cleavage positions are shown in Figure 5-

12. 118 of these sites were conserved within the sub-genomic RNAs. These sites are
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mapped in Figure 5-14. With respect to the 5’ sub-genomic RNA, 139 lead induced
cleavage positions were identified in the virion RNA over the ~1600 nt assayed region
in which the 5> RNA and virion RNA overlap. 72 of these sites are conserved in the 5’
RNA in vitro. Similarly, 175 cleavage sites were mapped within the ~2159 nt region
assayed in which the 3’ sub-genomic RNA and the MS2 virion RNA overlap 110 of
which were conserved in the 3° RNA in vitro. Finally, 53 cleavage sites were identified
in the phage RNA of which 25 were also identified within the iRNA over the ~750 nt
region in which these RNAs overlap.

These data show that 50-60 % of the identified lead ion cleavage positions detected
in the virion RNA within the MS2 phage are also detected in the sub-genomic RNAs in
vitro. This correlates well with the PAGE results which showed that 64 % of the lead
jon induced cleavage sites occurring in the phage also occur within the MS2 sub-
genomic RNA fragments in vitro. These numbers suggest that the solution
conformation of the MS2 genomic RNA is partly conserved in the MS2 virion
following capsid assembly. The results also further confirm the idea that the MS2

genome adheres to a specific structure within the virion as mentioned in 5.2.1.2.

5.2.2.4 Mapping CP,-RNA binding positions with CE

Figure 5-14 shows the nucleotide positions at which lead ion induced cleavage is
masked in the MS2 phage RNA as compared to the sub-genomic RNAs in vitro. These
are positions where the conformational flexibility of the RNAs is different due to a
difference in structural environment. There are cleavage positions that occur in the TR
operator in vitro which are masked within the MS2 virion. The difference in lead ion
cleavage efficiency over the TR operator is shown in Figure 5-11. The different lead
ion induced hydrolysis pattern observed within the TR operator is suggestive of a
different structural environment in virion as compared to in vitro. These results
complement the PAGE assays in that they indicate that CP; binding can be assayed by
monitoring the susceptibility of virion RNA to lead ion induced cleavage.

As with the PAGE results, whether or not CP; binding takes place around other
masked cleavage positions can not be determined based on these results. It seems that a
more complete data set which in addition allows quantification of ssDNA products will
be key in order to map CP; binding sites and gain information on the topology of the

MS2 RNA genome in virion.
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Figure 5-12. A lead ion induced cleavage map of the 515-2615 and 2950-3486 nt
regions of the MS2 genome. The map highlights all identified lead ion cleavage
positions within the sub-genomic RNAs in vitro and the genomic RNA within the MS?2
virion. Cleavage positions are indicated with vertical bars that are colour coded
according to the RNA and are accurate to £ 2 nt. 217, 225 355 and 75 lead ion
cleavage sites were identified in the MS2 virion RNA, 5°-, 3'- and iRNA, respectively.
The map can be analysed like a PAGE gel if rotated 90°. All cleavage sites are shown.
No discrimination was made between strong and weak cleavage positions when the
cleavage sites were identified from electropherograms. The annealing positions of the
primers used in primer extension reactions are shown as black arrows, with the
exception of the primer 3554.R. Horizontal lines, colour coded with respect to each
MS2 RNA and positioned underneath the nucleotide bar, indicate which RNAs
contribute to the cleavage map at any particular position. There are many lead ion
induced cleavage positions that are shared between both the sub-genomic RNAs and the
MS2 genome within the MS2 virion suggestive of similar RNA structure at these
positions.
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Figure 5-13. Comparison of the number of identical Pb*" induced cleavage positions
occurring within the 1419-2160 nt region of the MS2 genome. The bar chart shows
the number of identical Pb~" cleavages as a percentage of the total number of Pb°"
cleavages identified for a particular RNA using the CE assay. For example: 53 lead ion
cleavage positions were identified in virion RNA within the 1419-2160 nt region of the
MS2 genome. 31 of these 53 sites were also observed in the 5° RNA, 30 in the 3’ RNA
and 25 in the iRNA. 47-58 % of all identified cleavage sites within the virion are
therefore also observed in the sub-genomic transcripts. The percentage of identical
cleavage sites between individual RNA sub-genomic transcripts in vitro is higher still.
The Figure is similar to Figure 5-7. Although fewer cleavage positions were identified
with the CE assay as compared to the PAGE assay the results are similar in that a lézrgc
proportion of cleavage sites are conserved within the MS2 virion while an even larger
proportion is conserved between the sub-genomic RNAs in vitro. The results strengthen
the suggestion of conserved MS2 RNA structure in vitro and in virion.
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Figure 5-14. A lead ion induced cleavage map of the 515-2615 and 2950-3548 nt
regions of the MS2 genome. Lead cleavage sites that are conserved between the sub-
genomic RNAs and the MS?2 genome within the virion are shown with a vertical black
bar. These sites occur where the conformational flexibility of the sub-genomic RNAs in
vitro and the MS2 virion RNA inside the phage capsid are similar. The lead ion induced
cleavage data coverage over the genome is different. This is indicated with colour
coded bars as in Figure 5-10. For example, a lead ion cleavage site that is conserved
within the genome at positions 515-992 is only conserved between the MS2 virion RNA
and the 5 sub-genomic RNA, however, a hydrolysis site at genome positions 992-1419
is conserved within the MS2 virion RNA, the 5'- and 3’ sub-genomic RNAs. Lead
cleavage positions that are masked in the MS2 phage virion are positioned with a
vertical magenta bar. These are sites of possible CP; interaction as the susceptibility to
Jead ion induced hydrolysis at these positions is different. Lead ion induced cleavage
positions are masked within the TR operator sequence which is shown as a red bar
aligned to the map.

150



5.2.2.5 Comparison of CE and PAGE assay results

Comparison of the CE and PAGE data over the region of shared nucleotide
sequence between (nucleotides 1450-2160) reveals that the cleavage patterns are not
entirely identical. Many more lead cleavage sites were for example identified off the
PAGE gels (Figure 5-6 vs. 5-12). This seems to indicate that these assays do not
correlate well. Comparison of the cleavage over the TR operator (Figure 5-5 vs.
Figure 5-11) however shows that the lead ion induced hydrolysis patterns of the sub-
genomic RNAs assayed by CE and PAGE are nearly identical. The TR operator is in
both cases flanked upstream by a strong termination of transcription site indicated by a
red arrow and a strong hydrolysis site (black arrow 1) and has a strong cleavage site
close to its 3’ side (black arrow 2). The differences observed therefore seem to be due
to the quality of the data sets and the manner in which they were analysed.

The genome wide CE data is in many ways preliminary and represents results from
mainly a single experiment. The reactions analysed by CE were also performed at
tenfold higher RNA concentration than those assayed by PAGE. Furthermore, the lead
jon cleavage reactions were assayed at multiple time points by PAGE but only at a
single time point by CE, perhaps resulting in the loss of identified cleavage sites. This
along with other problems with the CE data, mentioned in section 5.2.2.2, seems to
result in discrepancies between the two data sets.

As mentioned in 5.2.2.1 the CE were optimised with respect to Pb2* incubation time
prior to assaying the full length genome with Pb?* at a fixed 30 min timepoint. The
results from these Pb®* induced cleavage time point CE assays allow a more detailed
comparison with the PAGE assays. Figure 5-15 shows that the Pb*" induced timepoint
reactions assayed with PAGE and CE are in excellent agreement.

For future work, in order to obtain good CE traces which will allow quantification
of cleavage data with minimum background noise, it will be important to optimise the
lead ion cleavage assay for CE. A good way to do this would be to shorten reaction
times from 30 min to 2 min and increase the Pb*" concentration. This would minimise
non-specific cleavage which perhaps takes place in assembly buffer over time and
thereby reduce signal noise. Increasing the Pb** concentration and performing cleavage
over a range of PbZ* concentration would optimise the cleavage assay with respect to the

larger amount of RNA required for the CE assays and provide a more informative data

set.
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5.3 Discussion

The biochemical analysis of the MS2 genome residing within the MS2 virion and
of the MS2 sub-genomic RNA fragments reported in this chapter provides valuable
information on the structural organisation of large viral ssRNA genomes both in
solution and in their most compact state within the virion. By taking advantage of the
permeability of the MS2 capsid to small molecules, the structure of the MS2 genome
within the MS2 virion could be compared to ssSRNAs of similar sequence in vitro on the
basis of their susceptibility lead ion induced hydrolysis. These experiments allowed
comparison of MS2 RNA backbone structure with near single nucleotide resolution.
The results are the first where the structure of a large sSRNA genome has been analysed

biochemically inside a capsid.

5.3.1 The MS2 genome has a defined structure within the MS2
virion

Cryo-EM reconstructions of various ssSRNA viruses have revealed glimpses into
genome structure within virions. Although the degree of RNA that is accounted for in
these structural models varies, they have shown that genomic RNA is at least partially
ordered within virions (Schneemann, 2006). In the Nodavirus PaV foreign RNA
exhibits similar icosahedral order within virions implying that the structural
organisation is non-specific with respect to RNA sequence (Johnson ef al., 2004; Tihova
et al., 2004). For MS2, for which there exists the most complete structural model of any
ssRNA within a virion, the icosahedral ordering of the RNA genome does not propagate
to atomic resolution (Toropova et al., 2008; Valegird et al., 1990; Golmohammadi et
al., 1993). The loss of electron density that can be associated with viral RNA at atomic
resolution has also been observed for the Picoma virus Seneca Valley Virus
(Venkataraman et al., 2008). This raises the question whether RNA genome structure is
defined at the level of RNA 2° structure within virions. The lead ion cleavage assays of
the MS2 genome within the MS2 virion suggest that this is indeed the case. The
structural footprints of the RNA genome imply that there is a defined RNA structure or
ensemble of structures that the genome adheres to within the virion. The MS2 RNA
genome is therefore not randomly packaged into the double shell tertiary structure

observed in the MS2 cryo-EM model (Toropova et al., 2008). This suggests that the
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structure underlying the double shell conformation of the MS2 genome is conserved and
that the absence of RNA density at atomic resolution is due to icosahedral averaging
rather than structural heterogeneity of the RNA genome within the virion. These results
correlate well with the X-ray structure of BPMV wherein a non random nucleotide
sequence was observed to contact the BPMV capsid suggesting a defined RNA structure

within the BPMYV virion (Lin et al., 2003).

5.3.2 The structure of MS2 sub-genomic fragments is conserved in

solution

Three MS2 sub-genomic RNAs which incorporate different regions of the MS2
genome were analysed with respect to their susceptibility towards lead ion induced
hydrolysis. The probed region corresponds to nucleotides 1419-2190 of the MS2
genome in which the sub-genomic MS2 RNAs overlap. A large proportion of identified
lead ion hydrolysis sites within this region were observed at identical nucleotide
positions within the sub-genomic MS2 RNAs. Further comparison of the 5’ and 3’ sub-
genomic RNAs showed that lead ion cleavage positions were also conserved to a large
extent outside this region. The high proportion of lead ion cleavage sites that were
shared between these RNAs suggests that their structural conformation in solution is
similar.

These results reflect the idea that RNA structure is dominated by secondary
structure elements formed by nucleotide residues closely spaced within the RNA
molecule (Fresco ef al., 1960; Tinoco and Bustamante, 1999). This is evident from the
similar footprints of the sub-genomic RNAs despite their different nucleotide extensions
in either the 5° or 3’ direction with respect to the probed genomic region. This suggests
that the MS2 sub-genomic RNAs exist as an ensemble of solution structures which are
structurally similar within regions of identical nucleotide sequence.

In light of the results reported in chapter 4, which indicated that the MS2 RNA
structure is larger with respect to the size of the MS2 capsid, it seems plausible that the
sub-genomic RNAs exist as linear arrays of secondary structural elements in solution.
This type of structure would correspond to recent atomic force microscopy analysis of
ssRNAs extracted from T = 3 viruses (Kuznetsov et al., 2005). In Kuznetsov et al.
(2005) viral RNA extracted from polio virus and TYMV amongst others was shown to

conform to a linear arrangement of local stem loop structures at room temperature.
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5.3.3 Implications for MS2 capsid assembly

In light of the results presented in chapter 4 which indicate that CP, act as
chaperones that fold the RNA genome during capsid assembly, the structure probing
data provide insight into the RNA structural transition that occurs during genome
packaging. The observation that a large proportion of identified lead ion induced
cleavage positions are conserved within the virion implies that the MS2 genome is
folded from secondary structure elements that are ultimately defined by RNA sequence.
It appears that the tertiary fold within the virion therefore reflects a structure that is a
compacted version of the RNA solution structure. Similar results have been obtained by
McPherson and colleagues who showed that removal of coat proteins from various
ssRNA viruses results in the slow unfolding of compact RNA structures into linear
secondary structure elements as observed by AFM. This reflects an apparent reversal of
the encapsidation process. Remarkably, the unfolded viral RNAs could refold into
compact structures upon lowering the temperature suggesting that genomic RNA alone
programs its encapsidated conformation (Kuznetsov et al., 2005; Kuznetsov et al.,
2006). It appears that this could also be the case for MS2.

This is plausible in light of the cryo-EM reconstruction models of the MS2 phage
and sub-genomic RNAs which makes clear that a discontinuous network of CP,-RNA
binding sites exists within the MS2 capsid (Toropova et al., 2008; Toropova, 2009). It
is unlikely that this network is not at least partly conserved in solution taking into
account that the free energy changes involved in complete disruption of an RNA stem
loop such as TR as compared to CP>-TR binding are fairly similar (Gell er al., 2008;
Carey et al., 1983) and that the positioning of RNA stem loops is defined by RNA
sequence. It is unlikely that a CP;, the binding of which to RNA is structure dependent
(Romaniuk e? al., 1987), can force a stem loop structure upon the RNA genome at
positions where stem loop formation is unfavourable due to underlying RNA sequence.
Reshuffling of CP; binding sites during folding of the RNA genome therefore seems
unlikely although the lead ion cleavage data do not rule out such structural
rearrangement. In chapters 3 and 4, the efficiency of capsid formation with the sub-
genomic RNAs was shown to be dependent upon the size of the RNA being
encapsidated. The structural similarity of sub-genomic RNAs in vitro and to the
genome inside the MS2 virion imply that this difference is therefore perhaps not do to a

different rearrangement of RNA secondary structure prior to or during packaging.
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Rather, the higher electrostatic repulsions between the phosphate backbone of larger
RNAs that must be overcome in order for them to be packaged (Belyi and Muthukumar,
2006) and increased conformational space that the larger RNAs must sample in order to

conform to a structure compatible with the MS2 capsid seem to be of key importance.
5.3.4 Genomic mapping of CP; binding sites

A large proportion of all identified lead ion cleavages were conserved between the
MS2 genome and sub-genomic fragments, however, many were also identified that
suggested that the structural environment of the MS2 genome is different inside the
virion vs. in vitro. This is in accordance with the estimated hydrodynamic radii of the
MS2 assembly components in chapter 4. The tertiary structure of the MS2 RNA in
solution must be different of that in the virion on account of a more expanded structure.

The cryo-EM reconstruction of the MS2 phage suggests that two thirds of the RNA
genome will make a minimum of 60 contacts to the capsid interior. A contribution to
the difference in the RNA genome structure and/or structural environment in vitro vs. in
virion that can be detected with lead ion hydrolysis will therefore be due to CP, binding.
This was indeed detected as the structural footprint within and surrounding the TR
operator sequence was different. This was an important finding for two reasons.
Firstly, although the high affinity of the CP; for the TR stem loop indicates that the CP,-
TR operator complex is conserved in the full length genome within the virion (Carey ef
al., 1983b), this has never been proven (Beckett and Uhlenbeck, 1988). The different
lead ion cleavage pattern over the TR operator in virion suggests that this is indeed the
case. This supports the idea that TR is located in the outer shell of RNA density in the
cryo-EM structure model (Toropova ez al., 2008). It also supports the idea that there is
a defined structure for the RNA within the virion. The MS2 genome is believed to be
circularised through contacts with the A-protein at its 5* and 3’ termini (Shiba and
Suzuki, 1981). If this is the case then the CP,-TR complex would provide a structural
anchor that together with the A-protein would result in defined spatial order of the RNA
genome within the virion. Secondly it suggests that the discontinuous network of CP,
binding sites within the MS2 genome could be identified using the lead ion cleavage
assay.

Multiple potential CP binding sites were identified over the 740 nt central region

of the MS2 genome that was probed using PAGE. Considering an average RNA stem
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loop size of 20 nucleotides, the lead ion cleavage positions masked in the virion were
10-12 and discontinuously spaced over the probed region (Figure 5-7). Supposing that
60 CP, must bind to the RNA genome to conform to an A/B dimer conformation and
that their spacing is even within the genome, approximately 12 CP; binding sites would
be expected to be found within the probed region. These numbers are quite similar,
however the comparison is quite naive as there will be contributions towards RNA
structure variation from both the A-protein and different tertiary RNA interactions
within the genome which must accompany a more compact RNA structure. The PAGE
data were also not optimised to allow detailed comparison as the goal of these
experiments had initially been to compare footprints to get an idea of structural
similarity. In order to define all CP; binding sites a more detailed structural analysis

was attempted by assaying the whole genome using CE.

5.3.5 High throughput structural analysis of the MS2 genome

structure

The lead ion cleavage reactions that were assayed by PAGE strongly suggest an
underlying structural template that the MS2 genome adheres to within the virion. This
strengthens the idea of the multifunctional role of the MS2 genome in regards to CP;
conformational control during capsid assembly suggested in chapter 4. In order to gain
full understanding of this role, knowledge of global genome structure and topology
within the MS2 virion is required.

By assaying the lead ion cleavage reactions with capillary electrophoresis it was
anticipated that the fine details of RNA structure could be analysed in a rapid manner.
This proved to be the case as the time it took to generate the CE results could be
measured in weeks as compared to months for the PAGE data. The CE data confirmed
the findings that MS2 genomic structure is conserved in solution and to an extent inside
the virion. The data are however preliminary and require repeating in order to lower
sequence background levels, increase data coverage and data information. This can be
achieved in a relatively simple manner and will be crucial in order to obtain quantifiable
results which are necessary to elucidate CP; binding positions within the genome. Such
data would also provide structural constraints which could be used to build an accurate

RNA structure model of the MS2 RNA genome within the virion (Mathews et al.,
2004).

157



RNA structure probing using CE is a novel technique. At this moment in time only
two independent laboratories have published results where nucleotide traces have been
used to elucidate RNA structure. Both of these labs were involved in producing the
bioinformatics software capable of analysing sequencing data (Mitra et al., 2008; Vasa
et al., 2008). The most exciting appeal of CE for RNA structure probing is the rapid
manner in which a manageable and informative dataset can be produced. This promises
to push RNA structure probing forward as larger RNAs are now amenable to
experiment. Knowledge of large RNA structure is very limited (Yoffe er al., 2008).
Perhaps not surprisingly, the MS2 genome is one of the few large RNAs (1 > kb) which
has been structurally characterised. That research provided information on how RNA
structure regulates MS2 gene translation (van Duin, 2006). The manner in which RNA
controls folding of protein domains has recently been suggested based on the complete
structural characterisation of a viral genome (Watts et al, 2009). These results
emphasise that RNA structure constitutes an important part of the genetic code. The
results presented in this thesis have highlighted a further global structural role for viral
RNAs beyond single secondary structure clements. The CE results presented in this
chapter show that elucidation of the structural motifs involved in capsid formation and

their organisation within the MS2 capsid are within reach.
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6 Conclusion

The main focus of this thesis has been to investigate the manner in which MS2
capsids assemble and in particular how genomic RNA influences the capsid assembly
process. The ssSRNA virus MS2 is of interest because it represents a model system in
which the various aspects of both the structure and life cycle of sSRNA viruses can be
studied. ssRNA viruses represent a substantial part of all known viral pathogens. A key
event in the life cycle of these viruses is the enclosure of their genomic material within a
protein capsid. Understanding the mechanism in which these capsids form and the
attributes of underlying nucleic acid-protein interactions which must accompany their
formation could be beneficial for the production of novel anti-viral therapeutics as well
as increasing the understanding of macromolecular assembly mechanisms. MS2 is a
good model system because it is safe to work with and is well characterised both
structurally and biochemically. Importantly, the MS2 capsid can be disassembled and
reassembled in vitro in a process which is induced by RNA and has allowed the role of
RNA in capsid assembly to be explored.

In chapter 3 of this thesis the production of RNA transcripts of different sizes and
corresponding to discrete regions of the MS2 genome was described. In chapters 3 and
4, these RNA transcripts were shown to promote capsid assembly with different
efficiencies as assayed by gel retardation assays and analytical ultracentrifugation. In
chapter 5, the structures of the RNA transcripts were investigated in solution and shown
to be similar to the structure of the MS2 genome within MS2 virions as assayed by
biochemical structure probing.

MS2 capsids are composed of 180 coat protein subunits. The capsid has
icosahedral symmetry with T =3 subunit arrangement i.¢. the coat proteins are observed
in three quasi-equivalent conformations in the capsid. The coat proteins form two types
of dimers (A/B and C/C) which serve as the building blocks of the capsid. A/B dimers
are arranged around the capsid 5-fold axes while the C/C dimers span the distance
between the capsids 3-fold axes. A loop of polypeptide connecting the F and G B-
strands of the coat protein has a different conformation in the B subunit but an identical
conformation in the A and C subunits. This results in a symmetric C/C dimer structure

while the A/B dimer is asymmetric (Valegérd ez al., 1990). For correct capsid assembly
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to take place the dimers must be arranged with the appropriate conformations
throughout the capsid.

How is quasi equivalent conformer packaging achieved during capsid assembly? A
current proposed mechanism indicates that discrimination between coat protein
conformers occurs upon binding to a 19 nt RNA stem loop translational operator of the
MS2 replicase gene (Stockley et al., 2007). The translational operator (TR) has high
affinity for coat protein and nucleates capsid assembly (Bernardi and Spahr, 1972;
Carey et al., 1982; Beckett and Uhlenbeck, 1988; Beckett et al., 1988). Using mass
spectrometry it was shown that upon mixing CP; with TR at equimolar ratios, a CP,-TR
complex was formed and capsid assembly was negligible. Upon further addition of CP,
however, capsid formation proceeded rapidly. This suggested that two types of dimer
were required for assembly, an RNA bound and an RNA free CP,. NMR structure
studies of a non-assembly competent coat protein mutant, showed that in the absence of
RNA the coat protein dimers are predominantly symmetric while binding of TR results
in a conformational change in the FG-loop region which results in an asymmetric dimer.
Together these results suggest that TR acts as a molecular switch providing A/B dimers
in solution whose conformation is otherwise largely C/C like (Stockley et al., 2007).

But how might capsid assembly proceed in the presence of the 3569 nt MS2
genome where only one copy of the TR operator is present? A cryo-electron
microscopy 3D structure model of the MS2 phage in which ~90 % of the RNA genome
was accounted for indicated that the genome is well ordered within the MS2 virion and
that it exists as an ensemble of similar tertiary structures. The RNA is packaged as two
concentric shells with roughly 2/3 of the RNA density located in an outer shell while the
remainder is located in an inner shell. The two shells are connected at the icosahedral
5.fold axes where the observed electron density is large enough to accommodate an
RNA duplex. The outer shell is in close proximity to the capsid interior at positions
which correspond to known TR binding sites on the CP,. The observed density of RNA
bencath the A/B dimers is on average different from the RNA beneath the C/C dimers.
This is consistent with the model of RNA induced conformational control of CP,
conformers during capsid assembly. The cryo-EM reconstruction therefore implies that
multiple sites within the MS2 genome are capable of quasi-equivalent control, possibly

in a similar manner as observed for TR (Toropova et al., 2008).
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The data reported in Stockley et al. (2007) and Toropova et al. (2008) suggested a
function of MS2 RNA in capsid assembly and served as an incentive for further
research into the roles of genomic RNA during MS2 capsid assembly.

In chapters 3 and 4 results from experiments were reported wherein the role of the
MS2 genome during capsid assembly was investigated by monitoring how sub-genomic
RNAs affect capsid assembly efficiency. In order to produce MS2 genomic RNA, three
¢DNA transcripts corresponding to different regions of the MS2 genome were produced
which, in principle, allowed the generation of any sized RNA corresponding to the MS2
genome using the technique of reverse transcription. Taking into account the relative
amounts of RNA observed in each RNA shell within the MS2 virion (Toropova et al.,
2008), two RNA transcripts corresponding to roughly two thirds of the RNA genome
from both the 5° and 3’ termini and one corresponding to roughly 1/3 of the MS2
genome were produced. In addition, a fourth transcript corresponding to roughly 1/3 of
the genome but lacking the TR operator was produced. These sub-genomic RNAs
along with the full length MS2 genome allowed the assessment of the effect of RNA
length, sequence and structure on capsid assembly.

In chapter 3, the sub-genomic RNAs were shown to induce capsid formation as
observed by their ability to promote formation of material which migrated with similar
rates as recombinant capsids in native agarose gels (GEMSA). The capsids appeared
similar to MS2 and fr capsids, which have been reconstituted with genomic length RNA
previously, in that they had similar morphology as observed by transmission electron
microscopy (TEM) (Sugiyama ef al. 1967,; Hohn et al, 1969; Mathews and Cole,
1972). In chapter 4, the assembled capsids were further shown to sediment at rates
which corresponded to recombinant MS2 capsids. These experiments showed that MS2
sub-genomic transcripts are capable of promoting formation of MS2 capsids in virro and
that truncation of the MS2 genome does not reduce its ability to be packaged. This
suggests that the double shell tertiary structure of the genome is a consequence of
packaging a large RNA into the capsid volume but not a requirement for capsid
formation.

How is genomic RNA packaged? The GEMSA and sedimentation velocity assays
of capsid assembly induced with the genomic RNAs of different sizes suggest that it is
folded into the volume of the capsid. Smaller sub-genomic RNAs were observed to
promote capsid formation at lower CP2:RNA reaction ratios than larger RNAs. This

suggests that there is an energy barrier which must be overcome in order for these

161



RNAs to be packaged which is dependent upon the length of the genomic RNA. This is
consistent with reducing their hydrodynamic radii. Estimates of the genomic RNAs
hydrodynamic radii implied that a conformational change, wherein the RNAs are
compacted, accompanies RNA packaging. The presence of Ethidium bromide (EtBr) in
the assembly buffer resulted in a lower packaging efficiency of the S’ sub-genomic
RNA, suggesting that reagents which rigidify RNA structure reduce packaging
efficiency which is consistent with folding of RNA during packaging. In light of the
cryo-EM reconstruction of the MS2 virion (Toropova ef al., 2008), these suggestions
are in agreement with the idea that it will be harder to package a larger RNA due to a
more complex fold which it must adopt within the capsid. The MS2 genome does not
act as a static or prefolded scaffold upon which capsid assembly takes place. It appears
that MS2 CP; subunits act as chaperones which bind and fold RNA into the volume of
the capsid. This corresponds to proposed ideas of genomic packaging of various ssRNA
plant and animal viruses (Lin et al., 2003; Johnson et al., 2004; Kuznetsov et al., 2005).
Another idea concerning the packaging of ssRNA viruses is that only nascent transcripts
from the RNA polymerase are packaged into viral capsids. Reports on sub-genomic
RNA encapsidation in vivo for the ssRNA viruses Brome mosaic virus (BMV)
(Annamalai ef al., 2006) and Flock house virus (FHV) (Venter et al., 2007) have
suggested that only, replicating RNA is packaged. This corresponds to proposals that
viral RNA is folded into an assembly competent structure immediately following
replication (Hung et al, 1969; Larson and McPherson, 2001). If capsid assembly
follows this path in vivo, how or when does the RNA then fulfill its physiological roles
in RNA replication and protein translation? The results reported in this thesis suggest
that non-nascent sub-genomic RNA can be packaged and emphasize a chaperone
activity of coat protein dimers. The packaging of viral ssRNA in vivo is however bound
to be different from the scenario in vitro. The reports on FHV and BMV genome
packaging in vivo suggest that capsid assembly could be affected by factors beyond coat
protein-RNA interactions. ~ The polymerase and other cellular machinery perhaps
contribute to the assembly process. For MS2, an in vivo assembly component which
has not been studied with respect to its affect on assembly is the A-protein. The A-
protein binds to the MS2 genome near to its 5* and 3’ termini effectively circularising
the genome (Shiba and Suzuki, 1982). This is sure to restrict the conformational space

available to the genome and increase capsid formation efficiency. For future work it
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would be interesting to assess how the A-protein contributes to RNA packaging and
capsid assembly.

The experiment with EtBr suggests that compounds capable of hindering correct
RNA folding could be potent inhibitors of ssSRNA virus assembly. It is however
possible that EtBr perturbs binding of the CP; to RNA or association of CP,. For future
work, an interesting experiment would be to monitor the formation of the CP,-TR
complex with the CP mutant W82R which does not assemble beyond a dimer but binds
TR. This would give ideas about how EtBr affects CP; binding to RNA. An assembly
experiment with wild type CP» and TR in the presence and absence of EtBr would then
indicate whether capsid assembly was less efficient due to perturbed CP; interactions.
Additionally, different nucleotide intercalators could be assayed towards their ability to
inhibit capsid formation which would indicate whether this effect is restricted to EtBr.

Capsid assembly induced with the sub-genomic RNAs was observed to take place
in a co-operative manner. This was evident from the bimodal distribution of RNA and
by the formation of capsids at low CP,:RNA reaction ratios as observed in GEMSA and
sedimentation velocity assays of capsid assembly reactions. The encapsidation process
of the sub-genomic RNAs is in this way similar to what has been described for the in
vitro encapsidation of the full length MS2 genome (Sugiyama ef al., 1967). At high
reaction ratios of CP;:RNA, approximately 50:1 and above, the formation of products
larger than capsids became apparent. TEM micrographs indicated that these products
most likely corresponded to incomplete capsid-like material. The data suggest that as
the CP, concentration is increased, nonspecific binding of CP; to RNA increases,
perhaps hindering folding of the RNA into an assembly competent structure. These
structural kinetic traps on the assembly pathway are then prone to aggregation.

Specific regions of the MS2 genome were not observed to be of importance for
successful RNA packaging. Sub-genomic RNAs of similar size but having a different
sequence were packaged with similar efficiencies. Even in the absence of the TR
operator, sub-genomic RNA was packaged. These results confirm reports that the TR
operator is not required for inducing capsid assembly (Beckett and Uhlenbeck, 1988;
Beckett et al., 1988) and that there are secondary structure elements within the MS2
genome capable of quasi-equivalent conformer switching similar to TR (Toropova et
al., 2008). In chapter 4, results which formed part of a broader study to investigate the
manner in which RNA stem-loops promote capsid assembly were reported. They

showed that stem loops with low affinity to the CP; are capable of promoting capsid
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assembly in a similar manner to TR. These results suggest that quasi-equivalent
conformer control is not dependent on sequence specific binding and support the results
obtained with the sub-genomic RNAs.

The results do however not suggest that RNA structure is not of importance for
capsid assembly. Cryo-EM reconstructions obtained by a fellow PhD student, Katerina
Toropova, of the capsid assembly products containing the sub-genomic RNAs indicate
that they interact with the capsid at A/B dimer positions. This is consistent with CP,
conformer switching occurring throughout the assembly process and is suggestive of a
network of stem-loop structures within the MS2 genome. These results, along with
those reported in chapters 3 and 4 of this thesis, are suggestive of a highly synergistic
assembly process where CP; bind and fold the RNA while at the same time quasi-
equivalent conformer switching is induced by the RNA at defined positions within the
genome allowing 7 = 3 shell formation (Rolfsson and Toropova et al., 2009).

RNA structure is sure to have an effect on the capsid assembly process.
Knowledge of the manner in which this might take place is likely to be gained by
monitoring reaction kinetics.  Gel filtration coupled light scattering and mass
spectrometry have shown that capsid assembly kinetics can be different and that
assembly can follow different molecular pathways dependent upon the type of RNA
stem loop used to promote capsid formation (Basnak er al,, 2009). Sugiyama et al.,
(1967) noticed that non-cognate MS2 RNAs do not produce capsid nucleation
complexes such as those detected when assembly is initiated in vitro with the MS2
genome suggesting that RNA directs capsid assembly. For future work, it would be
interesting to monitor the kinetics of cognate and non-cognate RNA folding during
assembly. An informative experiment would be to “shuffle” the stem loop distribution
of the MS2 genome which would disrupt the MS2 RNA stem loop template. If the
current ideas on MS2 capsid assembly are correct then an RNA with such stem loop
distribution would result in aggregate formation as A/B dimers would be formed at
positions which would perhaps not be compatible with the T'= 3 shell. In effect the CP,
binding site network, intrinsic to the MS2 genome, as suggested by the cryo-EM
reconstructions would be disrupted.

In chapter 5, the structures of the sub-genomic RNAs in solution along with the
MS2 genome within the virion were investigated on the basis of their susceptibility to
lead ion induced hydrolysis. These experiments afforded insight into MS2 virion RNA
structure and the RNA structural transition which must accompany MS2 genome
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packaging. The MS2 virion RNA was shown to have a defined structure within the
virion. This correlates with the cryo-EM reconstruction of the MS2 virion (Toropova et
al., 2008). The implication is that RNA is not packaged randomly into viral capsids and
suggests a specific packaging mechanism for virion RNA.

The virion RNA structure was observed to be partly conserved in solution. The
sub-genomic RNAs were shown to be structurally similar to both each other and to the
virion RNA with respect to the nucleotide positions at which lead ion induced
hydrolysis occurred. In light of the results presented in chapters 3 and 4, these findings
suggest that viral RNA 1s folded into a tertiary structure from secondary structure motifs
which are largely conserved in the virion. This is consistent with reports which have
shown that upon removal of coat proteins from 7 = 3 viruses such as Polio and BMV,
their ssRNA slowly unwinds into a linear array of secondary structure elements
(Kuznetskov et al., 2005).

The lead ion structure probing assay showed promise in that it could represent a
method in which all the CP, dimer binding sites within the MS2 genome could be
identified. A difference in lead ion induced cleavage positions over the TR operator
region was observed in the sub-genomic RNA transcripts in vitro as compared to the
RNA within the MS2 virion. This suggested that the change in the structural
environment of RNA associated with CP, binding can be detected with the lead ion
cleavage assay. Mapping the CP; binding sites within the MS2 genome would be
beneficial for understanding both the topology of the MS2 genome within the virion and
would provide information on the scaffolding nature of the RNA during capsid
assembly. A novel technique was pursued in order to structurally characterise the whole
MS2 genome and all the sub-genomic RNAs with respect to lead ion induced cleavage
in a high throughput manner using capillary electrophoresis. These results, although
preliminary, were very promising and serve as a foundation for further high throughput

structural characterisation of the MS2 genome. Work on this is currently underway.
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Appendix
1. Analytical ultracentrifugation data supplementary

The following six figures, supplementary figures 1-6, show examples of the
sedimentation velocity profiles obtained for all MS2 capsid assembly components and
assembly reactions. In the figures the sedimentation velocity profiles are shown on the
left with the C(S) plot, obtained by fitting the sedimentation profiles using the C(S)
model in the program SEDFIT as described in section 2.2.12, shown on the right. In
some cases the sedimentation velocity profiles have been smoothed for clarity. Note
that in some cases specific sedimentation velocity profiles are missing such as for the
WT phage in AUC supplementary figure-1 (no scan visible at radius ~6.4 cm). This is
because of a malfunction in the connection between the Xl-1Beckmann analytical
ultracentrifuge and the data acquisition software. This malfunction does not affect data
analysis. Above the sedimentation profiles are shown the residuals of fitting to the C(S)
model. They are shown as an absorbance vs. radius plot. The scale on the y-axis of the

residual plots span +£0.05 AU from zero as most residuals were within that range.

179



2.0

v, P sy i o e
I

s oppRry

w:*zig

B A~
” L

/ / / /’/" /',: "

,/ / / /// A

J
*

T T T - T —
63 64 65 66 67 68 69
radius (cm)

6.0 0.1

6.2

v T Ve
6.3 Bvd 85 66 67 68 69

radius (cm)

00

60 61

62

63 64 65 66 67 68 69

rads (cm)

@
o

Cs)

Cs)

0.8

WT phage

00

25

M ¥ ‘V
50 75 100 155 TSO

Capsid

1049

0.8

0.6 4

0.2 4

0.0

25

CP2

y S
4
o
5

Supplementary Figure-1. WT phage, recombinant capsid and coat protein.

180



cs)

109, .- TN :
e o e WT RNA
2 . 08
0.6+ ""',‘/ M/ ) PIRIPE 06
J 04 ; £ :
; . ; 041
02 o e e
Wi - A 02
00 "
v — 00+

- T u 2 o Y ,,.—v__,,
60 61 62 63 6 656 66 6 69 o 28 o0 9 50

radius (cm)

s
10 WT RNA EDTA
08
&» 064
o
0.4 ]
oz<—/
60 61 62 63 ':'ow(:':) 66 67 68 69 000 u‘ s ey - b
s
10
P2:WTRNA; 10:1
os
5 06
b
044
024
60 61 62 63 64 65 66 67 68 69 0.0+ '*—;vs'—}" = g e oy e
radius (cm) s
109, = e — = 10 .
4 it ot Y P2:WT RNA; 30:1
0.8 o84
0.6 » 06
A 5
0.4 0.4
0.2 024
0.0 v oo —
v . i - - - v v v = v ~
60 61 82 63 64 65 66 67 68 690 0 25 80 76 100 128 180
radws (cm)
1oq , : . ; s P2:WT RNA 90:1
i4 : © - : . 08
0.8 4
A o g 0.6
4‘ P - 04
0.4 ; - -
— == 024
02 'w"
: s e S
o8 - e %6 v o
60 61 62 63 64 65 66 67 68 09 s
L S R )
¥ 1 CP2:W, T RNA, 110:1
oﬁi: : ; 3 o R | 684
<‘c.u- ; 0.6-
04 04
0.2 024
\\‘
004 0.0 — —
60 61 62 63 B4 65 66 67 68 69 ] 28 50 75 100 125 150

radius (cm)

Supplementary Figure-2. WT MS2 RNA and capsid assembly reactions initiated with
it.

181



[t  iiinie Foroee
o ¥ v
o8 F = ¥ i
o6
024
00
e ey - v - v v
60 61 62 63 LR 65 es a7 68 ae
rachus (cm)

60 61 62 63 64 65 66 67 68 69
radws (cm)
104
i A J
"FA o 5 peagem
08
X
Oa
02
0o
80 61 82 63 6a es 66 87 68 89
racus (cm)
104
.-‘~u#—_‘ l
08
) oe
04
e e—
02 e =
00
v —— — T
60 61 62 63 64 65 66 67 68 69
raduss (Cm)

104 - . . —
| ooty " .
08
T
044 /
/
/ /
02 !/ / /
00
60 61 62 63 64 65 66 67 68
radius (cm)

s

cs)

S'RNA

25 50 78 1258

S'RNA+EDTA

25 50 s 128 160

CP2:5'RNA: 10:1

044
02
0.0 /\_/K' v
° 25 50 75 100 125 180
s
10. CP2:5'RNA; 30:1
0.6
0.6
D44
0.2
A : \
¢ 25 50 75 100 125 150
s
g CP2:5'RNA;-80:1
o8
0.8
0.4
0.2
0.0 - ,,\“,;,—h_.
o 25 50 75 100 128 'f‘bﬂ
CPR:5'RNA: 1106:1
08
0.6
0.4
02
0.0 y . . e
25 50 75 100 128 150
s

Supplementary Figure-3. 5’ sub-genomic MS2 RNA and MS2 capsid assembly

reactions initiated with it.

182



e 3'RNA

as)
°
°

C 25 50 75 100 126 180
radius (cm) 8
'

3'RNA + EDTA

cs)

v v v v p——
o 28 50 78 100 128 180
radius (cm) s

CP2:3'RNA:; 10:1

cs)
o
°

—

o 28 50 75 100 126 160
redius (em) s

oe CP2:3'RNA; 30:1

Cs)
°
a

) 25 50 78 100 128 180
radwss (cm) s

1.0- CP2:3'RNA: 90:1

°A° T v A T v v v T % S, ) °°
60 61 62 63 64 65 66 67 68 69

109 rap

:3'RNA; 110:1

Gs)

60 61 62 63 64 66 66 67 68 069 80

o 25 60 75 100 126 150
racwse (cm)

Supplementary Figure-4. 3’ sub-genomic MS2 RNA and MS2 capsid assembly
reactions initiated with it.

183



1.0+

1 0-5;'__ e :
o8- : ) h iRNA
/ AT 0.6
0.6 e g
J 0.4 0.4
0.2 02
0.0 ————————— oo + . v . .
60 61 62 63 €4 65 66 67 68 69 28 50 76 100 126 1860
racdeus (cm) s
1.0
109 e ke ]

os. IRNA +EDTA

- - J v T v v
60 61 62 63 64 65 66 67 68 69 « 25 75 100 128 150
redius (cm) s

24

[ i e CP2:iRNA; 10:1

CP2:iRNA: 30:1
oe 3 o.s
Joo o.ﬁ
e ‘ 10- P2:IRNA:; 90:1
.7 . 5 oa
i
CP2:IRNA: 110:1
g 06

Supplementary Figure-5. Internal 928 nt sub-genomic MS2 RNA and MS?2 capsid
assembly reactions initiated with it.

184



9 4 1.0+
10 m' - N \ o icRNA
084 o : v ) v o - 0.8
J 06 os
0.4 0.4
oz 0.2 L
e v ey —————, 00 - ~ .
60 61 62 63 B84 65 66 67 68 69 < 25 50 78 100 128 180
radws (cm) e
1.0+
1.0+ q i
‘ ” ‘ icRNA + EDTA
o8 . e f S0y i o8
J 0.6 %‘ 0.6
0.4 4 0.4
0.2 0.2 \L
0.0 . 0.0 v v v v v
60 61 62 63 64 65 66 67 68 69 o 25 60 7% 100 128 160
redius (cm) s
TV

yd CP2icRNA; 10:1

0.4
024 L
60 81 62 63 64 65 66 67 68 869 o 26 50 43 100 125 160
raciua (om)
ool ' e CP2:icRNA; 30:1
ey JN ‘- w I. . b2 e ' sy
0.6
d
044
0.0 ._"- - 1 TR
60 61 62 63 64 65 66 67 68 69 o 25 50 78 10 12 150
rackus (em) S
s Vs CP2:IcRNA; 90:1
T e e
L 2 -
0.6 4 i 084
0.6 & 0.6
J o
0.4 4 0.4 4
0.2 4 0.2
0.04 ——+ v ———
60 61 62 683 64 (:': 66 87 68 69 8o+ 268 oo 78 100 38 1so
recius 3
10 o ; - y -
14 ; 1 CP2licRNA; 110:1
o8 o o — - — —y 0.8 4
06
J g 0.6
o ‘T 0.4
02
0.2
oo —————— 0.0
60 61 62 63 6.4 (:;:’ 66 67 68 69 e 26 60 75 00 136 160
redus s

Supplementary Figure-6. Internal control 874 nt sub-genomic MS2 RNA and MS2
capsid assembly reactions initiated with it.

185



2. Lead Acetate structure probing data supplementary.
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SLp}Iemeﬁtary Figure 7. MS2 nucleotide positions of all lead ion induced hydrolysis
positions in all probed RNA samples identified off PAGE gels. Lead ion cleavage
positions are marked with a 1" at the relevant nucleotide positions.
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Supplementary Figure 8. Automated DATA analysis of CE data set. Intensities are
expressed as standard deviation from the normalised average intensity followin’g
subtraction of a control electropherogram. More specifically, for each primer, a Pb"
cleavage electropherogram and a control electropherogram were obtained. The
intensities of each electropherogram were normc’zlised to their average intensities. The
control dataset was then subtracted from the Pb”" dataset in order to remove positions
which might have occurred due to RT stop sites or RNA degradation. The above figure
shows the signal intensity at each nucleotide position of this dataset expressed as
standard deviation. Cleavage intensities can be catagorised as strong or weak which
might be usefull for generating constraint baseai !QNA structure predictions of the MS2
genome. STDEV below 2 represent 7weak Pb"" cleavage positions while a STDEV
above 2 corresponds to a strong Pb™" hit. The arrows mark the primer annealing
positions used for reverse transcription. The red arrows correspond to primers 566.R
and 3163.R which did not work. Data coverage upstream of these primers is therefore
lacking.
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Supplementary Figure 9a. MS2 nucleotide position of all lead ion induced hydrolysis
positions in all probed RNA samples identified from capillary electrophoresis
electropherograms. Part 1. MS2 nucleotide region 567-1822. Lead ion cleavage
positions are marked witha “1” at the relevant nucleotide positions.
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Supplementary Figure 9b. MS2 nucleotide position of all lead ion induced hydrolysis
positions in all probed RNA samples identified from capillary electrophoresis
electropherograms. Part II, MS2 nucelotide region 1823-3467. Lead ion cleavage
positions are marked with a “1" at the relevant nucleotide positions.
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Using mass spectrometry we have detected both assembly intermediates
and the final product, the T=3 viral capsid, during reassembly of the RNA
bacteriophage MS2. Assembly is only efficient when both types of
quasiequivalent coat protein dimer seen in the final capsid are present in
solution. NMR experiments confirm that interconversion of these con-
formers is allosterically regulated by sequence-specific binding of a short
RNA stem-loop. Isotope pulse-chase experiments confirm that all inter-
mediates observed are competent for further coat protein addition, i.e., they
are all on the pathway to capsid formation, and that the unit of capsid
growth is a coat protein dimer. The major intermediate species are
dominated by stoichiometries derived from formation of the particle
threefold axis, implying that there is a defined pathway toward the T=3
shell. These results provide the first experimental evidence for a detailed
mechanistic explanation of the regulation of quasiequivalent capsid
assembly. They suggest a direct role for the encapsidated RNA in assembly
in vivo, which is consistent with the structure of the genomic RNA within

wild-type phage.
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3 . .
or C/C conformers.™ Within each monomer, these

Introduction conformers are defined by the orientation of the loop
y - : - lei of the polypeptide connecting the F and G j3-strands,
Simple spherical viruses consisting Siainne e with A and C subunits having extended loops while

-1 oenome enclosed in a protein shell composed of
ﬁf\lgtig;]e copies of one, or very few, coat protein (CP)
subunits generally have isometric C.?pSIds. The

ositioning of the CP subunits is prelzcglctable from
the allowed tessellations of a sphere.” We studied
the RNA bacteriophage MS2, which conforms to a
T=3 shell in the Caspar-K]gg npmenc]ature_ The
triangulation number (T'=3) implies that the phage
CP subunit can exist in three ql.]aSleqUIVa]e.nt
conformations (A, B, and C), allowing 180 copies
of the subunit to create an enclosed Capsxd: This is
hdeed the case (Figure 1); the CP subunits form
;:terdigitated noncovalent dimers (CP,) that act as
the basic capsid building blocks composed of A/B

Abbreviations used: CP, coat protein; ESI-MS,
electrospray ionization-mass spectr?metry.
E-mail address of the corresponding author:

stockley@bmb.leeds.ac.uk

0022-2836/$% - see front matter ©

B subunit loops fold back toward the globular core
of the protein (Figure 1(c)). In the complete capsid,
A/B dimers surround the particle fivefold axes with
a ring of B-type loops, while A- and C-type loops
alternate around the threefold axes.

A major unresolved problem in structural virol-
ogy is understanding the detailed molecular mech-
anism(s) that gives rise to the assembly of capsids
of the correct size and symmetry. Various pro-
posals for the formation of T=3 shells based on
the initial formation of three” or fivefold® assembly
initiation complexes have been made. However,
capsid assembly is spontaneous and usually very
rapid, with the result that it has been technically
difficult to isolate and characterize intermediates
beyond these “initiation complexes” on the path-
way to the final products.”® The MS2 system is an
ideal model for investigating such phenomena due
to the extensive biochemical and structural infor-
mation available.”” " Capsid reassembly can be

2007 Elsevier Ltd. All rights reserved.
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Figure 1. The structures and solution components associated with MS2 bacteriophage assembly. (a) A space-filling
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ithin it. y i .
(el;f]:z-'g‘:(;tc;ﬁmn of their relationship within the capsid.

d in vitro by a sequence-specific RNA-
nteraction betweeleyﬁa CP, and an RNA
ctem-loop (TR) of just 19nt ™~ that encompasses the
start codon of the viral replicase on the RNA genome
Figure 1). RNA-protein binding thus achieves two
(fu rﬁjctioﬂs via a single molecula'r recognition c'event:
translational repression of replicase and creation of

an assembly competent complex on viral RNA.

triggered
protem 1

ntation of the X-ray structure of the T=3 capsid of wild-type MS2? (Protein Data Bank 2MS2). (b) The sequence and
tructure of the TR RNA. (c) The distribution of symmetry axes (black and white symbols) within the
ace lattice of the MS2 capsid and the arrangement of the quasiequivalent dimers, AB (blue/green) and CC
Alongside are ribbon models for the structures of each, with the A/B dimer bound to TR RNA, and an

We used electrospray ionization-mass spectro-
metry (ESI-MS) to investigate the mechanism of
capsid reassembly and here show for the first time
the time-dependent formation of both intermediates
and the final product in a single assay. ESI-MS has
proven to be a powerful technique for the analysis of
noncovalently bound protein complexes because the
mild ionization conditions are able to preserve often
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fragile macromolecular structures, 2}11;15 permitting
mass analysis of the intact complex™"” Our analysis
of the yield and kinetics of the assembly of both
intermediates and the final capsid leads to one of the
first mechanistic descriptions of the control of
quasiequivalent interactions during virus assembly,
in this case via an allosteric switch controlled by

interaction with phage RNA.
Results and Discussion

An RNA-mediated conformational change

The reassembly experiments were analyzed using
a customized nanoelectrospray ionization—time-of-
flight instrument with an extergded m/z _rgx)gelgg
to m/z 60,000), collisional cooling capablh'ngs, ’
and a temperature—control]ed, aqtomated injection
and ionization system (see Matenalg and Methgc'is;).
Capsid reassembly in vitro was ac?ueved by raising
the pH of a solution of ac1d-dls§§sz§mbled. coat
protein in the presence of TR RNAs.' -~ Working in
solutions of final pH 5.2-5.7 and in buffers com-
patible with mass spectrometry slows the reas-
sembly process, allowing us to observe early and
intermediate stages. '

In our ESI-MS experiments the possible m_olecular
components in the reassemb}y reaction consist of the
following: the CP; the CP dimer (CP); the TR RNA
(TR), the RNA-protein dlme.r complex (_CPziTR),
and various higher-order species. Systematic analy-
sis of reassembly conditions by gel filtration-light-
scattering prior to the MS assay allowed us to choose
conditions for the reaction that slovy the productlop
of the final product, the T=3 capsid. These condi-
tions favor very high overall y1e1.ds of the desired
end product and essentially eliminate the produc-
tion of mis-structured alggregates that could other-

i mplicate the analysis.

WIZ? ;c;{ ~p3.0 the CP obtaineczi4by acid disassembly
of recombinant T=3 capsids shows a spectrum
dominated by a mixture of CP (13.7 kDa) and CP»
(Figure 2(a); components labgled A and B, respec-
tively), even at concentrations well a}bove the
dissociation constant for dx{ner formation (:*leter-
mined at neutral pH, suggesting thqt the CP, is not
completely stable at this pH, at least in the gas phase
of the mass spectrometer. T}\ese major species are
accompanied by minor species with masses consis-
tent with the CP trimer, 'tetramer, and pentamer
(Figure 2(a); unlabeled, minor peaks (<1%) in the
range m/z 4000-7000). The; addition of TR to a
solution of coat protein ata final pH ~5.2-5.7 and at
a stoichiometry of 1:1 (CP; to TR) changes the
spectrum radically, resulting in the complete dis-
earance of CP, CP», and the other minor species
:ﬁg the emergence of the complex CP»:TR of mass
33.5 kDa (Figure 2(b); component C). The presence
of this complex as the major species implies that all
f the CP, binds TR RNA and is ghus s5ab1h+zed. The
o ow ESI charge state distribution (97-10" ions) of

pan ex reflects its well-defined structure. This

the compl

species is accompanied by masses consistent with
trace amounts of higher-order oligomers in the
region m/z 4000-10,000, which do not appear to
alter significantly in concentration over time (Figure
2(c)) until after some 5 h, when certain higher-order
species increase slightly in intensity (e.g., compo-
nent D in Figure 2(d); see below for an explanation).

The spectra are significantly different, however,
when reactions are performed at a final stoichiome-
try of 2:1 CP, to TR (Figure 2(f)~(h)), by allowing
pre-equilibration of the complex (1:1, CPx:TR) for
10 min (Figure 2(e)) followed by the addition of an
equal aliquot of CP, lacking RNA (Figure 2(f)). The
proportion of the higher-order species increases
rapidly and dramatically and is not consistent with a
simple mass action effect (Figure 2, cf. (c) and (g)).
This effect was not seen when equal aliquots of CP,
and TR were added to 1:1 reactions. Several higher-
order species are clearly visible in the 2:1 reaction,
some of which we are able to assign to unambiguous
stoichiometries, as well as weaker species whose
signals are too broad to measure accurately. For the
mass assignment, the measured masses, based on a
minimum of three adjacent charge states, were com-
pared with the calculated masses of all possible
multiples of CP and TR. A significant higher mass
species of 182.7 kDa is consistent with the complex
[3(CPxTR)+3CP,] (Figure 2(g) and (h); component D).
In addition to CP, CP,, CPx:TR, and [3(CPx:TR)+
3CP;] (components A-D, respectively), other, minor,
higher-order species consistent with [CP,: TR+ CP]
(mass 47 kDa), [2(CPxTR)] (mass 67 kDa), and
[3(CPx:TR)+CP;+CP] (mass 142 kDa) were un-
ambiguously identified (Figure 2; not labeled).
Other species of masses >200 kDa (e.g., compo-
nent(s) E, mass ~288-300 kDa) were more difficult
to identify due to low-intensity broad peaks, which
made unambiguous charge state assignment diffi-
cult and hence gave rise to the possibility of several
theoretically compatible stoichiometries. The pre-
sence of complexes with CP monomer components
may arise because of the presence of the monomer
under the starting conditions. Over time the peaks
corresponding to all of these species decreased in
intensity. In contrast to the time-course for the 1:1
CP; to TR reaction (Figure 2(b)-(d)), the higher-
order aggregates (m/z 4000-10,000) are accompa-
nied by broad unresolved higher mass to charge
signals (>m/z 14000) visible in the spectra for the
2:1 reaction from the earliest time-point sampled
(~1 min; Figure 2(f}-(h)). Such broad peaks have
been mass assigned to the MS2 T=3 capsid by
others® and are also seen when we analyze the
intact recombinant capsid.”

To confirm that the high mass peaks corresponded
to the formation of T=3 shells, identical reassembly
reactions were analyzed by gel filtration-light-
scattering (Figure 3). The 1:1 reaction forms capsids
only very slowly, whereas the 2:1 equivalent has
capsids present from the earliest time-points. These
data imply that the small amounts of reassembly
intermediates seen in Figure 2(b)~(d) are caused by a
limiting concentration of an RNA-free CP compo-
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Figure 2. Virus capsid reassembly monitored over time by real-time nanoESI-MS. The spectra were acquired over the

e m/z 500-30,000 for samples in ammonium acetate (40 mM) at pH 5.2-5.7. The components are labeled as follows:
K‘E%P B=CP,; C=CP,:TR; D=182.7 kDa, assigned as [3(CP2TR)+3CP;], and E=~288-300 kDa, unassigned. The
nu—mbe'r immec]liately following each letter is the charge state of those particular ions, i.e., [M+. nH]"'. The spectra are as
llows: (a) CP alone (8 uM); pH 3.2; (b)-(d) are for reassembly at pH 5.2-5.7 at a stoichiometry of CP, to TR 1:1
fg OM'ii uM), at 1, 90, 300 min, respectively. Spectrum (e) is the 1:1 pre-equilibrated starting point for reassembly at a
( ':lchi.ometf),’ of CP; to TR 2:1 (16 tM:8 uM), spectra (f)-(h), at 1, 120, and 180 min, respectively. Note that spectra (b) and
Stor ssentially equivalent. The bars below the spectra indicate a magnification factor of 5 for all ions above m/z 6000 to
‘(;)}?;s; clarity. The insets in (a)—(f) highlight the range m/z 26004100 to enhance clarity in the region containing ions

arising

from components A, B, and C. The inset in (g) highlights the range /2 6000-10,000 to enhance clarity of the ions

arising from components D and E and is normalized to the D26 ions, which are ~10% of the intensity of the full spectrum.

nent in the assembly pathway. Increasing the
concentration of CP, triggers a dramatic increase
in the efficiency of assembly of the higher-order
species observed in Figure 2(f)—(h). Further_mgreas-
ing the concentration of RNA-free CP subunits in the
MS assay (to a 4:1 CP> to TR ratio) rgsult§ in more
rapid loss of these higher-order species, including
the CPxTR complex, from the m/z spectrum,
suggesting that they do participate in capsid
{ormation rather than being simply MS artifacts.
The spectrum is then dominated by peaks originat-
ing from CP monomer and dimer, together with a
;ragce of trimer (data not shown). A reasonable
inference from these effects is that the RNA-free coat

tein added to the preformed CP»TR complex is
P different quasiequivalent conformation from the
o in the complex. Because both A/B and C/C
(1 ers are required to build the T=3 capsid, mixing
i conformers at high concentration allows the
thesfnbly reaction to proceed efficiently. The 1:1 CP5:
aizsemixture also makes T=3 shells, although under
;rhese conditions the RNA-free sarpp]e cégg; not.
Because the life-time of the CPxTR is 42 5, both

types of dimer are available in the 1:1 reaction but in
these reactions the concentration of the RNA-free
form would be limiting.

To probe whether TR binding leads to conforma-
tional change within the CP subunit, using NMR we
carried out measurements with a mutant CP subunit
(W82R) that does not assemble beyond dimer but
does bind TR RN A with the same affinity as the wild-
type (unpublished results). Residue 82 lies outside
both the FG-loop and the TR binding site. The
backbone resonances from the 'H, '*C, *N triple
resonance NMR spectrum of the apo-CP,(W82R)
were analyzed with 87% of the backbone NH
resonances being assigned, including virtually all
the nonproline resonances in the FG loop region. The
full details of these experiments will be published
elsewhere. The degeneracy of all pairs of backbone
resonances present in apo-CP,(W82R) resulting from
pairs of symmetry-related atoms in the two subunits
of the dimer, encompassing the FG loop, show that in
the absence of RNA the protein subunits are
equivalent on the NMR chemical shift timescale
(Figure 4). Furthermore, "H-'">N heteronuclear nu-
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i 3. Gel filtration-light-scattering assays of cap-
c;idF 1rgzlilsrszmbly. MS2 CP, and TR were mixed in 40 r_nM
ammonium acetate, pH 5.2-5.7, to form a 1:1 reaction,
i cubated at 4 °C for 10, 30, or 90 min, and tbgn loadgd
e to a Sepharose 6 gel filtration column equilibrated in
28 mM Tris-acetate, pH 74, and eluted at 0.36 ml/min.
The outflow from the column was analyzed sim}xlta-
neously via UV absorbancg (black. trace) and light-

ttering (green trace). Similar reactions were then set
= reincubated at a molar ratio of 1:1 for 10 min, and
e an additional aliquot of protein was added to create
thenz'] reaction. The traces are shown as UV absorbance
%fue.trace) and light-scattering (red trace). The position at

hich authentic T=3 capsids elute is marked wnh.an
;VrmW; the peak at ~35 min corresponds to the starting

materials and smaller complexes.

Jear Overhauser effect spect‘ra'(data not shown)
< considerable motion within the FG loop on
Show cond to nanosecond timescales, indicating
O emical shift equivalence seen in these

e ch
E;;; 0:1}; results from an average of a large number of

co’rrl{\‘:::;ris{ion of TR to the labeled sample leads to a
hange in the spectrum of C_I’g(WSZR_), with reso-
¢ gs for the apo-CP, state disappearing and pairs
g?;gak s appearing at perturbed positions, which are

associated with the [CP,(W82R):TR] complex. The

data show that the complex is in slow exchange with
the apo state, as expected for a RNA-protein com-
plex with a nanomolar binding affinity. The sequen-
tial assignment for the backbone HN, N, and
C* resonances of residues 71-76 were made from
HNCA, HncoCA, and '"H-""N heteronuclear single-
quantum coherence spectra and the position of the
fragment within the CP»(W82R) primary sequence
assured by the presence of distinctive C* resonances
for residues 73 and 74, which are a GG pair, one of
only two such pairs within the primary sequence of
the CP. Pairs of resonances can be seen for residues
71, 72, 75, and 76, which are clearly delineated by
shift differences in the ' H+'°N dimensions (Figure 4).
Comparison of the observed differences in shifts for
the FG loop 'H amide resonances were made with
those predicted by the Heigh Mallion ring current
model using the program MOLMOL and ring cur-
rent intensities suitable for RNA.***’ These calcula-
tions show that the observed changes in shifts in the
presence and absence of TR are approximately an
order of magnitude greater than that expected from
theory (data not shown), confirming that the
observed shifts are not caused by RNA binding per
se but arise either from RNA-induced changes in the
conformations of the loops or from fixing of a
defined conformational state from within an equili-
brium of states present in the apo protein. In
summary, binding of TR results in conformational
changes involving the FG loops and creates asym-
metry in the complex. We propose that the con-
formations of the loops in the RNA-bound dimer are
likely to be closer to those in an A/B coat protein
dimer, compared to C/C-like or ill-defined confor-
mers in the apo protein.

Why then does the W82R mutant fail to assemble
beyond the TR:CP, complex? To address this ques-
tion we carried out an ESI-MS chasing experiment
with combinations of wild-type and W82R CP. The
W82R mutant dimer forms a CP>(W82R): TR complex
when mixed 1:1 with TR with very little evidence of
any higher-order species. Interestingly, the charge
state distribution of the CP2(W82R): TR complex was
slightly but noticeably wider (n=7"-~10") than that of
the wild-type complex (n1=9"-10") analyzed under
the same buffer and instrumental conditions, indicat-
ing a more dynamic structure (data not shown).
Upon the addition of wild-type CP; to the preformed
CP,(W82R):TR complex, both the CP»:TR and the
CP,(W82R):TR complexes were detected with no
higher-order species visible. The reverse experiment,
i.e., preforming the wild-type CP TR complex (with
its associated dimer, trimer, and traces of other
higher-order species) followed by the addition of CP;
(W82R), resulted again in the observation of only the
CPxTR and CP>(W82R):TR complexes, in this case
with the concomitant disappearance of the higher-
order species (data not shown). There were no signals
corresponding to a mixed CP-CP(W82R):TR com-
plex. These results are consistent with our expecta-
tion that W82R can bind TR normally but is unable to
support further interactions with other coat protein
dimers, thus acting as an inhibitor of reassembly.
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It is a reasonable assumption that the RNA-
induced conformational change in the FG loops
observed with W82R protein also occurs with the
wild-type coat protein. This RNA-mediated allos-
teric effect at the FG loops explains the dependency
of the kinetics and yield of assembly products on the
presence of RN A-free and RNA-bound forms of the

coat protein dimer.

(a)

CP,(W82R) TR

The pathway to T=3 shell formation

To confirm that the intermediates seen in the MS
spectra were on-pathway to capsid formation and to
determine the mass step size of capsid growth, we
repeated the reassembly assay using isotopically
labeled wild-type CP. The CPxTR complex was
preformed as above with a 1:1 ratio of reactants but
using >N-labeled CP, (Figure 5(a), component F).
The intermediate complex [3(CP»:TR)+3CP,| dis-
cussed above was also visible in low yield in the
region m/z 6700-7200, as expected. The measured
molecular mass of this component indicated a totally
'*N-labeled [3(CP5:TR)+3CP,] complex, i.e., with all
12 CP_subunits ""N-labeled, and hence is labeled
12:0 (**N to N). RNA-free "N-CP, was then added
to make the 2:1 reaction (Figure 5(b)). There were
then two peaks of approximately equivalent inten-
sity corresponding to N and '"N-labeled CP>:TR
complexes (components C and F), but there is no
evidence for a heterodimer complex, indicating that
while the TR molecule can dissociate from the CP,:
TR complex and reassociate with a different CP», the
dimer does not dissociate to monomer under these
conditions. Inspection of the region m/z 6700-7200
containing the multiply charged peaks for the
complex [3(CP,:TR)+3CP;] in the 2:1 reaction
reveals that the °N-labeled complex peaks are still
present (Figure 5(b), inset, labeled 12:0) with addi-
tional peaks of the same charge state but with lower
m/z values, i.e., of lower molecular mass. Further
addition of "*N-CP, (**N to "N ratio now 1:3) causes
these peaks to intensify (Figure 5(c)) and finally ('°N
to "N ratio now 1:4) disappear (Figure 5(d)), as
expected from the previous experiments. The masses
of these components indicated the presence of
complexes consisting of "’N to "*N CP in the ratios
of 10:2, 8:4, 6:6, 4:8, 2:10, and 0:12 subunits,
respectively, i.e., equivalent to all stoichiometries
differing by dimer addition. The mass differences
between these species consolidate the assignment of
this complex and confirm the presence of 12 CP
molecules. Again, no evidence was found for com-
plexes of this stoichiometry with mixed '*N:'*N CP,
units. The predominance of the '°N to "N 4:8 ratio
species in Figure 5(c) is consistent with the ratio of

Figure 4. Observed changes in the chemical shifts for
the FG loop residues 71-76 in both apo and RNA-bound
complexes. (a) Strips, alternately colored white and yellow
for each residue, from HNCA spectra of CP,(W82R) (top)
and CP>(W82R): TR (bottom). The assignment pathway for
CP,(W82R) is shown in red while the split pathways for
the complex are in blue and green. Note that no assign-
ment of resonances to specific FG loop conformations is
made or assumed. (b) Cartoon representation of (top) the
backbone of CP,(W82R) showing the position of residues
71-76 in red for the two CP subunits derived from the
crystal structure of this mutant™ (Protein Data Bank
IMSC) and (bottom) the equivalent view for a wild-type
A/B dimer (green/blue) bound to TR RNA (yellow
sticks), which is the conformation we assume is closest
to that present in solution.
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Figure 5. Mapping the capsid reassembly pathway using isotopic chase experiments. Virus capsid reassembly from
15N].]abeled CP, chased by adding increasing quantities of "N-CP;, with each reaction monitored by real-time nanoESI-
MS at t=1 min. The spectra were acquired over the range m/z 500-10,000 for samples in 40 mM ammonium acetate, pH

5.2-5.7. The larger panels show the range m/z 2500-10,000 and the components are labeled as follows: A=CP; B=CP,;

C=CP»TR; F="°N-CP,TR. The number immediately following eacl}w5 letter is the charge state of those particular
ions. Spectra are (a) "°N-CP; to TR 1:1 (8 uM:8 M), t=1 min; (?3 °N-CP; to TR 1:1 (8 pM:8 pM) with “N-CP,
(8 nM) added, t=1 min; () "®N-CP, to TR 1:1 (8 pM:8 pM) with ““N-CP; (24 uM) added, t=1 min; (d) '*N-CP; to
TR 1:1 (8 pM:8 pM) with N-CP, (32 pM) added, t=1 min. Insgt spectra highlight the range m/z 6700-7200,
showing the 26+ and 27+ charge states of the major reassembly intermediate [3(CP2:TR)+3CP,]. The peaks are
labeled with the ratio of >N:"N CP contained in the species, ie., 12:0, 10:2, 8:4, 6:6, 4:8, 2:10, and 0:12.

15N to "N CP present in this particular reassembly
reaction (i.e., 1:3).

Thus, it appears that the TR in the reassembly
reaction rapidly equilibrates between the '*N and
15N-]abeled coat protein dimer subunits, presumably
pecause of the short half-life of the CP»:TR
compl ex.2? As the initially formed [3(CP,TR)+
3CP,] °N-labeled complexes continue on the assem-
bly pathway to form capsids, new [3(CP5:TR) +3CP;]
complexes are formed from. a mixture of the remain-
ing '"N-labeled CP species and the added N
material. Gradually, the percentage of all "N-labeled
[3(CPxTR)+3CP,] decreases \A;Lth 1iSncreasing Cp,
concentration, while the mixsd N:"N (Figure 5(b)
and (c)), and eventually all "N complexes, become
predominant. Eventually, the addition of further CP,
dimers results in the disappearance of this complex,
as well as other higher-order species, as capsid
formation progresses (Figure 5(d)). One prediction
of this interpretation is that peri_"ormmg the experi-
ment in the opposite direction, i.e., Pref}ogrming the
complex with 14N CP, and chasing with "°N-labeled
material, should produce an equivalent, but mirror
image, spectrum. This is indeed the case (see
Supplementary Information). . : .

The data confirm that the intermediate species
detected in the MS spectra are competent to bind
additional coat proteins and are therefore likely to

be on the capsid assembly pathway. The unit of
capsid growth is clearly a coat protein dimer under
these conditions. Although some intermediate spe-
cies are visible for extended periods during the
assembly process, there does not appear to be a
significant build-up of partially formed structures
that later coalesce. This last observation is consistent
with cryo-EM reconstructions of species formed in
reassembly reactions that show particles of increas-
ing completeness over time.”

The results lead directly to a molecular mechanism
for T=3 capsid formation (Figure 6). RNA-free CP, in
solution has a preponderant, quasiequivalent con-
formation distinct from that created when TR binds,
both of which are needed to allow the capsid to be
built. This is consistent with the previous observation
that some CP, subunits will not bind TR until they
have undergone a conformational change.'” The TR
binding site lies entirely within a CP, and it makes
distinct contacts with each monomer, suggesting that
it might bind preferentially to an asymmetric dimer,
e.g., an A/B unit. However, the NMR data from the
apo-CP; suggest that the dynamic motions of the FG
loop regions also propagate along the attached F and
G p-strands and overlap the RNA binding site,
providing a potentially direct mechanism to couple
RNA binding and FG loop conformational prefer-
ence. A 1:1 reassembly reaction would thus be
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i e 6. Model for the initiation of T=3 capsid
1<£elrxg1§ll;' A pair of chemically equivz}]ent (C/C-like)
subunits in solution (top left, shadec'i pq\k) binds a TR
RNA, resulting ina conformational switch into an A/B-like
asymmetric dimer (shaded green z.and blue). ThlS comp'lex
binds an additional C/C-like dimer, creating the first
higher-order intermediate on the. path\jvay to caP:sxd
formation. A variety of subpathways involving the addnhpn
of coat protein dimers (arrows) can then g?nerate the major
assigned intermediate encompassing thfe first threefold axis
of the virus particle. We have mass assignments for all the
cartoon species shown in the fiiagrarn, as well as a number
of components that may be in the subassembly pathway,
such as 2[CPxTR]+2CP; & 3[CP2:TR]+2CP2+C!’. These
latter species are not always present in the reactions and
when present are in trace amounts.

inated by A/B-like species, whereas the 2:1
f;?&gis desc¥ibed above woulq, in addition, coptain
more symmetrical dimers but with very dynamic FG
Joop regions. These could be (&) C-lxk.e. Formqhon of
A/B dimers would in principle permit formation of a
capsid fivefold axis via interacting B-type loops. Such
dimers could also contribute to the‘ format.mn of a
threefold axis by the A conformers interacting with
C/C dimers. The stimulatory effect of adding RNA-
free CP; to the preformed CPZ:TR suggests_ that
formation of particle threefold axes is the dominant

athway toward T=3 shell formation under these
conditions. This is consistent with the fact that none of
the assigned mass peaks in the spectra corresponds to
a fivefold intermediate, S(CPZ:TR); rather, they are
entially all consistent with the threefold stoichio-
esst [3(CPw:TR)+3CP2]' implying that there is a
me rl);’e assemhbl)’ pathway. Formation of the threefold
uniq lex determines that assembly yields a T=3
cotrlr:gr than a T=1 capsid; the latter would require
;?1 ly complexes with fivefold stoichiometries.

Biological implications

mechanism described above immediately
begs\ean obvious question: what triggers the C/C-

like dimer in solution to adopt the A/B conformer
at appropriate positions in the growing capsid? In
vivo there is only one copy of the TR stem-loop per
genome and there are no obvious candidates for
closely related sequences/structures in the remain-
der of the phage RNA. However, we have shown
that very many RNA stem-loop variants can
bind at the TR binding site. Indeed, we have char-
acterized over 30 such species by X-ray crystallo-
graphy.'* In such experiments preformed capsids
are soaked with RNAs that penetrate into the
interior of the particles via the pores at the
symmetry axes, from where they can bind to all
possible binding sites within the interior, including
both A/B and C/C conformers. The orientation of
the RNA at C/C dimers is degenerate but it is
unique at A/B, allowing the details of the RNA-
protein complex to be determined. These results
suggest that the difference in RNA affinity between
A/B and C/C dimers in a capsid is probably
modest, although for many of the RNA variants we
have studied the measured in vitro affinity for
isolated dimers is very low. Note that the recombi-
nant T=3 shells used to generate the CP, starting
material here were described previously as “empty,”
because they appear to lack any MS2 RNA or
other long RNA sequences.”* They are not, how-
ever, free of cellular RNA fragments, which may
serve as the triggers of quasiequivalent switching
when the recombinant protein is expressed at high
levels.

It appears, therefore, that if there were suitably
oriented genomic sequences/structures outside the
TR region, coat protein dimers adding to a growing
shell could bind them, thus fixing the appropriate
quasiequivalent conformation. Cryo-EM reconstruc-
tion of the intact phage reveals the existence of such
ordered RNA segments located underneath the
protein shell,” supporting this idea. We have also
shown that RNAs that encompass the TR sequence
but have 5" or 3" genomic extensions appear to alter
the efficiency of capsid formation™’. This mechanism
may well play a direct role in the life-cycle of the
phage. The TR sequence is a transient signal that is
only generated when ribosomes read through the coat
protein gene, disrupting a long-ggnge base-pairing
interaction, the Min Jou sequence.”™ Binding of a CP,
to the TR stem-loop would lead to translational
repression of the replicase cistron and simultaneously
mark the MS2 genome for packaging into capsids.
Many of the genomes marked in this way, however,
might only be partially replicated and it might be
inappropriate to begin assembly immediately after
the repression complex forms. If protein-free genomic
RNAs present higher affinity binding sites for CP, at
low concentrations, this would allow all progeny
phage genomes to complete replication and carry an
assembly initiation species. As the concentration of
CP; rises to levels in excess of the genomic RNA copy
number, these C/C-like species can begin the
assembly process by interacting with the A/B dimer
bound at TR. Presumably, the additional A /B dimers
required to complete assembly would then be
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triggered to format appropriate points by interactions
with genomic sequences outside the TR region, where
poth RNA-protein and protein-protein binding
energy can contribute to the affinity of the interaction.
The pathway to capsid formation described above
corresponds to the mechanism of autostery first
described by Caspar, in which free subunits are held
in an assembly-incompetent state until they make
contact with the growing viral shell or arfothe?r viral
ligand.33 In many other viral systems quamequlvalent
conformer formation is dominated by alteration of the
orientation of distinct protein dorr_\ams or extended
“arm” regions.” Many such proteins share structu-
rally conserved protein domains and these have been
co-opted by viruses from diverse sources from
bacteria to humans.> The RNA phage coat proteins,
in contrast, contain only a single d.omam angl lack
such extended arms. They forr{\ a unique protein fol'd
that has to date no other viral homologues. This
isolation may be because in these cases assembly is so
dependent on interactions with the viral genome that
it places such strict evolutionary constraints on the
enomic sequence that the fold has not been used
elsewhere. A related issue is the conformation of the
hage genome during the assembly process. Does
CP, binding to the growing shell provide the driving
force for genome folding and condensation or does
the protein bind to a prefolded RNA? AFM measure-
ments on a number of other smgle—stranded RNA
viruses suggest that the genomic RNAs can fold
stably into a compact structure vath dlm.ensmns
similar to that of the interior of the fmal protein sl;gll,
suggesting that the latter proposal is more likely.
The data presented here demonstrate the power of
mass spectrometry to dissect the rpolgcqlar dgtalls ofa
viral assembly pathway and gain ms.lght into MS2
hage capsid construction by thg.ldentlﬁcah.on of on-
athway intermediates. The ability to monitor mass
and intensity changes in co-existing, noncovalently
pbound, high mass oligomeric species in real time is a
vital asset for these studies. Such information is
otentially very important for designing novel
inhibitors of viral lifecycles, e.g., In the RNA phage,
reagents that block the copformahonal changes
required to create the A/ B'Qm‘ler would be potent
inhibitors of assembly. Additionally, there are grow-
ing applications of virus-like particles in therapeutic
and bionanotechnologic applications in which funda-
mental information on a7ssembly mechanisms woulgl
pe extremely useful.**” ESI-MS can clearly contri-
pute significantly to interdisciplinary studies of such

systemS.

Materials and Methods
Preparation of coat proteins and TR RNA

Proteins
wild-type recombinant coat protein in the form of T=3

shells lacking s ifically bound RNA were prepared bzX

ion i ichia coli as described previously.
overexpression in Escherichia coli as P y

These capsids were purified and then disassembled coat
protein dimers isolated by treatment with glacial acetic acid,
followed by exchange into 20 mM acetic acid.'**

NMR experiments were carried out on samples of the
MS2 mutant coat protein, W82R, that does not assemble
beyond the dimer.® W82R protein was purified by
successive chromatography over diethylaminoethanol
and sulphopropyl exchange media following the metho-
dology described previously® with slight modifications.
Following elution from the sulphopropyl column in
20 mM phosphate, pH 5.8, all samples were treated with
10 pL/ml of 2 M Tris, pH 8.5, to prevent crystallization
and were then dialyzed into 50 mM Tris, pH 8.5, 100 mM
KCl, 10 mM DTT, and 20 mg/] complete protease inhibitor
for long-term storage at 4 °C. The purity and identity of
the protein samples were assessed by SDS-PAGE, ESI-MS,
and N-terminal sequencing of the first eight residues in the
protein.

Isotopically labeled reagents were purchased from
(Spectra Stable Isotopes Inc., Columbia, MD, USA), Goss
Scientific Instruments (Great Baddow, Essex, UK), or
Cambridge Isotope Laboratories (Andover, MA, USA).
W82R samples were prepared by growing cells in MY
medium prepared with 50% D,0O/50% H,O (v/v) and
supplemented with 40 mg /1 FeCl; and 1% (v/v) 100x BME
vitamin solution. Isotopes were introduced into the growth
medium by the addition of 4 g/1 of uniformly "*C-labeled
50% 2H-random-labeled glucose and 1 g/1 of '"NH,CI.
Plasmid selection during expression was maintained using
100 pg/1 carbenicillin. Cells were grown to an Agy of 0.8
starting from a labeled starter culture grown ovemight and
were induced with 0.1 mM isopropyl-3-p-thiogalactopyr-
anoside and harvested after a further 8 h of growth.

>N-labeled wild-type MS2 coat protein was prepared
identically with wild-type protein, with the exception that
the cells' were grown in '"NH,Cl-containing minimal
medium.

RNAs

Synthetic oligonucleotides encompassing the TR
sequence (Figure 1) or the -5C variant were prepared as
described previously.”” The ~5C variant binds to the coat
protein dimer significantly more tightly than the wild-
type sequence, with half-lives of >300 and 42 s,
respectively.?” The crystal structure of the -5C variant
bound to the coat protein in a preformed capsid'® shows
that this effect is likely the result of an additional
intramolecular hydrogen bond within the RNA, from the
exocyclic amino group of C to the phosphodiester
bridging the —6 and -7 positions. This presumably
stabilizes the conformation of the RNA in solution closer
to that resulting from protein binding reducing the free
energy cost of distortion. There are no differences in
contacts to the protein, Therefore, the -5C variant was
used in the NMR experiments.

Reassembly reactions

Reaction conditions

Assembly reactions were carried out in 40 mM ammo-
nium acetate, pH 6.8, at 8 °C. Initially, CP, was mixed with
TR to a final concentration of 8 M, and further aliquots of
CP;, were added as indicated. The concentration of the CP;
solution was calculated from UV absorbance, and the
sample was passed through a 0.2-um syringe filter prior to
measurement.
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Electrospray ionization-mass spectromeltry

Samples were analyzed by positive ionization nanoe-
Jectrospray using an LCT Premier Mass Spectrometer
(Waters Corp., Manchester, UK) with collisional cooling
capabilities equipped with a NanoMate (Advion, Inc,
Ithaca, NY, USA) temperature-C9ntrolled aut_omated
sample handling and ionization interface, which was
thermostated at 8 °C. A capillary voltage qf 1.9 kV was
set with a nitrogen gas flow of 0.5 psi for sample
introduction and ionization. The sampling cone voltage
was optimized at 80 V, ion guide 1 at 130V, z_\r7\d aperture
1 at 60 V. The analyzer pressure was 7.?>< 10"/ mBar arlcel‘
the pressure in the transfer optics region was 4.9x10
mBar. Data were acquired over the range m/z 500-30,000
and data processing was performed using the MassLynx
software supplied with the mass spectrometer. An
external calibration using Csl clusters was applied to

the data.

Gel filtration-light-scattering assays

For assays of reassembly by gel filtration, reactions at
differing stoichiometries were set up with slight vam_xtlons
on the protocol for mass spectrometry. For convenience,
the concentration of CP; in the l:ltreactlon was 10 apd
20 pM for the 1:2 sample, with the final TR concentration
peing 10 pM for both. The final 100-ul reaction volume
was made up with assembly buffer (40 mM ammonium
acetate, pH 6.8), and the samples were mgubatec‘i on ice for
various times until injection onto a Tricon high-perfor-
mance column of Sepharose 610/300 GL (GE Heglthcare
Bio-Sciences AB, Sweden) thermostated at 12 °C. Tl"1e
eluant was 50 mM Tris acetate, pﬁ 7.4 (chosen to avoid
degassing problems with ammonium acetate), at a flow

min.
rat’?h%Bglﬁlflléw of the column was rgtonitored .for‘UV
absorption and for light-scattering using a static light-
scattering detector PD 2000 (Precision Detectors, Inc.,
Bellingham, Mass., USA).

NMR data collection

itions providing optimum solubility of CP, were
de&?-nmdmed frc?m aset ogf hanging drop trials* in a range of
buffers at a pH between 6.0 and 7.0 at 25 °C. Suitable
solution conditions were thus determined to be 1% v/v
lycerol, 100 mM Bis-Tris, pH 7.0, 100 mM KCl. In
a dydition, the buffer also contained 10% D,0, 2 mg/ml
mplete protease inhibitor, 10 mM NaNj3;, 2 mM EDTA,
comp T, and 0.05 mM sodium 22-dimethyl-2-silapen-
:al:e_s-sulfonate. Samples were introduced into the
uired solution conditions and concentrated using
{fi?/aspin centrifugal concentrators (Sartorius, Ltd.,
com, UK). All experiments were carried out in Shigemi
microcells (Shigemi, Inc. Allison Park, PA, U$A) contain-
. 250-300 pl of solution with concentrations of CP,
'37R) between 0.5 and 1.0 mM. NMR experiments were
measured on a Unity Inova 750-MHz NMR spectrometer
Varian, Inc., Palo Alto, CA USA) equipped wnsh foll;r radio-
( uer;cy channels and a triple-resonance ("H~>N-'°C)
freqm temperature probe with Z axis magnetic field
rood'ents. The set of triple-resonance NMR experiments
ra l'le d to the CP2 complex consisted of 'H-"N hetero-
a 1;ar single-quantum coherence, HNCA, HNcoCA,
nucCo HNcaCO, HNcaCB, and HNcocaCB spectra,
hich ‘were acquired using Varian Biopack pulse
w uences. In the case of the HNCA, HNcoCA, HncaCB,

and HNcocaCB experiments the pulse sequences were

modified*! so as to maintain optimal transverse relaxation
optimized spectroscpy effects in partially deuterated
proteins during the C*/* chemical shift evolution period.
The HNcoCA sequence was modified to have a C®
selective inversion pulse. "H-'>N heteronuclear nuclear
Overhauser effect spectra were acquired on the CP; dimer
using a Varian Unity Inova 600-MHz NMR spectrometer
equipped with four radiofrequency channels and a triple-
resonance (‘H-'"N-'"C) probe with Z axis magnetic field
gradients.

In contrast to the experiments measured on CP; the,
HNCA and HNcoCA spectra of the CP2: TR complex were
measured using a Varian cryogenic probe with receiver
coils and preamplifiers cooled to —253 °C. The limited
assi$nment of the CP2TR complex used spectra from
TH->N heteronuclear single-quantum coherence, HNCA,
and HNcoCA experiments. The buffer for the CP2TR
samples used for NMR spectroscopy was supplemented
with 800 U RNAsin (Promega, Southampton, UK), which
was brought to the final solution conditions using a
Vivaspin centrifugal concentrator. Solutions of the CP»: TR
complex were prepared by addition of a slight excess of
TR to CP; as determined by the loss of signals from the apo
CP, dimer.

All experiments were measured with the use of
transverse relaxation optimized spectroscopy to reduce
T2 relaxation effects and improve dispersion. Data
processing and analysis were carried out using NMRPipe*?
and Nmrview* on computers running under Linux.
Segments of assigned residues from CP, were mapped to
the primarx sequence of the protein using the program
Mapper2.** 'H, *C, and >N chemical shifts were
referenced directly (‘"H) and indirectly (*C, "*N) to sodium
2,2-dimethyl-2-silapentane-5-sulfonate.
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Using a combination of biochemistry, mass spectrometry, NMR spectroscopy and cryo-
electron microscopy (cryo-EM), we have been able to show that quasi-equivalent conformer
switching in the coat protein (CP) of an RNA bacteriophage (MS2) is controlled by a
sequence-specific RNA-protein interaction. The RNA component of this complex is an RNA
stem-loop encompassing just 19 nts from the phage genomic RNA, which is 3569 nts in
length. This binding results in the conversion of a CP dimer from a symmetrical conformation
to an asymmetric one. Only when both symmetrical and asymmetrical dimers are present in
solution is assembly of the T = 3 phage capsid efficient. This implies that the conformers, we
have characterized by NMR correspond to the two distinct quasi-equivalent conformers seen
in the 3D structure of the virion. An icosahedrally-averaged single particle cryo-EM
reconstruction of the wild-type phage (to ~9 A resolution) has revealed icosahedrally ordered
density encompassing up to 90% of the single-stranded RNA genome. The RNA is seen with a
novel arrangement of two concentric shells, with connections between them along the S-fold
symmetry axes. RNA in the outer shell interacts with each of the 90 CP dimers inthe T=3
capsid and although the density is icosahedrally averaged, there appears to be a different
average contact at the different quasi-equivalent protein dimers: precisely the result that
would be expected if protein conformer switching is RNA-mediated throughout the assembly
pathway. This unprecedented RNA structure provides new constraints for models of viral
assembly and we describe experiments aimed at probing these. Together, these results suggest
that viral genomic RNA folding is an important factor in efficient assembly, and further
suggest that RNAs that could sequester viral CPs but not fold appropriately could act as potent

inhibitors of viral assembly.

Keywords: RNA-protein interactions; MS2; ssRNA virus; genomic RNA structure and
folding; cryo-electron microscopy; viral assembly

Introduction
The ssRNA viruses are one of the largest groups of viruses, and include human immuno-
deficiency virus, hepatitis C virus, Norwalk viruses and the Picornaviridae such as rhinovirus,
liovirus, hepatitis A and foot and mouth disease virus, as well as plant viruses such as tomato
bushy stunt virus [25]. These vira! p?thogens infect human, animal and plant hosts and for many
of these novel routes towards ant1—v1‘ral therapy are urgently required. All these viruses face the
common challenge of packaging their nucleic acids into protective shells composed of a defined
number of one, or very few, type(s) of coat protein (CP) subunits, reflecting constraints of genetic
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economy and quasi-equivalence {6,8]. Many ssRNA viruses have evolved lifecycles during
which capsid assembly is triggered by sequence/structure-specific interaction between CPs and
their RNA genomes [26,38]. A major unresolved problem in structural virology, however, has
been to understand the detailed molecular mechanism(s) that gives rise to the highly efficient
assembly of capsids of the correct size and symmetry in such systems. This is especially true for
viruses whose capsids exhibit quasi-equivalent symmetry in their CP lattices [6]. Various
proposals for formation of protein shells based on the initial formation of 3-fold [26], or 5-fold
[23] assembly initiation complexes have been made previously. Capsid assembly is, however,
spontaneous and usually very rapid, with the result that it has been technically difficult to isolate
and characterize intermediates on the pathway to the final products beyond these ‘initiation
complexes’ [22,41]. Understanding these processes in mechanistic detail may well lead to novel
routes for anti-viral therapy.

The RNA bacteriophage MS2 is an ideal model for investigating such phenomena owing to

the extensive biochemical and structural information that is available [12,14,27,34,35,39].
We have therefore undertaken detailed mechanistic and structural studies of this phage in order
to address the specific questions of how the genomic RNA is encapsidated specifically, how the
formation of the T=3 quasi-equivalent shell is controlled during the assembly reaction, and
what role(s), if any, the ssRNA genome plays during these processes. MS2 is a member of the
Leviviridae family of viruses that infect male Escherichia coli cells via an initial attachment to
the bacterial F-pilus [21,27]. It has a single-stranded, positive-sense RNA genome of 3569
nucleotides that encodes just four gene products: CP, replicase, lysis protein and maturation
protein (Figure 1). CP is the most highly expressed of the gene products and 180 copies assemble
to form an icosahedral protein shell that encapsidates the genome in the mature virion. A single
copy of the maturation protein is also incorporated into the virion and functions during infection
by binding the F-pilus of target cells. A complex between the maturation protein and the
omic RNA is the only viral component to enter host cells during infection [40].
The crystal structure of the wild-type MS2 bacteriophage has been determined to 28A
resolution [9,34]. The CP fold was unique amongst known icosahedral viruses at that time,
although it has since been shown to be shared by the other Leviviridae CPs [32]. The main chain
folds into a five-stranded anti-parallel B-sheet with two anti-parallel B-strands folding over it at
the N-terminus and with a kinked a-helix at the C-terminus (Figure 2). The C-terminal a-helices
of two CP monomers interdigitate to form non-covalent dimers (CP) in the capsid and these can
be isolated as dimers in solution by acid dissociation [31]. In the T = 3 capsid, the CP is found in
three distinct conformations, termed A, B and C, consistent with the quasi-equivalent symmetry
required to construct a T = 3 structure. The main site of variation between conformers is in the
loop between the Fand G, B-strands (FG-loop), which is extended in A and C conformers, but bent
pack toward the main body of the subunit in the B conformer (Figure 2). The capsid thus contains
two types of dimer; an asymmetric A/B dimer, and a symmetric C/C dimer. The positioning of
these different building blocks within the protein shell controls the size and symmetry of the viral
particle. Unusually, the capsid has large (~ 14 A dia.) pores at the 5-fold symmetry axes and it is
not known whether these play a role in the viral life cycle, although, mutation of a conserved
proline residue (Pro78) lining the pore at 5-fold axes results in production of assembled 7 = 3
capsids but fails to produce phage from an infectious recombinant clone [11].

Capsid reassembly can be triggered in vitro by a sequence-specific RNA - protein interaction
between acid-disassembled CP subunits, which form dimers at more neutral pHs and an RNA
stem-loop (TR) of just 19 nt derived from the genomic sequence that encompasses the start
codon of the viral replicase ([2,3]; Figure 2). RNA ~protein binding thus achieves two functions
via a single molecular recognition event: translational repression of the replicase and creation of
embly competent complex on viral RNA.
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Figure 1. Genomic map of bactenopt}age MS2_ and sequences of the RNAs used in reassembly
experiments. The upper panel shows a diagrammatic representation of the single-stranded 3569 nt long

nome and the positions of the genes it encodes. The red bar shows the location of the TR assembly
initiation stem-loop. The S_ub—genomlc fragment is shoyvn highlighted in light blue. The lower panel shows
the sequences and putative secondary structures of the short RNA fragments used for reassembly
experiments. Fragments S1-S4 represent 12 and 35 nt extensions at the §' (increasing red) or 3’ (increasing
bluc) ends of the ’_TR stem-loop, respectively. The TR fragment is numbered with respect to the start codon
of the replicase c1stron (A=, UG).

MS2 ge

Results and discussion

Specific encapsidation of the short genomic RNA

Results from co-infections by fwo closely related RNA phages, MS2 and Qp, in the same
bactel'ial cell suggest that Il?crc is sequence selective encapsidation by the cognate CP subunits
spective genomic RNAs [16]. The molecular basis of this selectivity has been

of their res 5 2 S 3
eslablished by the pioneering in vitro experiments of Uhlenbeck and colleagues, who showed
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Figure 2. Structures of the MS2 quasi-equivalent coat protein dimers and their relationship withina 7= 3
shell. The C/C (red/red) and A/B (blue/green) quasi-equivalent dimers are shown as ribbon representations
viewed along the 2-fold axes from the inside of the phage particle. The TR RNA (yellow stick model) is
shown bound to the A/B dimer. Structures are taken from pdblZDH. The relationship of A/B and C/C
dimers to the final T = 3 capsid is shown below. Adapted from Ref. [29]. Available in colour online.

that sequence-speciﬁc interaction between R17 (an MS2 homologue) and its genomic RNA was
controlled by a single 19 nt stem-loop within the 3569 nt genomic RNA [4,5]. We have recently
extended these studies using X-ray crystallography to provide the first atomic level mechanism
for packaging discrimination [12]. The in vitro affinity of the MS2 stem-loop for its CP is very
similar to that for the intact genomic RNA. This recognition sequence encompasses the 5’ start
codon of the phage replicase gene, and therefore also provides a molecular explanation for the
translational repression of the replicase cistron by CP expression [17]. The ‘appearance’ of the
19 nt translational operator stem-loop (TR) is controlled by phage gene expression. Initially,
following phage RNA entry ‘il.llO the bacterium, the TR sequence is sequestered in a long-range
secondary structure, base pairing with a portion of the CP gene — the ‘Min Jou’ sequence [13].
CP gene translation is required to free the TR sequence and initiate folding into the stem-loop
operator. Beckett and Ulhenbeck sho'wed that in isolation this TR fragment triggers reassembly
of T =3 shells by the CP more efficiently than polyA [2,3].
These observations raise a number of important questions. How does the TR stem-loop fold
into the operator conformation? How is the TR sequence recognized specifically by the CP
dimer? How does the CP dimer (CP;): TR complex lead to assembly of a shell with the correct
size and symmelry? Single-molecule fluorescence data, that will be described in detail elsewhere
(Gell et al. in prep)..suggesl that TR folds as a two-state system, consistent with its role as a
geneliC switch. Prevlous‘stoppgd-ﬂov.v fluorescence measurements suggest that isolated 19 nt
stem-loops bind to CP dimers in a diffusion-controlled reaction, although, these data showed
some evidence that protein fonformational changes were occurring during the binding [14].
Expression of a recombinant MS2 CP gene in E. coli leads to formation of T = 3 shells
containing small amounts of cellular RNA [18]. These are easily purified and crystallize
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isomorphously with the wild-type phage, even though they lack the genomic RNA and the single
copy of the maturation protein. Soaking RNA oligonucleotides encompassing the TR sequence
[35], sequence or chemical variants [10,36], or even aptamer consensus sequences [7,24], into
such crystals allows the RNA to access the inner surface of the protein shell, presumably via the
pores through the capsid, where they bind to every CP dimer. This technique has allowed the 3D
structures of a large number of different RNA-protein complexes to be determined by X-ray
diffraction difference maps. TR binds to A/B quasi-equivalent dimers in a unique orientation,
allowing the interaction to be resolved at atomic resolution (Figure 2). It is clear from such
experiments that the TR binds across the inner face of the CP,, a sheet comprising ten B-strands.
The RNA in this site is at least 12 A away from the nearest amino acid residues of the loops
whose conformations define the quasi-symmetry of the capsid. Building a 7 = 3 capsid requires
these loop conformations to be set in a local symmetry context and their separation from TR
binding site does not immediately reveal the mechanism underlying this switch. The
conformation of the TR bound to protein differs from that seen in solution because the — 10 A
residue (see Figure 1 legend for numbering scheme) becomes extruded from the stem, which
takes up an A duplex structure. The — 10 A base and the loop residue —4 A bind into identical

kets, but in different orientations, on the surface of each protein monomer. Thus, the bulk
conformation of the CP dimer is unchanged by binding TR RNA, consistent with the very rapid
on rate observed in the stopped-flow experiments [14]. These studies therefore did not clarify
how quasi-equivalem conformer switching is achieved during assembly.

The mechanism of T = 3 shell formation

The major insight into the molecular mechanism controlling T = 3 shell formation was made by
studying TR-mediated reassembly of CP dimers by non-covalent mass spectrometry [29].
Reaction mixtures containing equimolar amounts of CP, and TR rapidly formed the ‘initiating’
RNA-protein complex but these were only very slowly converted into species with higher
stoichiometrics. Addition of a further aliquot of CP, lacking RNA, however, resulted in rapid
formation of higher order species including broad peaks in the mass spectrum that correspond to
the peaks observed when the recombinant T = 3 shell is analysed. It appears that both RNA-
pound and RNA-free forms of the CP;, are required for efficient and rapid capsid assembly.
Since there are two types of CP; dimer conformer in the final capsid this result is suggestive
of RNA-binding resulting in conformational change in the protein dimer. This possibility was
investigated using NMR spectroscopy to determine the chemical shift values of the CP subunits
with and without bound TR using a protein mutant, W82R that does not assemble beyond dimer
[20]. The data showed very cl.early that in the absence of RNA the chemical shifts of the residues
in the FG-loop are the same in both subunits, whereas they become distinct when the TR stem
loop is bound. The RNA bin'ding site is sufficiently far from the FG-loops that these effects are
not due to direct alteration in the local chemical environment. In other words, the NMR data
show unambiguous}y that TR acts allosterically to promote formation of an asymmetric
(presumably . A/B-llkt?) C.Pz from an RNA-free species that is symmetric. Analysis of
the intermediate species 1n thc‘ mass spectra of the reassembly reaction (Figure 3) revealed
the presence of complexes with the following stoichiometries: CPy:TR of mass 33.5kDa
Figure 3; component A), [3(CP2:TR) +3CP;] of mass 182.7kDa (Figure 3; component B),
[3(cp2;TR) +2CP; + CP} of mass 169.2 kDa (Figure 3; component C) and [S(CP,:TR) + 5CP,]
of mass 304.8kDa (Flg}lre 3; component D). There was no sign of a species corresponding to a
fully formed 5-fold axis 5(CP2':TR). suggesting that these species result from formation of a
3-fold axis assembly intermediate. The [S(CP,:TR) +S5CP,] species has only recently been

tentatively assigned and could correspond to a 5-fold intermediate with additional subunits
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Figure 3. Mass spectrum of a TR-mediated assembly reaction. Virus reassembly reaction in the ratio 2:1
CP-:TR after 30 min. The spectra were acquired over the range m/z 500-30,000, for sample in ammonium

acetate (40mM) at pH 5.2-5.7. The observed intermediates are labelled as follows; A = CPTR;

o 82.7kDa, previously assigned as [3(CPyTR) +3CP;]. C = 169.2kDa species assigned as
(3(CPx:TR) + 2CP, + CPJ.and D = 304.8 kDa species assigned for the first time as [S(CP»:TR) + 5CP,).
Available in colour online. E

pound. A minimal 5(CP,:TR) possible intermediate could be unstable, explaining why it has not
been seen before. Alternatively, combinatorial analysis (Stansifer and Twarock, pers. comm.)
suggests that the 3-fold species corresponds to the more probable of these two possibilities,
implying that despite the suggestive 5-fold stoichiometry this intermediate is more likely to form
as an extension of the 3-fold stoichiometry, [3(CP5:TR) +3CP5]. Once such a structure forms
the phage has ensured that the protein will assemble a 7= 3 structure and not a 7= 1 capsid.
Additional experiments, including ones with isotopically-labelled protein, showed that all the
intermediates were competent for further assembly, i.e. were on the assembly pathway and that
the unit of capsid growth is a CP».

The data described above suggest a detailed molecular mechanism for 7 = 3 shell formation
(Figure 4) in which TR binding to the CP dimer in solution induces a conformational change in
the FG-loops of the protein monomers yielding an A/B-like dimer from a C/C-like precursor.
In other words, the TR stem-loop acts as an allosteric ligand. Whilst this is a satisfactory
explanation of the data for in vitro reassembly reactions with multiple copies of the TR:CP,
complex present it does not necessarily apply to assembly in vivo where the genomic RNA
contains only one copy of the TR stem-loop. There are a number of options in this case. Capsid
assembly might need only to be initiated via a single TR stem-loop induced conformer switch.
Altematively. RNA sequences outside the TR region may mimic TR action during the assembly
and this would be consistent with a recent cryo-electron microscopy (cryo-EM)

process & : ; :
reconstruction of the wild-type phage particle at intermediate resolution [33]. This shows an
array of RNA directly beneath the protein shell but with the average density below an A/B dimer

differing from that below the C/Cs (Figure 5(A)).

In order to examine the putative role(s) of TR flanking sequences during assembly, we
carried out reassembly reactions with RNA oligonucleotides carrying genomic 5’ or 3’ flanking
sequences attached to the TR site (.Figure 1, lower panel; [28]). All of the RNAs promote capsid
formation, as judged by the positions of migration on gels of the RNAs at higher protein
Cc,ncemrations (Figure 5(B), upper panels). Perhaps, surprisingly the longer RNAs seem to be
less efficient than TR in this reaction, cf. lanes 4-6 in the various gels. The two longest RNAs
also produce Smears that migrate slower than the capsid species (lanes 7-9). Electron
micrographs suggest that this is the result of the formation of partially formed capsids. These
results can be rationalized by referer.)ce.to the model of the assembly reaction (Figure 4). In the
presence of TR there are only two significantly populated types of protein conformer, A/B and
c/C, and these can each be added to a growing T = 3 capsid. For the longer RNAs, however,
is the possibility that more than one CP dimer could bind to a single RNA, resulting in a

there 3 3
of unknown conformations of proteins. As a consequence, the concentrations

complex mixture
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Figure 4. Model for the initiation of 7 = 3 capsid assembly. A pair of chemically equivalent (C/C-like)
.ubunits in solution (top left, shaded pink) binds a TR RNA resulting in a conformational switch into an
X]/B-likc asymmetric dimer (shaded green and blue). This complex binds an additional C/C-like dimer
reating the first higher order intermediate on the pathway to capsid fonn.ation..A varicty of sub-pathways
: volving addition of CP dimers (arrows) can then generate the major assigned intermediate encompassing
:Ee first 3-fold axis of the virus particle. Adapted from Ref. [29]. Available in colour online.

of species able to participate in capsid formation are potentially lowered. It appears that the
Jonger RNAs are acting as ‘traps’ on the assembly pathway.

In vivo of course the assembly reaction has to package a much longer genomic RNA and
ensure that it acquires the complex 3D-fold seen in cryo-EM reconstructions that includes a
second inner shell of RNA as well as the network seen directly below the CP (Figure 5(A)).
;I'he trapping of proteins seen in the reassembly reaction with the shorter fragments cannot
simply scale up with the length of the RNA or assembly in vivo would never take place.
A number of proposals have been made about the assembly of positive-strand RNA viruses,
including the idea that only nascent transcripts from the polymerase are able to be packaged.
There is some evidence of such requirements in pariacoto virus [37], a member of the
Nodaviridae and brome mosaic virus (BMV) [1]. It has been argued that this type of packaging
mechanism is driven by the fact that nascent transcripts fold using short range base pairing to
create an RNA conf‘ormalion easily adapted to the small volumes of the final capsid [15].
The apparent ‘trapping’ effe.ct.of the TR extension RNAs could be the result of such a
mechanism. In order to test this idea, we h?»'e cloned an internal MS2 genomic fragment 928 nt
Jong that encompasses the TR stem-loop signal. This has also been used successfully in in vitro
reassembly experiments (Flgl.lre_ 5(B), lower panel). Once again a smear migrating more slowly
than the bona fide T = .3 capsid is crealed. and electron micr(.)graphs suggest that this may be due
to aggregation of partially .formed capsids. Clear'ly there is no absolute requirement to have
nascent transcripts, even wn.h a large sub-genomic fragment, but at high protein:RNA molar
ratios, RNAs may enq up being shared'between assembling capsids creating aggregates. Since
there is little time during a phage 1n.fecl|.0n to resolve such structures, the ratio of RNA:CP must
be tightly controlled in vivo to avoid this problem.
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These data suggest that RNA mimics that encompass viral CP binding sites could be
effective anti-viral agents because they would either trap CPs in unproductive aggregates or
redirect the normal assembly pathway. Viral RNA and its protective CPs have to make very
many precise interactions with each other, and if such contacts occur improperly anywhere
during the process the formation of infectious progeny virus should be impaired. Current
therapeutics do not target viral self-assembly pathways but reagents with such potential could
prove to be potent inhibitors of viral assembly pathways.

Materials and methods
Proteins, RNAs and reagents

Wwild-type bacteriophage MS2, maintained in 10 mM Tris-HCI (pH 7.5), 100 mM NaCl, 0.1 mM
MgCl» and 0.01 mM EDTA (buffer A), was a gift from Professor David S. Peabody, University
of New Mexico (Albuquerque). Wild-type, recombinant MS2 CP was over-expressed in E. coli
and purified using previously described methods [18,30]. Purified T = 3 capsids were stored in
10 mM HEPES (pH 7.2), 100mM NaCl and 1 mM EDTA. CP, for reassembly reactions was
obtained by treating the recombinant capsids with glacial acetic acid to induce capsid
dissociation to disassembled CP monomers, followed by exchange into 20 mM acetic acid to

romote dimerization [31]. To ensure that complete disassembly had occurred before
reassembly, the CP, were examined using negative stain EM [30]. Synthetic oligonucleotides
were prepared as described previously [19].

The 928 nt sub-genomic fragment was prepared by in vitro transcription from a cDNA
template corresponding to nucleotides 1419-2346 of the MS2 genome using a MEGAscript T7
kit (Ambion) according to the manufacturer’s instructions. The cDNA template was generated
by PCR using the forward primer GATAATACGACTCACTATAGGGGTCGCTGAATGGA-
TCAGC and reverse primer CTGTAAACACTCCGTTCCCTACA from the plasmid
pSman_3528. The plasmid pSmart-3528 is a pSMART (Lucigen Corporation, Middleton,
wI, USA) plasmid encompassing cDNA corresponding to nucleotides 19-3550 of the MS2
genomic sequence (AN: V00642) as verified by automated DNA sequencing.

MS2 capsid reassembly reactions

Reassembly reactions were performed with the short oligonucleotides (S1-S4 and TR) by
titrating the RNA with increasing amounts of CP, in reassembly buffer A (20 mM Tris—acetate,
pH 7.0-7.5), allowing the reactions to proceed for 1h on ice and then analysing the products on
a arose-acrylamide mixed gels (Figure 5). The recombinant T = 3 capsid was used as a marker
(lanes 1 and 10). The RNAs (1 pM; lanes 2) were titrated with 0.1, 0.2, 0.5, 1,2, 4 and 5 uM CP,
(lanes 3-9)- . .

Equivalent experiments with the large RNA fragment were carried out by titrating the RNA
with increasing amounts of CP; in reassembly buffer B (40mM NH,OAc, 1 mM Mg(OAc),,
pH = 5.8-6.5). The reassembly reactions were performed at 50 nM RNA with 5-150 molar
excess of CP; in a 20 pl final reaction volume and allowed to proceed for 3h at 4°C. 5 pnL of
loading buffer (40% sucrose, 0.25% bromophenol blue) was then added to each reaction prior to

-«
are shown. Adapted from Ref. [33]. (B) Upper panel: agarose-acrylamide gels of reassembly reactions with
short fragments. Samples were — lanes 1 and_ 10 = recombinant T= 3 shells as a control; lanes 2-
— RNAs (TR, S1-84, asindicated) at 1 uM with0,0.1,0.2,0.5, 1,2, 4 and 5 uM CP;, added. Lower panel:
<chowss an agarose _gel of a reassembly reaction “{lth lhg 928 nt fragment (Figure 1) at differing molar excesses.
of CP dimers (indicated above each lane). Available in colour online.
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agarose electrophoreses in a 0.8% agarose gel at 80 V for 60 min. Agarose gels were stained post
electrophoreses in TBE running buffer containing 5 wg/ml EtBr and visualized at 254 nm.
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