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Abstract

Maize streak virus (MSV), circular single stranded DNA (ssDNA) virus (~2.7kb), is the causative agent
of Maize streak disease, and is a devastating pathogen that causes severe crop losses to subsistence
farmers in sub-Saharan Africa. MSV is transmitted by the leathopper Cicadulina mbila, and is the type
member of the Mastrevirus genus (family Geminiviridae). MSV shares a unique twinned icosahedral
(*‘geminate”) virion architecture (22 x 38 nm) with all other family members. Geminate particles consist
of 110 coat protein (CP) subunits that assemble onto a circular single-stranded DNA (ssDNA) genome.
Each 7 = !/ unit is an incomplete icosahedron assembled from 55 CPs. The structures of MSV and
African cassava mosaic virus (ACMV, genus Begomovirus) have been studied by electron cryo-
microscopy (cryo-EM) previously. While these investigations revealed some details about the geminate
architecture, the interactions of capsid components have not yet been adequately modelled. The two
incomplete icosahedral “heads” of the geminate particle are offset from one another and apparently
make distinct CP:CP contacts at this region of the virion. Information regarding the nature of quasi-
equivalent CP conformers or the sets of amino acid residues that mediate these interactions has not been
forthcoming. Since the experimental results of these previous studies are not available in a public
database, we were motivated to revisit the structure of MSV in order to obtain a 3D experimental density
that might aid pseudo-atomic modelling. The MSV CP:ssDNA interaction has also been shown to be
crucial for systemic movement through the host. Hence, quasi-atomic modelling may inform
development of antiviral strategies which aim to interfere with virion assembly.

MSYV virions were isolated from the leaves of maize plants infected by agro-inoculation and visualized
in both heavy metal stain and vitreous ice after they had been adsorbed to a thin-layer of continuous
carbon to prevent virion aggregation. Virus preparations consisted of distinct CP assemblies consisting
of multiples of the incomplete 7 = / icosahedral unit. Monopartite (icosahedral), bipartite (geminate),
tripartite, and higher assemblies were observed suggesting the MSV CP is not only multifunctional but
also structurally versatile being able to package ssDNA of variable sizes. Low-dose images were
recorded on film, and 3D reconstruction of both monopartite and bipartite capsid species carried out
using standard single-particle image processing methodology. The resolution of the bipartite
reconstructions was 26 A for the negative-stain dataset, and 23 A for cryo-EM dataset, while the
resolution of the monopartite reconstruction was estimated to be ~ 15 A. Comparative modelling of the
MSV CP was undertaken using the pentamer (CPs) of Satellite tobacco necrosis virus (STNV) as a
structural template. Correlation-based fitting of icosahedral and geminate atomic models that varied in
geometric arrangement of MSV CPs allowed the geometric parameters of the bipartite capsid to be
determined.

Fitting of MSV CPs into the EM densities informed our understanding of interfaces which allow the CP
to self-associate, and showed that CPs is in fact displaced within the icosahedral geometry of the heads
by a 10° rotation about the 5-fold axes of symmetry in comparison to STNV; hence, while quaternary
structure of the pentameric capsomer is conserved between these viruses, the quaternary interactions
between capsomers of the 7 = / unit has diverged considerably. This study shows that the offset between
the geminate heads of the MSV virion is ~ -11°, and that this geometry appears to arise owing to a
distinct set of CP:CP interfaces which occur across the equator between two quasi-icosahedral heads
and involve regions that would interact to form the CPs: CPs interfaces within each of the heads (across
2-fold and 3-fold symmetry axes). Notably this offset differs from that reported for ACMYV, which has
a reported offset of 20°. Additionally, the resolution afforded by the icosahedral monopartite
reconstruction provided the first structural evidence to suggest that the calcium ion binding site of the
STNV CPs (located on the C5 axis) is likely to be conserved in MSV. This result suggests that in
common with other plant viruses, depletion of calcium ions may be required for genome egress in a
newly infected host cell. This study highlights the importance of future high-resolution studies of this
unique virion morphology by both X-ray crystallography and cryo-EM.
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1 Structural biology of viruses

1.1 An overview of virus structure and function

Viruses are macromolecular assemblies made up of proteins and nucleic acids that may or may
not also include a lipid component. These assemblies have the potential to infect the cells of a
host organism, and by harnessing the cells biosynthetic machinery, are then able to synthesize
additional protein components as well as replicate their nucleic acid genomes. The protein
components are able to assemble to encapsidate new copies of the viral genome, and hence
produce more infectious virus particles (termed virions) that are able to spread to repeat the cycle
of infection. Virions consist of a protein shell, the capsid that protects the encapsidated genome
(together termed the nucleocapsid) from degradation by nucleases that may be present within the
host cell, or in the environment. Lipid enveloped viruses derive their lipids from the host cell
during a process of budding, that may be from the cell membrane or from another organelle inside
the cell often related to secretory functions. Lipid enveloped viruses often include glycoproteins
in their lipid bilayers, and these components also mediate interactions with the host which may
allow the virus to enter and express its genes. For non-enveloped mammalian viruses it is the
capsid of the virus that will mediate these interactions with the cell boundary, whereas for plant
viruses, the virus will often rely on mechanical disruption of the plants thick cell walls to enter

the host cells cytoplasm.

Viruses are classified according to their different properties such as genome (nucleic acid) type
(DNA/RNA), genome architecture, serology, and capsid morphologies. The Baltimore
classification (Baltimore, 1971) focuses on properties of the viral genome, whether either single-
stranded (ss) or double-stranded (ds) and whether it is either RNA or DNA, as it is these properties
that determine a viruses replication strategy. Additionally, viral genomes may be monopartite, or
multipartite, meaning that they are encoded by only a single strand, or multiple strands of nucleic
acid, respectively. Whether the genomic segments are packaged into a single virion, or travel
separately varies from virus to virus. Viruses also vary in size dramatically, from simple viruses
with diameters of 180 A (e.g. Porcine circovirus (Circoviridae) with a single-stranded RNA
(ssDNA) genome ~2000 nt long (Biagini, 2004)). Conversely, Acanthamoeba polyphaga
mimivirus, one of the largest viruses known, has a capsid diameter of 400 nm (4000 A} and

double-stranded DNA genome 1,181,000 bp long (Scola et al., 2003).

An emerging classification system for viruses relies on atomic resolution information about the
virus capsid structure derived from X-ray crystallography. It is argued that owing to the high rates

of viral divergence, especially for RNA viruses which have low fidelity polymerases lacking 3’
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to 5’ exonuclease activity, that the only reliable means for truly identifying distant evolutionary
relationships is to rely on observing conservation of the capsid fold and architecture, which is less
prone to change with divergence because of the large redundancy in sequence-structure space
(many sequences fold to assume the same 3D shape). This implies that even with great sequence
variation, whether at the protein or nucleic acid sequence level, the structural properties of the
virus capsid will continue to show significant similarities, which will in turn implicate two viruses

as having diverged from a common ancestor (Bamford et al., 2005).

Plant viruses, one of which is the subject of this study, are often considered simple viruses for a
number of reasons. Many have relatively small genomes, and consequently also have small
regular protein shells (capsids) that are not enveloped by a lipid bilayer. Exceptions do exists,
such as the Tospoviruses; (-) sSRNA viruses of the family Bunyaviridae. Many plant RNA viruses
are helical (e.g. Tobacco mosaic virus), however spherical viruses are most relevant to this thesis,

and will be discussed in the most detail.

Most of the spherical capsids are 7' = 3 capsids that are roughly 30 nm in diameter; refer to Section
1.3.1.4 for a description of conventions for describing the spherical architecture of viruses. The
size of the capsid imposes limitations on the size of the genome, and the maximum genomic
length of viruses with capsids of this size is roughly 9000 nucleotides (nt), or ~1.6 MDa worth of
genomic material. Virus “satellites™ also exist, these are small segments of nucleic acid that rely
on functionality of another (“helper”) virus for either replication or transmission. Most of these
viruses are packaged by coat protein subunits (CPs) that they encode themselves, and are often
heavily diverged at a sequence level from that of their “helper” virus. Important examples of these
are Satellite panicum mosaic virus (SPMV) and Satellite tobacco necrosis virus (STNV), which
are T = ] viruses, possessing the simplest architecture of units corresponding to icosahedral
symmetry (Figure 1-1). Other satellite viruses encode their own replicases, while relying on the
CPs of their helper viruses for transmission; examples of these include the alpha and beta satellites
of the geminiviruses. Satellite viruses typically have small genomes £ 1500-2000 nt, and are often
only large enough (genetically) to encode a single gene, and are not genetically large enough to

encode all functions required for a whole infectious- (or life-) cycle.

As mentioned previously, plant viruses rely on vectors (e.g. insects) to penetrate the thick cell
boundary of a typical plant cell. Consequently, they do not recognise cell surface specific
receptors (as mammalian viruses do) and hence do not have sophisticated injection machinery
(e.g. as that of the bacteriophages which must also bypass a thick cell boundary). For this reason

the surfaces of their capsids are typically inert, unreactive and often quite sturdy.



Plant viruses are in many cases relatively “simple” organisms, and are often amenable to
inexpensive large scale production. These properties make them suitable for application to real
world problems such as vehicles for drug-delivery, epitope presentation (i.e. the production of
vaccines), as well as templates for materials synthesis (Douglas and Young, 1998). Consequently,
much effort has been invested in developing them as a “toolbox™ applicable to a variety of

biotechnological applications (Steinmetz and Evans, 2007).

Many such technological applications require an understanding of the assembly behaviour of their
CP subunits, which vary dramatically depending on how the virus particle is “constructed” or
self-assembled in the biological context. Additionally, the production of empty capsids is often
favoured as the infectious genome is a biosafety concern in agricultural settings. Examples of
plant viruses developed toward biotechnological applications include Cowpea mosaic virus
(CPMV) (Sainsbury et al., 2010) and Cowpea chlorotic mottle virus (CCMV) (Brumfield, 2004).
It is possible that the CPs of geminiviruses could be developed toward such specific applications
as well, and it may be that the unique geminate architecture may possess useful properties towards
these ends. This structural study was motivated by the understanding that information about these
structures, as well as their assembly, will be required if they are to be successfully modified for

such applications.

1.2 Why study the structure of viruses?

In the context of molecular biology, function follows form. It is the structure of a macromolecule
(or complex), i.e. its shape and electrostatic properties that will determine how it interacts with
other molecules in its environment. [t is for this reasons that structural biology attempts to inform
our understanding of molecular function by providing visual information of macromolecules, sub-
cellular structures and entire cells. As complex macromolecular systems, viruses lend themselves
well to study by structural techniques, and are attractive specimens because they possess qualities
which facilitate their study (they are discrete structures, which can often be isolated in large
quantities, or identified by direct observation inside cells within their functional environment).
Indeed, owing to high rates of replication, and divergence, viruses can explore vast sequence and
therefore structure spaces, and hence viruses can be informative model systems of molecular
evolution and have developed many unique “machines” to facilitate progression of their life-
cycles. It is for this reason that viruses may also be considered modular; each machine (e.g.
replication protein, coat protein, or packaging motor) will fulfil a role largely independently of

the others at each stage of the virus life cycle.

The virions of simple viruses are considerably less complex than their larger counterparts (often

only encoding less than 10 functional proteins), however, these entities are not static containers
3



and must encode subtle mechanisms to allow the typical stages of a virus life-cycle to proceed
(e.g. cell recognition, uncoating or disassembly, and subsequent assembly to package progeny
viral genomes). These mechanisms are challenging topics of study, and little detail is known (with

any certainty) about how these viruses go about their life-cycles.

Macromolecular self-assembly is a topic of broad implication, and is a phenomenon important to
our understanding of the molecular foundations of all biological mechanisms and processes;
including signal transduction (Johnson, 1996). Simple viruses have long been used as model
systems for this phenomenon as they can be reassembled and in some cases reconstituted, i.e.
infectious virions produced from a series of purified components in a test tube (Bancroft and
Hiebert, 1967; Fraenkel-Conrat and Williams, 1955). Previously, assembly was studied using
recombinant coat protein alone, however, more recently studies carried out in the presence of the
viral genome, or derivate thereof, have indicated an import role of the genome in the particle
formation (Stockley e al., 2013). In these cases the genome participates in the assembly in a
“concerted” or simultaneous mode of packaging and assembly. This differs from more complex
viruses, which typically produce procapsids and progeny genomes, before a specialized motor
translocates the genome into the capsid by an ATP dependent process. Assembly and packaging

of viruses is discussed in further detail in Section 1.3.1.1.

1.3 Structural biology of viruses

Structural studies of viruses began with the plant viruses Tobacco mosaic virus (TMV) and
Tomato bushy stunt virus (TBSV). In both cases X-ray diffraction studies indicated that that these
viruses were symmetric. The observation of layer lines in the diffraction pattern of TMV
(Franklin, 1956), similar to those seen for double-stranded DNA (Watson and Crick, 1953),
strongly suggested that TMV was helically symmetric. While the symmetry present in the
diffraction patterns of TBSV indicated 5-fold rotational symmetry axes, lending support to the
idea that the virus might be spherical, possessing cubic (icosahedral) symmetry (Caspar, 1956).

While these X-ray diffraction studies did not allow the specimen to be viewed directly (as the
diffraction pattern recorded only the intensities of the diffracted X-rays), subsequent visualization
using electron microscopy did — albeit at considerably lower resolution. Owing to the charge of
the electron, the electron microscope (EM) is able to preserve the phases of the scattered electrons
by recombining them using a powerful electromagnetic objective lens to form an image. The EM
observations confirmed that two primary nucleocapsid morphologies exist. TMV was seen to be

rod shaped, while TBSV is spherical or isometric.



Due to the overall size of virus particles (virion), both X-ray crystallography and electron
microscopy have become the primary techniques used by structural virologists. Nuclear magnetic
resonance spectroscopy (NMR) is generally considered inapplicable owing to the relatively large
size of virion macromolecular assemblies, although the method has been used to study of the

structure and interaction of isolated viral components or intermediates.

Both of these principal methods have their benefits, challenges, and drawbacks. X-ray
crystallography relies on the availability of a high concentration of very pure sample, which must
then be crystallized; often the most challenging stage of any investigation. These conditions being
met, X-ray diffraction has the potential to routinely provide atomic resolution information,
allowing atomic models of the structures to be created directly from experimental data; first
achieved for TBSV (Harrison ef al, 1978). Another challenge associated with X-ray
crystallography is the “phase problem”, and describes that the success of a X-ray study is
dependent on whether the phases associated with the diffraction data can be solved either

empirically, or by following a computational strategy.

EM has historically provided lower resolution 2D view of the specimen, but because the sample
needn’t be crystallized (the sample is viewed freely dispersed in an immobilized state) studies
often proceed more quickly, and do not require such a large amount of material. Electrons interact
more strongly with matter than do X-ray’s, and this means that radiation damage can be a severe
problem, but the strength of the interaction means that structural information can be gleaned from
single instances of a macromolecular complex. Being radiation-dose limited, EM data suffers
from significantly low signal-to-noise ratio; essentially, there is more noise than signal in any
given image, a problem that must be overcome computationally. These challenges, which directly
limit resolution, have been addressed with technological advances such as improved detectors,
improvements in stability of specimen stages, as well as quality of electron sources and
electromagnetic lenses. Furthermore, to achieve a 3D representation of the specimen,
computational image processing techniques have been developed to carry out “3D reconstruction”
of the 2D EM data. Some of these procedures have been applied in this study, and are described
further in Section 1.3.5.

1.3.1 Symmetry arising from assembly

1.3.1.1 Virus assembly

The assembly of virus nucleocapsids is a broad topic, but is overviewed here with an emphasis
on simple viruses. Viral genomes (by definition) must always encode at least one coat protein
gene that is ultimately expressed to form structural units that assemble to form a protective layer

around progeny genomes. Packaging of viral nucleic acid generally follows one of two broad
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schemes. The first involves self-assembly of the protein and nucleic acid components to form the
complete virion (a ‘concerted’ mechanism of folding and association of protein and nucleic acid),
and is a strategy often used by simple viruses. The second involves active packaging of viral DNA
using a motor protein complex into a preformed coat protein assembly, often referred to as the
procapsid. Examples of viruses which utilize this sequential mechanism include dsSDNA phages
such as bacteriophage P22 (family Podoviridae), as well as the herpesviruses which are built from

a T = 7 icosahedral architecture and a considerably larger than simple viruses.

Small or relatively simple (+) ssRNA viruses (also ssDNA viruses such as gemini- and
parvoviruses) viruses are thought to take advantage of a concerted self-assembly process as these
do not require the incorporation of other packaging genes into their genomes (a more economic
solution in regard to the size of their genomes). Picornaviruses are somewhat of an exception, and
may be considered simple viruses with a more complicated mechanism of packaging and
assembly. These viruses have coupled translation and replication of the viral genome with
assembly in a mechanism that is yet to be fully elucidated (Nugent ef al., 1999). A feature or by-
product of this mechanism is that empty capsids containing absolutely no genetic material are
also assembled. This is in contrast to other simple viruses e.g. the Nodaviridae (SSRNA viruses
infecting insects) that cannot form empty capsids. Other viruses such as Hepatitis B virus, are
able to assemble empty capsids, but only at high CP concentrations. The Picornaviridae and
Nodaviridae demonstrate auto-catalytic proteolysis of structural proteins in order to “mature” to
an infectious form. Remarkably, the RNA genome is thought to participate in these proteolytic

reactions (Basavappa er al., 1994).

The concerted strategy of assembly has been revealed to be a multi-stage process. Protein subunits
are produced by translation of mRNA, subsequently adopt a more defined conformation or tertiary
structure via a process of folding, and aggregate specifically to form assembled multimers. These
multimers may be either dimers, as in the case of bacteriophage MS2 (Stockley ef al., 2007),
CCMV or Hepatitis B virus (Zhou and Standring, 1992), or pentameric (as is thought for Satellite
tobacco necrosis virus, STNV (Jones and Liljas, 1984a)). These multimers act as the ‘units of
assembly’ and further interact with other instances of themselves to result in the fully assembled
capsid. In cases where the genome is known to interact with the capsid subunits, it is thought to
have an important, but poorly understood role in this process of determining the assembly
pathway, however, the transient nature of assembly intermediates makes their observation
challenging. Techniques such as mass spectroscopy, analytical ultra-centrifugation, and size-
exclusion chromatography have been useful when used in conjunction with in vitro assembly

systems.



Multiple studies on different viruses have shown that a specific region of the genome will nucleate
assembly by recruiting coat protein subunits by virtue of a sequence specific recognition event,
and that multiple regions throughout the genome may play a role to a greater or lesser degree
depending on their overall affinity with the viral coat protein (Borodavka ef al., 2012; Ford ef al.,
2013), observations which have been formulated into the “packaging signal” hypothesis (Stockley
et al., 2013). For viruses following the sequential strategy (i.e. more complex viruses with larger
genomes), the assembly of the procapsid is thought to be nucleated by the portal complex itself
(a protein-protein interaction rather than a specific interaction with the viral genome), and
selectivity of packaging follows a sequence specific recognition of the genome by the portal

complex itself.

An interesting implication of the packaging mechanism is the density of genetic material that can
be incorporated into the closed shell of the capsid. For the dsDNA viruses, the nucleic acid
genome does not interact with the coat protein layer strongly, but is packaged to very high
pressures (e.g. 100 atm) under force of ATP hydrolysis. For simple viruses the packaging density
is considerably lower, as virion assembly requires on spontaneous folding and interaction of both

the single-stranded genome and the protein subunits (Speir and Johnson, 2012).

1.3.1.2 Symmetric properties of viral nucleocapsids

Biological macromolecules self-assemble owing to non-covalent interactions that are highly
specific. Evolutionary (selective) pressures may induce interacting surfaces to become
structurally and energetically complementary, and it is this property that allows for specificity
and as a result causes protein or nucleic acids to “fit together” spontaneously to make complex

assemblies such as the ribosome.

The ribosome, an example of a biological assembly essential to life, is termed an “asymmetric”
structure because each view of the structure is unique. But if identical molecules (e.g. protein
subunits) interact with each other in identical ways, the repeated association will results in
assemblies (or aggregates) with defined symmetry. An object may be described as possessing
symmetry if an operation (also known as an affine transformation) such as rotation about an axis,
or translation along an axis, is able to bring the object into “self-coincidence”; i.e. the object
appears the same after the operation has been performed. Symmetric objects are often
characterized by a number of symmetric axes. For example, a cube has three 4-fold axes, six 2-
fold, and four 3-fold axes of rotational symmetry. The total number of symmetry operations
corresponds to the overall symmetry of the object, for a cube this would be 12-fold symmetry.
The construction of a symmetric object can be described in relation to the asymmetric unit, which

is essentially the “local” building block of the object with global symmetry. For an object such as
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a cube with 12-fold symmetry, 12 asymmetric units are present, and the cube can be
“reconstructed” if the symmetry operations of the cube are applied to a single instance of the

asymmetric unit; we might say that the cube displays 12-fold redundancy.

The most basic symmetric assembly is that obeying helical symmetry. Nucleocapsids
corresponding to this arrangement are exhibited by some plant viruses (e.g. tobacco mosaic virus
or potato virus Y), as well as some (-) sSRNA enveloped viruses that infect mammals (e.g.
members of the Paramyxoviridae such as measles virus). In such cases self-assembly across two
interacting surfaces (interfaces) will result, geometrically speaking, in a displacement along a
screw axis. In principle this mode of interaction can be repeated indefinitely, producing a fibre of
potentially infinite length. In most cases the viral genome acts as a “ruler” defining the size of the
assembly, as protein-nucleic acid interactions play an integral role in the stability of the complex.
Helical assembles are described by a number of parameters (e.g. the number of subunits per 360°
turn, and the axial displacement between subunits). TMV is considered the classic example of
such viruses, producing particles which are ~ 300 nm long with a cylindrical diameter of 18 nm,
and is assembled from 2000 coat protein subunits to form right-handed geometry with a pitch of
2.3 nm and exhibiting 16.34 subunits per turn (Namba et al., 1989). The coat protein subunit of
TMV consists of a four-helix-bundle, which arranges to form a cylindrical shell with the RNA
interacting along a helical path internally, protected from the environment. Isometric viruses
assemble using more than two interactions to produce closed isometric (i.e. spherical) shells that
exhibit icosahedral symmetry. Geminiviruses capsids assemble according to similar rules to those
of spherical viruses that obey strict icosahedral symmetry, and consequently these principles will

be discussed in detail in the following sections.

1.3.1.3  Icosahedral symmetry

As already mentioned, the capsids of isometric or spherical viruses possess icosahedral symmetry.
An icosahedron is a regular polyhedron that consists of 20 equilateral triangular faces. The
structure consists of 30 edges and 12 vertices related by six 5-fold, ten 3-fold and fifteen 2-fold
axes of rotational point-group symmetry (Figure 1, a). While the 5-fold axes intercept the vertices,
the 3-fold axes pass through the centre of the triangular faces, and the 2-fold axes intercept the
edges (Baker er al., 1999). This closed structure is described as possessing 532 point group
symmetry with a total of 60 symmetry elements. The 60-fold symmetry of the structure indicates
that the asymmetric unit may be described using 1/60% of the structure. The dodecahedron is
similar to the icosahedron in that it possesses the same symmetry elements, but the structure has
complementary properties. The most distinguishing feature is that dodecahedra consist of

pentagonal faces, rather than triangular faces.



In the biological context, self-association of the viral coat protein requires that suitable interfaces
are presented by each subunit. Even though icosahedral (532) symmetry is common to these
assemblies, the nature of the protein-protein contacts may vary, and a main benefit of structural
virology has been to characterize these architectural differences. That all spherical virus capsids
are icosahedral is significant. Icosahedral shells provide the lowest energy solution to the
construction of a closed shell from subunits of the smallest size (Caspar and Klug, 1962). That a
complex and large structure such as an isometric capsid can be encoded by a single protein is an
efficient solution to the problem of encapsidating a genome which encodes for its own packaging
machine (Crick and Watson, 1956). Viruses must construct their protein shells from protein
subunits that are asymmetric. The simplest way to achieve this is by assembly of 60 chemically
identical protein subunits. Because of the symmetry constraints, each subunit is expected to be in
an equivalent environment, stabilized by equivalent interactions with its neighbouring subunits.
Because of this essentially crystalline symmetry, Watson and Crick had originally noted that virus
capsids might be considered surface crystals. Views of the capsid of STNV are shown in Figure
1-2, as an example of a virus that is constructed from 60 subunits. However, electron microscopy
and biochemical studies revealed that virus capsids more often than not consisted of more than
60 protein subunits. How large capsids are constructed in such instances is described in the

following section.






»
1.3.1.4 Mac?romolecular quasi-equivalence

The theory of quasi-equivalence (QE) is fundamental to our understanding of the structure of
isometric viruses, and has broader implications applicable to our understanding of the
functionality of macromolecular assemblies in general (Bamford et al., 2001). QE was developed
by Donald Césper and Aaron Klug (Caspar and Klug, 1962) to account for viral capsids which
consist of more 60 subunits, and defines the triangulation (T) number to relate the number of
alternative modes of packing a coat protein subunit may adopt within a capsid to form icosahedral
architectures of different sizes. The consequence of using multiple conformations to construct a
closed shell is that the assembled capsid is larger, hence able to package more nucleic acid. Virus
coat proteins capable of such behaviour typically have rigid core domains, e.g. the B-barrel (jelly-
roll) domain (discussed in the next Section), which interacts via flexible protein segments such as
loops. The original prediction of quasi-equivalence was that coat protein subunits adopt different
non-symmetry related conformers which preserve bonding patterns but with slightly different
geometries, and that it is in principle the flexible regions which allow for quasi-equivalent
interactions to take place at all. Experimental observations allowed by crystallography showed
that in many cases strictly equivalent interactions are not preserved, but rather that the different
conformations allow different sets of interacting residues to meet within in each of the unique

environments (Harrison, 1980).

Geometrically, the T number also describes how the triangular facets are constructed by sub-
triangulation of a hexagonal lattice (wallpaper group p6, refer Figure 1-3). A hexagonal lattice
can be folded to create an icosahedron if hexagons are replaced with pentagons at twelve
positions. The equation T = h? + hk + k?, describes the magnitude of vectors 4 and k, which
determine the displacement of pentagonal vertices from an arbitrarily specified centre of a
hexagon on the hexagonal lattice (refer Figure 1-3). As stated in the previous section, the simplest
arrangement consists of 60 subunits occupying identical environments (referred to as 7= 1, i.e.
all CPs existing in the same conformation, and all hexagon positions replaced with pentagons). A
T = 3 virus, however, will exhibit 3 x 60 = 180 subunits in three alternative conformations
(generally termed A, B and C) in its asymmetric unit, and this architecture is exhibited by

bacteriophage MS2, CCMV, and Hepatitis B virus.

The theory of quasi-equivalence isn’t always followed in nature. An important example is the
structural architecture of the ‘papovaviruses’ (consisting of the Papillomaviridae and
Polyomaviridae families). These dsDNA viruses are assembled from 72 pentameric capsomers
(composed of a protein termed VP1), which interact with neighbouring pentamers via flexible C-

terminal arms to form 7 = 7 architecture. Instead of being composed of 420 subunits of the VP1
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structural protein (as QE would predict), these viruses are in fact composed of only 360 copies.
Despite the mathematical disagreement, the basic structural and molecular principals (of quasi-
equivalent interactions) still hold. Flexible regions allow for lattice arrangements of structural
units to interact in non-equivalent ways, allowing large geometric lattices to be “constructed from

asymmetric structural units.

Geminiviruses must be another instance in which conformational switching mediates assembly
of the virion, although the geminivirus behaviour (being essentially a composite of two 7' = /
assemblies; i.e. ‘bipartite’) cannot be expressed in terms of the traditional theory of quasi-

equivalence, and warrants further investigation for this reason alone.

1.3.2  Architecture of spherical plant viruses

Many spherical plant and animal viruses share common structural features at both a tertiary and
quaternary level. This was first highlighted after the crystal structure of poliovirus (family
Picornaviridae, infecting animals) was seen to have a very similar tertiary structure to the plant
viruses that had been solved by X-ray crystallography (Hogle ef al., 1985). Atthe level of tertiary
structure, the coat proteins of these viruses share a fold referred to as the anti-parallel 3-barrel, or
jelly-roll (Rossmann and Johnson, 1989). The biological prevalence of the 3-barrel fold suggested
that these viruses might share a common ancestor, and hinted that the great diversity of viruses
might be reduced by a classification scheme relying on structural methods (Abrescia ef al., 2012;
Bamford, 2002; Bamford et al., 2005; Krupovic and Bamford, 2010). Five different viral coat
protein folds have been identified, and are reviewed in (Liljas, 2004), however this discussion
will focus on the B-barrel fold, as it is the most relevant to our understanding of geminivirus

structure and evolution.

The {3-barrel fold consists of eight anti-parallel 3-strands that form two four-stranded B-sheets
that are sandwiched via a hydrophobic core that forms a rigid domain. The 3-strands are labelled
in alphabetical order from B to I by convention, and typically show some degree of conservation
at the sequence level owing to the number of hydrophobic residues that stabilize the core of the
domain. The loops between {3-strands show high rates of divergence (varying in length and
sequence) and are considered more flexible than the core of the domain. For many viruses, this
domain will in many cases present a N-terminal “arm” that will usually extend into the core of
the assembled virus particle. Numerous positive charges on the arm are thought to mediate
stabilizing interactions of the coat protein with regions of the packaged viral genome, although
these interactions are poorly understood because the arms are generally disordered and not visible

in electron density maps provided by X-ray crystallography or cryo-EM studies.
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In the following sections, the architecture of Satellite tobacco necrosis virus (STNV), Cowpea
chlorotic mosaic virus (CCMV) and other viruses are described in brief detail. STNV is
particularly relevant because an apparant evolutionary connection between STNV and MSV CPs
that is revealed by sequence alignment (Zhang et al., 2001). CCMV (family Bromoviridae) is
discussed as an example of a virus with a T = 3 architecture with similar (but also evidently

different) properties to the geminate architecture.

1.3.2.1 Satellite tobacco necrosis virus (STNV)

STNV is a small isometric virus with a 1200 nt positive-sense single-stranded RNA genome. The
virus relies on Tobacco necrosis virus (TNV) for replication; and is as a consequence referred to
as a “satellite” of TNV. The genome encodes as single coat protein (195 amino acids) that self-
assembles to form a T = / icosahedral shell consisting of 60 subunits of identical conformation
(Jones and Liljas, 1984a). The assembly is also able to coordinate 92 calcium ions at interfaces
between the coat protein subunits. The coat protein adopts the frequently observed jelly-roll fold,
and assembles such that ten amino acids of each N-terminal arm adopt an a-helical conformation
that is presented onto the inside of the capsid along the axes of 3-fold symmetry. These a-helices
appear to contribute an essential interactions across these axes of the capsid. The tertiary structure,
architecture and CP:CP interactions of STNV are depicted in Figure 1-2, while the overall capsid
architecture is shown in Figure 1-4. The first ten residues of the STNV CP N-terminal arms are
disordered and not visible to structural techniques but nevertheless these present positive charges
which are thought to neutralise the charge density of the genome allowing compaction during
assembly. Recent studies have suggested that multiple regions in the STNV genome adopt stem-
loop secondary structure, and that it is these stem-loops that bind the N-terminal a-helices in a

sequence dependent process inducing assembly of the intact virion (Ford ef al., 2013).

The STNV capsid coordinates calcium ions at 3 distinct sites that involve oxygen ligands
contributed from amino acid carbonyl atoms, carboxylate side charges (of aspartate and glutamate
residues), as well as structured water molecules (Jones and Liljas, 1984a). Calcium ions may bind
at sites on the 5-fold vertices, 3-fold interfaces, or at a general site which is located at site between
two CPs displaced by 7 A from the 3-fold axes of symmetry. Incorporation of calcium ions into
plant virus capsids is commonly observed and thought to be involved in a mechanism which
contextually modulates the meta-stability of the virion such that uncoating of the genome
(requiring rearrangements and possibly dissociation of the CPs) is possible only once the virions
are introduced into uninfected host cells (Durham ef al., 1977). A number of simple viruses
incorporate metal ions into their capsids, and examples include Tomato bushy stunt virus

(Robinson and Harrison, 1982), Turnip crinkle virus
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b)

Figure 1-2 Structure and architecture of Satellite tobacco necrosis virus (STNV). The STNV
capsid is assembled from 60 copies of a 195 amino acid sequence which folds to adopt the B-
jellyroll conformation discussed in Figure 1-1. The assembly possesses T = 1 icosahedral
symmetry, and characteristic views along the 2-fold, 3-fold, and 5-fold axes are shown in a), b)
and c) respectively. Association between subunits is made via 3 types of interaction either across
(i.e. the 2-fold) or around (i.e. 3- and 5-fold) the symmetry axes. The protein subunits are shown
as ribbons with beta-strands coloured green, and a-helices coloured blue. Calcium ions are
coloured green, and are coordinated by the assembly at 5-fold and 3-fold symmetry axes. Images
rendered using UCSF Chimera (Pettersen et al., 2004)
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(Bakker et al., 2012), Cowpea chlorotic mosaic virus (Speir et al., 1995) as well as canine
parvovirus (Chapman and Rossmann, 1995) as just a few examples. Depletion of these ions in
vitro, may for certain viral species, result in the formation of an expanded capsid isoform (owing
to “vibrational breathing”), which is thought to exposes previously buried regions of the coat
proteins, inducing sensitivity to proteases, and reduced stabilities allowing subunits to dissociate
in prelude for genome egress. This phenomenon has also been referred to as environmentally
induced particle expansion (Speir et al., 1995). Such behaviour has been demonstrated for African
cassava mosaic virus, in which pentamers were seen to dissociate (Kittelmann and Jeske, 2008)
at high pHs. A number of studies have shown that in addition to pH effects (all involving increased
pH), chelation of the divalent ions is possible using chelating agents such as EDTA, and particle

expansion is also observed under these conditions.

1.3.2.2  Architecture and assembly of ssDNA viruses

Four of the six ssDNA families (Microviridae, Nanoviridae, Circoviridae and Paravoviridae)
assemble to form a 7' = I capsid (Bennett et al., 2008). The Geminiviridae, as discussed in detail
in this thesis are also able to form 7 = [ virus-like-particles but predominantly encapsidate full-
length genomes into bipartite 7 = / capsids, while the Inoviridae, the sixth ssDNA family, are
unique amongst viruses of this genome type as they are filamentous. The ssDNA viruses
assembling to form T = I (or derivative architectures) also share the -barrel CP tertiary structure,
but do not show any significant homology at a sequence level. While the typical f-barrel fold
architecture serves as a shared core amongst these viruses, the overall shape of each subunit is
dramatically altered by very large insertions (added domains with specific functions) that are often
found between B-strands; it is for this reason that at intermediate resolutions that the capsids of
these viruses appear quite dissimilar. Despite this, important similarities with respect to
architecture have been identified, but more investigation is required to identify and compare
interactions that make up the CP interfaces (Bennett et al., 2008); hence motiving this study of
MSV.

The Microviridae, type species ®X174, possess genomes ~5.4 kb in size and encode 11 gene
products. The capsid (270 A diameter) consists of four different structural proteins, F, G, H and
J. The H protein occurs 12 times per virion (McKenna et al., 1992), while the others occur in 60
copies each. Significantly, for these viruses assembly does not proceed via concerted mechanism,
but requires involvement of two scaffolding proteins, B and D, that produce a procapsid (Dokland
etal., 1997). The Paravoviridae (~5 kb genomes), assemble capsids (260 A diameter) containing
a total of 60 copies of three structural proteins, VP1, VP2, and VP3, at a ratio of 1:1:8 (Bleker et
al., 2005). The assembly of the Geminiviridae is discussed in Section 1.6.3.5.
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1.3.2.3 Viruses with T =3 icosahedral symmetry

Plant and animal viruses with 7 = 3 symmetry are usually ~ 30 nm in diameter and have (+)
ssRNA genomes. These viruses use a variety of different strategies to encode and construct their
virions, and some of these are described here; these are relevant to this study as 7 = 3 symmetry
could be said to represent an “evolutionary alternative” to the geminate architecture, on the basis
that the volume available to package nucleic acid is similar. Most T = 3 viruses encode coat
proteins with the B-barrel fold as the core structural unit of their capsids, although viruses of the

Leviviridae encode their own unique fold (Valegdrd et al., 1990).

The Tombusviridae, Bromoviridae, Nodaviridae, and Leviviridae, are examples of T = 3 viruses
with capsids assembled from 90 dimers of a single chemically unigue coat protein. 30 of these are
structurally symmetric dimers (conformations C/C), and within the context of the global
icosahedral symmetry of the capsid, are found to coincide with the global 2-fold axes of
symmetry. The remaining 60 dimers are asymmetric (conformations A/B) and form locations of
pseudo-2-fold symmetry between axes of 5- and 3-fold symmetry. The first virus found to adhere
broadly, to the theory of quasi-equivalence was Tomato bushy stunt virus (TBSV,
Tombusviridae). However, while core structural domains were placed within the assembly lattice
as predicted by the QE theory, closer inspection of the atomic structure showed that unique sets
of residues mediated interactions between the three unique CP conformers; thus not adhering to
the fundamental tenets of quasi-equivalence completely. Subsequent study of Cowpea chlorotic
mosaic virus (CCMV), revealed a geometric arrangement that also agreed closely with QE theory,
but satisfyingly, was also the first structure to show that it was possible to form truly quasi-
equivalent interactions between conformers. The Nodaviridae were to reveal yet another means
of adhering to the geometric requires of QE theory. For these viruses the RNA genome has been
found to influence the conformation of the assembling dimers, essentially regulating assembly of
the T = 3 shell by determining where symmetric and asymmetric dimers are placed within the
architecture (Cheng ef al., 1994). RNA duplexes are observed to associate with the C/C dimers,
altering the conformation of and N-terminal arm which in turn effects the geometric arrangement
of the homo-dimeric subunits. In the presence of RNA the dimer forms a ‘low-curvature’ form,
while in the absence the N-terminal arm is displaced, allowing subunits to fold to form a high-
curvature form. The curvature, or absence thereof, is the ‘molecular switch’ which determines
whether the dimer contributes to a planer hexavalent site, or a curved pentavalent site. The
Picornaviridae are particularly interesting in that they assemble what is termed a pseudo 7 = 3

capsid from three chemically distinct -barrel domains. These domains are co-translated as a
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fusion protein that is subsequently processed to produce 60 copies of VP1, VP2, VP3 and VP4
which assemble to form the capsid structure in a poor understood process that is somehow coupled

to replication and translation of the viral genome (Nugent et al., 1999).

The plant infecting Bromovirdae are perhaps most relevant to our consideration of the
geminiviruses. By electron microscopy this viral capsid was observed to exhibit prominent
morphological units with both hexavalent and pentavalent symmetry (Speir ef al., 1995). Both N-
and C-terminal extensions play and important role in formation of the tertiary structure. C-termini
appear to interact to stabilize the dimer association, while N-termini (in addition to interacting
with the genome), also interact to stabilize formation of the hexavalent morphological unit (a
trimer of dimers); this is similar behaviour to SV40 (refer Section 1.3.1.4). CCMV has 180 metal
ions at interfaces, and depletion of these results in formation of an expanded form 10% larger in

diameter (Speir et al., 1995).
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1.3.3  Overview of structural methods and physical principles

High-resolution imaging techniques require that the specimen is exposed to an incident beam of
radiation (most often X-rays or electrons). The beam will interact with specimen according to
physical laws causing changes to both the specimen (radiation damage), as well as the beam of
radiation itself. Changes in the beam will encode information about the specimen, and
consequently high-energy (or short wavelength) radiation must be used to encode information
about the fine features that characterise macromolecules (e.g. inter-atomic bond lengths). A beam
may have different properties such as coherence (all quanta travelling in same direction and
phase) or monochromaticity (all quanta having the same energy) that will strongly influence the
quality of information retrieved during this process. The potential consequences of the interaction
of a high-energy particle with an atom are numerous, however, the most sought after is referred
to as elastic scattering, in which the path of the incident particle is altered by the specimen without
loss of energy. Inelastic scattering will cause transfer of energy into the specimen, causing
radiation damage — an inevitable consequence when imaging with beams of radiation (Henderson,
1995).

From a mathematical perspective, scattering has the effect of physically calculating the Fourier
transform of an object, and a benefit of this representation is that repeating patterns (as for
symmetric macromolecular complexes or crystals of these) become evident. The reason for this
is that the Fourier transform expresses a given signal as a sum of waves; waves are mathematical
objects consisting of frequency, amplitude and phase. If the amplitudes and phases of a particular
structure can be recorded over a useful range of spatial frequencies (on nanometre scales, over a
resolution band corresponding to atomic or macromolecular resolutions), these can be used to
calculate the structure of a macromolecule of interest at a defined resolution. Numerous
challenges prevent this information from being recorded, and these include the nature of
interaction of the radiation with the specimen, the quality of the specimen as well as the

performance of the detector.

Even prior to the imaging experiment, the specimen of interest must be prepared for imaging.
This most often involves isolating the macromolecular complex (or virus) from the other
components of the biological cell, and these considerations are discussed in the context of

virological studies in the following section.

1.3.3.1 Virus purification and sample preparation
Prior to structural characterization, virus particles must be harvested and enriched from a host
organism. Bacteriophages can be grown using prokaryotic hosts, usually to very high yields. For

animal and insect viruses these are typically grown in tissue culture; or for some viruses chicken
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eggs can be used. However, in the case of plant viruses these must usually be isolated from

infected plant tissue (often leaves), or in some cases expressed in insect tissue culture systems.

Viruses are most often isolated using differential gradient centrifugation. Density gradients using
either sucrose or caesium salts (e.g. caesium chloride), result in banding of viruses (and
contaminants) at their buoyant densities, i.e. where their density matches that of the surrounding
buffered medium (also known as isopycnic density gradient centrifugation). The virus particles
will usually have a density different to that of the contaminating materials, and hence the density
band containing the virus can be taken further, and usually subjected to another purification step.
Alternatively the virus particles may be large enough that they can be pelleted out of solution
either onto a “cushion” of sucrose, or if they are stable enough they can be spun directly onto the
bottom surface of centrifugation tube. Following this, viruses are suspended and dialysed into a
pH buffered solution that is suitable for structural experiments. Such buffers typically have low
concentrations of salt as this can interfere with visualization using methods such as cryo-EM, as
the buffer will produce a background that reduces the signal-to-noise ratio of the images,

especially at higher resolutions.

1.3.3.2  X-ray crystallography and fibre diffraction

Structural virology came into its own with the structure determination of the capsid proteins of
two plant viruses: TBSV, and TMV by research groups of Stephen Harrison, and Aaron Klug
(Bloomer et al., 1978; Harrison et al., 1978). These were high-resolution structures (2.5 — 3.0 A)
that allowed the amino-acid chain of the viral nucleocapsid proteins to be modelled in detail that

included side-chain and polypeptide backbone interactions.

X-ray diffraction relies on the order of a macromolecular crystal to produce a diffraction pattern
when it is irradiated with a monochromatic beam of high-energy photons (X-rays, e.g. of a
wavelength of 0.9 A). A crystal consists of a series unit cells, all identical in size and composition.
It is this order that causes diffraction to occur, as many scattering events interfere either
constructively or destructively to produce the diffraction pattern. The size and order of the crystal
relates to the intensity of the signal across a range of scattering angles, generally necessitating
that the largest possible crystals are used for this process. Diffraction intensities (which are the
recorded experimental data) can be combined to create an in silico representation of the electron
density, by inverse Fourier transform. However, the X-ray crystallography experiment does not
record phase information, and hence separate methods have been developed to overcome what is
known as the “phase problem”. Different experimental methods have been developed to acquire
this information such as the original method of multiple isomorphous replacement, in which

heavy atoms are soaked into crystals of identical space group (Kendrew ef al., 1958; Rossmann,
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1960), or multiple-wavelength anomalous dispersion (MAD) which relies on recording a
diffraction pattern of a crystal using a wavelength near the absorption edge of an atom such as
selenium (introduced into the proteins as selenomethionine) to derive initial phase information
which can then be applied to the remainder of the data (Hendrickson et a/., 1990). Computational
methods for phase determination have also been developed, and these are referred to as
“molecular placement” (Lattman, 1985; Rossmann and Blow, 1962). Structurally homologous
proteins (of close tertiary structure) can be used to calculate models of the crystallographic unit
cell, and the phase information of the model applied to the experimental data of the
macromolecular complex under study. In such cases, great care must be taken to not bias the result
with the original model. In the case of viruses, the icosahedral symmetry of the specimen (e.g.
the crystallized virions) has aided “phase extension” to higher resolution by a process such as
iterative non-crystallographic symmetry averaging (Stuart ez al., 1999). The orientation of virus
particles within each unit cell can be assessed using self-rotation functions that reveal the location
and orientation of 5-fold symmetry axes (repeating every 72°) of each virion, and icosahedral
symmetry is now routinely exploited by X-ray crystallographers to improve the resolution and
quality of electron density maps. In the case of STNV, non-crystallographic symmetry allowed
the resolution to be extended to 2.5 A (Jones and Liljas, 1984b), allowing the side-chains of the
almost all of the amino acids to be modelled with greatly improved accuracy in comparison to the

original determination to 3.8 A.

Modern day X-ray crystallography has benefited from the development of technologies such as
synchrotron X-ray sources and cryo-preservation methods that overcome radiation damage
allowing more data to be collected from fewer crystals. Improvements in detector design, have
improved the quality of data recorded, as well as reducing the time required for data collection
immensely. Improved software and computing power has also improved the speed that structures

can be solved and modelled.

1.3.3.3  Transmission electron microscopy and 3D reconstruction

The transmission electron microscope (TEM) consists of an electron gun (built from an electron
emitting source, as well as a high-voltage extractor) that fires electrons down an evacuated column
of electromagnetic lenses. Electrons pass through a specimen, and are focused and magnified onto
a detector (usually either film, CCD camera). The electromagnetic lenses are numerous, but two
primary systems of lenses exist, the illumination system consisting of condenser lenses, and the
image formation system consisting of an objective lens, as well as projection lenses that will
magnify the image produced by the objective lens. Electron sources may be either thermionic,

such as tungsten filament or lanthanum hexaboride crystal (LaBs), or field emission gun (FEG)
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sources. These vary in the quality of the electron beam produced as well as brightness. LaBg is an
order of magnitude brighter than the tungsten filament, and because the source is physically
smaller, also allows higher resolution. FEG sources offer a very bright, but also coherent source
of electrons (also approaching monochromacity), which is most suitable for high-resolution phase

contrast imaging.

Transmission electron microscopy has allowed many viruses, particularly larger viruses, to be
studied without the requirement of crystallization, but original studies were often of considerably
lower resolution (15-30 A), this owing to the specimen preparation techniques used, as well as
the capabilities of the instrumentation at the time. Indeed, in cases where sufficient quantities of
the virus are difficult to produce (e.g. grams) TEM is able to provide valuable information,
because the sample concentration need only be a fraction of that typically required for
crystallization experiments (milligram vs gram concentrations). For viruses that are difficult to
grow in culture, these benefits are attractive, as was the case for work described in this thesis.
More recently, with the advent of improve microscopes and detectors, routine structure
determination of viruses and other macromolecular machines such as the ribosome and
proteosome has progressed from sub-nanometre resolutions (6-8 A) to near-atomic resolutions
(3-4 A) (Bai et al., 2013; Liet al., 2013).

Fundamentally, transmission of electrons through a specimen, allows nanoscale structures to be
viewed in projection, i.e. in a manner similar to how a “shadow” is cast, but in which all structural
information is superimposed onto the plane of the image, and in which the image is quantitatively
representative of the structures entire mass. Figure 1-5 illustrates this concept, and reveals that
from a mathematical perspective, the Fourier transform of a 2D projection of 3D structure will
represent a central section (or plane passing through the origin) of the 3D Fourier transform of
the object; a fact that has important implications for 3D reconstruction. The relatively high depth-
of-field of the TEM (~ 1 um), in comparison to the typical light microscope, means that the entire
specimen is imaged at the same focus; which is important for image processing and 3D
reconstruction described below and in Section 1.4.2. The primary limitation of TEM is specimen
thickness, and a variety of preparation methods have been developed for this reason. Electrons
tend to interact with matter more strongly than X-rays do, and consequently multiple scattering
events are likely to occur for thick specimens (> 300 nm deep). The probability of an electron
interacting with an atom is influenced strongly by the kinetic energy of the electron as well as the
charge density (determined by the atomic number) of the specimen atom itself. An incident
electron may interact either elastically or inelastically with a specimen. Elastic interactions

preserve the kinetic energy of the electron, but change its direction (phase). These interactions are
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desirable for structural studies because they result in contribution of high-resolution information
during image formation. Inelastic interactions involve a transfer of energy from an incident
electron to an atom of the specimen — damaging it. These electrons are scattered at low angles,
and owing to their different energies are poorly focused during image formation resulting in
additional background noise. Energy filters have been developed, which work essentially as
electromagnetic prisms, and allow the microscopist to exclude electrons outside of a defined

energy range.

High-energy electrons such as those used for imaging in TEMs are a form of ionizing radiation,
which can disrupt molecular bonds, and induce formation of free radicals which have the potential
to further damage the atomic structure of a biological specimen. For this reason, strict dose limits
are applied for data-collection of high-resolution information, as it is these features that are

disrupted first.

Electron microscopy does not suffer from the phase problem (as does X-ray diffraction), because
the charged nature of electrons allows them to be focused or recombined to form an image. While
projection to form a 2D image is useful for structure investigation, projection also introduces
significant structural ambiguity in images that complicates analysis and interpretation of the
image by the investigator. One drawback of projection is that information encoding the
handedness of the object in question is lost. However, comparison with other information such as
crystallized structural components, or even more recently scanning electron microscopy (SEM)
studies of unidirectional shadowed virus particles can provide the information required to assign
the correct hand to a 3D reconstruction (Miller er al., 2011; Woodward er al., 2009). Richard
Henderson (MRC-LMB, UK) and co-workers have suggested a procedure “tilt-pair analysis™, that
ensures accurate hand is applied to single-particle EM structure by comparison of the
reconstruction with data recorded with tilt, and is a procedure that can be routinely applied as part

of the EM data-collection strategy (Rosenthal and Henderson, 2003).
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Figure 1-5 General principles of 3D reconstruction of an object from 2D projection images.
The 3D structure under study, in this case an object with C6 rotational symmetry is observed
under experimental conditions over a certain angular range to produce a set of 2D projections (the
experimental data). The object can be reconstructed by calculating the Fourier transform of each
image, and orienting the projections in 3D reciprocal space. Each experimental image corresponds
to a central section of the objects 3D Fourier transform. Once the data have been combined in
reciprocal space with adequate angular sampling, the reciprocal space volume can be inverse
Fourier transformed to generate a real space representation of the object that can be analyzed
further in silico to gain biological insight. Figure reproduced from DeRosier and Klug (1968)



1.3.4 TEM image formation, correction and resolution

Owing to the high kinetic energy of the electron beam (120-300 kV), very little adsorption of
electrons by the specimen is expected, and this results in low image contrast. Hence methods of
introducing contrast into electron micrographs must be used, especially for unstained specimens.
As discussed above, interactions of two primary types (elastic and inelastic) occur between the
electron beam and the specimen, and these result in changes in the energy and direction of
electrons. It is important to note that how these changes occur depends on the atomic composition
of the specimen, and for biological specimens the precise nature of how they are prepared. For
thin specimens (10-30 nm) prepared by negative-staining, the heavy metal atoms (e.g. tungsten
or uranyl) form an envelope which surrounds the structure of interest. The heavy atoms are
strongly scattering, and deflect electrons at high angles with relatively high probability. In such
cases amplitude contrast can be introduced into the images by inserting an aperture into the back-
focal plane of the objective lens (referred to as the objective aperture), that then excludes the high-

angle electrons from image formation.

At the electron energies (or wavelengths) used for TEM, these instruments can in principal yield
sub-Angstrom resolution images of materials. Unfortunately it is the aberrations of the objective
lens of the microscope, as well as radiation sensitivity of biological specimens that will limit the
resolution of images in the context of biological microscopy. For unstained and frozen specimens,
high-resolution imaging is considerably more challenging. For these specimens that consist
primarily of carbon, nitrogen, phosphate and oxygen, the strength with which electrons are
scattered is relatively low (modelled mathematically as the weak-phase approximation (Wade,
1992), relating that only a small fraction of the incident beam is actually scattered), and amplitude
contrast provides no high-resolution information about the specimen at a sufficiently high signal-
to-noise ratio. In such cases, the only alternative is to convert the weak phase shifts experienced
by the electron beam into an amplitude varying signal that can be detected. The most commonly
used approach is to defocus the images (i.e. to focus the objective lens such that the image-plane
of the objective is shifted slightly below that of the detector). This procedure introduces phase-
contrast by taking advantage of spherical aberration of the objective lens. This behaviour of the
objective lens is well understood, and is described by the TEM microscope phase contrast transfer
function or CTF (Erickson and Klug, 1970; Thon, 1971) and is depicted in Figure 1-6. The CTF
can be considered the Fourier transform of the microscope point spread function (PSF), which
models the blurring of a point source during imaging, and provides indication of the optical
resolution of the microscope. By defocusing the microscope, the oscillations of the microscope
CTF are increased, and these in turn introduce phase inversions and amplitude modulations into

the signal of the specimen causing improved contrast to arise in the image. The reason for this is
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that at either underfocus or overfocus, a phase contrast image will be produced by interference of
scattered (phase “aberrant”) electrons with the unscattered beam (Erickson and Klug, 1970). The
further from focus the image is shifted, the more contrast is introduced, but at the cost of resolution
as a separate “envelope” function, also arising from aberration, dampens the amplitudes of high-
resolution information. Additionally, the sinusoidal oscillations of the CTF result in varying levels
of contrast transfer with certain regions of no transfer (referred to herein as the “zeroes”). At these
regions, and at frequencies adjacent, the signal-to-noise ratio is either zero or close to zero and

consequently the full spectrum of information about the specimen is incompletely sampled.

These properties of the CTF influence how data for single-particle reconstructions is captured.
First, data must be recorded over a defocus range (or spread, e.g. 1 — 3.5 um underfocus) to ensure
that the Fourier transform of the objects view is adequately sampled across the full spectrum of
spatial frequencies. Second, and as a component of data processing, procedures for CTF
correction must be applied. The phase inversions useful for “seeing” the specimen, have the effect
of corrupting its true appearance. One approach would be to band-pass filter the images in
reciprocal space so that spatial frequencies higher than the first CTF cross-over (zero) do not
contribute to the images (i.e. all structure factors with corrupted phases removed). While valid,
this has the effect of limiting the resolution of the reconstruction to resolutions typically > 1.5 nm
(15 A), and consequently methods for correcting these phase inversions have been developed.
The first method is'known as phase flipping which involves an inversion of phases only in the
inverted spatial frequency bands. The second method is termed the Weiner filter, and involves
phase inversion as well as amplitude adjustments at higher spatial frequencies. In addition to the
procedure for correcting phases, a method for assessing the defocus parameters of the data is
another challenging aspect to the resolution of this problem. Semi-automated methods which
involve fitting model CTF functions to the data have been developed (Fernandez et al., 2006;
Huang et al., 2003; Zhou et al., 1996), as well as more automated methods which have allowed
magnification, defocus and astigmatism parameters to be modelled on noisy cryo-EM data

without significant user intervention (Mindell and Grigorieff, 2003).

Resolution assessment is a complex (and highly debated) topic in the field of high-resolution EM
of macromolecular complexes. For optical instruments, the term “resolution” relates the minimum
distance between which two points can be distinctly identified (referred to as the Rayleigh
criterion). However, this method is somewhat subjective, and when noisy images are being
considered (as for dose-limited specimens), resolution becomes difficult to assess reliably. In the
case of single-particle EM, in which macromolecular assembles are imaged individually and in

the presence of very high-levels of noise, other means of estimating resolution have been
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developed which specifically take the noise into account. These methods measure the “internal
consistency” of the data by means of cross-validation. The most routinely applied of these is the
Fourier shell correlation (FSC), which reveals the correlation between two images (2D, or 3D) as
a function of spatial frequency (or resolution) in which a series of bands; rings for 2D or “shells”
for 3D data are compared (Harauz and van Heel, 1986). A figure for resolution is assigned by
inspecting the curve for the resolution at which the correlation drops below a certain value (i.e. a
correlation “threshold”). The most popular of these is FSC 0.5 criterion (Bottcher ef al., 1997;
Malhotra and Harvey, 1994; van Heel and Schatz, 2005), although some have argued that a
correlation thresholds of 0.3 or 0.143 may have merit because by separating the data into half-
sets, these procedures will inherently underestimate the resolution of the full dataset (Rosenthal
and Henderson, 2003). It is generally agreed upon that any assigned value for the resolution (e.g.
8 A) should be supported by observable features in the reconstruction, e.g. tubular densities

corresponding with a-helical protein secondary structure.

1.3.5 Three-dimensional electron microscopy of viruses

A virus specimen prepared for EM can be reconstructed using a number of approaches. These are:
single-particle image processing, electron tomography, and electron tomography combined with
sub-tomographic averaging. The details of these are described in Figure 1-7. These approaches
all rely on the central-section theorem but involve different data-collection strategies. The
ultimate determinant of which is used is the size and morphology of the virus (whether regular
and symmetric: single-particle, or pleiomorphic: tomography), and precisely which structural
aspect of the virus is under study; for instance whether the whole of virus, or just a single structural
component of this is under study. Tomographic approaches are most useful for specimens that are
structurally unique (pleiomoprhic viruses, or when studying viruses inside cells) or when a
macromolecular complex presents only a limit angular distribution of views when visualized by
cryo-EM. Tomography is limited by the overall dose that can be applied to the specimen, as this
must be fractionated across a wide angular range (e.g. = 65°) and tomograms will suffer from
radiation damage as well as low contrast. By directly visualizing cell entry of herpesvirus in 3D,
cryo-tomographic methods have informed us of important aspects of the life-cycle of this virus at
molecular resolution (Fu and Johnson, 2011; Grunewald and Cyrklaff, 2006). Sub-tomographic
averaging has improved our understanding of viral glycoprotein complexes (Huiskonen et al.,
2009; White et al., 2010), as well as the entry mechanisms and structural intermediates of a

number of viruses (Bostina ef al., 2011; Bubeck et al., 2005; Chang et al., 2011).
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Figure 1-6 The microscope contrast transfer function (CTF). a. left) A typical microscope
CTF when an image is recorded at a particular defocus value. The oscillating function implies
phase inversions in the recorded image and variations in the amount of contrast transferred as a
function of spatial frequency. The phase inversions result in useful contrast in the images,
however these inversions essentially represent a corruption of the signal. Where the function
crosses the horizontal axes, no information is recorded in the images, and the SNR ratio of
information in regions immediately adjacent to these regions (the “zeroes™ of the CTF) are
characterized are very low. a, right) These properties of the CTF necessitate that images are
recorded using multiple defocuses. such that missing information in Fourier space is filled in. b)
Phase inversions can be corrected (and true contrast restored) if the CTF parameters can be
determined. b. right) The appearance of the CTF after ‘phase-flipping’ has been applied; a
procedure for CTF correction which restores the phases in corrupted areas, but does not attempt
to scale the amplitudes to compensate for the microscopes attenuating ‘envelope’ function
(Orlova and Saibil. 2011)
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Single-particle methods, as used for the work described in this thesis, are best applied to
symmetric specimens and achieve high resolutions because dose is not limited as many instances

of an identical structure are merged to produce a reconstruction.

1.4 Single-particle electron microscopy

Single-particle electron microscopy uses one of two primary specimen preparation methodologies
to suspend a sample containing a macromolecular complex of interest over a plane, and these can
then be imaged conveniently by TEM; ultimately for computational image processing. The
methods for specimen preparation are known as negative-stain (NS) EM (Brenner and Horne,
1959), and electron cryo-microscopy (cryo-EM) of thin aqueous layers (Adrian et al., 1984;
Dubochet et al., 1988). NS requires that macromolecular complexes are adsorbed to a thin carbon
film, enveloped in a heavy metal stain and then dehydrated, while in cryo-EM the complexes are
imaged unstained, preserved in a thin-layer of vitreous ice. The result of both methods is that
multiple instances of the complex can be viewed in different orientations at approximately the
same magnification and focus, and ensures that the fragile biological material is rendered resistant
to the high vacuum environment of the EM column, as well as the ionizing effects of the electron

beam used for imaging.

Single-particle electron cryo-microscopy (cryo-EM) allows the solution structure of a
macromolecular complex to be visualized at sub-nanometer resolution (< 1 nm). A significant
benefit of cryo-EM is that crystallization conditions do not need to be found for the investigation
to proceed, and the complex is visualized outside a crystal lattice. However, high resolution cryo-
EM studies will often require that sample preparation conditions such as buffer pH, ionic strength,
or the addition of detergents are optimized to achieve an adequate spread of particles within the
ice layer, and at the highest sample concentration reasonably possible. NS EM is known to
introduce structural heterogeneity into the dataset due to distortions that are undergone by the
structure during sample preparation. Larger macromolecular assemblies (such as viruses) are
usually more strongly affected by these than are smaller assemblies. In some cases actual
conformational changes may also be introduced in addition to distortion effects caused by
compression (or flattening) under dehydration of the sample. Cryo-EM allows biological samples
to be visualized in a hydrated state. The benefits of this are the preservation of the sample in a
close to native state, whilst also providing the potential to record near atomic resolution

information of the sample itself, and not a stain envelope.

During cryo-EM of vitreous aqueous films, the film thickness is typically 100 nm thick, and it is
generally considered undesirable for the thickness to increase unless the dimensions of the object

warrant thicker ice. Sample preparation will impose a limit on the resolution of the reconstruction
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Figure 1-7 3D reconstruction of viruses and their components from electron microscopy
data. Regular viruses (possessing icosahedral symmetry) are most often reconstructed using
single-particle approaches with imposition of 532 point group svmmetry. In this approach the
viruses are a) visualized and low signal-to-noise images recorded on either film or CCD camera.
The images correspond to projection images. which according to the projection theorem.
correspond to central sections through the objects Fourier transform as shown in b). By
determining the orientation parameters of each image, the central sections can be accurately
oriented in 3D reciprocal space and a 3D reconstruction calculated with imposition of 532
symmetry. The 532 symmetry of an icosahedral particle implies a 60-told redundancy of
information in the data at hand, and averaging which takes this symmetry into account can result
in large improvements in SNR and resolution (sub-nanometer resolutions are now often routinely
achieved). Some viruses do not have icosahedral capsids (e.g. pleiomorphic viruses) or contain
structural features that do not coincide with the symmetry of the protein shell. In such cases
electron cryo-tomography (cryo-ET) is used. Cryo-ET involves d) recording a tilt-series around
a single tilt-axis. The images of known angular relationship are then oriented in reciprocal space
(e) as for single-particle reconstruction. however, a missing wedge of information is present
owing to physical limitations associated with imaging a planar specimen at high tilt angles (i.e. a
doubling of specimen thickness at 60°). 3D reconstruction to produce a tomogram (f), will yield
a low SNR reconstruction of the object which will suffer from missing wedge artefacts
(considered most simply as a smearing along the direction of the electron beam, or more
technically, as a result of anisotropic resolution as a consequence of a large amount of missing
information). g) Structural features that repeat along the surface of the virus, can be excised from
the tomogram and averaged to produce a sub-tomographic average (h) which has improved
resolution and SNR. Because the repeating features are visualized in multiple different
orientations, sub-tomographic averaging can overcome the missing wedge allowing molecular
resolutions (2-4 nm) to be achieved. Figure reproduced from (Subramaniam et al., 2007).
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in other ways. The resolution limit of a negative stain reconstruction is the grain size of the heavy
metal stain, while considerations pertinent to cryo-EM are the thickness of the vitreous ice as well
as the size of the complex under study. Thicker ice will result in reduced contrast (especially at
higher resolutions), and a greater distribution of particles along the Z-axis of the microscope
resulting in particles imaged at different focii and magnifications. The structure of complexes >
250 kDa can be confidently studied using single-particle methods, however, the larger a complex
is the more contrast it will produce. Contrast is particularly relevant, as the performance of
computational alignment algorithms is heavily influenced by this property of the data, and large
symmetric viruses typically produce the highest resolution 3D structures for this reason
(Grigorieff and Harrison, 2011).

1.4.1 Vitrification of thin aqueous layers

Vitrification is a process in which an aqueous specimen (e.g. viruses prepared in a buffered
solution) are cooled so rapidly that the water molecules freeze prior to adopting a crystalline
organization (e.g. either cubic or hexagonal ice). Viruses suspended in such a solution will be
preserved in near-native state, immobilized in a layer of vitreous ice with their hydration shell,
and macromolecular conformations unaltered. Freezing is carried out by plunging the specimen
into liquid ethane cooled by liquid nitrogen (~ -180°C). For single-particle studies, a droplet of
the specimen will be applied to a perforated carbon film, and blotted so that a small fraction of
the suspension remains on the film as a thin-layer held across the perforations by virtue of surface
tension. Such layers may be 50-200 nm thick, and are plunged immediately, and in a high
humidity environment, in an attempt to minimize evaporation that might result in concentration
of buffer components that might reduce contrast in the EM. Upon rapid entry of the thin-specimen
into the liquid ethane, the temperature of the specimen is thought to decrease at ~10,000-
1,000,000°C/s; ensuring vitrification. Because the macromolecular complexes (virions) are freely
dispersed they should be randomly oriented within the thin- layer. This is required for 3D
reconstruction because it ensures good angular coverage within the dataset. However, this may
not always be the case owing to interactions with the air-water interface, or a carbon support,
which if present may adsorb the particles, restricting their orientations in a manner similar to that

of negative-stain EM. This is the case for the work described in this study.

1.4.2 Three-dimensional electron microscopy

Electron microscopy of biological samples, particularly at the high magnifications afforded by
EM, is characterized by a noisy visualization of the specimen and much of image processing is
intended to overcome this problem. Low-dose techniques attempt to reduce radiation damage of
the specimen, however the signal-to-noise ratio of such images is extremely low and further
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worsened by noise arising during detection (especially in the case of CCD cameras). Other
unintended processes such as specimen charging and beam induced movement of the specimen,
further worsen the quality of recorded images. 3D EM techniques have developed complex

procedures that attempt to overcome these limitations in data-collection.

For the single-particle EM experiment, the recorded electron micrograph will typically contain
images of the structure of interest in a number of random orientations, and as result, reconstruction
from a large set of images is essentially a problem of ‘grouping’ similar views of the structure by
classification, and then determining the three Euler angles - phi (¢), theta (8) and psi (y) - that

describe how each image is oriented in relation to a common 3D coordinate system.

1.4.2.1 2D alignment and classification

The signal-to-noise ratio (SNR) of the data is usually improved by averaging images containing
the same information (identical views), and 2D image alignment algorithms based on statistical
comparison of the images are used to determine the in-plane angle of rotation, as well as
translation parameters that allow 2D images representing identical views to be brought into
register before averaging to create “class average views”. Methods to achieve grouping and
alignment of images are inherently based in statistical evaluation of the data and include those
based on multivariate statistical analysis (MSA) (e.g. principal component analysis combined
with hierarchical clustering methods (van Heel and Schatz, 2009)), or alternatively methods based
on K-means clustering (Penczek ef al., 1996) which involve non-hierarchical clustering by

dividing the dataset into a number of K groups.

MSA methods attempt to reduce the complexity of the task by finding the largest variations within
a dataset, and after this, arrange the images as vectors in a multidimensional space using these
principal components of variation as orthogonal axes. With the image dataset expressed in this
way, clustering methods then allow the images to be grouped according to their distances from
one another within the multidimensional space. The precise methods of calculating these
distances, and mechanisms of clustering vary from method to method, however, the intended
result is the same. Both methods are implemented iteratively, until the procedures converge on a

solution of improved quality.

For the rotationally invariant K-means algorithm used in this study, the fact that images can
usually be centered according to their centers of gravity relatively easily is exploited. For a dataset
containing many views, the next stage is to determine the angles of in-plane rotation that would
allow the images to be brought into register (while grouping these into like views that can be

average together). For this to be achieved a number (K) of seed images are selected and the
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“distance” between each image in the dataset and the seed images are assessed using a rotation
squared-discrepancy function which imposes the property of “rotational invariance” on the
similarity assessment. Following this, class averages are calculated using the rotational
parameters determined by the rotation function, and applied to the images prior to averaging to
create new set of class images. This process is then iterated until images no longer move from

class to class; i.e. they reach convergence.

A fundamental assumption associated with the single-particle method is structural equivalence of
all instances of the macromolecular complex under study. Structural or conformational flexibility
will result in class average views, and 3D reconstructions that are not faithful representations of
the object or that are of decreased resolution (detail). While these methods of classification can
be used to evaluate the characteristic views of a dataset, they can also allow cl%sses representing
alternative conformations of the macromolecular complex to be discerned. The ability to discern
multiple conformational states is highly desirable, as this would offer the potential of elucidating
the mechanistic states of macromolecular machines such as the ribosome, proteasome or Gro-
EL/ES complexes by simply imaging the complex while functioning, and using image
reconstruction to yield an array of conformational states; the so-called “story in a sample”
approach (Frank, 2010). More recent methods of image classification rely on a maximum-
likelihood approach to multi-reference refinement and classification and are showing great

promise towards these goals (Scheres et al., 2005).

1.4.2.2 Orientation determination

Before a 3D structure can be calculated from the class average views (described in the previous
section), the relative orientations (or projection direction) of each view must be determined. Both
experimental methods (relying on images of tilted particles), as well as computational methods
(using un-tilted images) can be used. Experimental methods are important when a
macromolecular complex of unknown structure is studied for the first time. This is especially the
case for an asymmetric structure such as the ribosome, as the shear number of views required to
reconstruct the structure in 3D, the low signal-to-noise ratio of images, as well as other
ambiguities inherent to projection (such as those pertaining to handedness) make finding the
correct solution immensely challenging. A method known as random conical tilt (Radermacher
et al., 1987) was developed for situations such as this, and is most often used when a complex
adopts a preferred orientation when placed on a support film (as is relatively common for
negative-staining). By imaging the specimen in both un-tilted and tilted orientations, the preferred
orientation (which will usually have different in-plane tilts or rotational orientations on the grid)

will present a range of views of the complex when tilted. The data-collection geometry in such
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cases is conical, and allows generally good coverage of angular space to be attained, albeit
harbouring a “missing cone” which will introduce some artefacts. A 3D reconstruction calculated
with these experimentally determined orientations will also be of reduced resolution (owing to
defocus gradient across images recorded with tilt) but should serve as a suitable starting model
for further studies which might use cryo-EM for example to overcome the preferred orientation
at 0° tilt. The benefit of this technique is that the true handedness of the structure can be assigned
from the outset — a feature essential for accurate interpretation of a biological molecule. The
methods described in the following paragraphs are unable to determine handedness from the
projection data alone, and rely on additional experimentally derived information (Cheng et al.,
1995).

A purely computational method for orientation determination is known as angular reconstitution
or sinogram correlation (van Heel, 1987). This method takes advantage of the central-section
theorem directly, and states that the relative orientation between two projections can be specified
according to a common tilt-axis, and determined with respect to this by identifying the “common-
line” which any two projections of the a structure will share. In real space, any two 2D projections
will share at least a single 1D line projection in common, and furthermore the line projection will
pass through the origin of the specimen (Penczek et al., 1996). For viruses there may be numerous
common-lines, and this approach has seen extensive use for icosahedral reconstruction (Crowther
et al., 1970; Fuller et al., 1996). The common-lines are found using a procedure called sinogram
correlation after a sinogram is calculated by calculating a series of 1D line projections of the 2D
image (usually a class average for improved SNR), and compared by sinogram correlation
function. The Euler angles relating the orientations can then be determined from the tilt-axis
shared by the two projections. If three projections are used, the orientations of each image can be
determined with respect to three different planes, and 3D model reconstructed to an intermediate

resolution using these angular approximations (van Heel, 1987).

For complexes where another structure is available to serve as starting model a technique known
as iterative projection matching (or 3D projection matching) may be used (Penczek et al., 1994).
This method was originally applied to a cryo-EM investigation of Flock house virus (family
Nodaviridae) RNA packaging using a X-ray structure of the capsid as a starting model (Cheng e¢
al., 1994). In this approach the starting model (or 3D reconstruction calculated in the previous
step) is re-projected at known angles (covering the asymmetric unit of the structure) inside the
computer (in silico) to create a series of reference projections. These references then serve as the
basis for multi-reference alignment of the dataset (experimental images) by cross-correlation.

Following cross-correlation, each experimental image will be assigned an orientation according
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to the reference image with which it correlated with the highest score. Because the reference
images are of substantially higher SNR, the approach is able to differentiate orientations of very
small angular separation, and hence improve resolution over a number of iterations in which the
3D reconstruction is re-projected with finer angular spacing. Ultimately, most reconstructions
(whether starting from a RCT reconstruction, or angular reconstitution) are refined using this
approach, however it has been shown that in some cases accurate reconstructions can be
determined using this approach using only a geometric starting models that matches the overall
dimensions of the object. This is especially the case for objects with high symmetry such as
helices or icosahedral assemblies, although potential pitfalls exist, and efforts must be made to

validate the final result (Henderson et al., 2012).

1.4.2.3 Three-dimensional reconstruction

A 3D density map can be calculated from 2D EM images or class averages using a procedure
known as “back-projection”. 3D reconstruction can be thought of as the inverse of projection and
may be implemented in real or Fourier space. True back-projection algorithms are real space
methods, which smear the 2D density backwards along lines determined by their orientation with
respect to the 3D object (Harauz and van Heel, 1986). However, this procedure if implemented
directly would result in a 3D reconstruction that would not accurately reflect the specimen under
study. Weighted (or filtered), back-projection algorithms overcome some of these problems by
weighting terms as a function of spatial frequency so that low frequency terms do not dominate
the reconstruction, and therefore high-resolution information is more readily visible in the maps
and iterative refinement by projection matching successful. Other procedures for back-projection
have also been developed and these are the algebraic and simultaneous iterative methods. Fourier
inversion (shown in Figure 1-5) represents a literal application of the central-section theorem to
the problem of 3D reconstruction and was the first reconstruction approach used for this class of
objects (De Rosier and Klug, 1968). In this scheme, 2D images are Fourier transformed and their
transform, which is a plane or section, oriented as a central section in the 3D transform of the
reconstruction. Inverse Fourier transform then results in a real space density map of the object in

question.

For meaningful 3D reconstruction to be performed views covering a wide angular distribution of
a single structure are typically required, and furthermore the angular space should be finely
sampled to adequately sample of the Fourier transform of the object to high resolution. For an
asymmetric object the angular range could be represented as hemisphere, however, symmetry
inherent to the macromolecular complex, will greatly aid 3D reconstruction by reducing the

angular distribution that needs to be visualized to just a fraction of this. Symmetry averaging
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during 3D reconstruction will also increase the overall signal-to-noise ratio of the reconstruction
as a consequence of a redundancy in the information required to describe the object. Applying
this thinking to the geminiviruses (MSV and ACMYV), hundreds of class averages were calculated
using the IMAGIC software package, and orientations determined according to the common-lines
method. 3D projection matching was then carried out using re-projections of the structure
covering the angular space of just 1/10% of a sphere. In this case, the global D52 symmetry of the
particle was compared to a C1 and CS reconstruction, and this confirmed that assuming the 10-

fold symmetry was valid (Bottcher et al., 2004).

1.4.2.4 Relevance of biological symmetry

Biological symmetry arises from the repeated association of equivalent structural units according
to alimited number of specific binding rules (refer Section 1.3.1). While not only visually striking,
the symmetry possessed by some macromolecular assemblies also provides a redundancy of
information that is of great use to the structural biologist, as this redundancy can be used to further
improve the signal-to-noise ratio of a 3D reconstruction by averaging. For an object possessing
icosahedral symmetry, the asymmetric unit of the structure is always viewed in sixty different
orientations in each projection, and once the orientation of a particle has been determined, and
the central-section (single-particle) oriented in reciprocal space, averaging may be performed with
all other equivalent orientations (i.e. corresponding central sections). This procedure not only
allows noise to be reduced greatly, especially at higher spatial frequencies, but also serves to
improve the angular coverage of the reconstruction; a feature of particular value when 3D

reconstruction is attempted from a limited number of views.

Symmetric averaging can also be problematic as not all features of a particular structure may
agree with the symmetry being imposed. For virus structures, the genome will without doubt
deviate from icosahedral symmetry. Additionally, flexible regions of the CPs responsible for
interacting with the genome (or other viral or host factors) may also deviate causing them to be
“smeared out”, preventing us from understanding the biological role of these aspects of the
complex. It may be asked, why we simply don’t attempt the asymmetric reconstruction of viruses
more often in an attempt to overcome these limitations? Asymmetric studies have been carried
out in some cases (Chang ef al., 2006; Duda and Conway, 2008), but these are limited to viruses
with sufficiently large asymmetric features (for instance, portal complexes) that provide visible
features allowing asymmetric alignment of the images to take place despite the extremely poor
SNR of the experimental images. For simple viruses, which do not have such obvious features,
the signal-to-noise, as well as the strong signal of the spherical and symmetric capsid makes

accurate alignment in the presence of the 60-fold symmetry nearly impossible with present day
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technology. Future studies, benefiting from improvements in image quality owing to use of
improved detectors (Farugi and Henderson, 2007) as well as phase-plate technology (Chang et
al., 2010; Murata et al., 2010; Nagayama and Danev, 2009, 2008) will significantly improve
contrast in EM images allowing features that deviate from symmetry to be discerned in a
statistically meaningful way — essentially paving our way for the next step in our understanding

of the structure and function of many viruses.

1.4.3 The structure of viral genomes

X-ray diffraction, neutron scattering, as well as electron microscopy studies have each been used
to observe viral genomes. Techniques that use signal averaging (i.e. all of structural biology
methods) requires that the structure concerned be highly ordered for it to be accurately represented
in the averaged map. In the case of protein capsids that are all considered structurally identical,
many of these can be averaged together to overcome signal-to-noise limitations imposed by dose
applied and detector performance. Furthermore the icosahedral symmetry can be exploited to
improve the signal-to-noise ratio 60-fold. However, nucleic acid genomes are asymmetric and
most likely disordered, making averaging with symmetry averaging inappropriate. Hence
visualization of viral genomes inside the viral capsids using these same techniques is uncommon.
In cases where the genome associates with the capsid in a repetitive way, and by virtue of these
bonding constraints, icosahedral symmetry may be adopted by the genome in some regions, and
hence it is visible in the resolved electron density. Excellent examples of this include canine
parvovirus (Chapman and Rossmann, 1995), bacteriophage MS2 (Valegérd et al., 1994), bean

pod mottle virus (Lin et al., 2003), as well as Pariacoto virus (Tang et al., 2001).

Using X-ray crystallography, different motifs have been observed to associate with the inner
surface of the capsid, these may be stem-loop structures (Valegard et al., 1994), duplexes (Tang
et al., 2001) or regions of single-stranded RNA (Lin ez al., 2003). In such cases where a precise
conformation for the RNA can be described, investigators have described the percentage (e.g. 20-
40%) of the genome that is clearly visible within the density. It is important that this does not
mislead, as the genome being an inherently asymmetric structure can never be visualized “as it
is” by any method which involves symmetric averaging, and hence the precise sequence
visualized is only ever a “consensus sequence” being derived from the averaged asymmetric unit
of the map. However, where interactions show some degree of sequence dependence,
investigators have noted that the consensus sequence observed in the structural data can often be

matched with many regions of the genome (Chapman and Rossmann, 1995; Lin et a/., 2003).

By providing phase information over a wide range of spatial frequencies, EM techniques have

most often provided low-resolution information that is often complementary to X-ray studies
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(Tang and Johnson, 2002). EM tends to reveal more disordered regions of RNA, and it is this
insight which has revealed that may RNA viruses package their genomes in a series of concentric
shells (Bakker et al., 2012; Toropova et al., 2008; van den Worm et al., 2006). The outermost, or
protein associated, shell is the layer most easily visualized as a consequence of the stabilizing
influence of protein-nucleic interactions. The inner layers are significantly more disordered but
are thought to adopt secondary structure, and organize into different layers under forces of charge
repulsion or interactions with terminal regions of the coat protein subunits that may extend into
the core of the particle. A striking example of the viral CPs ordering the genome are members of
the Nodaviridae: Flock house virus, and Pariacoto virus in which the protein coat appears to
induce a duplex conformation on RNA irrespective of sequence, and orders these segments in a
dodecahedral arrangement (Tang et al., 2001). In these cases, association of the genome with the

capsid in these regions is thought to have a precise role in controlling formation of the capsid.

1.5 Structural bioinformatics and protein modelling

Many biological protein sequences will fold to adopt a conformation termed the proteins tertiary
structure. Because protein folding is governed by its amino acid sequence (Anfinsen, 1973), it is
reasonable to expect that knowledge of this sequence will provide information about its tertiary
structure, possibly allowing a useful model of the proteins actual structure to be created. Methods
for protein structure prediction may be either knowledge based, such as homology (or
comparative) modelling (Marti-Renom et al, 2000), or other so called ab initio methods
(Bonneau and Baker, 2001). However, the “pseudo-atomic” model constructed from constraints
not arising from direct observation of the molecule concerned, should only be taken seriously as
far as their usefulness as a guide for assisting such an interpretation, and should ideally be
validated by further experimental investigation of a preferably biochemical or molecular nature -

e.g. site-directed mutagenesis experiments (Dill ef al., 2007).

Homology - or comparative - modelling procedures are a popular, and computationally
inexpensive way of going about protein structure modelling, and rely on the assumption that
protein evolution favours the conservation of structure rather than merely that of amino acid
sequence. In addition, it has been observed that protein structure is resistant to site mutation, and
furthermore, sequences of even marginal similarity can nevertheless result in an identical protein
fold. Based on these premises, which are reviewed in (Xia and Levitt, 2004), homology modelling
software packages are able to assign a probable backbone conformation to a query sequence based
on information derived from a sequence alignment of the query sequence to that of an
evolutionarily related (or homologous) “template” structure. A template is an experimentally

determined structure whose sequence may be aligned to a query sequence with sufficiently high
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confidence (Sali and Blundell, 1993). Homology modelling is considered reliable if performed
using templates of at least 20% identity to that of the query sequence, and it has been asserted that
automatic alignment and model building of sequence-template pairs of >= 40% identity may
allow much of the experimentally unresolved conformational space to be filled by solely by
computational means (Sali e al., 1995). For sequences <= 40 % identity, the models produced
are likely to contain errors, but are likely to be useful when applied in different contexts such as
interrogation of intermediate to low resolution EM density maps; as in this study.

Viral coat proteins are known to possess one of five prototypical protein folds (Liljas, 2004),
whilst at the same time showing considerable sequence divergence amongst fmembers that share
the same fold. Template identification, in the context of structural virology, therefore relies on
methods that are sensitive enough to identify distant structural homologs that may be used during
homology modelling attempts. The ‘fold recognition’ problem defines this requirement, and has
resulted in a number of computational methods showing great promise in achieving this end
(Jones, 1999a; Killberg et al., 2012; Kelley and Sternberg, 2009; Remmert et al., 2012).
Specifically, computational algorithms for sequence threading are particularly important as they
allow the compatibility (or chemical properties) of a particular sequence to be evaluated in a
particular structural context. Amino acid residues will exhibit different compatibilities with
particular chemical environments - as defined by a particular folds topology and architecture —
these terms describing the sequence and nature of secondary structure elements, and how these
are arranged in 3D space, respectively. A fundamental example is the observation that
hydrophobic residues generally favour solvent inaccessible (buried) regions, whereas hydrophilic
residues favour surface exposed (solve accessible regions). Based on such criteria an alignment
of the sequence can be scored against a particular experimental structural atomic model. An
algorithm called GenTHREADER (Jones, 1999a) uses a profile based alignment strategy to
produce an initial alignment of the sequence against the structure. The alignment is used to
generate pairwise scores of ‘mean force’ and solvation energy, and series of scores such as these
are then evaluated using a neural network scoring routine constructed based on sequence
comparisons to a database of high quality (and resolution) X-ray crystal structures. The neural
network can be taught to carry out complex decisions using a large number of input variables, and

in principal should work sufficiently well that the human supervision is not required.

Proteins fold (self-interact) to adopt tertiary structure, but their function is often dependent on the
formation of stable interactions with other molecules (multimerization or oligmerization) which

may be instances of themselves (homomeric assemblies) or other proteins (heteromeric
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assemblies). Attempts to predict the formation of these complexes in silico have been made,
however 3D reconstruction from EM data has the potential to empirically determine these, if the
interacting partners can be fitted into the 3D density map at an appropriate resolution. The process
of atomic structure ‘fitting’ is referred to as EM map ‘docking” when carried out quantitatively
using cross-correlation based six-dimensional (6D) searches implemented in computer programs
(Roseman, 2000; Wriggers, 2010). More recently, methods for comparative modelling have been
developed to include EM maps as conformational constraints during model refinement. In cases
that the EM density is of sufficient resolution (generally < 8 A), this can serve as a constraint
during the modelling process which governs the placement of secondary structures (Chan ef al.,
2012; Topf et al., 2008). In this study, standard ‘rigid body’ docking of the p-barrel domains of
the viral pentameric capsomer (CPs) was carried out using standard cross-correlation based

approaches.

1.6 Geminiviridae

Geminiviruses (viruses of the family Geminiviridae) are agronomically relevant plant pathogens
that significantly reduce yields of crops such as maize, cassava, beans, squash, cotton and
tomatoes every year. The family consists of seven genera: Mastrevirus, Begomovirus,
Topocuvirus, Curtovirus, Becurtovirus, Eragrovirus, and Turncurtovirus which differ in host and
vector species specificities, as well as genome organization. Geminiviruses are heavily prone to
genetic recombination, both within, and across genera, and this has been proposed to be a
significant cause of emergence of new viral species (Padidam et al., 1999). In support of this
hypothesis, the establishment of efficient global transportation networks over the past few
decades has led to increased spread of these viruses as well as their vector species, causing
significant outbreaks in 39 countries; events that have further promoted the importance of

studying these pathogens (Moffat, 1999).

1.6.1 Host and vector specificity

The host range and vector specificity of a geminivirus are important factors used for their
classification, and will also influence their geographic distribution. Mastreviruses (e.g. Maize
streak virus) will usually infect monocotyledonous grass species (Gramineae), but in some cases
dicotyledonous plants are also infected (Briddon and Markham, 1995). MSV is transmitted by the
insect vector Cicadulina mbila Naudé (Storey 1925); a leaf hopper. Begomoviruses, distinct in
that they typically consist of bipartite genomes, usually only infect dicotyledonous hosts, and are
transmitted by the whitefly (Bemisia tabaci). African cassava mosaic virus (ACMV), a
Begomovirus, significantly reduces crop yields of the cassava plant (Manihot esculenta), also a

dietary staple in Africa. Beet curly top virus (BCTV) is a member of the Curtovirus genus, is
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transmitted by the leathopper (Circulifer tenellus), and is known for its cause of commercial loss
of sugar beets (Beta vulgaris) in western USA, but is also known to infect 300 other
dicotyledonous plant species. Tomato pseudo curly top virus (TpCTV) a Topocuvirus, is
responsible for agricultural loss of tomatoes in Florida, but will also infect some legumes and
other dicotyledonous plants. It shows many symptoms in common with BCTV, but is transmitted
by the treehopper Micrutalis malleifera; the only geminivirus known to be transmitted by such a

vector.

1.6.1.1 Transmission and relationship with vector

Vectors are organisms required to carry out viral transmission from one host organism to another,
and are especially required by plant viruses because plants are themselves immobile. Once an
infectious virion arrives at a new host it must find a means of entering the cytoplasm of a
permissive cell allowing viral replication. Mechanical disruption of the cell wall by the vector
may allow this, however, geminiviruses are not generally considered mechanically transmissible,
and must be introduced into the vascular system of the plant (i.e. phloem sieve tubes) by an insect
that feeds on the sugar containing fluids of these tissues. The virus particles will be ingested by
the vector (a leaf- or tree-hopper) at the time that it feeds on an infected plant, and will move from
the vectors gut into the salivary glands where it will be available for re-introduction into an un-
infected host during another feed. The virus is unable to replicate in the vector, i.e. it is said to

display a ‘non-propagative’ relationship.

1.6.2 Genome organization and replication

Important differences at the level of genome organization as revealed by viral genome sequencing
and are shown in Figure 1-8. Geminivirus genomes are relatively small (2.5 - 3 kb, i.e My ~760
— 915 kDa) circular single-stranded DNA (ssDNA) molecules that are replicated in the nucleus
of the host cell (Boulton, 2002; Davies er al, 1987; Nagar ef al, 1995). Consequently,
geminiviruses are class II viruses according to the Baltimore classification scheme (Baltimore,
1971). Other examples of a single-stranded viruses include the DNA bacteriophage $X174 (the
type species Microviridae) as well as well as members of the Nanoviridae. The Parvoviridae are
ssDNA viruses with linear genomes, and infect mammals and insects (Chapman and Rossmann,
1993). Notably, these virus families have a 7 = I capsid architecture, and replicate by

mechanisms known as rolling-circle or rolling-hairpin replication, respectively.

Upon entry into the nucleus, the ssDNA geminivirus genome is converted to a double-stranded
DNA (dsDNA) intermediate by host DNA replication machinery. The dsDNA intermediates
associates with histones (structural components of the nucleosome) to form minichromosomes

(Pilartz and Jeske, 1992). This dsDNA intermediate serves as the template for bidirectional
42



transcription of viral genes as well as genome replication by rolling circle replication (Heyraud et
al. 1993a; Heyraud et al. 1993b; Saunders et al. 1991, 1992). Replication is initiated by the viral
replication associated protein (Rep) from a conserved nonanucleotide site (TAATATT/AC) in the
long intergenic region (LIR) of the geminivirus genomes (Gutierrez 2000a, b; Hanley-Bowdoin
et al. 2000) and is illustrated in Figure 1-8. This sequence motif adopts a stem-loop structure, and
presents a site for nucleolytic cleavage, the substrate of the Rep protein, allowing rolling-circle

replication to proceed.

1.6.3 Maize streak virus

Maize streak virus (MSV), the subject of this study, is the prototypical member of the Mastrevirus
genus, and is considered the most severe maize (Zea mays) disease in sub-Saharan Africa, and
has as a result, been the subject of extensive research (Bosque-Perez 2000; Boulton 2002). MSV
has the most dramatic consequences for subsistence farmers who rely on maize as a dietary staple,
and consequently can place families and communities at risk. Breeding efforts have resulted in
MSYV resistant maize stains, as well as the development of recombinant maize species that have
induced resistance as a result of stable expression of a mutated viral replicase protein gene from

a construct which was integrated into genome of the plant strain (Shepherd et ai., 2007).

Named after its characteristic symptoms; originally described as ‘mealie variegation’ (Fuller
1901). It was later renamed ‘maize streak’ by the researcher who identified the insect vector
responsible for virus transmission to be Cicadulina mbila Naudé (Storey 1925). MSV encodes
four gene products on a single (monopartite) single-stranded DNA (ssDNA) molecule that is 2687
nt in size (Francki et al., 1980; Lazarowitz, 1988; Mullineaux et al., 1984). Two of the gene
products (Rep and RepA) are associated with replication of the genome and are expressed early
in the virus life-cycle from a complimentary sense (C-sense) transcript. The remaining two genes

are virion-sense (V-sense), and encode a movement (V2) and coat protein (V1), respectively.

1.6.3.1 Life-cycle, tissue specificity and role of viral genes

The life-cycle of MSV (Figure 1-10) begins with entry of the circular ssDNA genome into an
uninfected cell by passage from the phloem sieve tubes of vascular bundle into an uninfected cell.
The ssDNA genome must then be trafficked into the nucleus where the host cell DNA repair and
replication machinery resides. Nuclear trafficking is mediated by the karyophillic coat proteins
(CPs) that each possess a nuclear localization signal (NLS) (Liu et al., 1999). By an unknown
mechanism, the virion is then disassembled to render the genome accessible to host factors, and
the ssDNA genome converted to a double-stranded form by host replicases within the nucleus
(Palmer and Rybicki, 1998). This dsDNA form is then transcribed
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in other ways. The resolution limit of a negative stain reconstruction is the grain size of the heavy
metal stain, while considerations pertinent to cryo-EM are the thickness of the vitreous ice as well
as the size of the complex under study. Thicker ice will result in reduced contrast (especially at
higher resolutions), and a greater distribution of particles along the Z-axis of the microscope
resulting in particles imaged at different focii and magnifications. The structure of complexes >
250 kDa can be confidently studied using single-particle methods, however, the larger a complex
is the more contrast it will produce. Contrast is particularly relevant, as the performance of
computational alignment algorithms is heavily influenced by this property of the data, and large
symmetric viruses typically produce the highest resolution 3D structures for this reason
(Grigorieff and Harrison, 2011).

1.4.1 Vitrification of thin aqueous layers

Vitrification is a process in which an aqueous specimen (e.g. viruses prepared in a buffered
solution) are cooled so rapidly that the water molecules freeze prior to adopting a crystalline
organization (e.g. either cubic or hexagonal ice). Viruses suspended in such a solution will be
preserved in near-native state, immobilized in a layer of vitreous ice with their hydration shell,
and macromolecular conformations unaltered. Freezing is carried out by plunging the specimen
into liquid ethane cooled by liquid nitrogen (~ -180°C). For single-particle studies, a droplet of
the specimen will be applied to a perforated carbon film, and blotted so that a small fraction of
the suspension remains on the film as a thin-layer held across the perforations by virtue of surface
tension. Such layers may be 50-200 nm thick, and are plunged immediately, and in a high
humidity environment, in an attempt to minimize evaporation that might result in concentration
of buffer components that might reduce contrast in the EM. Upon rapid entry of the thin-specimen
into the liquid ethane, the temperature of the specimen is thought to decrease at ~10,000-
1,000,000°C/s; ensuring vitrification. Because the macromolecular complexes (virions) are freely
dispersed they should be randomly oriented within the thin- layer. This is required for 3D
reconstruction because it ensures good angular coverage within the dataset. However, this may
not always be the case owing to interactions with the air-water interface, or a carbon support,
which if present may adsorb the particles, restricting their orientations in a manner similar to that

of negative-stain EM. This is the case for the work described in this study.

1.4.2 Three-dimensional electron microscopy

Electron microscopy of biological samples, particularly at the high magnifications afforded by
EM, is characterized by a noisy visualization of the specimen and much of image processing is
intended to overcome this problem. Low-dose techniques attempt to reduce radiation damage of
the specimen, however the signal-to-noise ratio of such images is extremely low and further
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worsened by noise arising during detection (especially in the case of CCD cameras). Other
unintended processes such as specimen charging and beam induced movement of the specimen,
further worsen the quality of recorded images. 3D EM techniques have developed complex

procedures that attempt to overcome these limitations in data-collection.

For the single-particle EM experiment, the recorded electron micrograph will typically contain
images of the structure of interest in a number of random orientations, and as resuit, reconstruction
from a large set of images is essentially a problem of ‘grouping’ similar views of the structure by
classification, and then determining the three Euler angles - phi (¢), theta (8) and psi (y) - that

describe how each image is oriented in relation to a common 3D coordinate system.

1.42.1 2D alignment and classification

The signal-to-noise ratio (SNR) of the data is usually improved by averaging images containing
the same information (identical views), and 2D image alignment algorithms based on statistical
comparison of the images are used to determine the in-plane angle of rotation, as well as
translation parameters that allow 2D images representing identical views to be brought into
register before averaging to create “class average views”. Methods to achieve grouping and
alignment of images are inherently based in statistical evaluation of the data and include those
based on multivariate statistical analysis (MSA) (e.g. principal component analysis combined
with hierarchical clustering methods (van Heel and Schatz, 2009)), or alternatively methods based
on K-means clustering (Penczek et al, 1996) which involve non-hierarchical clustering by

dividing the dataset into a number of K groups.

MSA methods attempt to reduce the complexity of the task by finding the largest variations within
a dataset, and after this, arrange the images as vectors in a multidimensional space using these
principal components of variation as orthogonal axes. With the image dataset expressed in this
way, clustering methods then allow the images to be grouped according to their distances from
one another within the multidimensional space. The precise methods of calculating these
distances, and mechanisms of clustering vary from method to method, however, the intended
result is the same. Both methods are implemented iteratively, until the procedures converge on a

solution of improved quality.

For the rotationally invariant K-means algorithm used in this study, the fact that images can
usually be centered according to their centers of gravity relatively easily is exploited. For a dataset
containing many views, the next stage is to determine the angles of in-plane rotation that would
allow the images to be brought into register (while grouping these into like views that can be

average together). For this to be achieved a number (K) of seed images are selected and the
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“distance” between each image in the dataset and the seed images are assessed using a rotation
squared-discrepancy function which imposes the property of “rotational invariance” on the
similarity assessment. Following this, class averages are calculated using the rotational
parameters determined by the rotation function, and applied to the images prior to averaging to
create new set of class images. This process is then iterated until images no longer move from

class to class; i.e. they reach convergence.

A fundamental assumption associated with the single-particle method is structural equivalence of
all instances of the macromolecular complex under study. Structural or conformational flexibility
will result in class average views, and 3D reconstructions that are not faithful representations of
the object or that are of decreased resolution (detail). While these methods of classification can
be used to evaluate the characteristic views of a dataset, they can also allow classes representing
alternative conformations of the macromolecular complex to be discerned. The‘ ability to discern
multiple conformational states is highly desirable, as this would offer the potential of elucidating
the mechanistic states of macromolecular machines such as the ribosome, proteasome or Gro-
EL/ES complexes by simply imaging the complex while functioning, and using image
reconstruction to yield an array of conformational states; the so-called “story in a sample”
approach (Frank, 2010). More recent methods of image classification rely on a maximum-
likelihood approach to multi-reference refinement and classification and are showing great

promise towards these goals (Scheres et al., 2005).

1.4.2.2 Orientation determination

Before a 3D structure can be calculated from the class average views (described in the previous
section), the relative orientations (or projection direction) of each view must be determined. Both
experimental methods (relying on images of tilted particles), as well as computational methods
(using un-tilted images) can be used. Experimental methods are important when a
macromolecular complex of unknown structure is studied for the first time. This is especially the
case for an asymmetric structure such as the ribosome, as the shear number of views required to
reconstruct the structure in 3D, the low signal-to-noise ratio of images, as well as other
ambiguities inherent to projection (such as those pertaining to handedness) make finding the
correct solution immensely challenging. A method known as random conical tilt (Radermacher
et al., 1987) was developed for situations such as this, and is most often used when a complex
adopts a preferred orientation when placed on a support film (as is relatively common for
negative-staining). By imaging the specimen in both un-tilted and tilted orientations, the preferred
orientation (which will usually have different in-plane tilts or rotational orientations on the grid)

will present a range of views of the complex when tilted. The data-collection geometry in such
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cases is conical, and allows generally good coverage of angular space to be attained, albeit
harbouring a “missing cone” which will introduce some artefacts. A 3D reconstruction calculated
with these experimentally determined orientations will also be of reduced resolution (owing to
defocus gradient across images recorded with tilt) but should serve as a suitable starting model
for further studies which might use cryo-EM for example to overcome the preferred orientation
at 0° tilt. The benefit of this technique is that the true handedness of the structure can be assigned
from the outset — a feature essential for accurate interpretation of a biological molecule. The
methods described in the following paragraphs are unable to determine handedness from the
projection data alone, and rely on additional experimentally derived information (Cheng et al.,
1995).

A purely computational method for orientation determination is known as angular reconstitution
or sinogram correlation (van Heel, 1987). This method takes advantage of the central-section
theorem directly, and states that the relative orientation between two projections can be specified
according to a common tilt-axis, and determined with respect to this by identifying the “common-
line” which any two projections of the a structure will share, In real space, any two 2D projections
will share at least a single 1D line projection in common, and furthermore the line projection will
pass through the origin of the specimen (Penczek ef al., 1996). For viruses there may be numerous
common-lines, and this approach has seen extensive use for icosahedral reconstruction (Crowther
et al., 1970; Fuller ef al., 1996). The common-lines are found using a procedure called sinogram
correlation after a sinogram is calculated by calculating a series of 1D line projections of the 2D
image (usually a class average for improved SNR), and compared by sinogram correlation
function. The Euler angles relating the orientations can then be determined from the tilt-axis
shared by the two projections. If three projections are used, the orientations of each image can be
determined with respect to three different planes, and 3D model reconstructed to an intermediate

resolution using these angular approximations (van Heel, 1987).

For complexes where another structure is available to serve as starting model a technique known
as iterative projection matching (or 3D projection matching) may be used (Penczek et al., 1994).
This method was originally applied to a cryo-EM investigation of Flock house virus (family
Nodaviridae) RNA packaging using a X-ray structure of the capsid as a starting model (Cheng et
al., 1994). In this approach the starting model (or 3D reconstruction calculated in the previous
step) is re-projected at known angles (covering the asymmetric unit of the structure) inside the
computer (in silico) to create a series of reference projections. These references then serve as the
basis for multi-reference alignment of the dataset (experimental images) by cross-correlation.

Following cross-correlation, each experimental image will be assigned an orientation according
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to the reference image with which it correlated with the highest score. Because the reference
images are of substantially higher SNR, the approach is able to differentiate orientations of very
small angular separation, and hence improve resolution over a number of iterations in which the
3D reconstruction is re-projected with finer angular spacing. Ultimately, most reconstructions
(whether starting from a RCT reconstruction, or angular reconstitution) are refined using this
approach, however it has been shown that in some cases accurate reconstructions can be
determined using this approach using only a geometric starting models that matches the overall
dimensions of the object. This is especially the case for objects with high symmetry such as
helices or icosahedral assemblies, although potential pitfalls exist, and efforts must be made to

validate the final result (Henderson et al., 2012).

1.4.2.3 Three-dimensional reconstruction

A 3D density map can be calculated from 2D EM images or class averages using a procedure
known as “back-projection”. 3D reconstruction can be thought of as the inverse of projection and
may be implemented in real or Fourier space. True back-projection algorithms are real space
methods, which smear the 2D density backwards along lines determined by their orientation with
respect to the 3D object (Harauz and van Heel, 1986). However, this procedure if implemented
directly would result in a 3D reconstruction that would not accurately reflect the specimen under
study. Weighted (or filtered), back-projection algorithms overcome some of these problems by
weighting terms as a function of spatial frequency so that low frequency terms do not dominate
the reconstruction, and therefore high-resolution information is more readily visible in the maps
and iterative refinement by projection matching successful. Other procedures for back-projection
have also been developed and these are the algebraic and simultaneous iterative methods. Fourier
inversion (shown in Figure 1-5) represents a literal application of the central-section theorem to
the problem of 3D reconstruction and was the first reconstruction approach used for this class of
objects (De Rosier and Klug, 1968). In this scheme, 2D images are Fourier transformed and their
transform, which is a plane or section, oriented as a central section in the 3D transform of the
reconstruction. Inverse Fourier transform then results in a real space density map of the object in

question.

For meaningful 3D reconstruction to be performed views covering a wide angular distribution of
a single structure are typically required, and furthermore the angular space should be finely
sampled to adequately sample of the Fourier transform of the object to high resolution. For an
asymmetric object the angular range could be represented as hemisphere, however, symmetry
inherent to the macromolecular complex, will greatly aid 3D reconstruction by reducing the

angular distribution that needs to be visualized to just a fraction of this. Symmetry averaging
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during 3D reconstruction will also increase the overall signal-to-noise ratio of the reconstruction
as a consequence of a redundancy in the information required to describe the object. Applying
this thinking to the geminiviruses (MSV and ACMV), hundreds of class averages were calculated
using the IMAGIC software package, and orientations determined according to the common-lines
method. 3D projection matching was then carried out using re-projections of the structure
covering the angular space of just 1/10% of a sphere. In this case, the global D52 symmetry of the
particle was compared to a C1 and C5 reconstruction, and this confirmed that assuming the 10-

fold symmetry was valid (Bottcher et al., 2004).

1.4.2.4 Relevance of biological symmetry

Biological symmetry arises from the repeated association of equivalent structural units according
to alimited number of specific binding rules (refer Section 1.3.1). While not only visually striking,
the symmetry possessed by some macromolecular assemblies also provides a redundancy of
information that is of great use to the structural biologist, as this redundancy can be used to further
improve the signal-to-noise ratio of a 3D reconstruction by averaging. For an object possessing
icosahedral symmetry, the asymmetric unit of the structure is always viewed in sixty different
orientations in each projection, and once the orientation of a particle has been determined, and
the central-section (single-particle) oriented in reciprocal space, averaging may be performed with
all other equivalent orientations (i.e. corresponding central sections). This procedure not only
allows noise to be reduced greatly, especially at higher spatial frequencies, but also serves to
improve the angular coverage of the reconstruction; a feature of particular value when 3D

reconstruction is attempted from a limited number of views.

Symmetric averaging can also be problematic as not all features of a particular structure may
agree with the symmetry being imposed. For virus structures, the genome will without doubt
deviate from icosahedral symmetry. Additionally, flexible regions of the CPs responsible for
interacting with the genome (or other viral or host factors) may also deviate causing them to be
“smeared out”, preventing us from understanding the biological role of these aspects of the
complex. It may be asked, why we simply don’t attempt the asymmetric reconstruction of viruses
more often in an attempt to overcome these limitations? Asymmetric studies have been carried
out in some cases (Chang et al., 2006; Duda and Conway, 2008), but these are limited to viruses
with sufficiently large asymmetric features (for instance, portal complexes) that provide visible
features allowing asymmetric alignment of the images to take place despite the extremely poor
SNR of the experimental images. For simple viruses, which do not have such obvious features,
the signal-to-noise, as well as the strong signal of the spherical and symmetric capsid makes

accurate alignment in the presence of the 60-fold symmetry nearly impossible with present day
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technology. Future studies, benefiting from improvements in image quality owing to use of
improved detectors (Farugi and Henderson, 2007) as well as phase-plate technology (Chang et
al., 2010; Murata et al., 2010; Nagayama and Danev, 2009, 2008) will significantly improve
contrast in EM images allowing features that deviate from symmetry to be discerned in a
statistically meaningful way — essentially paving our way for the next step in our understanding

of the structure and function of many viruses.

1.4.3 The structure of viral genomes

X-ray diffraction, neutron scattering, as well as electron microscopy studies have each been used
to observe viral genomes. Techniques that use signal averaging (i.e. all of structural biology
methods) requires that the structure concerned be highly ordered for it to be accurately represented
in the averaged map. In the case of protein capsids that are all considered structurally identical,
many of these can be averaged together to overcome signal-to-noise limitations imposed by dose
applied and detector performance. Furthermore the icosahedral symmetry can be exploited to
improve the signal-to-noise ratio 60-fold. However, nucleic acid genomes are asymmetric and
most likely disordered, making averaging with symmetry averaging inappropriate. Hence
visualization of viral genomes inside the viral capsids using these same techniques is uncommon.
In cases where the genome associates with the capsid in a repetitive way, and by virtue of these
bonding constraints, icosahedral symmetry may be adopted by the genome in some regions, and
hence it is visible in the resolved electron density. Excellent examples of this include canine
parvovirus (Chapman and Rossmann, 1995), bacteriophage MS2 (Valegard et al., 1994), bean

pod mottle virus (Lin et al., 2003), as well as Pariacoto virus (Tang et al., 2001).

Using X-ray crystallography, different motifs have been observed to associate with the inner
surface of the capsid, these may be stem-loop structures (Valegérd et al., 1994), duplexes (Tang
et al., 2001) or regions of single-stranded RNA (Lin et a/., 2003). In such cases where a precise
conformation for the RNA can be described, investigators have described the percentage (e.g. 20-
40%) of the genome that is clearly visible within the density. It is important that this does not
mislead, as the genome being an inherently asymmetric structure can never be visualized “as it
is” by any method which involves symmetric averaging, and hence the precise sequence
visualized is only ever a “consensus sequence” being derived from the averaged asymmetric unit
of the map. However, where interactions show some degree of sequence dependence,
investigators have noted that the consensus sequence observed in the structural data can often be

matched with many regions of the genome (Chapman and Rossmann, 1995; Lin et al., 2003).

By providing phase information over a wide range of spatial frequencies, EM techniques have

most often provided low-resolution information that is often complementary to X-ray studies
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(Tang and Johnson, 2002). EM tends to reveal more disordered regions of RNA, and it is this
insight which has revealed that may RNA viruses package their genomes in a series of concentric
shells (Bakker et al., 2012; Toropova et al., 2008; van den Worm ef al., 2006). The outermost, or
protein associated, shell is the layer most easily visualized as a consequence of the stabilizing
influence of protein-nucleic interactions. The inner layers are significantly more disordered but
are thought to adopt secondary structure, and organize into different layers under forces of charge
repulsion or interactions with terminal regions of the coat protein subunits that may extend into
the core of the particle. A striking example of the viral CPs ordering the genome are members of
the Nodaviridae: Flock house virus, and Pariacoto virus in which the protein coat appears to
induce a duplex conformation on RNA irrespective of sequence, and orders these segments in a
dodecahedral arrangement (Tang et al., 2001). In these cases, association of the genome with the

capsid in these regions is thought to have a precise role in controlling formation of the capsid.

1.5 Structural bioinformatics and protein modelling

Many biological protein sequences will fold to adopt a conformation termed the proteins tertiary
structure. Because protein folding is governed by its amino acid sequence (Anfinsen, 1973), it is
reasonable to expect that knowledge of this sequence will provide information about its tertiary
structure, possibly allowing a useful model of the proteins actual structure to be created. Methods
for protein structure prediction may be either knowledge based, such as homology (or
comparative) modelling (Marti-Renom et al., 2000), or other so called ab initio methods
(Bonneau and Baker, 2001). However, the “pseudo-atomic” model constructed from constraints
not arising from direct observation of the molecule concerned, should only be taken seriously as
far as their usefulness as a guide for assisting such an interpretation, and should ideally be
validated by further experimental investigation of a preferably biochemical or molecular nature -

e.g. site-directed mutagenesis experiments (Dill ef al., 2007).

Homology - or comparative - modelling procedures are a popular, and computationally
inexpensive way of going about protein structure modelling, and rely on the assumption that
protein evolution favours the conservation of structure rather than merely that of amino acid
sequence. In addition, it has been observed that protein structure is resistant to site mutation, and
furthermore, sequences of even marginal similarity can nevertheless result in an identical protein
fold. Based on these premises, which are reviewed in (Xia and Levitt, 2004), homology modelling
software packages are able to assign a probable backbone conformation to a query sequence based
on information derived from a sequence alignment of the query sequence to that of an
evolutionarily related (or homologous) “template” structure. A template is an experimentally

determined structure whose sequence may be aligned to a query sequence with sufficiently high
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confidence (Sali and Blundell, 1993). Homology modelling is considered reliable if performed
using templates of at least 20% identity to that of the query sequence, and it has been asserted that
automatic alignment and model building of sequence-template pairs of >= 40% identity may
allow much of the experimentally unresolved conformational space to be filled by solely by
computational means (Sali ef al., 1995). For sequences <= 40 % identity, the models produced
are likely to contain errors, but are likely to be useful when applied in different contexts such as
interrogation of intermediate to low resolution EM density maps; as in this study.

Viral coat proteins are known to possess one of five prototypical protein folds (Liljas, 2004),
whilst at the same time showing considerable sequence divergence amongst fmembers that share
the same fold. Template identification, in the context of structural virology, therefore relies on
methods that are sensitive enough to identify distant structural homologs that may be used during
homology modelling attempts. The ‘fold recognition’ problem detines this requirement, and has
resulted in a number of computational methods showing great promise in achieving this end
(Jones, 1999a; Killberg er al, 2012; Kelley and Sternberg, 2009; Remmert ef al., 2012).
Specifically, computational algorithms for sequence threading are particularly important as they
allow the compatibility (or chemical properties) of a particular sequence to be evaluated in a
particular structural context. Amino acid residues will exhibit different compatibilities with
particular chemical environments - as defined by a particular folds topology and architecture —
these terms describing the sequence and nature of secondary structure elements, and how these
are arranged in 3D space, respectively. A fundamental example is the observation that
hydrophobic residues generally favour solvent inaccessible (buried) regions, whereas hydrophilic
residues favour surface exposed (solve accessible regions). Based on such criteria an alignment
of the sequence can be scored against a particular experimental structural atomic model. An
algorithm called GenTHREADER (Jones, 1999a) uses a profile based alignment strategy to
produce an initial alignment of the sequence against the structure. The alignment is used to
generate pairwise scores of ‘mean force’ and solvation energy, and series of scores such as these
are then evaluated using a neural network scoring routine constructed based on sequence
comparisons to a database of high quality (and resolution) X-ray crystal structures. The neural
network can be taught to carry out complex decisions using a large number of input variables, and

in principal should work sufficiently well that the human supervision is not required.

Proteins fold (self-interact) to adopt tertiary structure, but their function is often dependent on the
formation of stable interactions with other molecules (multimerization or oligmerization) which

may be instances of themselves (homomeric assemblies) or other proteins (heteromeric
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assemblies). Attempts to predict the formation of these complexes in silico have been made,
however 3D reconstruction from EM data has the potential to empirically determine these, if the
interacting partners can be fitted into the 3D density map at an appropriate resolution. The process
of atomic structure ‘fitting’ is referred to as EM map ‘docking’ when carried out quantitatively
using cross-correlation based six-dimensional (6D) searches implemented in computer programs
(Roseman, 2000; Wriggers, 2010). More recently, methods for comparative modelling have been
developed to include EM maps as conformational constraints during model refinement. In cases
that the EM density is of sufficient resolution (generally < 8 A), this can serve as a constraint
during the modelling process which governs the placement of secondary structures (Chan ef al.,
2012; Topf et al., 2008). In this study, standard ‘rigid body’ docking of the B-barrel domains of
the viral pentameric capsomer (CPs) was carried out using standard cross-correlation based

approaches.

1.6 Geminiviridae

Geminiviruses (viruses of the family Geminiviridae) are agronomically relevant plant pathogens
that significantly reduce yields of crops such as maize, cassava, beans, squash, cotton and
tomatoes every year. The family consists of seven genera: Mastrevirus, Begomovirus,
Topocuvirus, Curtovirus, Becurtovirus, Eragrovirus, and Turncurtovirus which differ in host and
vector species specificities, as well as genome organization. Geminiviruses are heavily prone to
genetic recombination, both within, and across genera, and this has been proposed to be a
significant cause of emergence of new viral species (Padidam ef al., 1999). In support of this
hypothesis, the establishment of efficient global transportation networks over the past few
decades has led to increased spread of these viruses as well as their vector species, causing
significant outbreaks in 39 countries; events that have further promoted the importance of

studying these pathogens (Moffat, 1999).

1.6.1 Host and vector specificity

The host range and vector specificity of a geminivirus are important factors used for their
classification, and will also influence their geographic distribution. Mastreviruses (e.g. Maize
streak virus) will usually infect monocotyledonous grass species (Gramineae), but in some cases
dicotyledonous plants are also infected (Briddon and Markham, 1995). MSV is transmitted by the
insect vector Cicadulina mbila Naudé (Storey 1925); a leaf hopper. Begomoviruses, distinct in
that they typically consist of bipartite genomes, usually only infect dicotyledonous hosts, and are
transmitted by the whitefly (Bemisia tabaci). African cassava mosaic virus (ACMV), a
Begomovirus, significantly reduces crop yields of the cassava plant (Manihot esculenta), also a

dietary staple in Africa. Beet curly top virus (BCTV) is a member of the Curtovirus genus, is
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transmitted by the leathopper (Circulifer tenellus), and is known for its cause of commercial loss
of sugar beets (Beta vulgaris) in western USA, but is also known to infect 300 other
dicotyledonous plant species. Tomato pseudo curly top virus (TpCTV) a Topocuvirus, is
responsible for agricultural loss of tomatoes in Florida, but will also infect some legumes and
other dicotyledonous plants. It shows many symptoms in common with BCTV, but is transmitted
by the treehopper Micrutalis malleifera; the only geminivirus known to be transmitted by such a

vector.

1.6.1.1 Transmission and relationship with vector

Vectors are organisms required to carry out viral transmission from one host organism to another,
and are especially required by plant viruses because plants are themselves immobile. Once an
infectious virion arrives at a new host it must find a means of entering the cytoplasm of a
permissive cell allowing viral replication. Mechanical disruption of the cell wall by the vector
may allow this, however, geminiviruses are not generally considered mechanically transmissible,
and must be introduced into the vascular system of the plant (i.e. phloem sieve tubes) by an insect
that feeds on the sugar containing fluids of these tissues. The virus particles will be ingested by
the vector (a leaf- or tree-hopper) at the time that it feeds on an infected plant, and will move from
the vectors gut into the salivary glands where it will be available for re-introduction into an un-
infected host during another feed. The virus is unable to replicate in the vector, i.e. it is said to

display a ‘non-propagative’ relationship.

1.6.2 Genome organization and replication

Important differences at the level of genome organization as revealed by viral genome sequencing
and are shown in Figure 1-8. Geminivirus genomes are relatively small (2.5 - 3 kb, i.e My, ~760
— 915 kDa) circular single-stranded DNA (ssDNA) molecules that are replicated in the nucleus
of the host cell (Boulton, 2002; Davies et al,, 1987; Nagar et al, 1995). Consequently,
geminiviruses are class II viruses according to the Baltimore classification scheme (Baltimore,
1971). Other examples of a single-stranded viruses include the DNA bacteriophage ¢$X174 (the
type species Microviridae) as well as well as members of the Nanoviridae. The Parvoviridae are
ssDNA viruses with linear genomes, and infect mammals and insects (Chapman and Rossmann,
1993). Notably, these virus families have a T = / capsid architecture, and replicate by

mechanisms known as rolling-circle or rolling-hairpin replication, respectively.

Upon entry into the nucleus, the ssDNA geminivirus genome is converted to a double-stranded
DNA (dsDNA) intermediate by host DNA replication machinery. The dsDNA intermediates
associates with histones (structural components of the nucleosome) to form minichromosomes

(Pilartz and Jeske, 1992). This dsDNA intermediate serves as the template for bidirectional
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transcription of viral genes as well as genome replication by rolling circle replication (Heyraud ef
al. 1993a; Heyraud ef al. 1993b; Saunders ef al. 1991, 1992). Replication is initiated by the viral
replication associated protein (Rep) from a conserved nonanucleotide site (TAATATT/AC) in the
long intergenic region (LIR) of the geminivirus genomes (Gutierrez 2000a, b; Hanley-Bowdoin
et al. 2000) and is illustrated in Figure 1-8. This sequence motif adopts a stem-loop structure, and
presents a site for nucleolytic cleavage, the substrate of the Rep protein, allowing rolling-circle

replication to proceed.

1.6.3 Maize streak virus

Maize streak virus (MSV), the subject of this study, is the prototypical member of the Mastrevirus
genus, and is considered the most severe maize (Zea mays) disease in sub-Saharan Africa, and
has as a result, been the subject of extensive research (Bosque-Perez 2000; Boulton 2002). MSV
has the most dramatic consequences for subsistence farmers who rely on maize as a dietary staple,
and consequently can place families and communities at risk. Breeding efforts have resulted in
MSYV resistant maize stains, as well as the development of recombinant maize species that have
induced resistance as a result of stable expression of a mutated viral replicase protein gene from

a construct which was integrated into genome of the plant strain (Shepherd et al., 2007).

Named after its characteristic symptoms; originally described as ‘mealie variegation’ (Fuller
1901). It was later renamed ‘maize streak’ by the researcher who identified the insect vector
responsible for virus transmission to be Cicadulina mbila Naudé (Storey 1925). MSV encodes
four gene products on a single (monopartite) single-stranded DNA (ssDNA) molecule that is 2687
nt in size (Francki ef al., 1980; Lazarowitz, 1988; Mullineaux et al., 1984). Two of the gene
products (Rep and RepA) are associated with replication of the genome and are expressed early
in the virus life-cycle from a complimentary sense (C-sense) transcript. The remaining two genes

are virion-sense (V-sense), and encode a movement (V2) and coat protein (V1), respectively.

1.6.3.1 Life-cycle, tissue specificity and role of viral genes

The life-cycle of MSV (Figure 1-10) begins with entry of the circular ssDNA genome into an
uninfected cell by passage from the phloem sieve tubes of vascular bundle into an uninfected cell.
The ssDNA genome must then be trafficked into the nucleus where the host cell DNA repair and
replication machinery resides. Nuclear trafficking is mediated by the karyophillic coat proteins
(CPs) that each possess a nuclear localization signal (NLS) (Liu et al., 1999). By an unknown
mechanism, the virion is then disassembled to render the genome accessible to host factors, and
the ssDNA genome converted to a double-stranded form by host replicases within the nucleus
(Palmer and Rybicki, 1998). This dsDNA form is then transcribed
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Figure 1-8 Genome organisation of geminiviruses. The organization of circular single-stranded
DNA genomes of the geminivirus genera are shown by schematic and described here with specific
reference to MSV. Geminiviruses of the genera Mastrevirus, Becurtovirus, Turncurtovirus,
Curtovirus and Topocuvirus possess monopartite genomes (i.e. a single component or segment of
circular ssDNA), whilst members of the genus Begomovirus most often possess bipartite genomes
(two segments referred to as A and B, but only the A segment is shown); however a monopartite
begomovirus has been identified (ToLCV). The site of replication initiation (a conserved
nonanucleotide motif, TAATATTAC) is illustrated schematically for each genome as grey stem-
loop. c1 (blue ORF), encodes the replication associated protein (rep) required for virus replication.
Mastreviruses and becurtoviruses are the only geminiviruses to encode Rep as a spliced mRNA
produced by processing of a transcript of ¢l and c2. In Mastreviruses expression of ¢l alone
produces a product known as RepA. The virion sense strand encodes movement (mp, grey ORT)
and coat (cp. red ORF) proteins. The MSV genome is characterized by a long-intergenic region
(LIR, dark green) and a short-intergenic region (SIR, light green) that separate genes encoded in
virion (V) and complementary (C) senses. Figure provided by Dr Arvand Varsani.
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to produce viral replication-associated proteins (Rep). After translation in the cytoplasm, Rep
enters the cell nucleus and converts the dsDNA to a replicative form, which is then continuously
replicated to produce many progeny viral genomes by a process known as rolling-circle
replication (RCR) (Palmer and Rybicki, 1998). As ssDNA virion sense strands are displaced
during this process, they are ligated to produce the closed-circular ssDNA genomes (Erdmann et

al., 2010).

Systemic infection and spread of the virus through the host to eventflally produce disease
symptoms is mediated by the virion sense gene products: movement protein(MP or V1) and coat
protein (CP or V2), and these are only expressed late in the viral life cycle (Liu, 1997). The CP is
expressed from the same transcript as the MP and serves multiple functions including
accumulation and subsequent encapsidation of genomic ssDNA (Liu et al., 1997a). MSV virions
accumulate in infected host cell in quasi-crystalline arrays (Pinner et al., 1993), but these will be
moved to the cell-periphery by the MP where they will either pass to an aéjacent cell or to the
phloem where they will be ingested by vector insects when they feed on the pizint. Vectors acquire
the virus as a result of specific interaction with the CP, which has been identified as the primary
determinant of vector specificity (Boulton er al., 1989b; Briddon et al., 1990). The MP facilitates
egress of the newly produced virions from the nucleus of the host cell by a specific interaction
with the coat protein-genome complex (Liu ef /., 2001a). Two types of movement have been
identified and are cell-to-cell (via plasmodesmata) and systemic movement (via phloem vessels);
both are required for systemic infection. By mechanisms currently unknown, MP is thought to
alter the selectivity properties of both the nucleus and plasmodesmata to allow this movement to

take place (Liu et al., 2001a).

The host cell types that are permissive for MSV replication are important considerations for
understanding how this organism spreads. Because MSV is delivered into the phloem by its vector
it may be expected that the virus is limited to phloem-associated cells. It has been demonstrated
that in mature leaves, MSV is able to move past cells forming the vascular bundle and is also
found is mesophyll cells (Pinner e al., 1993). Investigation relying on immunocytochemistry and
in situ hybridization of prepared tissue samples has shown that MSV can infect a range of cell
types in the context of leaf tissue (e.g. bundle sheath, parenchyma, and mesophyll cells), but in
stem regions it limited to cells of vascular bundle, and not able to enter the apical meristem (Lucy
et al., 1996). It has been suggested that cell division is required for geminiviral replication
(Townsend et al., 1986), a fact supported by work on cell protoplasts as accumulation of viral
DNA correlated with the onset of cell division (Boulton et al., 1993), with further work suggesting

that the S phase in particular was important. Evidence also exists to suggest that host cell mitosis
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is not required for viral replication to take place (Lucy et al., 1996; Timmermans ef al., 1992).

More detail of the roles of each viral component are discussed in the following sections.

1.6.3.1.1 Replication-associated proteins (Rep and RepA)

All geminiviruses express a replication-associated protein (Rep) and replicate their ssDNA
genomes using rolling circle replication (RCR) (Morris-Krsinich et al., 1985). Other modes of
replication have also been described such as complementary-strand replication (CSR) and
recombination-dependent replication (RDR) (Jeske et al., 2001; Jovel et al, 2007; Preiss and
Jeske, 2003; Saunders et al., 1991). Replication of MSV occurs via a series of intermediates that
have been characterized by 2D gel electrophoresis (Erdmann et al., 2010), and have confirmed

that MSV genomes may replicate via all three of the above mentioned mechanisms.

Rep will bind to the dsDNA intermediate at the replication origin and create a nick in the positive-
strand of the stem-loop to form an open-circular dsDNA intermediate that serves as the template
for RCR. The freed 3°-OH group of the positive-strand then serves as a template for rolling circle
replication by the host cell polymerase while the 5°-OH remains covalently associated with Rep.
The newly formed circular ssDNA molecule will either be packaged by the CP for transmission,
or be converted to another dsDNA intermediate for further transcription or replication. The
complementary (negative) sense open reading frames (ORFs) C1 and C2 are responsible for
encoding Rep and RepA. Rep is produced by splicing a C1-C2 transcript to remove a single intron;
in this manner C2 encodes for the C-terminal domain of the full-length Rep. The Mastreviruses
are unique amongst geminiviruses in that they also express a truncated form of Rep known as
RepA. RepA is the translation product of the unspliced transcript with translation terminating in
the C2 ORF (refer Figure 1-8). Genome replication can only be initiated after the Rep gene has
been expressed. While RepA, unlike Rep, is not absolutely required for genome replication (Liu
et al,, 1998; Schalk et al, 1989) is it believed to have important roles which are mediated by
interaction with both virus and host factors (Boulton, 2002; Castellano et al., 1999; Shepherd et
al., 2005).

1.6.3.1.2 Coat protein (CP)

The CP is thought to bind both dsDNA and ssDNA in a non-sequence dependent manner (Liu et
al., 1997b). Its primary function is the encapsidation of viral genome, however, CP is also heavily
involved in the movement of the genome through the host. CP is required not only for
translocation of the ssDNA genome into the nucleus immediately post-infection (Liu et al., 1999),
but also cell-to-cell, and systemic movement through the host via the vascular bundle (Boulton et
al., 1993, 1989b; Lazarowitz et al., 1989; Liu et al., 2001a). Whether the capsid is assembled and

intact during nuclear trafficking (nuclear entry) is presently unknown, but a single amino-acid
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mutation in CP that abrogates capsid self-assembly has been shown to abolish viral movement
(Liu ét al., 2001b), suggesting that assembly to form the virion is essential. Nuclear trafficking of
the genome is mediated by a bipartite nuclear localization signal (Robbins et al., 1991), present

in the N-terminal residues of the coat protein (Liu ef al., 1997a).

In addition to multiple host interactions, the CP of many geminiviruses also determines vector
specificity (Briddon et a/., 1990). The nucleic-acid binding domain has been shown by truncation
experiment to reside in the N-terminal domain of the protein (Liu, 1997). The first 20 N-terminal
amino acids are rich in basic residues that are presumed to bind the genome during assembly. At
the time of formation of the virion, the CP must sequester ssDNA for packaging, and prevent it

from being converted to a double-stranded (ds) intermediate.

1.6.3.1.3 Movement protein (MP)

The MP (101 anlino acids, 10.9 kDa) is expressed late in the viral life cycle and is responsible for
translocation of p%togeny virions from the nucleus to the cytoplasm, as well as from the cytoplasm
of one cell to ah:ther adjacent cell via plasmodesmata. MP is thought to facilitate cell-to-ceil
spread by increasing size exclusion limit of plasmodesmata (Boulton, 2002; Liu et al., 2001a), a
fundamental co;straint on the size of the viral genome (Gilbertson et a/., 2003), and immune-
electron micros¢opy has revealed its association with plasmodesmata at the same time that
symptoms (Vlralag?smns) are observed (Dickinson et al., 1996). Notably, aside from the non-
coding LIR of the gendme, the MP is the most sequence variable component of the mastreviruses
(Rybicki, 1994). ';'

1.6.3.2 The structure and symmetry of geminiviruses

The coat proteinﬁ,the only protein present in the MSV virus particle (Bock ez al., 1977). Previous
studies have reported that the coat protein is able to undergo self-assembly to form a
architecturally unici).le bipartite structure that possesses global D5 symmetry and was originally
determined to be approximately 18 by 30 nm in size. The first architectural model was reported
by Hatta and Francki (Francki et al., 1980; Hatta and Francki, 1979) after inspection of a
negatively stained preparation of virions and describes an architecture in which the global fivefold
axis coincides with the 5-fold point group symmetry of the apical capsomers. In addition to this
CS5 axis, the structure has 5 global 2-fold symmetry axes perpendicular to the long axis, at the
equator of the particle. This arrangement is referred to as dihedral symmetry, abbreviated in this
case as ‘D5’. The model describes a capsid that is formed by the association of two incomplete
icosahedra, which are each formed by 11 pentameric capsomers (55 coat protein molecules per
incomplete icosahedral unit). Hence the full virion consists of 22 pentameric capsomers and 110
subunits (Hatta and Francki, 1979). By analysis of thin sections of plant tissue as well as pelleted
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nuclei of cells from Chloris guyana, Hatta and Francki went on to show that the geminate

morphology was also the predominant species present in situ.

There have been reports that the capsid is able to form monopartite and tripartite assemblies as
well, and that the formation of these is genome size dependent. Monopartite capsids have been
shown to package sub-genomic fragments in the case of the monopartite capsids (Casado et al.,
2004), and multi-partite ( > 2 heads) are likely to encapsidate concatameric species (nucleic acids
representing multiple sequential copies of the full-length genome) that may arise during rolling-

circle replication, respectively (Dr Arvind Varsani, personal communication).

1.6.3.3  Electron microscopy and 3D reconstruction of geminiviruses

While negative-stain EM has allowed a general model for the capsid architecture of geminiviruses
to be proposed, it was only 3D reconstruction of virus frozen in vitreous ice (i.e. cryo-EM) that
allowed the architecture of this family of viruses to be studied further in a physiologically relevant
state; MSV-N (Zhang et al., 2001); ACMV (Bottcher et al.,, 2004). The first 3D cryo-EM
reconstruction of a geminivirus (MSV) was published 100 years after the first description of this
disease. Cryo-EM structures of African cassava mosaic virus (Begomovirus, ACMYV) followed.
In the case of ACMYV, the density gradients used to purify the particles showed a “top” (T) and
“bottom” (B) fraction. 3D reconstruction supported the experimental observation that the bottom
virions are denser than the top (presumably containing more nucleic acid for an unknown reason).
Both studies reported that the virion is larger than previously estimated (~ 22 x 38 nm).
Additionally, both studies show that the architecture exhibits an offset between the two heads,
and showed that the geminate architecture is likely to be conserved across the four genera. In the
case of ACMV, the diameter of the T = I heads appeared to be different by 10 A (1 nm), with the
bottom being estimated as having a diameter of 22.5 nm. The findings of these studies are

summarized in Table 1.0.

[f the geminivirus CPs were to assemble to form a 7' = I icosahedron, the capsid subunits would
exist in identical conformations, as observed STNV (Section 1.3.2.1). Even at the relatively low
resolutions achieved by the cryo-EM studies, it was obvious that this was not the case for the
bipartite 7 = ] structure of geminiviruses. Conformational differences are observed locally when
comparing pentamers in different regions of the reconstructed capsid. Equatorial capsomers (i.e.
those mediating interactions between geminate heads) show a deviation from the local 5-fold
symmetry at all other capsomers, however, the precise nature of these conformational differences

was difficult to assess owing to the resolution achieved.
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With regard to regions of the CP responsible for interactions across the equator of the geminate
particle (between heads), the two studies differed. Zhang et al. (2001) observed a total of 10
interactions across the equator, and were able to adjust the conformation of the N-terminal arms
such that 5 of these interactions were accounted for by the structure. The conclusion of both
studies was that specific and rigid interactions link the two quasi-icosahedral heads, but no
description of the conformational differences allowing the formation of these interactions was

reported.
&
1.6.3.5 Geminate assembly and disassembly

Assembly of MSV virions takes place in the nucleus of the cell as circular virion-sense ssDNA
species accumulate during viral replication. An interesting aspect of virion assembly is the ability
of the CP subunits to discern virus nucleic acids from host, although how this is achieved in the
case of the gemifbviruses still needs remains to be elucidated. It has been proposed that this
packaging selectivi}?/ 6r specificity might be signalled by the nonanucleotide stem-loop that acts
as a site of nucleatich for the viral coat protein (Qin ef al., 1998). In this way such an association
would also prevent conversion of the single-stranded genome into a dsDNA intermediate required
for replication. The structural basis for this stem-loop DNA-protein interaction has not been
determined, hov;}éver, it has been demonstrated that stem-loop interactions are responsible for
packing and assembly of STNV (Bunka ef al., 2011; Ford et al., 2013), and this behaviour was
originally observed for the helical virus TMV. It is possible that other “DNA sequence
requirements”, besides a single specific encapsidation signal also exist, and the ssDNA genome
has also been implicated as being involved in geminate particle formation by the basic observation
that no empty particles are observed (Francki et al., 1980). It would seem that unlike some viral
families (particularly of the Picornavirus superfamily), geminiviruses do not produce empty

capsids. This observation heavily supports an important role of the genome in particle formation.

The MSV CP has been observed to self-assemble to form two distinct closed assemblies. These
are a icosahedral assemblies that consists of 60 copies of the CP, and a geminate particle that
consists of 110 copies of the CP, however, the processes that affect this multimerization are poorly
understood. Defective interfering particles of ACMV have been described, which formed
icosahedral particles that appeared to be missing one CPs (Frischmuth et a/., 2001). However, in
the case of MSV, density gradient centrifugation allowed apparently ‘complete’ icosahedral
capsids to be separated from geminate capsids. Analysis of the nucleic acid species present in the
fraction corresponding to single capsids showed that up to 1.4 kb of ssDNA was packaged in
these particles, as either a single segment or possibly two segments of smaller sizes. These sub-

genomic DNAs were typically of included regions of the C-sense genes, and more often than not
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included the stem-loop structure (origin of replication) required to initiate rolling-circle

replication (Casado et al., 2004).

Conditions favouring disassembly of geminiviruses have been investigated for ACMV using
negative-stain and rotatory shadowing EM (Kittelmann and Jeske, 2008). These particles
demonstrate reduced stability at alkaline pH conditions and investigators were able to observe
disassociation of capsomers from certain locations in the virus particle. At these sites egress of
the genome was also observed suggesting that within the cell, conditions must arise that result in
similar behaviour. The study of ACMYV disassembly revealed that either apical or peri-apical
capsomers dissociate in the majority of cases. The investigators proposed that even though the

genome emerges from the interior of the virion it may still be bound to the dissociated capsomers.

A review of the literature showed that no studies have been carried out to reconstitute geminate
virions from disassembled and subsequently isolated viral components. Factors influencing viral
assembly have been inferred based on mutagenesis, and inspection of mutant particles isolated

from plant material.

1.6.3.6 Emergence and evolution of geminiviruses

All viruses can be considered modular entities, consisting of molecular components that each
have independent functions and also independent evolutionary lineages (Abrescia et al., 2012). It
is for this reason that recombination is an important aspect of DNA viral evolution, because it
allows modules to be swapped between two parent viral strains, helping to create variants with
potentially improved fitness within a particular environmental context. Experiments has shown
that recombination in geminiviruses will not always produce viable variants, and it has been
demonstrated that recombinant variants are selected for those which preserve “intra-genomic
interaction networks”, a property which favours recombination between closely related viruses
(Martin et al., 2005). Further experiments using divergent geminiviruses have been used to show
that this approach can actually be used to predict such interaction networks, providing
fundamental insight into the molecular interactions underpinning the life-cycles of these

organisms (Martin et al., 2011).

The replication-associated protein (Rep) is one such modular component that has fuelled
discussion regarding geminivirus emergence. The geminivirus Rep proteins show three important
similarities in key motifs required for replication initiation that were first identified in the Rep
proteins of Gram-positive bacterial plasmids, suggesting that geminiviruses may have descended
from these plasmids (Koonin and Ilyina, 1992). Previous studies have suggested that geminiviral

genomes may have descended from an extrachromosomal plasmid of red algae, some 450 million
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years ago (Nawaz-ul-Rehman and Fauquet, 2009). More recently, phylogenetic analysis has
revealed that the geminivirus Rep is also closely related to those of phycoplasmal plasmids
(Saccardo et al., 2011); phycoplasma being pathogenic phloem limited bacteria that lack a cell
wall. Like geminiviruses, phycoplasma also rely on insect vectors for movement. How such
replicons acquired a coat protein to allow them to move from host to host becomes an important
question, although it is presumed that a rare recombination event is at the foundation of the

emergence of these entities.

There is some debate regarding which component determines the “virus self” — genome or capsid.
Considering that it is the encapsidation behaviour of viruses that distinguishes them from plasmids
(Forterre, 2010; Raoult and Forterre, 2008), it has been proposed that it is the viral coat protein
that gives a virus its “identity” (Abrescia ef al., 2012, 2010). It has been shown by empirical
observation of structural homology at the protein tertiary level (i.e. structural similarity of viral
coat proteins), is able to inform us about homology which cannot be observed at either nucleic
acid or protein sequence level, and has allowed evolutionary relatedness to be inferred between
viruses infecting all kingdoms of life; bacteria, archaea, eukarya (Bamford, 2002; Bamford et al.,
2005). Applying this approach of “structure-based viral lineages” to the geminiviruses, it has been
proposed that these arose as a consequence of a recombination event between a phycoplasmal
ssDNA plasmid — encoding the Rep, and a (+) ssRNA plant virus — encoding the coat protein CP
(Krupovic et al., 2009). Hence the coat protein (CP) of the plant virus was ‘recruited’ to become
the “packaging machine™ of a self-replicating nucleic acid that encoded a specific replication
associated protein (Rep), while also possessing the nucleic acid secondary structure which
allowed it to be replicated by RCR. This hypothesis has since been refuted by the argument that
such a scenario is unlikely, and that, based on sequence analysis, the phycoplasmal plasmid itself
is instead likely to have arisen from geminiviruses - and not the other way round (Saccardo ef al.,
2011). Saccardo et al. went further to show that the acquisition of a coat protein is more likely to
have occurred within a marine environment from another donor, rather than a plant virus

replicating in a terrestrial plant host.

In addition to high rates of recombination, geminiviruses show high rates of mutation (10*
substitutions per site per year); rates that are comparable to that of RNA viruses (Duffy ef al.,
2008; Harkins ef al., 2009; Monjane et al., 2011). This is intriguing because these viruses are
replicated by high fidelity host DNA polymerases, unlike RNA viruses. The mutational processes
that account for this behaviour have been observed to be single-strand specific, leading to various

hypotheses that have attempted to explain the behaviour. A recent study has led to the suggestion
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that it may be high-levels of oxidative damage to the single-stranded form that accounts for these

relatively high rates of mutation (Monjane et al., 2012).

1.7 Aims of this work

Investigating the structure and assembly of infectious virions or virus-like-particles (VLPs) serves
to inform our understanding of the underlying principles governing macromolecular interaction.
Molecular recognition, and subsequent association and assembly are fundamental processes in
the “molecular life” of the cell (Robinson ef al., 2007), and viruses have long proved important
model systems for studying the structural basis of these mechanisms. As discussed in the previous
sections, the geminate capsid morphology is unique, and certainly a curiosity that demands study
from the perspective of self-assembly. Is this assembly built on principles of conformational
switching and interaction used by typical 7 = 3 viruses, or are different factors at play in the
assembly and evolution of this particle? The morphology certainly implies unique behaviour
during virus assembly and in spite of previous study, the quasi-equivalent coat protein (CP)
conformations required to mediate assembly of the geminate particle have not been characterized.
Consequently, in an attempt to shed light on these properties the geminate capsid architecture, as
well as its implications for assembly of the geminate virion, the capsid of MSV is the subject of
study described in this thesis, as previous work (Bottcher er al., 2004; Zhang et al., 2001) has
shown that MSV virions can be isolated at sufficient concentrations for such work, and there is a

long history of work carried out on this virus at the University of Cape Town.

The principal aim was to use already established structural biological methods (cryo-EM and
homology modelling) to infer the CP-CP interactions, and architecture of MSV. If a cryo-EM
map of sufficiently high resolution can be determined (e.g. 7.5 — 15 A), this can be used in
conjunction with protein structure prediction and flexible fitting to derive a pseudo-atomic model
of the capsid without the requirement of crystallization. Using these methods, a plausible and
hence empirically relevant model of residue-residue interactions can be constructed in silico,
which may further inform antiviral strategies undertaken in the future, as well as elucidating the
functional requirements which underpin the evolutionary divergence that the gemini-architecture
represents. The number of biochemical and molecular studies already carried out on geminivirus
coat proteins would benefit greatly from such a model if it were to be made publically available
(e.g. in the Electron Microscopy Data Bank (EMDB;http://www.ebi.ac.uk/msd), and further
experiments could be designed in a rational manner using the experimental model as a reference

point.

In this thesis, cryo-EM, 3D reconstruction, and protein modelling were applied to achieve the
following ends:
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- Determine the structure of MSV geminate capsid to an improved
resolution (< 25 A).

- Determine the structure of the MSV icosahedral capsid to ~ 20 A resolution.

- Determine the geometric parameters associated with each architecture; i.e. understand

how the capsid building block (CPs) is arranged within each capsid.

- Construct pseudo-atomic models using information from the EM study, as well as

other sources (e.g. atomic structures of structural homologues).

- Use the above mentioned, to determine interacting regions/residues between MSV CP

subunits/pentameric building blocks.

With these objectives in place, it was hoped that analysis would shed some light on the following

questions:
-What is the structural/geometric basis of geminate morphology?

-How is the geminate morphology related to T = 3 viral capsid architectures? As both are
essentially effective solutions to the problem of packaging a genome larger than what can

fit inside a T = I architecture.

- How is the ssDNA genome organized within the MSV capsid, and how does it interact
with the MSV capsid?

- What possible roles does the genome fulfill during assembly?

- Based on sequence alignment with other geminivirus CPs, can structural information
about MSV be used as a basis for statements regarding the architecture of other
geminiviruses? Specifically, is the precise geometry of the architecture conserved

amongst related geminiviruses?

- Are interactions between pentameric capsomers conserved in the architectures of MSV
and Satellite tobacco necrosis virus (STNV), or have these interactions diverged along

with the coat protein sequences?

- What changes in conformation take place in equatorial capsomers?
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- Can structural information inform us as to how this architecture might constrain viral

evolution?

- Given that the genomes of other simple viruses have been implicated in capsid assembly,
is it possible that some structural property of the geminivirus genome favours assembly

of the geminate architecture?

- It is important that these requirements for particle formation, and role of the genome in
this process, are understood, as any attempts to exploit the geminate coat proteins in
biotechnology will require that their assembly behaviour and requirements are well

understood.

The original reconstruction was performed without correction of the microscope contrast transfer
function (CTF), and a result was limited to a resolution of 25 A. Many questions remain
unanswered in the literature regarding the nature of interactions between the MSV CP, its genome
as well as the movement protein, it was felt necessary to repeat the previous study using more

recent tools of structural modelling and analysis.

1.7.1 A note on terminology

Terms used to describe structural features of viruses with respect to those observed in raw electron
micrographs, and also 3D reconstructions, are distinct from those used to describe structural and
chemical features of the actual virions themselves. The terms ‘capsomere’ and ‘morphological
unit’ refer to pronounced observable features in EM data; and are particularly revealed in low-
resolution studies because they reflect clusters of subunits; these being the most visible features
at ‘macromolecular resolutions’ of 3-5 nm (30-50 A). In reference to the capsid as an assembly
of coat protein subunits, the term ‘capsomer’ refers to a physical building block of the capsid, e.g.
in this study the capsid of MSV is thought to be assembled from a series of pentameric capsomers
(CPs), each consisting of five coat protein subunits. Owing to the arrangement of these in the
MSYV capsid shell, the CPs also gives rise to the morphological units (or capsomeres) apparent in
the EM reconstructions. Depending on the virus under investigation, these two terms may or may
not refer to the same biological/macromolecular arrangement. With respect to quasi-equivalence,
coat protein subunits identical in sequence, may be described to exhibit ‘structural polymorphism’
in which cases regions of the coat protein adopt different structures or conformations. These
different but closely related conformations are referred to as ‘conformers’. Herein, the
monopartite (icosahedral) capsid reconstruction carried out by application of 60-fold symmetry

is sometimes referred to as the ‘532 reconstruction’. Bipartite (geminate) reconstructions, carried
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out by applying 10-fold (DS) symmetry, possess D5 symmetry and may also be referred to as

such.
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2 Materials and Methods

2.1 Sample preparation

2.1.1 Agro-inoculation of maize

Maize seedlings were infected by Agrobacterium-mediated DNA transfer (Boulton ez al., 1989a;
Grimsley et al., 1989); a procedure termed “agro-inoculation”. An agro-infectious construct with
MSV-MatA was provided by Darren Martin (Martin et al., 2001). Briefly, sweetcorn kernels
(Golden Bantam) were germinated and grown for three days at 30°C. Seedlings were cleaned and
injected with a solution of agrobacterium cells at a site near the plant meristem. Plants were

allowed to grow for 4 weeks, and showed obvious signs of successful infection at 2 weeks.

2.1.2 Virus isolation

Virions were isolated from symptomatic leaves according to a previously established protocol
(Palmer et al 1998). Symptomatic maize leaves were harvested from infected plants and
homogenized in a blender in an equal weight/volume of acetate buffer at pH 4.8. The homogenate
was then passed through two layers of muslin cloth to remove crude plant material, and the pH
adjusted to 4.8 using glacial acetic acid. Finer cellular materials that had aggregated owing to the
acidic pH, were then spun out of solution by low-speed centrifugation at 12,000 g for 10 minutes
using a Sorval GSA rotor. The virions themselves were then pelleted by ultracentrifugation at
130,000 g for 150 minutes using a Beckman Type 35 rotor. The virions, which formed a white
translucent pellet were then re-suspended using 0.5 ml sodium acetate buffer at pH 4.8.
Membranous contaminants evident only by EM (and not SDS-PAGE) were subsequently

removed by centrifugation at 13,000 g using a desktop microfuge.

2.1.3  Analysis of preparations by SDS-PAGE

Virus preparations were routinely analysed by sodium dodecyl sulphate - polyacrylamide gel
electrophoresis (SDS-PAGE) to assess the quality and purity of the preparations. Standard
methods (Laemmli, 1970) were followed to produce 12.5% acrylamide gels that were

subsequently stained using Coomassie blue.

2.2 Specimen preparation

Specimen preparation (negative-staining or plunge-freezing) involved immobilization of MSV
virions onto the carbon support of standard 3 mm diameter EM copper grids. Carbon coating of
400 mesh copper grids (for negative-staining), and thin-carbon coating of Quantifoil grids (for

cryo-EM) was performed by Mohammed Jaffer (Electron Microscope Unit, University of Cape
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Town) and is gratefully acknowledged. Precise details of procedures followed is described in the

following sections.

2.2.1 Negative-staining

Negative-staining was carried out using 2 % (w/v) uranyl acetate (pH 4.8) according to the droplet
technique (Brenner and Horne, 1959; Ohi et al., 2004). Three 10ul droplets of distilled water were
applied to Parafilm paper alongside two drops of uranyl acetate. Initially, 3 pl of the sample was
allowed to adsorb to the EM grid for 15-30 seconds. The grid was subsequently blotted to remove
excess sample (ensuring that the grid did not dry out), and then droplets of distilled water were
sequentially lifted onto the grid to wash the specimen of buffer salts, and then immediately blotted
away. The same procedure was followed for two drops of stain, however the final drop was left
on the grid for 20 seconds, after which blotting was carefully controlled to ensure that stain of a
defined thickness could be achieved. 400 mesh copper standard 3 mm EM grids had been coated

with a layer of evaporated carbon (estimated thickness 20-30 nm).

2.2.2 Vitrification of a thin-aqueous layers

Plunge-freezing (Adrian ef al., 1984; Dubochet et al., 1988) of MSV into liquid nitrogen cooled
liquid ethane allowed a vitrified layer of ice of an estimated thickness of 100 nm to be produced
regularly. This was carried out using a manual plunging apparatus powered by gravitational
forced originally designed at the EMBL Heidelberg but constructed at the Electron Microscope
Unit, University of Cape Town. Quantifoil grids had been cleaned of plastic residues by
immersion in acetone for 30 minutes and allowed to dry. Either plain Quantifoil (R1/2), or C-
flat™ grids which had been overlayed with a thin layer of continuous carbon (estimated thickness
5-10 nm), were glow-discharged for 20 seconds in nitrogen gas at 20 mA using a EMS100X
(Electron Microscopy Sciences, Hatfield, Pennsylvania). Glow-discharge renders the carbon

layer hydrophillic, and allows a droplet of the sample to be spread more easily.

The procedure for plunge freezing is as follows: All liquid nitrogen used was filtered to remove
contaminating ice crystals, and all containers were blow-dried with hot air prior addition of liquid
nitrogen to avoid contaminating ice. Liquid nitrogen was added to the base dewar of the plunging
device, and ethane gas was subsequently liquefied into a small pot. A 3 ul droplet of the MSV
preparation was then applied to each grids, and each was then blotted by hand from one side for
~5 seconds using-zaWhatman No. 1 filter paper. The grid was then immediately plunged into liquid
ethane under gravitational force. The liquid ethane had been allowed to cool to close to freezing
temperature (at wﬁch point it became murky white) to ensure most rapid freezing of the

specimen. The perforated carbon of the C-flat grids was found to be fragile; consequently the
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included the stem-loop structure (origin of replication) required to initiate rolling-circle

replication (Casado ef al., 2004).

Conditions favouring disassembly of geminiviruses have been investigated for ACMV using
negative-stain and rotatory shadowing EM (Kittelmann and Jeske, 2008). These particles
demonstrate reduced stability at alkaline pH conditions and investigators were able to observe
disassociation of capsomers from certain locations in the virus particle. At these sites egress of
the genome was also observed suggesting that within the cell, conditions must arise that result in
similar behaviour. The study of ACMV disassembly revealed that either apical or peri-apical
capsomers dissociate in the majority of cases. The investigators proposed that even though the

genome emerges from the interior of the virion it may still be bound to the dissociated capsomers.

A review of the literature showed that no studies have been carried out to reconstitute geminate
virions from disassembled and subsequently isolated viral components. Factors influencing viral
assembly have been inferred based on mutagenesis, and inspection of mutant particles isolated

from plant material.

1.6.3.6 Emergence and evolution of geminiviruses

All viruses can be considered modular entities, consisting of molecular components that each
have independent functions and also independent evolutionary lineages (Abrescia et al., 2012). It
is for this reason that recombination is an important aspect of DNA viral evolution, because it
allows modules to be swapped between two parent viral strains, helping to create variants with
potentially improved fitness within a particular environmental context. Experiments has shown
that recombination in geminiviruses will not always produce viable variants, and it has been
demonstrated that recombinant variants are selected for those which preserve “intra-genomic
interaction networks”, a property which favours recombination between closely related viruses
(Martin et al., 2005). Further experiments using divergent geminiviruses have been used to show
that this approach can actually be used to predict such interaction networks, providing
fundamental insight into the molecular interactions underpinning the life-cycles of these

organisms (Martin et al., 2011).

The replication-associated protein (Rep) is one such modular component that has fuelled
discussion regarding geminivirus emergence. The geminivirus Rep proteins show three important
similarities in key motifs required for replication initiation that were first identified in the Rep
proteins of Gram-positive bacterial plasmids, suggesting that geminiviruses may have descended
from these plasmids (Koonin and Ilyina, 1992). Previous studies have suggested that geminiviral

genomes may have descended from an extrachromosomal plasmid of red algae, some 450 million
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years ago (Nawaz-ul-Rehman and Fauquet, 2009). More recently, phylogenetic analysis has
revealed that the geminivirus Rep is also closely related to those of phycoplasmal plasmids
(Saccardo et al., 2011); phycoplasma being pathogenic phloem limited bacteria that lack a cell
wall. Like geminiviruses, phycoplasma also rely on insect vectors for movement. How such
replicons acquired a coat protein to allow them to move from host to host becomes an important
question, although it is presumed that a rare recombination event is at the foundation of the

emergence of these entities.

There is some debate regarding which component determines the “virus self” — genome or capsid.
Considering that it is the encapsidation behaviour of viruses that distinguishes them from plasmids
(Forterre, 2010; Raoult and Forterre, 2008), it has been proposed that it is the viral coat protein
that gives a virus its “identity” (Abrescia et al., 2012, 2010). It has been shown by empirical
observation of structural homology at the protein tertiary level (i.e. structural similarity of viral
coat proteins), is able to inform us about homology which cannot be observed at either nucleic
acid or protein sequence level, and has allowed evolutionary relatedness to be inferred between
viruses infecting all kingdoms of life; bacteria, archaea, eukarya (Bamford, 2002; Bamford ez al.,
2005). Applying this approach of “structure-based viral lineages” to the geminiviruses, it has been
proposed that these arose as a consequence of a recombination event between a phycoplasmal
ssDNA plasmid — encoding the Rep, and a (+) ssRNA plant virus —encoding the coat protein CP
(Krupovic et al., 2009). Hence the coat protein (CP) of the plant virus was ‘recruited’ to become
the “packaging machine” of a self-replicating nucleic acid that encoded a specific replication
associated protein (Rep), while also possessing the nucleic acid secondary structure which
allowed it to be replicated by RCR. This hypothesis has since been refuted by the argument that
such a scenario is unlikely, and that, based on sequence analysis, the phycoplasmal plasmid itself
is instead likely to have arisen from geminiviruses - and not the other way round (Saccardo et al.,
2011). Saccardo ef al. went further to show that the acquisition of a coat protein is more likely to
have occurred within a marine environment from another donor, rather than a plant virus

replicating in a terrestrial plant host.

In addition to high rates of recombination, geminiviruses show high rates of mutation (10*
substitutions per site per year); rates that are comparable to that of RNA viruses (Duffy et al.,
2008; Harkins ef al., 2009; Monjane ef al., 2011). This is intriguing because these viruses are
replicated by high fidelity host DNA polymerases, unlike RNA viruses. The mutational processes
that account for this behaviour have been observed to be single-strand specific, leading to various

hypotheses that have attempted to explain the behaviour. A recent study has led to the suggestion
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that it may be high-levels of oxidative damage to the single-stranded form that accounts for these

relatively high rates of mutation (Monjane et al., 2012).

1.7 Aims of this work

Investigating the structure and assembly of infectious virions or virus-like-particles (VLPs) serves
to inform our understanding of the underlying principles governing macromolecular interaction.
Molecular recognition, and subsequent association and assembly are fundamental processes in
the “molecular life” of the cell (Robinson ef al., 2007), and viruses have long proved important
model systems for studying the structural basis of these mechanisms. As discussed in the previous
sections, the geminate capsid morphology is unique, and certainly a curiosity that demands study
from the perspective of self-assembly. Is this assembly built on principles of conformational
switching and interaction used by typical T = 3 viruses, or are different factors at play in the
assembly and evolution of this particle? The morphology certainly implies unique behaviour
during virus assembly and in spite of previous study, the quasi-equivalent coat protein (CP)
conformations required to mediate assembly of the geminate particle have not been characterized.
Consequently, in an attempt to shed light on these properties the geminate capsid architecture, as
well as its implications for assembly of the geminate virion, the capsid of MSV is the subject of
study described in this thesis, as previous work (Bottcher ef al., 2004; Zhang et al., 2001) has
shown that MSV virions can be isolated at sufficient concentrations for such work, and there is a

long history of work carried out on this virus at the University of Cape Town.

The principal aim was to use already established structural biological methods (cryo-EM and
homology modelling) to infer the CP-CP interactions, and architecture of MSV. If a cryo-EM
map of sufficiently high resolution can be determined (e.g. 7.5 — 15 A), this can be used in
conjunction with protein structure prediction and flexible fitting to derive a pseudo-atomic model
of the capsid without the requirement of crystallization. Using these methods, a plausible and
hence empirically relevant model of residue-residue interactions can be constructed in silico,
which may further inform antiviral strategies undertaken in the future, as well as elucidating the
functional requirements which underpin the evolutionary divergence that the gemini-architecture
represents. The number of biochemical and molecular studies already carried out on geminivirus
coat proteins would benefit greatly from such a model if it were to be made publically available
(e.g. in the Electron Microscopy Data Bank (EMDB;http://www.ebi.ac.uk/msd), and further
experiments could be designed in a rational manner using the experimental model as a reference

point.

In this thesis, cryo-EM, 3D reconstruction, and protein modelling were applied to achieve the
following ends:
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- Determine the structure of MSV geminate capsid to an improved

resolution (<25 A).
- Determine the structure of the MSV icosahedral capsid to ~ 20 A resolution.

- Determine the geometric parameters associated with each architecture; i.e. understand

how the capsid building block (CPs) is arranged within each capsid.

- Construct pseudo-atomic models using information from the EM study, as well as

other sources (e.g. atomic structures of structural homologues).

- Use the above mentioned, to determine interacting regions/residues between MSV CP

subunits/pentameric building blocks.

With these objectives in place, it was hoped that analysis would shed some light on the following

questions:
-What is the structural/geometric basis of geminate morphology?

-How is the geminate morphology related to 7 = 3 viral capsid architectures? As both are
essentially effective solutions to the problem of packaging a genome larger than what can

fit inside a T = / architecture.

- How is the ssDNA genome organized within the MSV capsid, and how does it interact
with the MSV capsid?

- What possible roles does the genome fulfill during assembly?

- Based on sequence alignment with other geminivirus CPs, can structural information
about MSV be used as a basis for statements regarding the architecture of other
geminiviruses? Specifically, is the precise geometry of the architecture conserved

amongst related geminiviruses?

- Are interactions between pentameric capsomers conserved in the architectures of MSV
and Satellite tobacco necrosis virus (STNV), or have these interactions diverged along

with the coat protein sequences?

- What changes in conformation take place in equatorial capsomers?
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- Can structural information inform us as to how this architecture might constrain viral

evolution?

- Given that the genomes of other simple viruses have been implicated in capsid assembly,
is it possible that some structural property of the geminivirus genome favours assembly

of the geminate architecture?

- It is important that these requirements for particle formation, and role of the genome in
this process, are understood, as any attempts to exploit the geminate coat proteins in
biotechnology will require that their assembly behaviour and requirements are well

understood.

The original reconstruction was performed without correction of the microscope contrast transfer
function (CTF), and a result was limited to a resolution of 25 A. Many questions remain
unanswered in the literature regarding the nature of interactions between the MSV CP, its genome
as well as the movement protein, it was felt necessary to repeat the previous study using more

recent tools of structural modelling and analysis.

1.7.1 A note on terminology

Terms used to describe structural features of viruses with respect to those observed in raw electron
micrographs, and also 3D reconstructions, are distinct from those used to describe structural and
chemical features of the actual virions themselves. The terms ‘capsomere’ and ‘morphological
unit’ refer to pronounced observable features in EM data; and are particularly revealed in low-
resolution studies because they reflect clusters of subunits; these being the most visible features
at ‘macromolecular resolutions’ of 3-5 nm (30-50 A). In reference to the capsid as an assembly
of coat protein subunits, the term ‘capsomer’ refers to a physical building block of the capsid, e.g.
in this study the capsid of MSV is thought to be assembled from a series of pentameric capsomers
(CPs), each consisting of five coat protein subunits. Owing to the arrangement of these in the
MSYV capsid shell, the CPs also gives rise to the morphological units (or capsomeres) apparent in
the EM reconstructions. Depending on the virus under investigation, these two terms may or may
not refer to the same biological/macromolecular arrangement. With respect to quasi-equivalence,
coat protein subunits identical in sequence, may be described to exhibit ‘structural polymorphism’
in which cases regions of the coat protein adopt different structures or conformations. These
different but closely related conformations are referred to as ‘conformers’. Herein, the
monopartite (icosahedral) capsid reconstruction carried out by application of 60-fold symmetry

is sometimes referred to as the ‘532 reconstruction’. Bipartite (geminate) reconstructions, carried
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out by applying 10-fold (D5) symmetry, possess D5 symmetry and may also be referred to as

such.
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2 Materials and Methods

2.1 Sample preparation

2.1.1 Agro-inoculation of maize

Maize seedlings were infected by Agrobacterium-mediated DNA transfer (Boulton ef al., 1989a;
Grimsley ef al., 1989); a procedure termed “agro-inoculation”. An agro-infectious construct with
MSV-MatA was provided by Darren Martin (Martin et a/., 2001). Briefly, sweetcorn kernels
(Golden Bantam) were germinated and grown for three days at 30°C. Seedlings were cleaned and
injected with a solution of agrobacterium cells at a site near the plant meristem. Plants were

allowed to grow for 4 weeks, and showed obvious signs of successful infection at 2 weeks.

2.1.2 Virus isolation

Virions were isolated from symptomatic leaves according to a previously established protocol
(Palmer et al 1998). Symptomatic maize leaves were harvested from infected plants and
homogenized in a blender in an equal weight/volume of acetate buffer at pH 4.8. The homogenate
was then passed through two layers of muslin cloth to remove crude plant material, and the pH
adjusted to 4.8 using glacial acetic acid. Finer cellular materials that had aggregated owing to the
acidic pH, were then spun out of solution by low-speed centrifugation at 12,000 g for 10 minutes
using a Sorval GSA rotor. The virions themselves were then pelleted by ultracentrifugation at
130,000 g for 150 minutes using a Beckman Type 35 rotor. The virions, which formed a white
translucent pellet were then re-suspended using 0.5 ml sodium acetate buffer at pH 4.8.
Membranous contaminants evident only by EM (and not SDS-PAGE) were subsequently

removed by centrifugation at 13,000 g using a desktop microfuge.

2.1.3  Analysis of preparations by SDS-PAGE

Virus preparations were routinely analysed by sodium dodecyl sulphate - polyacrylamide gel
electrophoresis (SDS-PAGE) to assess the quality and purity of the preparations. Standard
methods (Laemmli, 1970) were followed to produce 12.5% acrylamide gels that were

subsequently stained using Coomassie blue.

2.2 Specimen preparation

Specimen preparation (negative-staining or plunge-freezing) involved immobilization of MSV
virions onto the carbon support of standard 3 mm diameter EM copper grids. Carbon coating of
400 mesh copper grids (for negative-staining), and thin-carbon coating of Quantifoil grids (for

cryo-EM) was performed by Mohammed Jaffer (Electron Microscope Unit, University of Cape
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Town) and is gratefully acknowledged. Precise details of procedures followed is described in the

following sections.

2.2.1 Negative-staining

Negative-staining was carried out using 2 % (w/v) uranyl acetate (pH 4.8) according to the droplet
technique (Brenner and Horne, 1959; Ohi et al., 2004). Three 10ul droplets of distilled water were
applied to Parafilm paper alongside two drops of uranyl acetate. Initially, 3 pl of the sample was
allowed to adsorb to the EM grid for 15-30 seconds. The grid was subsequently blotted to remove
excess sample (ensuring that the grid did not dry out), and then droplets of distilled water were
sequentially lifted onto the grid to wash the specimen of buffer salts, and then immediately blotted
away. The same procedure was followed for two drops of stain, however the final drop was left
on the grid for 20 seconds, after which blotting was carefully controlled to ensure that stain of a
defined thickness could be achieved. 400 mesh copper standard 3 mm EM grids had been coated

with a layer of evaporated carbon (estimated thickness 20-30 nm).

2.2.2 Vitrification of a thin-aqueous layers

Plunge-freezing (Adrian ef al., 1984; Dubochet et al., 1988) of MSV into liquid nitrogen cooled
liquid ethane allowed a vitrified layer of ice of an estimated thickness of 100 nm to be produced
regularly. This was carried out using a manual plunging apparatus powered by gravitational
forced originally designed at the EMBL Heidelberg but constructed at the Electron Microscope
Unit, University of Cape Town. Quantifoil grids had been cleaned of plastic residues by
immersion in acetone for 30 minutes and allowed to dry. Either plain Quantifoil (R1/2), or C-
flat™ grids which had been overlayed with a thin layer of continuous carbon (estimated thickness
5-10 nm), were glow-discharged for 20 seconds in nitrogen gas at 20 mA using a EMS100X
(Electron Microscopy Sciences, Hatfield, Pennsylvania). Glow-discharge renders the carbon

layer hydrophillic, and allows a droplet of the sample to be spread more easily.

The procedure for plunge freezing is as follows: All liquid nitrogen used was filtered to remove
contaminating ice crystals, and all containers were blow-dried with hot air prior addition of liquid
nitrogen to avoid contaminating ice. Liquid nitrogen was added to the base dewar of the plunging
device, and ethane gas was subsequently liquefied into a small pot. A 3 ul droplet of the MSV
preparation was then applied to each grids, and each was then blotted by hand from one side for
~5 seconds using;@Whatman No. 1 filter paper. The grid was then immediately plunged into liquid
ethane under gravitational force. The liquid ethane had been allowed to cool to close to freezing
temperature (at w}‘;ich point it became murky white) to ensure most rapid freezing of the

specimen. The perforated carbon of the C-flat grids was found to be fragile; consequently the
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plunging apparatus was configured such that the grid was plunged to the minimum distance
required to immerse the grid. Grids were transferred rapidly from the liquid ethane bath into the
surrounding liquid nitrogen and deposited into a cryo-EM grid holder; this avoided contamination
of the grid with humidity. Grids were stored under liquid nitrogen until transferred at cryogenic

temperatures into the electron microscope.

2.3 Transmission electron microscopy and data-collection

2.3.1 Cryo-transfer

For electron cryo—ngicroscopy, a Gatan 626 cryo-holder (Gatan Inc., Pleasanton, CA) was used to
maintain the temp;ature of the specimen at cryogenic temperatures (~ -180 °C) during transfer
and electron microscopy. The cryo-holder was prepared by evacuation of the jacket surround the
LN dewar overnight. Frozen grids were retrieved from storage and transferred into the Gatan
cryo-transfer workstation after it had been cooled to LN temperatures. All liquid nitrogen had
been filtered prior to use. Grids were transferred into the cryo-holder under LN, and the cryo-
holder transferred into the FEI Tecnai F20 (FEI Company).

2.3.2 Electron microscope alignment

Electron microscopy was carried out at either 120 kV or 200 kV using a JEOL EX 11 or FEI G?
Tecnai F20, respectively. The microscope was aligned to minimize image aberrations during low-
dose electron microscopy. First the gun alignment was performed to maximize brightness of the
electron source. This was achieved by using the gun tilt and gun shift parameters to centre the
filament “bright-spot” (FEI Tecnai F20, TF20). For the tungsten source (JEOL EX II), the gun
intensity was de-saturated and gun tilt and shift parameters used to centre and symmetrize the
image of the filament. The condenser aperture was centred, and condenser astigmatism corrected
to ensure that the beam was circular. On the Tecnai F20, a negative-stain specimen was inserted
and the Z-height of the holder brought to the eucentric height. The eucentric height is also known
as the centre of rotation and provides a physical reference point used to calibrate the microscopes
magnification. The objective lens was set to in-focus (i.e. minimum contrast), and the beam tilt
pivot points carried out to ensure that the beam axis was parallel to the axis of the objective lens.
The rotation centre alignments were carried out to ensure that the beam passed through the centre
of the objective lens. This alignment was refined further by carrying out coma-free alignment at
the magnification used for imaging using the microscopes video camera. Similar procedures were

performed to ensure adequate alignment of the JEOL microscope.
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2.3.3 Data collection

Low-dose EM was carried out to prevent specimen damage arising from interaction of the high-
energy electrons of the beam with the specimen. The basic principal of this approach is to focus
on an area immediately adjacent to the recorded area (1-2 pm), and then apply the determined
focusing settings to recorded area. In this way the total exposure of the recorded area to the
electron beam was limited to a total of dose of 15-25 e7A?in total. Image astigmatism was
corrected during focusing using the fluorescent screen by inspection of the grain of the carbon
support at 200,000X magnification. Low-dose cryo-EM images were recorded at 50,000 X on
Kodak ISO 160 film, and were of significantly lower contrast in comparison to their negative-
stain counterparts. Images were recorded over a range of defocus values (1.5 - 3 pm) in an attempt
to account for oscillating nature of the microscope CTF, which exhibits reduced or no contrast

transfer at specific spatial frequencies (referred to herein as “zeroes”).

2.4 Single-particle 3D reconstruction

All image-processing steps were carried out on a Intel Core™ 2 Quad Q6600 (2.4 GHz)
workstation running Ubuntu Linux (8.04, “Hardy Heron”) with 4 GB RAM. Unless otherwise
stated, all image processing operations were performed using SPIDER (Frank et al., 1996).
Micrographs, image stacks or 3D reconstructions were routinely inspected using the “V2” or “V4”

programs of the EMAN software package version 1.9 (Ludtke ef /., 1999)

2.4.1 Image pre-processing

After micrographs had been recorded, film was retrieved from the microscope and developed

according to standard procedures (Jiang and Chiu, 2007).

2.4.1.1 Digitization and format conversion
Micrographs were digitized using a HP Leafscan 45 densitometer using a pixel sampling of 2540
pixels/inch. The final sampling of the digitized electron micrographs was 2 A/pixel at the

specimen level.

2.4.1.2 Determination of Contrast Transfer Function (CTF) parameters

Micrograph CTF parameters were calculated using CTFFIND (Mindell and Grigorieff, 2003).
CTFFIND determines the defocus (Az; by convention positive for underfocus) and astigmatism
parameters associated with a micrograph using a least-squares fitting algorithm. The algorithm is
able to calculate the astigmatism by fitting a 2D contrast transfer function to the amplitude
modulations visible in the power spectrum of the micrograph, and determines the fit in two
perpendicular directions,. To boost the signal-to-noise ratio of the oscillations, the program was

instructed to calculate an average power spectrum using a tile size of 128x128 pixels. The search
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range for micrograph defocus values was constrained to Az =1 - 4 um, using a step of 200 nm.
CTF functions were fit over a resolution range of 80 to 5 A. An amplitude contrast ratio of 0.07
and 0.18 were used for the vitreous water and negative-stain datasets, respectively. The accuracy
of the parameters determined was confirmed by inspection of the diagnostic images outputted by
the software which display the modelled CTF in juxtaposition with the average power spectrum

calculated from micrograph.

2.4.1.3 Particle selection

Before image processing could proceed, individual particles (virion projections) were identified
by an automated template matching algorithm within the program SIGNATURE (Chen and
Grigorieff, 2007), and subsequently windowed (cut) out using the “WI” operation (SPIDER) from
the digitized electron micrographs into square pixel intensity arrays (boxes) which are suitable

for computational analysis.

The quality of the micrographs was assessed using the ‘optical density histogram’ and ‘power
spectrum’ functions of SIGNATURE. It was considered desirable that micrographs showed an
approximately Gaussian pixel intensity histogram and circular power spectrum. An elliptical
power spectrum would indicate that the image was not focused equally in all directions (a sign of
astigmatism). Automated picking proceeded using the template-matching algorithm of
SIGNATURE using image classes (templates) generated from manual picking of a few
micrographs. Regions of micrographs demonstrating unacceptable particle clumping, drift,
astigmatism, or ice thickness were excluded by masking within SIGNATURE prior the automated
particle searches. The co-ordinates of particles were inspected manually, and erroneous particles
removed from the coordinate list of particle centres. The XY co-ordinates of each particle centre
were then outputted as a SPIDER document file and windowed out using a SPIDER batch script.
At the time of windowing, images were decimated by summation of neighbouring pixels by a
factor of two or four in each dimension using “/P” operation, to produce two separate stacks,
outputted at samplings of 4 and 8 A/pixel, respectively. The 4 A/pixel stack was outputted for 3D
reconstruction (which required a higher sampling to achieve the intended resolution, and 8 A/pixel
for K-means classification. Additionally, for cryo-EM reconstruction carried out in SPIDER the
pixel values were inverted such that density contributed by protein or nucleic acid was “white”.
At the time of windowing, particles were excluded if the difference of DFI and DF2 was greater

than 100 nm, as this was considered to be unacceptable astigmatism.

2.4.1.4  Particle centring

Windowed particles were first approximately centred according to their centres of gravity using

the “CG> operation of SPIDER. A strategy for in-plane particle centring able to handle the
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heterogeneity of capsid species (icosahedral and geminate capsids) needed to be developed, as it
was found that the coincidence of these species within the dataset could interfere with the
accuracy of centring (icosahedral capsids were seen to align to either of the two geminate heads
apparent in the global average). The X and Y translational parameters could not be achieved
reliably by aligning against a “global average” of the dataset, and the most robust method was
found to be aligning each particle by cross-correlation, iteratively, against its own rotational
average over three rounds, in which the rotational average was recalculated after each round of

alignment.

2.4.2 K-means classification and partitioning of data

Once the particles had been adequately centred, an initial classification was carried out using the
rotationally invariant K-means classification algorithm implemented in the “4P C operation of
SPIDER (Penczek et al., 1996). This operation classifies images into groups, and also provides
an in-plane rotational alignment parameter that allows images of the same class to be aligned prior
to calculation of class averages. 30 seed images were selected randomly, and subsequent classes
were refined over 50 iterations with re-normalization after each round of refinement. In order to
improve the signal-to-noise ratio of the data in the case of the cryo-EM dataset, the images were
down sampled to 8 A/pixel (Nyquist limit of 16 A/pixel), and searched over a ring radius
corresponding to the full size of the geminate particle. To reduce the number of different views
reported to only those possessing unique structural information, mirror checking was used during
the classification. Class averages for K-means groups were calculated for classes consisting of
two or more particles using the “4S R” operation to average images specified by image selection
documents outputted by the “4P C operation. Class averages were then masked with a circular
mask and normalized using PROC2D of EMAN (Ludtke ef al., 1999) prior to inspection.

2.4.2.1 Segregation of images for reconstruction of capsid species

After K-means classification, images thought to be icosahedral capsids and those thought to be
geminate capsids (possessing D5 symmetry) were copied into a separate image stacks for 3D
reconstruction. This was achieved using a SPIDER script written to export images according to
K-means class number. Additionally, particle parameters (i.e. estimates of magnification,
defocus, micrograph number) were also outputted as separate document files that allowed this

information to be tracked throughout further image processing steps.

2.4.3 3D reconstruction

The alignment parameters required to bring each single-particle image into register with respect

to a shared 3D co-ordinate system can be determined using different strategies. Reconstructions
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described in previous studies of MSV and ACMYV were carried out using 3D projection matching
using starting models constructed from the X-ray structure of STNV. Those investigators
demonstrated convincingly that the starting model did not bias the final result, as the dimensions
and features of the final EM maps were unlike that of the starting models. Consequently, we also
decided to use 3D projection matching. This study differed in that two independent geometric
starting models were used to “boot-strap” the alignment of the images so that resolution
assessment could be carried out independent of any reference bias (arising from correlation of
noise). Additionally, we hoped to record a high-resolution dataset to which CTF correction could

be applied so that high-resolution structural features would be revealed in the 3D reconstruction.

As described previously, the MSV virion is a relatively large assembly that possesses 5-fold
dihedral symmetry (D5). This implies a relatively high redundancy of information in each image
(increasing the effective size of the dataset by an order of magnitude), and implies that the capsid
has an “asymmetric unit” covering an angular range equivalent to 1/10% of a sphere. These
properties of the specimen influenced our choice in projection geometry with respect to both in
silco calculation of 2D references, as well as back-projection. This also had the benefit of
constraining the orientation search; greatly expediting the computation time for each iteration of
the projection-matching algorithm. D5 symmetry was applied during 3D reconstruction, because
it was expected that this would improve the signal-to-noise ratio of the final result substantially.
The choice to take advantage of this symmetry limits the strict validity of the map to regions
adhering to this symmetry, i.e. the core regions of the protein shell. This would allow the geometry
of CP units to be investigated, but we did not expect to be able to see the precise structure of the
genome, or the true nature of the capsids interactions with genome. However, the structure would
nevertheless provide us with a means of assessing the radial distribution of genomic density, as
well as to estimate the approximate locations of any interactions. No attempt to carry out
asymmetric reconstruction of the capsids was made. Validation of our results relied on extensive
information available from previous studies, structural bioinformatics and model fitting, as well
as reasonable expectations of what structural features to expect in an assembly of pentameric

capsomers.

2.4.3.1 Creation of starting models

Starting models are the first volumes used by the iterative-projection-matching algorithm, and
allow initial estimates for alignment parameters (¢, 9, v, x and y) to be assigned to each image in
a dataset. Because the choice of starting model may bias a reconstruction, it is important that each
dataset be refined against two independent starting models. Additionally, it is important that the

starting models are not too similar to one another, as these might introduce correlations into the

67



alignment of the dataset that may result in an overestimation of the resolution of the 3D
reconstruction. For the negative-stain dataset, geometric models (a cylinder and bi-spherical
model) were created and used as 3D approximations of the MSV virion. For the cryo-EM
reconstruction, the negative-stain reconstruction low-pass filtered to 40 A, was used as the starting

model to refine the dataset.

A cylinder (radius of 200 A, and a height of 350 A) and “twin-spheres” (sphere diameter of 200
A or 25 pixel radius) models were created using the “MO 3~ SPIDER operation. The long axis of
each model lay on the Z-axis. Models were low-pass filtered to 40 A so that high-resolution
features could not correlate with noise in the dataset. For the sphere model, a single sphere was
created, the box windowed to remove a side of the sphere (thus simulating an incomplete
icosahedron), displaced along the Z-axis, and then duplicated and rotated 180° to create a partner,
which was added to the original volume. For the icosahedral (532) dataset, independent
reconstructions were initiated using a sphere (200 A diameter), which had been Gaussian low-
pass filtered to 40 A, and an icosahedral model of Satellite tobacco necrosis virus (PDB: 1BUK)

that had been converted to density and Gaussian low-pass filtered to 30 A.

2.4.3.2 Implementation of the iterative-projection-matching algorithm

For 3D reconstruction without CTF correction, the SPIDER script “recondPSH.kcd” (refer to
Appendix B) was written to execute the iterative-projection-matching algorithm that involved
iterative alignment of a dataset to the 3D reconstruction calculated in the previous round. The
script allowed parameters to be specified (e.g. the number of iterations to be carried out, as well
as parameters pertaining to alignment search, and post reconstruction masking) and could be left
to execute until completion. Statistics associated with refinement were simultaneously written out
in a format that could be readily interpreted as the computation proceeded. Various details of the

script are described in the paragraphs that follow.

2.43.2.1 In silico projection

First, a SPIDER document containing the projection angles used for in silico projection of the
previous rounds model (or starting model) was generated using the “VO EA” operation. The
operation produced a list of Euler angles over a range in phi (¢, rotation about the Z-axis) of 0 to
72°, and over a range of theta (8) (rotation about the Y axis) of 0 to 90°. These limits span the
asymmetric unit of an object with D5 symmetry (1/10% of a sphere). The step in theta (A8) used
was 3°. For each iteration, reference projections were produced using the “PJ 30" operation using
the angular document file described above, and the volume generated during the previous

iteration. A radius of 50 pixels was used and a total of 427 references were calculated.
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2.4.3.2.2 Multi-reference projection matching

Multi-reference alignment was carried out using “4P SH” operation. A rotational search radius
of 190 A, and translational search range of 20 A was used. 10878 images were included in the
refinement of the negative-stain dataset, and 4300 images were included in the refinement of the
cryo-EM dataset. Mirror checking was not used during alignment. Alignment parameters were
written out into a separate SPIDER document file, and used by the gen classaverages.ked

(Appendix B) script to carry out class averaging.

2.4.3.2.3 'Weighted back-projection

3D reconstruction was carried using the “BP 32F” SPIDER operation, which produced two
volumes using half-sets of the dataset. Symmetry was imposed during the reconstruction using a
D5 symmetry document generated using the “SY DOC” operation. The half-sets reconstruction

were used to carry out resolution assessment (refer Section 2.4.3.4)

2.4.3.2.4 3D masking

“Smooth-masking” (“mask_vol ked”, Appendix B) was used to improve the signal-to-noise ratio
(SNR) of each reconstructed volume, and consequently the following round of reference
projections used to refine the dataset. Masking was used to remove densities both outside and
inside the boundary of the MSV virion, and this meant that cross-correlation of volume

projections on the subsequence iteration involved correlations of the capsid structure only.

At the end of each iteration a mask was created using the reconstructed volume itself. First the
volume was thresholded (“TH” operation, 1.5 o) to create a volume in which noise of weak
densities had been removed. The thresholded volume was then low-pass filtered (“FQ’ operation)
heavily (50 A) to increase the boundary of virion. A binary mask was then created (“TH M”, 1.6
o), which was subsequently filtered to create a continuous mask. Masking was then carried out

using the “MAM C” operation.
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2.4.3.2.5 Convergence of alignment parameters

Convergence of the projection-matching algorithm, a state whereby an iteration failed to induce
changes (or improvements) of particle alignment parameters, was monitored by calculating the
average cross-correlation of the dataset with the re-projections of the most recent 3D
reconstruction. Additionally, whether or not the images changed class (or ‘view’) was also
monitored. These results. taken in consideration of resolution estimates produced after each
iteration were used to assess the progress of a refinement and were implemented in the
“manage_stats.kcd” SPIDER scripts (Appendix B). In general, average cross-correlation scores
showed consistent improvement over the refinements carried out, and most images (>90%) were

observed to fall into stable classes.

2.4.3.3 CTF correction and refinement of the cryo-EM reconstruction

The program FREALIGN version 0.86 (Grigorieff, 2007) was used to carry out 3D reconstruction
of the cryo-EM dataset with CTF correction. FREALIGN allowed the magnification, defocus,
and alignment parameters of each image in the dataset to be refined as part of an iterative
projection matching reconstruction strategy (similar in conception to that implemented in

SPIDER), and resulted in a reconstruction of improved quality.

The cryo-EM dataset had been reconstructed first using SPIDER, and subsequently SPIDER
alignment parameters were converted to FREALIGN format using scripts kindly provided by
Nikolaus Grigorieff (Brandeis University). The 3588 highest correlating images were copied from
the original image stack and converted into a MRC formatted stack. Pixel densities were not
altered by inversion (protein/nucleic acid appeared as black and not white as in the NS
reconstruction) as is required by FREALIGN. An outer alignment search radius of 195 A was
used during all refinement iterations. Care was taken not to include information at spatial
frequencies domina?éd by noise, and trial and error was used to establish that structure factors
higher than 1/20A! should not be included in the refinement. Attempts to extend the resolution
beyond this limit resulted in erroneous alignments, and the appearance of 3D reconstruction
suffered as a consequence. In total, 240 refinement iterations were carried out using FREALIGN

to arrive at the final result.
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Figure 2-3 Procedure used for 3D reconstruction of the MSYV virion from EM micrographs.
Panels depicting projection and back-projection reproduced from (Baumeister and Grimm, 1999).
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2.4.3.4 Resolution assessment

For all refinements and 3D reconstructions carried out using SPIDER, the “BP 32F” operation
was used to back-project two volumes from each dataset (one for each odd/even half-set), and
these were assessed using the “RF 3" operation. The FSC 0.5 criterion was used to assign the

resolution in all cases.

2.4.4  In silico visualization

Electron density maps and atomic co-ordinates were routinely visualized using UCSF Chimera
(Pettersen et al., 2004). Casual fitting of atomic co-ordinates into volumes was performed using
the Chimera “Fit in Map” function. Rigorous fitting studies are described in the sections that

follow.

2.5 Structural bioinformatics

During this study, recently developed structural bioinformatics techniques were applied to
identify appropriate templates for modelling the MSV CP sequence. Secondary structure
prediction and well as sequence-structure threading was used to guide the creation of an accurate
sequence alignment; a challenging task given the extremely low sequence identity between the
template and query sequences (less than 15%), which was further used to assess the divergence

of geminivirus CP sequences.

In overview, the sequence alignment and template PDB structure of STNV, Protein Data Bank
(PDB) ID: 2BUK, were used to produce a comparative model of the MSV pentameric capsomer
(CPs). The comparative model was aligned in 3D space along its principal axes, and its centre of
gravity was brought to the origin. The CPs model was then used to create a series of models of a
single incomplete 7 = ] icosahedral head which varied in radius and orientation of the capsomer
around the 5-fold axes of symmetry. After parameters had been determined for production of an
accurate estimate of the icosahedral architecture, a geminate model could be created by producing
a series of geminate models that varied in their angular offset, as well as displacement between
heads. The strategy and procedures for this component of the work are shown in Figure 2-4 and
Figure 2-5. Following this, the homology model was also used to predict the electrostatic surface
potential of the interior surfaces of the MSV and STNV CPs. This was important, as any difference
in in this property of the capsid would influence the arrangement of the packaged genome on the

inside of the particle.
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2.5.1 Comparative modelling

2.5.1.1 Fold prediction and template identification

Previous studies have already identified that the CP of STNV is a suitable template (Bottcher ef
al., 2004; Zhang ef al., 2001). During this study we resubmitted the sequence o evaluate whether
a better template may have become available over the past decade. As a result, the MSV CP
sequence was submitted to mGenTHREADER (Jones. 1999a), a webserver for automated fold-
recognition. mGenTHREADER was used because of its ability to identify distantly related
structural homologues, and the output of this process provided indication of a suitable template

PDB, as well as an initial alignment between the two sequences.

2.5.1.2  Query sequence-template alignment

The accuracy of the protein sequence alignment is the most important consideration when creating
a homology model that accurately represents the actual protein. Model refinement, performed
after backbone coordinates have been assigned according to the alignment with the structural
template, will be unable to resolve errors introduced by misalignment (Xiang, 2007). Hence, the
full-length sequence of MSV CP was initially aligned against the CP of STNV using CLUSTAL
W (Thompson et al., 1994). Secondary structure prediction using the PSIPRED server (Jones,
1999b; McGuffin et al., 2000), as well as the alignment outputted by mGenTHREADER (Jones,
1999a) helped to resolve alignment uncertainties which arose due to virtually absent sequence
similarity in many regions, particular those of loops. In particular the alignment of large loop
insertions taking place between -strands F and BG were assisted by identifying the conserved
calcium-binding site by the sequence-threading algorithms of mGenTHREADER. The sequences
were further manually aligned using JalView multiple sequence alignment editor (Clamp et al.,
2004; Waterhouse et al., 2009) so that the p-strands were brought into register. The first 26 N-
terminal amino acids and last 4 C-terminal amino acids of the MSV sequence were not modelled
owing to the absence of corresponding residues in the template, as well as the limited resolution

of the EM reconstruction.

2.5.1.3 Creation of the template structure

The crystal structure of STNV was retrieved from the PDB PDB code: 2BUK).
The atomic structure provided by the database contains a single subunit of the structure,
representing the asymmetric unit of the biological complex. The entire capsid was recreated by
application of non-crystallographic symmetry in UCSF Chimera (Goddard et al., 2007). Water
molecules and calcium ions were stripped from the model, and a single pentamer (CPs) written
out after the atomic numbers and chains designations had been reassigned (1-189, A-E). The

centre of gravity of the CPs was determined using the PBD CG3 procedure of SPIDER. The CPs
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was then aligned to its principal axes (axis of C5 symmetry placed on the Z axis) using the
“ORIENT" script made available by Paul Grayson for use with the VMD molecular graphics and
simulation package (Humphrey ef al.. 1996). The aligned and centered CPs would serve as the

starting point for homology modelling as well as construction of quaternary models.

2.5.1.4 Comparative model building of the pentameric capsomer (CPs)

Model building was performed using automodel class of MODELLER 9v6 (Eswar et al , 2007).
Comparative modelling was carried out using the oriented and centered pentamer of STNV as the
template, and C5 symmetry was imposed by specifying that distances and geometries of Caatoms
for chains B, C. D and E were equivalent to those in chain A. Secondary structures (as informed
by PSIPRED, and subjective comparison with STNV) was also imposed for each of the five
chains. The manually edited sequence alignment was inputted to MODELLER in PIR format.

2.5.2 Icosahedral and geminate capsid modelling

In the first stage of capsid modelling (Figure 2-5, a), a series of PDB models were created in
which the axial displacement or radius (geminate parameter a) and orientation (geminate
parameter @) of the MSV CPs were varied. First, the centred and oriented CPs homology model
was displaced along the Z-axis by an amount representing the radius of a single head of the
geminate architecture. Models were then generated over radial range of a = 76 - 98 A (separated
by a 2 A step size). A series of rotations about the 7-axis were then applied (@ — 0 - 72°, in 7.2°
steps) to each ot these models to produce 120 models in total. 12 symmetry operations (Euler

transformations) were then applied to construct a separate icosahedral model for each ("Ps model.

These icosahedral capsid models were then fitted into the EM density maps (532-NS. or a single
head of each of the D5-NS, and D5-cryo-EM reconstructions) using the COLORES program of
the SITUS package (Wriggers, 2010). Density maps were searched over a limited angular range
($—0-72°6—0-5 ,y=0-5") ataresolution of 25 A. Only the single highest correlation peak
was then optimized by the Powell optimization routine in SITUS. Prior to fitting calculations,
each EM density map had been inspected to determine an appropriate density cut-oft to be applied
during the orientation search and this was ~ 1.5 ¢ for cach map. This density “threshold™ was
tound to be essential for meaningful and accurate docking of the models. The first stage of capsid
modelling was considered complete once the icosahedral model of highest correlation
(representing the most accurate approximation of a, and & geminate approximations) had been

determined.
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In the second stage of capsid modelling (Figure 2-5. b). a series of geminate models (22 CPs units)
were created using the icosahedral parameters determined in the first stage. However, in this case
a MSV “head™ was produced by applying 11 icosahedral symmetry operations to produce an
incomplcte icosahedron (11 CPs capsomers). To produce the other half of the geminatc assembly.
the incomplete unit was duplicated, and rotated by 180° about the Y-axis. These “heads™ were
then displaced along the Z-axis by geminate parameter b — 72 84 A.in 2 A steps. A range of
offsets (geminate parameter #=-36 - 36° in 3.6° steps) were then applied to the lower head. This
produced 220 models that were then sequentially fitted into the D5-NS and DS5-cryo-EM
reconstructions. To avoid spurious correlations, as well as to speed the computational time of
fitting, the EM reconstructions were windowed (or cropped) so that only most relevant features
participated in the computational docking experiment (refer to Figure 2-4). For analysis, fitting
(cross-correlation) scores for each map were independently normalized (or scaled) to a range of
0 — 15 1 representing the highest score obtained. This allowed the scores for any two modelled
structures to be more easily compared where fitted into the same EM density map (providing an
indication of the geometric parameters associated with the map), but did not allow the scores
between different density maps to be assessed. Docking results with highest correlation scores

were visualized and analysed using UCSF Chimera (Goddard et al., 2007).

2.5.3 Assessing the divergence of geminivirus coat proteins

A multiple sequence alignment of geminivirus CPs was created which included the type species
of cach geminivirus genus, as well as the STNV CP. To achieve this, the sequence alignment used
for homology modelling. as well as unaligned geminivirus CP sequences were submitted to the
MAFFT  multiple  sequence  alignment  webserver  (Katoh et al, 2002
http://maftt.cbre.jp/alignment/software/. The MAFFT “4DD™ function (Katoh and Frith. 2012)
allowed homologous CPs to be aligned to the STNV CP using structural information present in
the MSV-STNV CP <equence alignment. Sequence alignments were rendered and illustrated
using UCSE Chimera (Goddard er «l., 2007)

2.5.4 Electrostatic surface potentials of atomic models

T'he electrostatic properties of viral pentameric capsomers were investigated to assess potential
modes of nucleic acid association with these structural units. Electrostatic potential maps were
calculated using the APBS (Baker et al., 2001) plugin for the PyMol molecular graphics software
package; PyMOLX11Hybrid version 0.99 (Schrodinger LLC, 2010) using default parameters.
APBS applied the Poisson-Boltzmann equation to calculate the electrostatic potential of the MSV
and STNV CPs atomic models, and these potential maps were rendered and inspected in UCSF
Chimera (Goddard et al., 2007).
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NS-532 D5-NS, D5-cEM

D5-NS, D5-cEM

Figure 2-5 Capsid modelling and strategy for determining geometric parameters of the
MSYV capsid. The fitting of capsid models is carried out in two stages. [n a) Stage 1, the
orientation (parameter ‘o ") and radial displacement (parameter ‘a ') of the CPs unit (grey triangle)
within the context of the quasi-icosahedral geminate “head” is explored. In b) Stage 2, the axial
displacement (parameter ‘b’) and axial orientation (parameter ‘B’) of the geminate head is
explored. EM maps explored by computational docking are listed below each schematic.
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3 Results and Discussion

3.1 Sample preparation and data collection

MSV virions were isolated from MSV-infected maize plants over 4 months. Each isolation
successfully yielded sufficient virions for microscopy experiments (1-2 mg in total). but
optimization was required to identify ways of removing plant cell contaminants which interfered
with imaging, as well as to identify buffer conditions which reduced virion aggregation that was
observed to occur over 3-7 days after the final purification step. Generally speaking, adsorption
of virions to a carbon support during specimen preparation (either NS or cryo-plunging), appeared
to minimized further aggregation which occurred during sample preparation itself, and no major
changes to the purification protocol were required to achieve preparations of sufficient quality for

the EM experiments.

Examples of infected and uninfected leaves from maize plants are shown in Figure 3-1, a. SDS-
PAGE analysis routinely showed preparations consisting of a single protein species (Figure 3-1,
b). Contaminants, that appeared to be membranous vesicles and sheets of a wide range of sizes,
were assumed to be derived from lipid bilayers during cell disruption, as no band was observed

for these on protein gels despite their prevalence in the preparations.

Micrographs of both negatively stained and vitrified MSV virions showed a heterogeneous
distribution of particles consisting of multiples of the T = I quasi-icosahedral unit (~ 22 nm in
diameter). The virus purification protocol played an important role in allowing this range of pH
stable capsid species to be isolated and observed, as had density gradient centrifugation been used
it is probable that rare species, such as those consisting of three or more units, would not have
been observed. As expected, bipartite (geminate) assemblies were predominant, however,
monopartite, tripartite and higher assemblies were also observed. An overview of species
observed is shown in Figure 3-2. The following sections review the negative-stain and cryo-EM
datasets recorded for single-particle image processing, as well as subsequent steps of preliminary

image processing which further explored the range of particle views present in the data.
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d){

e)

Figure 3-2 Capsid forms observed during the course of this study. Schematic representation
of geminivirus capsids observed during negative-stain analysis of MSV virion preparations. The
tripartite form (c) was observed relatively frequently, however the straight tri-partite (d) and
‘penta-partite’ (e) species were observed in a few instances each. Unfortunately. electron
micrographs were not recorded of these species.
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3.1.1 Negative-stain electron microscopy

3.1.1.1 Early datasets and the monopartite reconstruction

Early EM analyses of purified virions carried out using a JEOL EX II operating at 120 kV were
complicated by the presence of membranous contaminants as already mentioned. However, these
preliminary images provided important insights regarding the organization of pentameric
capsomers (CPs) within different capsid species. Additionally, only images of monopartite
capsids recorded using this microscope could be used for 3D reconstruction and it is important to

mention the reasons for this.

At 120 kV, the incident electrons demonstrate stronger interactions with the uranyl atoms of the
negatively stained specimen, resulting in improved contrast in the images. This was found to be
very useful for close-to-focus imaging, which increases the resolution or fineness of features
directly discernable in the images. Micrographs recorded under these conditions were the only
ones that revealed fine structures between capsomers, which appeared as serrated or punctuated
interactions across the 2-fold axes of symmetry between CPs units. 3D reconstruction of these
images (Section 3.2.2) was later to reveal these same identical features, and protein modelling
allowed regions of the CP sequence to be placed in these areas. It is also worth noting, that 3D
reconstruction of the monopartite (532 or icosahedral) capsid images only worked using this
dataset. Because MSV has such pronounced capsomers (essentially conical in shape owing to the
pronounced ‘crowning’ insertions with respect to STNV), its capsids show strong orientation bias
when adsorbed to a carbon support. As Figure 3-5 reveals, classification performed on
preparations free of contaminants showed that monopartite capsids presented predominantly 3-
fold views, and this is not surprising because the particle in the shown orientation rest on the
support on three separate capsomers (i.e. using these capsomers almost like the legs of a tripod —
arguably the lowest energy orientation that the assembly can adopt when placed on a flat surface).
The cryo-EM study was able to ameliorate these effects somewhat as the capsids do not interact
as strongly with the support because dehydration forces are not experienced, but this only seemed
to expand the number of views available to include those in the vicinity of the 2-fold axes. Hence,
the studies of pure capsids were limited in angular coverage as well as limited in number of
images, and attempts to carry out reconstructions failed for these reasons. In the 120 kV JEOL
dataset the presence of contaminants appeared to create an uneven surface that resulted in a better
presentation of views. This angular coverage was essential for the subsequently successful 3D

reconstruction (described in Section 3.2.2).
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3.1.1.2 Optimized dataset for the bipartite reconstruction

A preparation of MSV virions free of membranous contaminants was negatively stained, loaded
into the TEM, and 110 micrographs recorded on film. These were then digitized at a sampling of
2 A/pixel (densitometer step of 10 um) and analysed for defects such as astigmatism and drift by
inspection of local power spectra using functions provided by the SIGNATURE particle selection
program (Chen and Grigorieff, 2007). Ninety four micrographs were deemed suitable for further
image processing and virion projections (single-particles) were selected and windowed out into
regular square arrays (boxes). An example of such a micrograph is shown in Figure 3-3. The
inclusion of Triton X-100 into the sample during virus isolation successfully disrupted the
membranous contaminant and resulted in a very clean virus preparation after another round of
ultracentrifugation. However, an unwanted side-effect of this surfactant was the lowering of the
surface tension of the droplet which meant that the sample droplet was prone to excessive
spreading, resulting in both sides of the grid being covered when the droplet was applied. Washing
with water meant that most of the Triton X-100 was then washed away, however, staining with
the uranyl acetate was also problematic because both sides of the grid showed aftinity for the stain
droplet causing this to spread to both sides of the grid resulting in unequal staining on either side
of the carbon support. Fortunately, virions showing appropriate degrees of staining could be

identified and only these were used for 3D reconstruction and analysis.

3.1.2 Cryo-electron microscopy

Inclusion of an additive such as Triton-X100 is undesirable for imaging experiments for a number
of reasons. Triton-X100 could possible induce the MSV virion to undergo a structural transition
by disrupting hydrophobic interactions that might stabilize the virion (i.e. non-native conditions).
In addition, it was found that Triton-X100 had a propensity to form bilayer-like layers over time
which when adsorbed to the carbon support caused the virions to be “contrast matched” with the
surrounding background. Consequently, another means of removing the membranous
contaminant were sought for the purposes of cryo-electron microscopy in which contrast is
inherently low, and would only be worsened by inclusion of a carbon-containing additive. It was
subsequently discovered that the contaminant could be spun out of solution by low speed
centrifugation. This procedure resulted in a preparation of suitable purity for cryo-EM, however
when virions were plunge frozen (vitrified) to produce thin aqueous layers (estimated to be 100-
150 nm thick), further complications arose. MSV virions demonstrated immensely high levels of
aggregation when inspected by cryo-EM. At the time, it was wondered whether aggregation was
occurring prior to plunge-freezing (in the test-tube), or whether the environment in the thin-
aqueous layer immediately post-blotting and prior to plunging was somehow driving the virions

out of solution. It has been observed that evaporation from the thin-layer during this brief window
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of time can concentrate salts or solutes within the buffered medium, and that these can have
variable effects on imaging — such as reduced contrast (De Carlo ef al., 1999). It is possible that
a concentration ‘artefact’ such as this is responsible for this aggregative behaviour. The MSV
virion is known to form pseudo-crystalline aggregates within infected cell nuclei, and it may be
that this property has an evolutionary benefit. Hence, at the increased concentrations within the
thin-aqueous-layer, the surface (electrostatic) properties of the virion come into play driving the
observed aggregation. Nevertheless, the precise cause of this behaviour could not be determined

owing to time constraints, but most importantly a means of overcoming this behaviour was found.

Attempts were made using perforated (or ‘holey’) carbon grids that had been prepared with a thin-
carbon overlay over the pre-existing regular array of 2 pm holes (2-5 nm thick). The carbon
overlay had been glow-discharged, and the resultant electrostatic properties of the carbon attracted
the MSV virions, adsorbing them, and prevented them from aggregating with one another. An
example electron micrograph is shown in Figure 3-4. While seemingly essential for cryo-EM
imaging of MSV virions, the overlay is far from desirable as it has the effect of reducing contrast
in the images. Images were recorded at relatively high defocus values in attempt to make the
particles more easily identified in subsequent image processing steps. The carbon overlay has the
benefit, however, of contributing a signal of weakly scattering material over a continuous and
wide range of spatial frequencies. As such, this feature can improve the accuracy of CTF
determination by providing a background against which the microscope CTF is ‘imprinted’,
however the presence of the layer implies that larger than typical datasets would need to be
recorded to achieve sufficiently high signal-to-noise ratios at high spatial frequencies during

averaging and 3D reconstruction.

3.1.3 Preliminary image-processing and analysis

3.1.3.1 Alignment of particle centres

Alignment of particle centres is required before image clustering or classification can be
attempted. During picking, the centres of the particles are only approximated, and hence the
alignment of particle centres must be improved for meaningful image classification. The geminate
architecture, possessing a long-axis, was found to be somewhat troublesome to centre using
approaches which use a reference image owing to the presentation of views of greatly varying
dimensions (ranging from circular top views: 220 A, to rectangular side views: 380 A) as well as
the low signal-to-noise ratio of the images especially for the cryo-EM data. Reference-free
alignment techniques were unable to overcome an apparent alignment ambiguity that arose due
to most projections consisting of two adjacent spherical motifs (i.e. side views of the geminate

architecture). The ambiguity resulted in images being aligned such that only a single head was
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identified as the centre of each particle, and caused misalignment of the other half of the bipartite

structure, as well as very poor particle centring.

Approximation of particle centres by iterative alignment of each image against its own rotational
average was the only approach that improved particle centres consistently. This may be explained
by the high signal-to-noise ratio of the rotational averages and the independence of each image

during the alignment process.

3.1.3.2 Rotationally invariant K-means classification

K-means classification allowed the quality of the data and distribution of particle views to be
assessed. Classification of available experimental images, both negative-stain and cryo-EM, each
into 100 groups resulted in the following class averages (Figure 3-5, b and Figure 3-6, b).
Importantly, the procedure was able to discriminate between icosahedral, geminate and tripartite
capsid species. Because multiple experimental images are averaged, the signal-to-noise ratio of
the class averages is significantly improved allowing a detailed analysis of each view, allowing
the organization of morphological units to be more easily inspected, and revealed other interesting
structural details of the capsids. However, these averages represent projection views of the
structure, and are difficult to interpret because they represent a superimposition of all 3D

structural information onto a 2D plane.

In comparison to most classes that were clearly projected side-views of geminate particles, some
class averages were thought to be the averages of different views of an isometric (and not
geminate) assembly. These were generally made up of a only a few hundred; refer to the last
image for the negative-stain dataset Figure 3-5, b, as well as the last two images for the cryo-EM
dataset Figure 3-6. These class averages showed approximately spherical particles with measured
diameters of between 22 and 25 nm. These images were nevertheless removed from the datasets

used for the geminate reconstruction.

3.1.3.3 Conclusions

The clustering was able to distinguish between icosahedral, geminate and tripartite species,
allowing these to be separated and taken further as independent groups during subsequent image
processing steps. The number of unique class average views showed (as suspected) that the
datasets consisted of predominantly side views. In the case of the cryo-EM data of hydrated
virions, the data suggested that an improved angular distribution of views around the long-axis of
the particle was available, and that many views with small out-of-plane tilts were also present.

Certainly, sufficient data was available to proceed with attempts to carry out 3D reconstruction
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of the geminate particle, however, whether or not 3D reconstruction of monopartite capsid species

would be possible was not clear, as the amount of data available was unfortunately limited.

Notably, empty particles, i.e. particles devoid of ssDNA, were never observed, and virions
appeared to always enclose a density that was assumed to be the viral ssDNA. This observation
suggests that the ssDNA plays an important role in viral assembly, as well as stability of the

assembled virion.
3.2 Single-particle 3D reconstruction

3.2.1 CTF Determination

Contrast transfer function (CTF) determination is a procedure required to identify the imaging
parameters associated with an electron micrograph. Based on the knowledge regarding the
microscope and imaging experiment (e.g. acceleration voltage, magnification and atomic
composition of the specimen), the microscope defocus parameters can be estimated, and these
can be used to model the CTF for each micrograph. The modelled CTF can then be manipulated
in such a way that phase errors introduced during imaging can be corrected or reversed
computationally. This procedure is typically only applied to cryo-EM data, however, the low-
dose of cryo-EM micrographs makes this particularly challenging, as the only signal available is
generally present in the protein or nucleic acid of the specimen itself. Fortunately, for the cryo-
EM dataset described in this thesis, the addition of a thin carbon support strongly facilitates the

accurate determination of micrograph CTF parameters.

The defocus range for each geminate dataset is shown in Figure 3-8, and reveal that a wide range
of defocuses are represented between 1.2 — 3.3 um, with very small amounts of astigmatism (data
not shown). Defocuses were not evaluated for the monopartite 532 dataset recorded using the

JEOL microscope.

3.2.2 Negatively-stained monopartite capsids

Single-particle images of monopartite (single-headed) viral capsids were selected from a dataset
recorded using a JEOL EX II (described in Section 3.1.1.1), and subjected to icosahedral single-
particle 3D reconstruction. The size of the dataset was very small (~300 images) and a selection
of these images is shown in Figure 3-7, b. Reconstruction using a strategy that relied on 3D
averaging alone (without calculating class averages by 2D averaging) was successful owing to
the 60-fold symmetry (300 x 60 = 18000 asymmetric units) of the structure and produced an
extremely featured density map after 10 iterations (Figure 3-9). Unfortunately, convergence to

this result was only achieved once, and this refinement used the STNV crystal structure as a
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starting model. This was attributed to the small size of the dataset, which meant that iteration from
a sphere failed to accurately approximate the orientations of the particles to allow another
independent reconstruction of particle. Resolution assessment by standard methods (FSC) was
not possible because independent maps could not be calculated, however, the resolution was
estimated to be between 15 and 20 A by comparison to similar computationally calculated and
filtered maps of STNV. Higher spatial frequency information may also be present at reduced
weighting, and these are most easily inspected in the 2D slices of the density map shown in Figure
3-10.

a) Negative-stain dataset

Count

Micrograph Defocus {m)

b) Cryo-EM dataset

Count
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Figure 3-8 Defocus ranges for each of the geminate MSV single-particle datasets, Histograms
reveal the distribution of imaging focus parameters used to record each respective dataset. Both
datasets show a reasonable defocus spread, which implies that all spatial frequencies for the
specimen should be well represented; assuming that CTF correction is applied to the dataset.

92



The map shows defined pentameric densities (referred to herein as ‘capsomeres’ or
‘morphological units’), in agreement with the previous cryo-EM structure of MSV. Novel features
may also be observed in the map, the most notable being a ‘pore’ on each of the axes of 5-fold
symmetry. Additionally, at high isosurface thresholds, fine connections between pentamers are to
be observed, and are discussed in a later section (Section 3.3.4.3.1). These agreed with features
observed in the negative-stained particle projections. The high definition of the pentamers allowed
the handedness of the reconstruction to be evaluated by comparison to the X-ray crystal structure
of STNV.

Notably, the arrangement of the pentamers (i.e. capsid architecture) is obviously quite different
to that of STNV. The buried surface area at the interfaces between capsomeres is reduced,
suggesting vastly different inter-capsomer interactions, and owing to the increased diameter of
the particle it clear that these differences result in assembly of a capsid with increased internal
volume. It is this difference which explains why the MSV T = I “heads” are of an increased
diameter in comparison to STNV, despite their structural units {(pentamers) being of such similar
sizes. The pentamers are clearly rotated about their 5-fold axes, and the principle of steric

exclusion implies that the capsid must expand to accommodate this rotation.

As might be expected for a reconstruction of negatively stained particles, no clearly defined
density for the genome is observed, although this does not indicate that none is present as it is
apparent that an additional, somewhat lower density layer is present on the inside of the capsids
(refer Figure 3-9 regarding interior of the EM map, and Figure 3-10 to inspect densities of a 2D
central section through the reconstruction). ‘Thresholding’ the map to high levels, did not reveal
any details about the possible structure of nucleic acid associating in this region, and it was hoped
that the cryo-EM reconstruction might provide further details regarding such considerations. That
alayer of nucleic acid is visible on the interior is a surprising result, and suggests that the particles
are at least partially permeable to the uranyl acetate stain. It is possible that the stain entered the
particles and accumulated to some extent within the core of the particle allowing the additional
material to be represented in the final reconstruction. Alternatively these features appeared in the
map as a result of a small component of phase contrast in the images, which with the high
symmetry averagin:g used, is sufficiently reinforced to appear as a relatively strong density in the
map. This result also implies that the nucleic acid in the monopartite species is in the majority
associated with protein layer, and does not extend much beyond this layer into the central regions

of the container (refer to Sections 3.3.6 and 3.4.2 for further discussion).
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3.2.3 Negative-stain geminate reconstruction

Two 3D reconstructions were calculated from the 10878 image negative-stain dataset from two
independent starting-models using iterative-projection-matching (Figure 3-11). Figure 3-12
shows that the two reconstructions show good convergence to two independent solutions that
correlate almost identically (global average cross-correlation co-efficient) with the underlying
dataset. The reconstructions both converged within 5 iterations. Increasing A6 to 3° (429
projections, and highest theoretical resolution of ~15 A according to the Crowther criterion) did
not result in an improvement of resolution, but did increase the average correlation of images with
each model, resulting in an increase in average correlation (data not shown). This showed that the
images themselves were resolution limiting and not the geometry for back-projection.
Importantly, 98% of images showed convergence to a single reference (view) during the course
of the refinement, and the cross-correlation scores showed a Gaussian distribution (Figure 3-13,
a), improving our overall confidence in the validity of the alignment. Inspection of volumes
calculated showed good agreement as expected, and Fourier shell correlation suggested that

structure factors agreed to a FSC 0.5 resolution of 1/26 A-.

As expected, the map represents a bipartite structure made up of two T = I incomplete icosahedra
which are apparently offset from one another by a well-defined value; any flexibility or ensemble
of offsets would result in smearing during 2D averaging and 3D reconstruction. The map shows
clear pentameric capsomeres, which have a defined orientation within the context of the
icosahedral heads. Although at the resolution achieved, these do not show high-resolution features
that might be compared with the 532 reconstruction directly. Thresholding the reconstruction at
different levels was informative revealing that densities at the local axes of 3-fold symmetry are
somewhat lower than the remainder of the map (not shown). Indeed, the densities appear
concentrated at the capsomeres, and the connections between these structural units are strongest
across interactions at each local 2-fold axis of icosahedral symmetry. This is a significant
difference in comparison to the 532 reconstruction that shows well-defined interactions at both
the 3-fold and 2-fold axes.

In comparison to the 532 reconstruction, no clear evidence for packaged genetic material is
apparent, even though we can be sure that the particles had a contents (based on the appearance
of the images in negative-stain). The inner surface of the particle is of a different quality to that
of the negatively stained monopartite (icosahedral) reconstruction (Figure 3-11). Pronounced
circular “dimples”, corresponding to the local 5-fold axes of symmetry are visible, and it would

appear that the map accounts for only the f-barrel domains (the cores of which appear to

96






correspond with the “bumps” on the internal surface, as there is no density present which can be

assigned to the either the N-terminal arms or any genomic material.

A mentioned previously, the equator of the particle is thought to be the site of conformational
variability in the coat protein subunits, and is the area where quasi-equivalent interactions must,
therefore, occur. In the case of the negative-stain reconstruction the equator shows only one type
of interaction across the groove. Each one of these interactions coincides with one of the global
2-fold symmetry axes of the D5 geminate particle. Furthermore, and of great importance, these
global 2-fold axes appear to correspond with what would be the 2-fold symmetry axes of the
icosahedral particle at the site were the interaction is observed to occur. Following the global 2-
fold axes to the opposite side of the particle, we observed the global axis coincides with the 3-
fold symmetry axis of the icosahedral particle — although no interactions are observed at these

sites across the equator. Figure 3-11, d allows these interactions at the equator to be evaluated.

3.2.4 Cryo-EM geminate reconstruction

The cryo-EM dataset was initially reconstructed using the same procedures as the negative-stain
dataset, but the reconstruction (along with dataset parameters) were subsequently inputted into
FREALIGN (Grigorieff, 2007) so that CTF correction could be applied. 3D reconstruction from
4000 single-particles yielded a map at an estimated resolution of ~ 23 A (Figure 3-14). The
statistics associated with the reconstruction were similar to those of the negative-stain
reconstruction, suggesting that the reconstruction was valid (data not shown). That the dataset
was smaller than that used for the negative-stain reconstruction was not desirable as the signal-
to-noise ratio of the final reconstruction would be relatively low given the low SNR of the cryo-
EM images. CTF correction and independent refinement of particle parameters allowed
information in the images to be extended past the first zero of the microscope CTF, however, the
FSC curve reveals that the dataset was apparently not ideal with respect to the defocus coverage;
this is revealed by the oscillations of the CTF curve that show ‘troughs’ of lovy correlation. Hence
it may be concluded, that the performance of CTF correction step was not as effective as was
initially hoped, and that the dataset was not large enough to overcome noise inherent to the

unstained cryo-EM experiment.

The cryo-EM reconstruction of the geminate capsid has important similarities with that of the NS
reconstruction. A bipartite structure consisting of two 7' = I heads is observed, and by inspection
alone, it is evident that these are offset at a similar angle. Notably the heads of the geminate
assembly are connected by 10 interactions of two types, rather than 5 interactions of one type as
observed in the NS reconstruction. These interactions were observed in the previous cryo-EM

reconstruction of MSV (Zhang ef a/., 2001), but once again the interactions observed in this
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reconstruction are not cylindrical in morphology and for this reason it was deemed unlikely that

these are produced a-helices.

The maps sho§v considerable differences with regards to arrangement of internal densities. The
interpretation of these is limited by the resolution available, but comparison reveals that the capsid
shell is considerably thicker in the case of the cryo-EM reconstruction; this possibly owing to the
visibility of nucleic acid associated with the inner surface of the capsid. In additional support of
this assertion, the inner surface of the shell has a different appearance to the NS reconstruction,
and in addition there is a second (inner) shell of density. The inner shell is coloured red in Figure

3-14 and Figure 3-15.

Further analysis of the inner surface of the cryo-EM reconstruction reveals previously unseen
indentations at the local axes of 3-fold symmetry. The indentations are triangular in shape (despite
3-fold averaging not occurring in these regions), but are difficult to observe in Figure 3-14 and
Figure 3-15 because of a cylindrical motif lying immediately below them. That these regions are
so regularly triangular suggests that a protein component must be ordered below the capsomeres
at each axis of local 3-fold symmetry. In the case of STNV it is known that N-terminal arms
descent into the capsid at these sites and make interactions with one another. The observations
made of this EM map suggest similar behaviour for MSV. The indentations at the local 5-fold are
circular in comparison, and do not inform us of any possible structural arrangement in these sites.
While no such indentations are observed at the 3-fold axes of the negative-stain geminate
reconstruction, these are remarkable pronounced, and lie immediately beneath (from the inside
looking outward) tubular densities that at first thought appeared to be nucleic acid. These tubular
densities. The circular indentations characterizing the 5-fold axes are not as pronounced as those
visible in the negative-stain geminate reconstruction, but are comparable to those of the
icosahedral 532 reconstruction suggesting that these corresponding to a layer of nucleic acid in

these instances.

The tubular densities of the inner shell are shown in a range of different views in Figure 3-15, and
might represent single-stranded DNA adopting a specific arrangement around these areas in a
pattern that is influenced by the symmetric averaging on the D5 object. Alternatively, the tubes
may also represent regions of double-stranded DNA, however, at the resolution presently
available no grooves for the RNA are apparent, and based on their diameter, it appears more likely
that ssDNA segments may be ordered to low resolution by interactions with the N-terminal arms
of the CPs of the MSV capsid.
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A possible explanation for the increased thickness of the primary layer of density is the association
of dsDNA (possibly stem-loops) onto the inside layer of the capsid. This may be averaged away
in the negative-stain bipartite reconstruction owing to variable staining (depth and penetration of
the particles), but is represented in the cryo-EM reconstruction because the image is produced
independently of stain presence. The representation of these features afforded by D5 averaging is
not to be considered wholly accurate with regard to their precise structure, but is instead

informative regarding their spatial/radial distribution.

3.2.5 Determination of handedness, and comparison of 3D reconstructions

Knowledge of the correct hand of a chiral structure is crucial for accurate interpretation. If
sufficient resolution is available this can be confirmed by inspection of a-helices (which are right-
handed), however, in cases where resolution is limiting, cross-validation approaches must be
applied. Owing to time constraints, as well as difficulties with the goniometer of the Tecnai F20
microscope, this study did not record untilted-tilted projection pairs of the geminate particles so
that handedness could be assigned to the reconstructions by cross-correlation (cross-validation
with information derived from experiment). Instead the hand of each 3D reconstruction was
assigned by visual comparison of these reconstructions to the original reconstruction carried out
by (Zhang et al. 2001), which did include hand determination by tilting, and also by cross-
correlation fitting of the STNV capsomer into the 532 reconstruction. The relatively high-
resolution information present in the monopartite (532) reconstruction revealed the “precession”
of B-barrels (which, in the context of the pentameric capsomer, contribute to a motif that is not
unlike a Catharine wheel in appearance), and this quantitative docking provided another line of
evidence that could be used to bolster confidence in the assignment of hand to each reconstruction.
Using these two pieces of information, visual comparison of the orientation and inter-capsomere
interactions in each respective map could be used to an unambiguously assign the accurate hand
in each case by mirroring the maps when necessary. This assignment was later supported by

agreement of docking (model fitting) parameters.

Figure 3-19 shows a superimposition of the two density maps for the geminate reconstructions.
Despite different surface appearances of the capsomeres, it is important to note that the overall
dimensions of each reconstruction appear to be almost identical. This is surprising given that
dehydration during negative-staining is known to “flatten” macromolecular complexes in most
instances, causing an over estimation of the particle dimensions by as much as 20% in many cases.
Thus, that the dimensions of the particles are so similar, can be taken as a strong indication of
rigidity of the complex. Additionally, good agreement in alignment between capsomers of the

heads of the geminate structures suggests that the offset between incomplete T = I icosahedra is
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Figure 3-16 Fourier shell correlation curves for cryo-EM geminate reconstructions. FSC
curves area shown for the cryo-EM reconstructions in which uncorrected (blue), and CTF
corrected images were reconstructed. The curves suggest that (according to the FSC 0.5 criterion)
the resolution of the maps is ~ 26 and 23 A, respectively.
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also in very close agreement, again despite extreme forces experienced by the particle during
dehydration. To truly confirm whether this is the case, image classification algorithms could be
used to attempt to sort the images out into classes corresponding to populations varying in offset.
During this study this was not attempted owing to time constraints, as well as the limited sizes of
each dataset, however, such an analysis might be useful for future studies. Certainly the resolution
of the maps limits our confidence in the stability of the particle, but the agreement observed,
appears to suggest that the particle is immensely stable, and this can be rationalized in light of
many protein-protein and protein-ssDNA interactions that contribute to the assembly of the
particle. Additionally, we report the first evidence that divalent ions (e.g. Ca®) carry out a
structural role in the capsid, and these are known to further stabilise such assemblies (Persson ef
al., 2008).

Central slices taken from the two geminate maps appear to provide complementary information
regarding the organization of the interior of the MSV virion (Figure 3-17, top and Figure 3-18,
top). Additionally, certain of the central slices shown in Figure 3-17 provide excellent views of
the pentameric capsomeres, and reveal that these agree very well between the reconstructions.
Inspection of central slices of the NS-reconstruction provides further evidence that the negative-
stain reconstruction corresponds to the core B-barrel domains of the virion capsid only, with
genome and CP N-terminal arms not appearing in the reconstruction. Features such as these are
rarely visible in a NS-reconstruction because of inadequate stain penetration; the stain cannot
enter the particle, or enters the particle in a variable way, meaning that these features are not
reinforced during averaging. Additionally, the genome is possible disordered and certainly does
not correspond to the D5 symmetry imposed during reconstruction. Observations mentioned in
the previous sections have suggested that the MSV capsid is at least partially permeable to the
stain, and that at least some stain enters the particle to also encase the genome. The false colour
representation (Figure 3-18, right) is surprisingly informative regarding the possible arrangement
and location of the genome, as this depiction (unlike the isosurface representation) allows us to
observe very weak densities within the maps even in the case of the NS-reconstruction. Inspection
of the slice taken from the NS map will show that the very central densities of the map are very
weak, comparable to the map background, while there is some indication of internal densities
nearer to the capsid interior surface. The outline thus created by this differential contrast appears
to suggest that the genome is tightly compacted near the capsid interior (preventing any stain
penetration), and this is likely to be a result of extensive secondary structure as well as regions in
tight association with the N-terminal arms of the CP subunits. On the other hand, the core of the
cryo-EM reconstruction is filled with densities, which are not as intense as those of the CP lattice

of the capsid itself but are nevertheless worth analysing, The cryo-EM map is reconstructed using
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information arising from scattering of electrons by the protein and nucleic acid itself (and not an
envelope of stain) and hence will provide complementary information. Coinciding structural
features will be reinforced during reconstruction and averaging, and in this case, it is the presence
of nucleic acid immediately adjacent to (and in probable association with) the coat protein layer
that is highlighted by reconstruction. It is the repeated interaction of these components with the
inside of the capsid which produces this result, however, the map provides no evidence that the
CP layer constrains the orientation of the nucleic acid by specific interactions at the resolution
achieved in this study. In addition to the primary layer of nucleic acid, a second shell of density
is visible in the quasi-icosahedral heads. This is of comparatively much weaker density, and this
is understandable given that no rigid interactions (such as those with the capsid) are constraining
the precise nature of the structural features present in these regions. As mentioned already, it is

likely that the N-terminal arms contribute to the density visible in these areas.

Visual analysis of the geminate capsids revealed that the offset between heads is ~ -11°. The
capsid geometry of isometric viruses is often analysed with respect to a hexagonal lattice, and it
makes sense to expand this representation to incorporate the geminiviruses so that the implications
of the head offset can be evaluated more easily. A means of representing the geminate capsid is
to combine two separate hexagonal lattices constructed according to the 7 = / arrangement and
this is shown in Figure 3-20. Each lattice is modified such that the asymmetric unit is modified
near the equatorial regions to represent the loss of 5 monomers (a single pentamer), and joined in
such a way that the offset of -11° is represented with the correct handedness. Axes of global
symmetry have been marked with appropriate symbols. Notably the representation reveals that
the offset appears to bring residues that would contribute to the formation of interfaces at the 2-
fold and 3-fold axes of icosahedral symmetry into close proximity. This is a significant
observation which reveals that the assembly has an arrangement that appears to conserve the
constituent interacting surfaces of the quasi-icosahedral heads (i.e. those also forming the
icosahedral monopartite species), or that independent surfaces are in close proximity to one

another.

3.2.6 Conclusions

Single-particle electron microscopy has been used successfully to carry out the 3D reconstruction
of two of the MSV capsid species (monopartite and bipartite). The maps provide insight into the
architecture of protein subunits as well as the arrangement of the genome, although these insights
are limited by the imposition of symmetry, as well as the limited resolution of the reconstructions.

The specimen provided unexpected challenges, but nevertheless the image processing strategy
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a) T = 1 (lcosahedral)

b) Geminate

Figure 3-20 Representation of geminivirus capsid architectures by hexagonal lattice. The
views (a and b) are equivalent to “unfolding/opening” the capsids onto a flat surface in which the
capsid is viewed from the inside. a) The icosahedral particle determined by negative-staining is
shown as a T = [ lattice. b) The bipartite capsid is shown here as two incomplete 7" = ] lattices in
which 10 subunits have been removed from each. The lattices are displaced by an amount
equivalent to the ~10° offset observed in the experimental structures. The schematic illustrates
how two closed lattices can associate in a way compatible with global 2-fold symmetry while
maintaining largely quasi-equivalent conformations between protein subunits of the capsid.
Positions of global symmetry axes are marked with black shapes with grey linings. Offset
maximizes interactions (conserved interactions) between components of the two halves.
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undertaken has provided a set of experimentally determined structures that are able to inform

modelling efforts and these are described in the following section.

3.3 Structural modelling

The 3D reconstructions described arc experimentally determined structures of MSV capsid at
relatively low resolutions (~15 A for the icosahedral (532) reconstruction and 23 A-! and 26 A"
for the geminate reconstructions). While easily inspected using computer based molecular
graphics software - e.g. UCSF Chimera (Pettersen ef al., 2004) - a more complete understanding
of the capsid components and their interactions must rely on higher-resolution information and
analysis. Direct assessment of atomic interactions would require that the virus be visualized at
atomic (< 1.2 &) or near-atomic (< 3.5 &) resolution where constraints of peptide geometry allow
the peptide backbones and side-chains to be confidently modelled within the electron density.
Given that EM has a long history of providing structural information of difficult to crystallize
viruses at low or intermediate resolutions, it is not surprising that methods for addressing this

resolution discrepancy have been developed.

For complex viruses that encode very large capsids, it is often the case that individual components
can be crystallized, and then used to model the whole capsid by fitting them into an EM density
map. Minor components, which may be difficult to crystallize can potentially be solved to high-
resolution using NMR. and then also fitted into appropriate regions of the capsid. Such
experimental structures have allowed the placement of residues to be interrogated at interfaces
between capsomeres, and have also allowed interactions between different components of the

virion to he probed.

For this study. no experimental structure is available for a coat protein (CP) of a member of the
Geminiviridae, and therefore the CP sequence of MSV must be modelled using a structural
template that is derived from experimental sources. This approach is known as homology
modelling, and has been developed extensively in the group of Andrej Sali (University of
California, San Francisco). In principal. homology modelling would aillow an approximation of
the pentameric capsomer (CPs) to be constructed. and this model could then be used to probe the
EM data by quantitative approaches for fitting of atomic models. In cases where sequence
similarity is high between template (experimental structure) and query sequence (in this case the
MSYV CP), prediction of the tertiary structure of the CP sequence will allow us to infer the tertiary
structure of the query sequence with very high confidence. However, owing to the high rates of
mutation for both ssDNA and ssRNA viruses, it is not surprising that the sequence similarity
between the CPs of MSV and STNV has been reported to be very low. Low sequence similarity

challenges the applicability of homology modelling to such problems. as the quality of the
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sequence-structure alignment becomes a great challenge. In this study, we have applied modern
methods for sequence threading that allow alignment ambiguities to be overcome by application
of novel scoring functions that assess the likelihood that specific sequences are compatible with

specific protein conformations.

The aim of this section is to report on the construction of such an atomic model for the very
specific purpose of suggesting which regions of the CP amino-acid sequence contribute to the
interfaces which stabilize the geminate architecture, as well as how the quaternary architecture
has changed with the evolution of the viruses CP. The knowledge-based modelling approach
known as homology modeling was chosen over ab initio approaches due to its general reliability,
computational tractability, and applicability proven during previous investigations of members of
the Geminiviridae (Bottcher et al., 2004; Zhang ef al., 2001).

To summarise the findings of this study, structural bioinformatics approaches were found to have
an important role to play in understanding the arrangement of CPs structural units in the MSV
capsid, as well as understanding how the MSV coat protein has diverged in comparisonto STNV.
We found that while the divergence of MSV from STNV is significant, we can still be certain that
these two viruses share a common ancestor. Quantitative fitting approaches led to construction of
both icosahedral and geminate models that shared the same geometric parameters describing
construction of the capsids from the CPs model. That geometrical arrangement of CPs units agrees
between the icosahedral and geminate capsids is an important result, as this shows that no ‘global’

conformational rearrangement or transition is required to form the geminate morphology.

3.3.1 Primary and secondary structure

The CP of MSV is 244 amino acids long, and has a number of features in common with other
plant viruses. The N-terminal arm (residues 1 - 37), contains 12 positively charged residues
(lysine and arginine residues) which are likely to be involved in the recruitment and neutralization
of the phosphate backbone charges of the ssDNA genome during packaging and assembly. The
structure is predicted by the PSIPRED webserver (McGuffin ef al., 2000) to have eight -strands
with high confidence values (80-90%), which is consistent with the expected jelly-roll antiparallel
p-barrel architecture common to simple spherical viruses. While STNV has four short a-helices,
MSV is predicted to have none. Given the significant divergence of the sequence, and the general
lack of abundance of structural templates, it is possible that automated methods are not able to
accurately predict o-helical regions in MSV especially since those in STNV take place at
interacting surfaces (hence of possibly induced secondary structure). For this reason all the a-

helices of STNV were maintained during homology modelling of MSV.
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Ultimately, experimental visualization by X-ray crystallography or high-resolution single-particle
EM will be required to verify the secondary structure of the MSV CP, however, secondary-
structure prediction has nevertheless been an essential source of information in the structural

bioinformatics study described in the following paragraphs.

3.3.1.1.1 Predicted nuclear localization signals (NLS)

Prediction of nuclear localization signals (NLS) that might account for the karyophilic properties
of MSV CP (Liu ef al., 1999) were investigated using the cNLS Mapper webserver (Kosugi et
al., 2009). A bipartite NLS was predicted to span the first 25 amino acids of MSV CP (as shown
in Figure 3-21), whereas for the STNV CP no NLS were predicted as would be expected for an
RNA virus, which does not enter the cell nucleus in order to replicate (in all cases except some
complex viruses such as members of the Poxviridae or Orthomyxoviridae). The first half of the
bipartite NLS accounts for the difference in lengths between the MSV CP and the STNV CP, and
inspection of Figure 3-35, shows that this arrangement is likely to be a conserved feature of the
Geminivirus family. Notably, the N-terminal a-helix does not contribute to the NLS, and it may
be speculated that this motif is likely to play an exclusively structural role; as is the case for STNV
(Jones and Liljas, 1984a).

An important goal from the outset of this study was the localization and modelling of this protein
segment within the geminate assembly, as the structure and function of the N-terminus is essential

at many different stages of the viral life-cycle.

3.3.2 Fold prediction, tertiary structure and template-sequence alignment

Accurate sequence alignment was critical to our tertiary structure predictions, and hence our
ability to assess how quaternary structure arises within the Geminiviridae. Fold prediction,
according to mGenTHREADER (Jones, 1999a), showed that the coat protein of STNV was the
only atomic structure with sufficiently high structural homology to warrant use as a template for
homology modelling. According to the alignment suggested by mGenTHREADER, the sequence
identity between the STNV and MSV CP sequences is only 14.1%, which implied that the
sequence alignment provided by the threading algorithm was likely prone to ambiguity.
Subsequent analysis showed that this was certainly the case, requiring that considered manual

adjustments be made.

It must be noted that the mGenTHREADER sequence alignment served as an excellent starting
point, and highlighted some important properties of the MSV CP that were not detected by
alignment using CLUSTAL W (Thompson ef al., 1994) or MUSCLE (Edgar, 2004). However, as

already mentioned, careful inspection in consideration of secondary-structure predictions resulted
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in a number of modifications (by hand) in regions where loop insertions, and generally low
sequence similarity in the MSV CP had caused mGenTHREADER to fail. Inspection of the
sequence alignment (Figure 3-21) shows that most sequence identity between MSV and STNV
CPs is limited primarily to the B-strands that make up the core of the fold. In the majority, the
length and relative positions of the B-strands was found to be conserved. given our understanding
that the core of jelly-roll topology is generally structurally conserved, it was deemed likely that
the STNV CP could still be useful as a template for the core of MSV CP. However, it must be
stressed, that our confidence in the conformations assigned to N-terminal, C-terminal residues
and insertions between the B-strands must be low, as either no template for the backbone
conformation is available for these regions, or the sequence identity is so low that modelling is
certainly prone to significant error. Additionally, it is possible that different modes of quaternary
association would cause differences in conformation in regions engaged in these interactions

making STNV and inappropriate template for modelling these flexible portions of the MSV CP.

With respect to the size and presence of B-loop insertions, the new alignment allowed significant
progress in understanding the size and occurrence of these. The alignment revealed that four major
(> 4 amino acids), and 4 minor (< 2 amino acids) insertions exist in comparison of the two CPs.
Three out of four insertions occur in B-loops that are presented onto the surface of the capsid, and
are presumably involved in virion-cell or virion-vector interactions. These insertions are marked
by red arrow, and are illustrated in Figure 3-21 and Figure 3-22. The remaining major insertion
occurs in a region between an a-helix and B-strand F; this region is referred to as [E:F]* and
highlighted in the sequence alignment figures using a red dashed outline for each of identification.
This region of the BE:BF loop is involved in formation of both pentameric (CPs), and 2-fold

symmetric quaternary contacts in STNV, and is likely relevant to the same interactions of MSV.

As revealed by mGenTHREADER, the most notable (but nevertheless provisional) feature
revealed by the alignment is the conservation of residues involved in the calcium-binding site of
STNV. As shown in Figure 3-21, the amino acid residues involved in coordinating a calcium ion
at the 5-fold axis of the pentameric unit of STNV are conserved as a 5 amino acid stretch (L179-
S183) in which T180 and S183 of STNV are identical in the MSV CP (this site is the B-hairpin
of strands BF and PG in STNV). In MSV CP, this motif is flanked by two insertions of 8 amino
acids each, both occurring between B-strands BF and BG. Two proline residues occur on either
side suggesting that the peptide backbone makes significant deviations in its path in this region,
suggesting that not one, but two loop structures exist at this region while simultaneously

preserving the conformation of the calcium coordinating B-hairpin. This is a significant finding

114






because all previous alignments of geminivirus CPs have modelled this insertion as one large loop

that contributes to the surface reactivity of the virion only: ¢liminating the calcium-binding site.

The findings of this sequence alignment study provide the first evidence suggesting that, like
many plant viruses, MSV may co-ordinatc at least one divalent ion (e.g. Ca*") at each local 5-fold
axis of each CPs, and that the region between strands BF and pG, is in fact multifunctional, as it
probably contributes to the quaternary stability of the particle, as well as the particles surface
propertics (responsible for vector interaction in the case of MSV). Having made this observation
at the sequence level, the question became whether the experimental results of the EM
reconstructions provided information to support this hypothesis. This was the case and is

described in Section 3.3.4.1.

3.3.3 Comparative modelling of the pentameric capsomer

3.3.3.1 Modifications to the sequence alignment for homology modelling

A sequence alignment was constructed for sole purpose of probing the cryo-EM density in a
manner as accurate as possible. Consequently. the sequence of the MSV CP was modified to
remove loops that could not be meaningfully modelled using the template available, and the
multiple sequence alignment modified by hand to ensure that no insertions interrupted secondary
structure elements (particularly for B-strands BE and BD). The most significant regions excluded
where the N-terminal 23 amino acids of the MSV CP, as well as “crowning” loops between
strands BF:BG and BD:BE. These measures improved the identity between query sequence and
template from the 14.1 % to 17.2 %; this difference is small, but further supports the assignment
of the STNV p-barrel fold to the MSV CP.

3.3.3.2 Description of the homology model

The monomeric comparative model is shown annotated in Figure 3-22. The B-barrel fold is
“wedge” shaped, and this is well represented by the homology model. All secondary-structure
features are present as expected, and the model was observed to superimpose well with the Ca

backbone of the template structure.

The homology model was modelled not as a monomer, but as a pentamer and is shown in Figure
3-23. For the simple plant viruses the sides of the wedge form the 5-fold interfaces that stabilize
pentamer formation. Three loops at the base of wedge and four loops at the top of wedge allow
functional divergence, hence facilitating interactions of the capsomer. The loops of greatest
relevance to this study are those involved in quaternary contact formation and are shown labelled
in Figure 3-22, b; the BC:BD, BG:BH, and BE:BF loops. During modelling, these regions are

assigned the backbone conformation of the STNV derived template structure, and whether these
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Figure 3-22 Comparative model of the MSV coat protein monomer. In a-d) the CP monomer
is viewed from different angles in which p-strands (BB:BH) and their respective loop regions
(annotated with as [pX:pX]) are annotated. Location of the single loop insertion that was modeled
during this study is shown using a grey rectangular box with a red dashed outline. The location
of unmodeled loops is shown with red arrows.
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Figure 3-23 Comparative model of the pentameric MSV assembly unit. Modelling of the
MSV CP was carried out using the pentamer of STNV. Putative metal ions were not included in
modelling, and the validity of this approach was evident during the pseudo-atomic modelling
studies, as described in overview in the next Figure. Excellent agreement between the pentameric
model, and the pentameric capsomere of the experimental densities suggested the fold and
pentamer forming interface are conserved. A strong indication of an ancestral relationship
between MSV and STNV.

Q a b
& —

Figure 3-24 A schematic model of parameters used to construct the geminate models. The
displacement of the pentamer (grey triangle) center of gravity from the icosahedral center (a), as
well as the angular offset around each axis of 5-fold symmetry from the alignment according to
the models principal axes (). The displacement (b) and angular offset (B) between heads, could
then be determined using the model of a single head.
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conformations are valid in the context of the MISV capsid must be considered in relation to the
experimental information available in the EM maps. The pentameric model also preserves the

general features of the calcium-binding site of STNV.

3.3.4 Pseudo-atomic modelling of the MSV capsid by computational docking

Construction of a homology model for the pentameric capsomer (CPs) of MSV does not inform
us about the organization of these within the entire capsid itself. To answer this question. a series
of capsid models were created and compared with the EM maps in order to identify parameters
that produced the *“best fitting” model. This was carried out in two stages, the first to identify the
orientation of the CPs in the context of the quasi-icosahedral head, and the second to identify the
relation of the two geminate heads to one another (refer to Figure 3-24). This involved selecting
the model of highest correlation from a set of models created in which the parameters (‘a’, *a’

and ‘p’, ‘b") were systematically varied (refer to Figure 3-24).

3.3.4.1 The geometric construction of the quasi-icosahedral geminate head

Within the context of the quasi-icosahedral symmetry of each of the geminate heads, or the
icosahedral symmetry of monopartite capsid species, each CPs is located on one of six possible
5-fold axes of rotational symmetry. All CPs capsomers (11 in a geminate head. and 12 in a
monopartite capsid) will share a rotation about these axes, as well as a translation along the axis
from the capsid centre: both parameters (referred to as ‘a’. and “a’ herein) intluence the diameter
of the assembled head as well as the placement of potentially interacting residues in the atomic
models. That these parameters are the same for each CP« was assumed during this study (i.c¢. these
parameters were not varied locally owing to time constraints involved in such a search). and has
the biological implication that all CPs:CPs interactions making up the geminate head are identical
(i.e. that they correspond to a T — ] icosahedral spherical lattice). Later analysis of the

computational docking results suggested that this assumption was likely to be the case.

[n this study, the geometric parameters arc determined in relation to a CP< model that has been
aligned along its principal axes and centred according to its centre of gravity (COG). Hence radii
determined in fitting refer to the radius to the CPs COG and not the true radius of the geminate
head. Correlation scores were calculated by quantitative fitting of a series of capsid models in
which these parameters are varied, and these results are shown in Figure 3-25. The C5 redundancy
(5-fold rotational symmetry) of the CPs model, limited the search space substantially, which

eapedited this process considerably.

The precise nature of the fitting result (i.e. best position, orientation and score) may vary

depending on the type of density map being used for the 6D cross-correlation search (three
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translation and three rotational degrees of freedom). In the case of the cryo-EM map, the variation
in voxel densities should directly reflect the variation in protein densities of the specimen. This is
not the case for reconstructions from negative-stain data, because contrast arises from scattering
of heavy atoms surrounding the protein, and not the atoms of the protein itself. For these reasons
the correlation search in a negative-stain map is only sensitive to the “boundary” of the molecule
at the density threshold chosen at the outset of the cross-correlation search. This had broad
implications for this study because no attempt was made to model certain regions of the CP, or
any associated nucleic acid. Furthermore, the internal densities of the maps varied (a layer of
nucleic acid was present in the monopartite but not bipartite negative-stain reconstructions)
meaning that the maps would correlate to different extents with the N-terminal a-helices of the
CPs that would be located in these regions. In addition to this, the homology model did not include
residues contributing the “crowning” loop insertions of the MSV CP, implying that radii of CPs

could be overestimated.

For these reasons, the atomic fitting into negative-stain maps did not produce scores that were
consistent regarding the diameter of the quasi-icosahedral head (parameter ‘a’). Based on visual
inspection of the fitted capsid models, qualitative features (described in the following paragraph)
could be compared to show that the particle radii estimated from each map did in fact agree with
the cryo-EM density map (parameter a = 84 A), and the quality of this fit is shown in Figure 3-26.
Notably, for all three maps (monopartite, and two bipartite) the angular orientation of the
pentamer was also determined to be the in agreement (o = ~43.5°). The monopartite map produced
the sharpest correlation peak, while the geminate maps showed a much broader distribution of
correlation values for this parameter. This was attributed to the significantly greater resolution of
the 532 reconstruction. This is an important observation because, firstly, it shows that by
independent determination, the maps are in agreement, and secondly that the conformation of
residues at interfaces between pentamers are likely to not be altered at the time the bipartite capsid
forms. This is significant because from the outset of this study, it was speculated that it might be
possible that 7 = / assembly is held together by flexible interfaces that are able swivel into a
different conformations (the “pentamer-swivel” model), thus facilitating assembly of the

geminate capsid form.

Notably, inspection of the quality of the fit reveals excellent agreement in features between the
CPs model and the capsomere densities of the EM maps (Figure 3-26). The contours of the cryo-
EM density appear to follow the borders of the CPs model most closely at the surface in the cryo-
EM map, while the density of the capsomeres appears somewhat inflated in the negative-stain

maps. This may be caused by a degree of positive staining of the capsid surfaces, alternatively
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variable distortion of the pentamers depending on whether or not they are pressed up against the
carbon support, or not, would (under dehydration) produce in average a somewhat distorted result.
The NS bipartite reconstruction does not reveal internal densities, and consequently also shows
the best agreement with the CPs model at the interior surface. The other two maps include an
additional layer of density that is most likely DNA, and at this resolution the boundary between

protein and nucleic acid is not resolved.

All three maps reveal important density variations along the 5-fold axes of rotations symmetry
for each pentameric capsomere at each location in the quasi-icosahedron (only one of which is
shown in Figure 3-26). This variation is most pronounced and easily analysed in the monopartite
icosahedral map (532, which is the highest resolution and hence reveals the most detail). The fit
of the CPs model is informative in the analysis of which structural features likely contribute to the
regions along the axes. Proceeding from features from the outside moving inwards, all three maps
reveal unfilled density for the crowning loops that were not modelled in the homology model. In
the case of the 532 map, this density has clearly defined properties showing that the crowning
loop insertions are likely to adopt a conformation which produces a cavity that is only resolved
in the 532 map. In consideration of the fitted CPs model, it is clear that the base of this cavity is
formed by residues that appear to be in a similar conformation to that the B-hairpin structures
responsible for coordinating the bound Ca?* ion in STNV capsid at the 5-fold axes of symmetry.
That this conformation is conserved is quite remarkable given the relatively large loop insertions
that exist on either side of it; to reiterate, no attempt was made to model these loop insertions
during this study owing to their size and lack of a suitable template. To our knowledge, this result
represents the first empirical information to support the hypothesis that MSV binds calcium ions
to stabilize its capsid. Immediately below these B-hairpins (BF:BG) is a low-density region that
appears to be unoccupied density. This region lies above the layer of density thought to be DNA,
and is likely unoccupied because it is simply sterically inaccessible to nucleic acid molecule, or
the capsid has low affinity for nucleic acid in this region of the CPs. This is further explored in
Section 3.3.6.

The capsid models of highest correlation (or best fit) are shown in Figure 3-27, Figure 3-29, and
Figure 3-30. What is quite striking regarding the fit of the quasi-icosahedral models is the amount
of space that exists between the CPs units. While this was initially thought to be a result of the

flattening in the case of the negative-stain reconstruction, the equivalent fit into the cryo-EM map
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suggested that this was a significant observation. The implications of this are discussion in Section

3.3.4.3 regarding interactions that stabilize the assembly.

3.3.4.2 Geometric relation between bipartite heads of the MSV virion

In the second stage of capsid modelling, incomplete icosahedra (11 CPs units) were generated
using geometric parameters described in the previous section and combined to create geminate
capsid models. These were then fitted into the experimental densities of the geminate

reconstructions, just as described in the previous section.

Parameters under investigation were the angular offset between the heads (parameter ‘B’) as well
as the distances between the head centres (parameter b); these parameters are represented
schematically in Figure 3-24, Both negative-stain and cryo-EM reconstructions were then probed
with a series of models in which these parameters were varied, and normalized scores are shown
in Figure 3-28. Both maps correlated highest with a geminate model constructed with an offset of
~11° (B=-11°). The translational parameter (b) describing the separation of the heads was found
to vary between the two maps, just as parameter ‘a’ had varied in the previous section. Inspection
of the quality of the fit revealed that once again, the model itself as well as the properties of the
negative-stain reconstruction influenced the accuracy of the fitting. Based on inspection of the
maps, if modelling was carried out to not include the N-terminal arms of the CP units, we would
expect a more accurate result in the case of the NS-reconstruction that did not include any internal
details. However, because the study did include this feature, parameter ‘b’ was overestimated in
these cases. Qualitative inspection showed that the parameter assigned to the cryo-EM was the
most correct, and subsequent fitting of this result into both maps produced the result shown in

Figure 3-29, Figure 3-30, and Figure 3-38.

As described in the previous section, the geometric agreement between the maps is important
because it increases our confidence in the overall result. In addition, that the geminate architecture
is seemingly unaltered by negative staining also indicates that negative-stain EM can be a valuable
tool for the study of other geminiviruses that are difficult to isolate at concentrations required for

cryo-EM.

3.3.4.3 Analysis of interacting surfaces

The structures of the monopartite and bipartite MSV capsids described in the previous sections,
are “quasi-atomic models” that incorporate information from the EM maps. As aresult these allow
the information present in the EM maps to be probed at higher resolution, and thus can potentially
shed light on which regions of the CP are likely to interact to stabilize the protein-protein contacts

between capsomers (CPs units). While the mode! will not provide precise information about loop
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conformations or side-chain interactions between components, we can be confident that the
orientation and placement of core p-barrel domains are well approximated and hence the relative

arrangement of interacting regions is likely reflected in the modelled structure.

As described in Chapter 1, there are different local (structural) environments within the geminate
capsid; the precise details of which have fundamentally motivated this study. The most interesting
of these environments are the contacts between subunits at the equator of the assembly. However,
to understand the significance of these contacts, we must also consider their counterparts that
occur many times within the spherical construct (7 = / latticé) of the geminate quasi-icosahedral
head. Inspection of the EM maps showed that the equatorial contacts of two types (primary and
secondary) are likely to be formed by residues that contribute to the 2- and 3-fold interactions of
the CPs in each head. As a result, in this section the contacts formed by the MSV CP are analysed
within the head by reference to the icosahedral reconstruction first, and subsequently the analysis

is expanded to describe contacts made within the geminate assembly.

3.3.4.3.1 CP:CP interfaces within the icosahedral monopartite capsid

Interactions between CPs, whether around 2-fold, 3-fold, or 5-fold axes, are shown for both MSV
and STNV in Figure 3-31. It should be noted that these same interactions are involved in
formation of the quasi-icosahedral heads of the geminate capsids (as well as high order species

that encapsidate larger ssDNA molecules).

The outcome of the relative ~10° rotation of the CPs (parameter ‘@’) in consideration of the 2-fold
(dimer-like) interaction, is to align the two CP subunits, bringing a different set of loops (in
comparison to STNV) into register such that dyad symmetry is preserved at this interface; a
notable observation. At the radial placement of subunits in STNV, such an orientation would not
be possible owing to steric collisions. To assess whether the 532 symmetric EM map could
provide additional information to support the role of the B-loops in mediating this interface, the
fit of the pseudo-atomic model was assessed at a higher isosurface threshold for the EM map. The
effect of this is to render the map using a more restrictive contour, and can be used to assess where
the densest regions of the protein reside. This analysis is shown in Figure 3-32, and shows that at
higher threshold the map is indeed informative, revealing that the interactions at these sites are
indeed “discrete”, i.e. mediated by precise locations that agree well with the modelled placement
of loops which are themselves discrete features of the CP. The loops mediating the 2-fold
interactions within the context of the icosahedral architecture of the geminate head are annotated
in detail in Figure 3-34, a. The regions involved in formation of the 2-fold interfaces are those
between B-strands BC:BD, BG:BH, and BE:BF°, and useful comparison may be made between
Figure 3-22 and Figure 3-34 a, regarding these sites. The effect of the rotation of the CPs by 10°
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is that the interaction at the 2-folds is formed by three discrete regions, as opposed to only two in
STNV. By doing so the surface area of the 2-fold site is effectively increased meaning that there
is more opportunity for the divergence and adaption of additional modes of interactions at this
site. The “new” interface could in fact be described as being more “versatile”. Based on this
observation, it could be proposed that the evolutionary remodelling of the icosahedral architecture

in this way, was driven by the requirements of geminate capsid formation.

Analysis of the sequence alignment regarding these regions reveals that these sites are composed
of residues with either charged or hydrophilic nature, and that a number of glycine residues are
also present. Hydrophilicity is expected for a surface (solvent) exposed regions. Additionally, it
would appear that each of these regions have pairs of oppositely charged residues that might be
involved in forming complementary intermolecular interactions; as would be expected for a dyad
interface. Notably the BE:BF® region implicated in forming an interaction, is actually an insertion
in the MSV CP in comparison to the STNV CP (Section 3.3.3.2), and is clearly an adaptation by

MSYV to mediate formation of this particular architectural arrangement.

For interactions occurring around the 3-fold axes, the effect of the rotation (‘a’), and increased
radius (‘a’) is most pronounced, as a large separation opens up between models at this location.
For the 2-fold interaction it can be reasonably proposed that the loops in this region, existing in a
folded-back conformation in STNV, extend outwards in MSV meeting each other halfway across
the separation between CPs capsomers to form the 2-fold interaction. Such a proposition can be
made for the 3-fold interaction, but not with as much confidence in precisely which protein
segments a rearranged to make the interaction. Inspection of the inset shown in Figure 3-32, b
will show that the icosahedral map (at increased threshold) shows that a well-defined interaction
is occurring at the 3-fold axes. It appears that for amino-acid residues to occupy this space, the
BC:BD loop would need to extend significantly outwards, also disrupting the a-helix in this region
in order to extend the backbone sufficiently far outwards to meet around the 3-fold axes. In
previous geminivirus structural studies, this space has been modelled by adjusting the orientation
of the N-terminal a-helix. This study does not support such a conclusion based on a number of
observations. Firstly, the density in our 532 symmetric map does not agree well with placement
of three a-helices in this location. The density in this region is seemingly more flat, and would
appear to be contributed by a planar loop-like conformation at this resolution. Secondly, careful
inspection of side-views of the CPs model fitted into the capsomeres of cryo-EM reconstruction
(Figure 3-26 and Figure 3-38) will show the indentations at the 3-fold axes on the inside of the
capsid, are well accounted for by the placement of N-terminal a-helices in these internal regions.

It must be stated, however, there can be no certainty as to which residues occupy the regions
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Figure 3-31 A comparison of CP:CP interactions between MSV and STNV. CP subunits
engaged in interactions around sites with either local or global symmetry are shown for the 2-fold
(top), 3-fold (middle) and 5-fold symmetry (bottom) sites. The location of calcium ions in the
STNV structure (right) are shown as green spheres. Atomic models are rendered as ribbon
diagrams with green B-strands, and yellow (MSV) and blue (STNV) a-helices. The figure
illustrates the effects 10° difference in orientation of the pentameric capsomer (C'Ps), as well as
the differences in separation between CPss.
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interacting across the equator are vastly different for those interacting within the icosahedral
heads. Inspection of interacting regions in the STNV structure reveals that the 2-fold contacts are
fewer (as already mentioned), but also involve regions required for formation of the intra-CPs
contacts, and are hence expected to be considerably less flexible. In the case of MSV all
interacting regions appear to be more extended, and are likely to be more flexible. These features
are further evidence of how the quaternary remodelling demonstrated by MSV serves as the

structural basis for formation of the geminate architecture.

A detailed analysis of loop interactions mediating the primary interactions across the equator are
shown in Figure 3-34, b. Notably, a unique set of interactions are seen to characterise this 2-fold
symimetric “2-fold-like” CP:CP interaction. In comparison to the icosahedral 2-fold contacts, the
interacting loops are offset, or shifted by a step of one in the direction of the geminate offset. The
most notable of these are interactions is between the BE:BF* and BG:BH loops across the interface.
BE:BF? also plays a crucial role in formation of the standard icosahedral 2-fold interaction (refer
previous section). Inspection of the sequence alignment shows that the BE:BF* loop includes a 5
amino acid insertion that is highly conserved in geminiviruses (Figure 3-35). In total this region
is 7 amino acids long and includes two charged residues of opposite charge. The BG:BH loop
region is rich in glycine residues, and has just two charged residues, an aspartate and a lysine,
also of opposite charge — suggesting compatibility with the requirements of a 2-fold symmetric
(dyad) interaction. The pseudo-atomic mode! produced by atomic docking provides a strong case
for assigning a role to this sequence insertion with respect to STNV, and suggests an essential

role in formation of the capsid architecture of geminiviruses.
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3.3.5 Evaluating the possible structural divergence of geminivirus capsids

The homology modelling and pseudo-atomic modelling study described in the previous sections
was further elaborated by using the alignment as a starting point to carry out additional alignment
of other geminivirus CP sequences. The primary question was to determine how the CPs have
been adapted or diverged, and furthermore, are these differences likely to result in significant
differences in capsid architecture as well as function during each of the stages of the virus life-
cycle. Such an alignment should shed light on whether the calcium-binding site identified (refer
Section 3.3.4.1) is a conserved feature across the family, and whether this sequence level
information suggested that there were indeed distinct structural classes of geminate architecture
(that vary geometrically). The latter point is suggested by our observation that the offset between

geminate halves is different between MSV and ACMYV; -11° and to 20°, respectively.

The sequence-structure alignment shown in Figure 3-21, served as a means of accurately aligning
other geminivirus coat protein (CP) sequences using the MAFFT webserver (Katoh et al., 2002).
This was used to produce a multiple sequence alignment (MSA) that included some of the
prototypical species of the Geminiviridae, and this is shown in Figure 3-35. Just as the original
sequence-structure alignment revealed important insertions in the CP sequence of MSV CP, so
does the MSA reveal important insertions in many other geminivirus CPs that are in many
instances in different locations of the B-barrel. These are discussed in the following paragraphs,
and an effort to summarise the presence or absence of these insertions is made in Figure 3-36.
What is remarkable about the insertions (especially those contributing to quaternary interfaces) is

that when they are present they are of similar sequence, even across genera.

The calcium-binding site consisting of five amino acid residues between B-strands F and G
(BF:BG), appears to show some degree of conservation in a large number of geminivirus CPs.
While the sequences in this region are not identical, the threonine, whose backbone carbonyl
oxygen atom is responsible for co-ordinating a calcium ion in STNV on the 5-fold axes of
symmetry, appears to be maintained in most cases, but in two cases this residue is substituted with
either a serine or a tyrosine (possibly neutral substitutions). While the sequence alignment
suggests that MSV may also preserve calcium ion coordination on the 3-fold axes of symmetry,
it would appear that the third and ‘general site’ occurring at a 7 A displacement from the 3-fold
axes is not conserved. Inspection of the remainder of the geminivirus CP sequences in these
regions shows significant sequence divergence suggesting that these capsids may have evolved a
separate mechanism for regulating the stability of the capsid in environments where genome

release is appropriate.
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With respect to possible effects on geometric architecture, as well as functionalization for
interaction with specific insect vectors, additional sequence insertions are observed in all regions
intervening B-strands of the STNV p-barrel, but not all of these are manifest in any one
geminivirus CP at the same time. Interestingly, we see that in some regions two separate loop-
insertions occur, each with a length of typically 4-6 amino acids on each side of the B-hairpin.
The pattern of loop insertions varies among geminiviruses CP sequences, but it is clear that CPs
can be grouped according to similar patterns. Such regions of the p-barrel, by conventional
wisdom, would be expected to show high rates of divergence. However, inspection of the
geminivirus sequences will show that these are conserved amongst genera, suggesting that these
regions have highly specific functional roles that would likely constrain these rates. Assessing the
phylogenetics and insertion patterns we can see that the geminivirus CP sequences can be grouped
in corresponding ways. Similarities and differences are discussed briefly in the paragraphs that

follow.

BCTV and TpCTYV, occur in a similar region geographically, and show a similar, but not identical
pattern of loop insertions. These two viruses, despite being of different genera, are grouped by
the phylogenetic tree suggesting that they may have diverged from a common ancestor relatively
recently. ACMV, ToLCV, and BGYMV are all Begomoviruses and show precisely the same
pattern of loop insertions, and are grouped closely by the phylogenetic analysis (not surprisingly).
Their pattern of loop insertions differs significantly to that of MSV. TpCTV (a Topocuvirus)
shows some similarities to the Begomovirus sequences with respect to loops involved in

quaternary contacts, and TpCTV also shares a loop insertion at the BC:BD loop insertion.

Relevantly, all geminiviruses possess the PE:PF® loop-insertion, suggested to be involved in
quaternary contacts between CPs capsomers. That the length, sequence and presence of this
insertion is highly conserved in geminiviruses supports the hypothesis that it may be involved in
formation of the geminate morphology specifically. While the BE:BF® loop-insertion shows high
conservation, the remaining loops proposed to be involved in formation of the 2-fold and 2-fold-
like (‘head-interacting”) interactions are not conserved. Furthermore, a loop insertion in the
BC:BD region, possibly involved in forming 3-fold (‘head-forming’} and 3-fold-like (‘head-
interacting’) contacts also varies across geminiviruses with begomoviruses and the topocuvirus
showing a similar pattern, different to that of the Mastrevirus and Curtovirus. A similar situation
exists for the BG:PH loop, with mastrevirus, curtovirus and topocuvirus showing a similar pattern,
different to that of the begomoviruses. MSV shows a pattern of loop insertion presence that is
identical to BCTV (a curtovirus), and consequently we might expect this virus to show an

identical geometric architecture to MSV. In consideration of the other differences it would appear
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possible, perhaps even likely, that the geminate architectures could have diverged at the sequence
level to result in assemblies which vary geometrically. Structural analysis of the topocuviruses,
as a starting point, will be most informative in this regard as TpCTV exhibits all loop insertions
at relevant sites, and must also package the largest genome (2850 nt); important differences with

respect to other geminiviruses which might motivate differences in architecture.

The BF:BG insertions show high similarity between these viruses, and probably reflects that these
regions of the CP are responsible for interacting with leaf hopper (vectors) proteins. TpCTV is
next most similar in this region, with the implication that the treehopper vector is more similar to

leathoppers, than the whitefly vector of begomoviruses.

3.3.6 Electrostatic surface potential of interior of capsid

The electrostatic potential of a molecular surface will influence how it interacts with other
molecules in its vicinity (Baker et al., 2001). In this analysis we wished to determine whether the
MSV CP is likely to interact strongly (or weakly) with the its packaged genome, whether these
interactions are specific, and any other properties of the site(s) of (possible) ssDNA recognition
that might inform our understanding of the interior arrangement of sSDNA in the infectious virion.
Analysis of the predicted electrostatic potential of MSV CP is made in reference to the predicted
potential of STNV CP. The validity of this comparison is supported by the apparent structural and
functional homology of these proteins, as well as the numerous studies available describing the
structure of interacting RNA motifs with have associated with STNV CP (Bunka ef al., 2011;
Ford et al., 2013).

Inspection of Figure 3-37 will show that like STNV, MSV also exhibits a predominantly
positively charged inner surface. The electropositive surface is continuous and produced by six
residues located on inward presented p-strands (BF, BG, and BD, with respect to the capsid
interior) as well as three residues located on the capsomer 5-fold axis facing side of the N-terminal
a-helix. The electrostatic surfaces are rendered at an equivalent threshold, and this reveals that
MSV has a stronger potential in this region of the CP when compared to STNV. That the
electropositive surface is continuous (or electrostatically ‘unstructured’, provides some evidence
to suggest that the inner surface does not impose a degree of selection on the orientation and shape
of DNA which binds with it. This analysis is by no means conclusive, as the mechanisms by
which such recognition events occur can be complex, and in some cases even mediated by layers

of structured water molecules (Lin et al., 2003).
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Figure 3-36 Divergence of viral CPs and presence of loop insertions. a) The evolutionary
distances of geminiviral CPs is shown by phylogenetic tree. As expected the STNV sequences
form their own group that is distantly related to the remainder of the sequences. b) Presence of B-
loops is summarised by table schematic. Columns, as labelled, represent each B-loop position in
sequence from left to right (N-terminus, to C-terminus). If a loop insertion is present in a viral
CP, the box is filled black, if the no insertion exists with respect to STNV then the box remains
unfilled (white). Loop insertion in the vicinity of CPs interactions across the particle 2-fold axes
are marked by ellipse. Full length geminiviral CP sequences are highlighted by the red-shaded

box.
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3.4 Discussion

Each 3D reconstruction has been shown to be geometrically consistent irrespective of whether
the reconstruction was derived from negative-stain or cryo-EM. This is particularly surprising
because some degree of distortion is expected for dehydrated and stained particles. Instead, we
observe that the dimensions of the particles are very similar; this within the limits of accuracy
made available by the resolution of the map, as well as the fitting parameters explored. Even more
remarkable is that the offset between the geminate particles is also in good agreement. This
observation confirms the previous finding that the geminate assembly is a rigid assembly, without
flexibility at the equator (Zhang et al., 2001). This stability also implies that well-defined and
specific interactions characterize interactions between the CPs units. As already revealed in the
previous sections, this was confirmed by inspection of pseudo-atomic models, and the
implications of the fitting study on our understanding of CPs:CPs interactions and conformational

switching during assembly are further elaborated in the following sections.

Assembly and formation of the virion will have an influence on three inter-dependent aspects of
the virions structure, these are: adoption of quasi-equivalent conformers, the organization of the
genome as well as the assembly pathway itself. Based on available information from previous
studies, as well as inspection and consideration of the present data, hypotheses regarding the

details of these processes are derived such that these might inform future experiments.

3.4.1 The potential nature of quasi-equivalence in MSV

The geometric consistency between the reconstructions was also important because it provided a
solid foundation for comparative analysis of the interfaces predicted by pseudo-atomic model.
Arguably, the pseudo-atomic models should provide sufficient information to speculate about the
nature and number of the various structural environments within the capsid, and how the CP units

relate to these.

Within the context of the quasi-icosahedral head, the fitting study revealed that the CPs is rotated
by ~10° in comparison to STNV. This implies that the quaternary interactions between pentameric
capsomers are not conserved between these viruses, despite the apparent high degree of
conservation of each CPs tertiary and quaternary structure; i.e. the conserved pentamer forming
interaction. This difference allows for interactions between different (loop) regions of the B-
barrel, and in fact, it would appear that amino acids that extend some distance from the core B-
barrel structure mediate all CPs:CPs interactions. It may be reasonable to assert that during the
divergence of the geminiviruses, capsids able to package more nucleic acid were selected over

those with reduced radii and able to package less nucleic acid. However, an additional reason for
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the observed geometric differences, may relate more to local properties allowing for formation of
quasi-equivalent conformers and interactions required by the geminate morphology itself.
Specifically, it is the opinion of the author, that the structural flexibly in these regions must be

related to the ability to form the geminate virions.

The geminate model shows that the primary 2-fold interaction (occurring across the equator of
the particle) is mediated by a single CP on each side that is engaged in an icosahedral “2-fold-
like” interaction, but with very important differences. Firstly, different pairs of loops are in
association at these sites, and secondly the dihedral angle between interacting B-barrels are
different by approximately 60°; this because the edges of two spherical incomplete quasi-
icosahedral heads meet at these locations. These observations strongly imply that the CPs in these
locations are in quasi-equivalent conformations in order to make such contacts at such remarkably
different geometries of association. That the offset between heads arises owing to a different set
of interactions between loops is extremely relevant because it reveals that at least for this site,
true quasi-equivalent interactions (varying only subtly in geometry between the same interacting
pairs of residues) is unlikely to be case. Instead, the MSV CP appears to have engaged in a
separate (distinct) interface, made of a unique set of interacting residues, in order to mediate the
associations between incomplete icosahedral environments. It is likely that similar behaviour
occurs at the secondary equatorial interfaces, but such information will only be revealed by a

future study of greatly improved resolution.

Predictions of the number and location of actual CP conformers can be reduced to consideration
of the location of each respective CPs 2-fold and 3-fold interfaces within the context of the whole
assembly; i.e. whether these regions contribute to formation of the quasi-icosahedral head, or to
the interface between quasi-icosahedral heads. This is a coarse approach, appropriate to the
resolution available, but should capture the general properties of capsid. As is apparent in Figure
3-39, three conformers are predicted by this method and are termed A (red), B (green), and C
(blue). The A conformers are most abundant and form the majority of structural units of the quasi-
icosahedral heads. The B, and C conformers mediate interactions between heads (‘inter-head’
contacts), and these conformers are the true basis for the term ‘quasi-icosahedral’ in reference to
the structural properties of each half of the geminate capsid. The C conformer (mediating the
primary interaction across the equator) is the most structurally deviant in that both of its 2-fold
and 3-fold interfaces appear to adopt alternative conformations to mediate contacts between the
geminate halves. The B conformer makes 2-fold contacts with an A conformer with an adjacent

CPs (within the head, ‘intra-head”), and 3-fold contacts along with its pentameric partner CPs C
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conformer, across the equator (‘inter-head”), with a B conformer and C ¢onformer from another

quasi-i¢osahedral head — thus forming the secondary type of cquatorial interaction.

In comparison to T = 3 viruses, the A, B, and C conformers demonstrate some architectural
properties in common, and thesc similarities were used as the basis for assigning these labels (A,
B and C) to each. These properties are mainly in reference to the global symmetry operators of
each architecture and arc as follows: The A conformer is located around the global 5-fold axes of
symmetry in both the geminate T = / bipartite structure, as well as in the T = 3 architectures. Also
in both architectures, the C conformer is found to mediate global 2-fold interactions (the primary
equatorial interaction in MSV). Hence, to construct the bipartite architecture from 110 CPs,
important geometrical properties are shared with the icosahedral architectures that most often

consist of multiples of a multiple of 60 subunits.

3.4.2 Arrangement of ssDNA on the interior of the virion

MSYV, and other geminiviruses, possesses circular genomes that presumably self-interact in a
sequence specific manner to adopt secondary structure. That the genome will fold further to adopt
a tertiary structure implies that the conformation of the genome may be restricted, and these
constraints probably facilitate self-assembly of the virion by compacting the genome prior to
association of the coat protein pentamers. Additionally such folding may present structural motifs
that are responsible for recruiting the CPs units, however, little is known about the structural
organization of the MSV genome beyond computational secondary structure predictions.
Additionally, precisely how secondary/tertiary structure are influenced during virion assembly
are important questions to address. Related to these is whether the packaged viral genomes adopt

multiple conformations or just one conformation in the symmetric environment of the shell?

How does the geminate capsid compare to other T = 3 architectures with respect to nucleic acid
packaging capacity and density? Calculations regarding available volume for nucleic acid
packaging, as well as estimated packaging densities are provided in Appendix A. These were
calculated according the scheme set out by Speir and Johnson (Speir and Johnson, 2012), and are
discussed here in reference to an improved understanding of packaging in the case of MSV in
relation to other similar viruses. As may be seen, the column showing relative capsid volumes
reveals that in general, T = 3 architectures provide 1.2-1.5 times the volume for packaging than
does the bipartite T = / architecture. Hence we might say that the geminate architecture provides
an architecture for nucleic acid encapsidation that approaches that of other T = 3 viruses and is
closest to CCMV, a plant virus which we have already discussed as being similar to in some

behavioural respects to the geminiviruses. CCMV has a multipartite genome, each segment
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a) Icosahedral (T = 1, 532)

A A A A A

b) Geminate (Bipartite, DS)

a a a - -

Figure 3-39 Quasi-equivalent conformers of the MSV CP plotted on the hexagonal lattice
representation of the architecture. The geminate capsid architectures are represented by hexagonal
lattices as in Figure 3-20. a) Coat protein units are represented by semi-colons (*) and are coloured red
indicating that a single conformer is present in 60 equivalent environments, and adopt the A conformer in
all instances. b) The bipartite capsid is shown here as two incomplete 7 = [ lattices in which 10 subunits
have been removed from each. The lattices of each head are displaced by an amount equivalent to the ~ -
11° offset observed in the experimental EM maps. The schematic illustrates how two closed lattices can
associate in a way compatible with global 2-fold symmetry while maintaining largely quasi-equivalent
conformations between protein subunits of the capsid. Positions of global symmetry axes are marked with
black shapes with grey linings. Three conformers are predicted according to this scheme, with two
conformers (C - blue and B - green) unique to the bipartite capsid and higher species, which mediate
interactions across the equatorial region(s) of the assembly. It is clear that the offset maximizes the number
of interactions taking place between components of the two halves, while preserving interacting regions
used to form each head itself. See text for further discussion, and refer to Figure 3-40 for additional
information.
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packaged independently into its own capsid, with the largest segment being 3.2 knt in size.

behaviours analogous to the begomoviruses, for example.

From analysis of the values provided in Appendix B it is also apparent that T = 3 viral genome
sizes, for the most part, also reflect the distribution of capsid volumes. And most importantly,
inspection of the resultant packaging densities, as well as percentage of the capsid volume
predicted to be occupied, suggests that viral genome sizes of the geminate and T = 3 viruses
appear to vary in size so as not to exceed a certain packaging density (~4 A3/Da). One possible
explanation for this behaviour is that the energetics of packaging associated with spontaneous
events of macromolecular association and folding (outlined as the ‘concerted mechanism’
previously), can only achieve a limited concentration of nucleic acid owing to the persistence
length of these molecules, as well as charge repulsions, which would otherwise require energy to
overcome. Poliovirus, is known to couple replication and packaging of viral genomes in a poorly
understood process, however, the relatively large genome is thought to be driven into a preformed
capsid under the same force required to execute the replication itself; hence it is reasonable to

suggest that high packing densities can be achieved.

As may be seen in Appendix A, the T = ] viruses also achieve high packing densities, similar to
that of poliovirus. For viruses of this class the adoption of tight associations of duplex RNA motifs
at icosahedral 2-fold vertices, induces significant ordering in the molecule which can help
rationalize how this might be possible. In such cases the genome is largely constrained to
interactions with protein surface, and is not diffusely organized within the capsid. What these
previous studies have revealed is that the genome is not equally distributed throughout the inner
volume of the capsid, but is structured by adoption of its own secondary structures as well as
associations made with the protein shell itself. Do the 3D reconstructions determined during this

study support this assertion in the case of MSV?

The appearance of protein-associated density in the monopartite and cryo-EM (bipartitc) maps
suggests that nucleic-acid is bound to the protein layer with high occupancy. This is supported by
the electrostatic potential prediction, which showed a strong electropositive surface formed by
the underside of each B-barrel domain. At this resolution it is not possible to comment on the
structure or arrangement of this protein-associated layer of DNA, beyond the simple observation
that the ssDNA in this region probably adopts duplex secondary structure arrangements
(according to the radial dimensions of the layer itself). The association of stem-loops in such
regions has been demonstrated for a number of similar simple viruses, and is appears to be a
strong possibility in this case as well. This can only be confirmed by high-resolution study, and
it can be expected that such features (e.g. stem-loops themselves) will only be visible at higher
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resolutions if they adopt an arrangement that is regular and consistent with the symmetry of the

capsid.

A schematic representation of the organization of nucleic acid is shown in Figure 3-41. This is a
qualitative model, showing the hypothesized general location of DNA in the virion. The model
does not speculate about the true secondary or tertiary structure of the genome, as there is very
little experimental information available beyond radial density measurements provided by cryo-
EM. The model shows that nucleic acid is organized in two shells. The protein-associated layer
discussed in the previous paragraph, as well as inner shell which is likely in association with the
N-terminal arms of the CPs. Analysis of the cryo-EM map suggested that these regions of nucleic
acid could be single-stranded, and that the reason for this is the binding of the N-terminal in an
extended (disordered) conformation prevents Watson-Crick associations by binding along the
length of ssDNA. Alternatively, the N-terminal arms could bind duplex secondary structure
regions, and assist compaction by neutralizing charges along the length of these structures. In the
model of assembly formulated in the follow section, such binding could occur during rolling-
circle replication, or soon after its completion. Analysis of the cryo-EM reconstruction with the
geminate model fitted, provides some indication of where the NLS is located in the assembled
virion, although there is some ambiguity. The cryo-EM reconstruction agrees with the predicted
placement of the N-terminal a-helix predicted by homology modelling. The location of the
additional 23 N-terminal amino acids (containing the NLS) is open to speculation, however, the
core of the geminate heads consists of a relatively dense arrangement of both DNA and protein
was suggested by the negative-stain map that showed that stain failed to penetrate into the inner

regions of the virion.

3.4.3 Possible models for assembly and disassembly of the geminate virion

Viral particles assemble from an initiation (or nucleation) complex, and proceed to the end state
via a series of intermediate species. Understanding the details of a virus’s assembly pathway
offers the potential that this might be interfered with, providing an avenue for development of
highly specific therapeutics. Determining such a pathway is challenging owing to the transient
nature of the intermediate species, however, an attempt is made in this section to formulate a
hypothetical model which might inform future experiments which attempt to observe these
intermediates. The hypothesis relies on the assumption that the basic unit of assembly (whether
CP monomer, dimer or pentamer), as well the interactions of this with the viral genome will

influence how and in what order these intermediate species arise.

Given the intricate nature of atomic interactions and buried surface area between CPs at the

pentameric interfaces of the CPs, it has been argued previously that this is most likely the unit of
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the most obvious example of properties directly related to the behaviour of the CP at different

stages of the virus life-cycle, but other — less obvious — constraints may also exist.

It has been suggested in the previous paragraph that the 7 = [ lattice forming functionality of the
CP is merely adapted to form the bipartite structure, this in favour of the alternative of redesigning
the CP from scratch to form a quasi-symmetric spherical shell of larger radius. This adaptability
leads us to the question of whether the geminate geometrical parameters vary among geminivirus
genera? This is a question of interest because we have seen that interacting regions are composed
of discrete interfaces encoded by residues on highly variable B-loops, and the CP amino acid
sequence analysis described in this study showed that different patterns of insertion characterize
the CPs of different geminivirus genera in CPs:CPs interacting regions of the core domain. These
observations suggest that geminate capsids varying in geometric properties may indeed exist -
certainly for the geminate coat to function adequately, the most important property is that the
heads interact, and not the precise details of how they interact. However, it will be interesting to
see whether the quasi-icosahedral geometry of the heads places a constraint of the geometry of
the D5 bipartite structure by requiring that the 3-fold interfaces are brought into conjunction in a
manner that adheres to the chirality of the heads, as is the case for MSV. If such a constraint
exists, all capsids are expected to show the same geometrical properties. Negative-stain has
proved immensely valuable in this study, providing information of about the MSV particle that
with respect to the particle geometry rivaled the ‘gold-standard’ near-native visualization
provided by cryo-EM. Cryo-EM is of course, however, required to probe the conformation of
interior structures such as the genome and the N-terminal packaging arms, but these results show
convincingly that other relatively low abundance (low ‘titre’) geminiviruses could be reliably

studied by negative-stain EM to investigate possible differences in architecture.

Analysis of the results revealed important details about MSV structure, but failed to critically
answer important questions that arose from the analysis such as what is the precise conformation
of interacting loops, and which residues are interacting and how. These limitations necessitate
further study by an integrated structural/molecular approach described in the following
paragraphs. The important questions about MSV can be separated into two categories: the fine
structure of the capsid, and the structure and arrangement of the genome and N-terminal arms.
These questions can only be addressed by determining the structure of the capsid to near-atomic
resolution, and it is important to note that the backbone and side-chain conformations of all loop
regions in the context of ‘head-forming’ interactions will likely require empirical information
arising from a crystallographic study of the monopartite capsid (discussed below). As discussed

in Chapter 3, the present study motivates attempts to crystallize the icosahedral form of MSV, as
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confirmed that amino acid insertions in regions intervening conserved B-strands (referred to as -
loop insertions) suggest that the geminivirus CP is functionalized within the context of each
viruses host and vector using modification of the domain in these regions. This property is
common to many other viruses encoding the same fold (the B-barrel), but has important

implications for geminate structure as discussed in the next paragraph.

It has been asserted herein that the bipartite geminate capsid represents an alternative, but nearly
equivalent packaging solution to that of T = 3 quasi-symmetric viruses. Hence, while most
isometric viral capsids have evolved to adhere to the theory of quasi-equivalence and
triangulation, the geminiviruses are another example showing that these entities are by no means
obligated to follow these principles to the full extent. Put another way, from an evolutionary
perspective, quasi-equivalence is clearly a highly successful geometrical solution to capsid
construction, however, it would appear that CP subunits can evolve to adhere to other geometric
solutions which are equally valid — given the requirements of the virus, as well as the
‘evolutionary potential’ of the packaging machine (discussed further below). To elaborate, and
based on the results of this study, as well as the body of structural information available for T =
3 viruses, we might speculate as to why the geminate morphology emerged at all, and also why it
is only observed for the geminiviruses? The coat protein of STNV has been noted amongst
satellite viruses as having particularly pronounced and intricate pentamer forming interfaces.
Indeed, this study has furthered our understanding of just how well this interface and the tertiary
structure of the MSV CP appears to be conserved with respect to STNV. It might be asserted that
unlike T = 3 viruses which are able to form both pentavalent and hexavalent assembly
intermediates from dimeric assembly units, the geminiviruses are unable to form hexavalent
assemblies because they are constructed from a strongly associating pentameric building block.
We might speculate that mutations leading to disruption of the pentamer interface would require
a major remodelling of the B-barrel domain, and hence would be evolutionarily unfavourable.
From this point of view the geminate morphology might be considered a solution to packaging a
larger (7 = 3 near-equivalent) genome that is closer in ‘sequence-structure space’, as only
modifications at the CPs:CPs interfaces would be required, and occurring only at highly variable
peripheral regions intervening the core B-strands; mutations which may be considered largely
neutral with respect to evolutionary and folding fitness of the CP. Virus CPs must fulfil many
requirements, not least that the genomes be packaged, and in addition to the previous argument,
it must be kept in mind that the CP ‘packaging machine’ must be able to serve the contextual
requirements the virion with regards to both assembly and disassembly, and it may be that the
ancestral T = I architecture offered the best solution with respect to the particular host organism

in a number of other ways. The calcium-ion binding sites identified during this study are possibly
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also suggested that conformational switching of CP units is not directly (or locally) regulated by
a specific switching mechanism, but rather arises as an emergent event when two spherical CP

lattices interact, and is thus indirectly regulated by the tertiary structure of packaged genome.

The structure and role of the MSV genome are important considerations from the perspective of
viral assembly and evolution, as influenced by packaging. In review of the findings of this study:
the negative-stain reconstructions did not reveal many details about the genome organization or
internal structure of the MSV capsid; as was expected. However, the cryo-EM reconstruction
revealed layers of internal density (in addition to the protein capsid), which despite being obscured
by symmetry averaging, were able to inform us of possible arrangements of internal components
(i.e. the N-terminal arms of the MSV CP, as well as the MSV genome). The strongly positive
electrostatic potential of the inner surface of the protein capsid suggests that ssSDNA associates at
these sites to produce a layer of protein-associated DNA, however, neither the cryo-EM nor the
structural bioinformatics study suggested that the ssDNA adopts a preferred secondary structure
(e.g. duplex or hairpin) to form this interaction, and in fact suggested that it is non-specific binding
of phosphate backbone charges in these regions that accounts for the observed density in the EM
map. It may be that the ‘true’ structure of the genome and N-terminal arms may never be known
because in every virion the precise details are different, but experimentation must be carried out
to investigate the structure and possible ordering of this genome — as this may provide information
about a structural feature of these viruses of fundamental importance to their evolution. Such an
investigation can only proceed by finding a means of asymmetrically labelling a component of
the virion. Because the protein shell is symmetric, and furthermore, because reconstitution of the
virion from disassembled components has never been demonstrated, a method that focuses on the
(asymmetric) genome must be developed. Labelling a single-stranded DNA oligonucleotide of
complementary sequence to a region of the genome with an electron dense tag might allow an
asymmetric signal to be introduced into a virion preparation; whether sufficiently high signal-to-
noise ratios for the label can be achieved in the images would have to be assessed, with the

approach being heavily reliant on an ordered genome in the first place.

With respect to divergence of the geminivirus coat protein, sequence analysis after multiple
sequence alignment of geminivirus CPs (against that of STNV) showed that the geminivirus CPs
have diverged in important ways, but also appear to conserve features such as the putative calcium
ion-binding site identified in this study. With respect to divergence, it is clear that all
geminiviruses encode large N-terminal arms which all include nuclear localization signals. These
regions of the CPs are all densely populated with positively charged residues, and are presumed

to interact with the phosphate backbone of the viral genome. Additionally, the sequence analysis
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level, quasi-equivalence describes requirements for conformational switching that allow for the
formation of unique structural and chemical environments within an icosahedral assembly
consisting of more than 60 subunits — resulting in the construction of asymmetric units consisting
of more than just one CP subunit. We must expect that this requirement of a set of unique quasi-
equivalent conformers also exists for the geminiviruses, as in no other way could such an
assembly form from coat protein subunits of identical amino acid sequence. Specifically, we must
ask what is the number of CP conformers that are required to construct the bipartite (or higher-
order) virion? Given that the interacting loops of the CPs are likely to be flexible, it is probable
that a number (probably three or four) of different CP conformers contribute to formation the
structure in a similar way that multiple conformations contribute to quasi-icosahedral
architectures (e.g. those of 7' > 3 viruses). Based on analysis of the EM maps we propose that
three conformers contribute to the bipartite assembly. Consequently, we can expect that 60 A
conformers (i.e. 12 CPs units) self-assemble to form the icosahedral particle. While for the
geminate capsid, the A conformer occurs a total of 90 times to form heads of the geminate
assembly by assembling to form 12 locally symmetric CPss, and 10 locally asymmetric CPss at
the equatorial regions. To form an equator, 10 sets of CPs (5 sets of 2 on each side) adopt both
the B and C conformers (i.e. 20 CPs in total) to mediate interactions between independent quasi-
icosahedral 7 = ] shells. It must be stressed that these conclusions were informed by the
experiments described in this thesis, but are nevertheless to be considered hypothetical and will
require validation by high-resolution structure determination. Future studies will not only discern
whether there are truly three or four conformers, but will also describe the precise conformational

differences, and structural roles of each conformer.

With regards to assembly of the particle, the observations made during this study, as well as those
reported in the literature, strongly suggest that it is the genome, and in particular the size of the
genome, that governs the conformational switching required to bring about formation of the
geminate morphology and equatorial CP:CP interactions. So versatile is this switching, that
properties (yet to be determined) of the genome, allow multiple switching events, to occur in a
single quasi-icosahedral head. More specifically, the tripartite and higher species observed by EM
(refer to Figure 3-2) show that the B/C conformers can exist to bridge multiple heads at up to two
separate pentameric sites in a single quasi-icosahedral unit. While these observations are
intriguing, the clear implication is that the MSV CP alone does not encode the information
required to form the geminate (or higher) assembly, and that if the genome of MSV was smaller
it would always self-assemble to form icosahedral shells (as is the case for sub-genomic
fragments). In consideration of these observations, this study has informed a model of geminate

assembly that relies on formation of incomplete and independently assembled T = / lattices, and
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set of CPs:CPs interactions at the 2-fold and 3-fold CP interfaces in comparison to STNV. The
experimental reconstructions determined during this study suggest that these interactions are
largely “discrete”, occurring between specific amino acid segments (referred to as B-loops)
between the BC:BD, PG:BH and BE:BF B-strands — and that where necessary, sequence insertions
have occurred to mediate the formation and stabilization of these interfaces required for assembly
formation. Differences in capsomer surface appearance (i.e. a pronounced crown on the MSV CPs
unit) were noted to be contributed by insertions between BF:BG and PD:BE strands. These
insertions on the surface of the capsid are thought to mediate vector interactions, and as such,

were not the focus of this study, and consequently not modeled.

As described above, while the core of the B-barrel domain is apparently well conserved, the -
loops adopt completely different conformations in the context of the MSV architecture — and this
is particularly relevant at the equator of the particle. In review of interactions involved in
construction of the bipartite and higher order capsid species (i.e. tripartite capsids): geometric
analysis of the reconstructions revealed the offset between the interacting incomplete quasi-
icosahedral heads to be ~ -11°, and analysis suggested that this geometry arose in order to preserve
CPs.CPs interacting regions, implying that interactions between heads appeared to ‘mimic’
interactions required to form each head. However, detailed analysis suggested that separate sets
of interacting residues had evolved in these regions, suggesting that discrete sets of interactions
are involved in “head-forming” and “head-interacting” associations. The pseudo-atomic
modelling, allowed a different set of interacting p-loops to be identified as those responsible for
mediating the primary-equatorial interactions between heads, and it appeared to be the properties

of these interfaces that directly caused the offset between heads to arise.

An overall outcome of this study was the advancement of our understanding of geminate structure
and architecture. This study has proposed interfaces based on the 2-fold and 3-fold interfaces that
stabilize the head, and makes strides towards a pseudo-atomic view of the virion consisting of a
defined number of CP conformers which interact with one another with highly specific and
distinct interfaces. The role of CP conformers proposed to contribute to the geminivirus capsids
are now reviewed in consideration of the principles set out by the quasi-equivalence theory of
Casper and Klug (1962). From a geometrical perspective, quasi-equivalence pertains directly to
the placement of pentavalent assembly units in hexavalent lattices, and thus describes how a
planar lattice can be folded to create a closed spherical lattice. Structural investigations such as
this one, have shown that the geminiviruses do not exhibit hexavalent assembly intermediates,
and as a consequence cannot form closed spheres of a 7 number greater than 1 (7" = 7). For these

reasons the theory of quasi-equivalence does not pertain to them directly. However, at a molecular
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projection images) as well as the imaging parameters. For the cryo-EM reconstruction (23 A
resolution), virions were observed in ice of suitable thickness (~ 100 nm), however, the presence
of the thin-carbon support necessitated far-from-focus imaging in order to produce sufficient
image contrast; this unfortunately severely attenuated amplitudes of high-resolution structure
factors in the few thousand images which were recorded. Ideally, a dataset consisting of 10,000
— 30,000 images should have been recorded but this was not possible in the time frame available
given the difficulties with specimen preparation which entailed many attempts at optimization. In
the case of the negative-stain reconstruction (26 A), ~10,000 images were available, however,
these were recorded at high defocus values and were hence limited by the first zero of the
microscope CTF. Despite these limitations, useful reconstructions were nevertheless calculated,
and all showed clear pentameric capsomeres (CPs) that could be probed by docking at low
resolution. The experimental EM densities were therefore used as constraints that allowed
parameters describing the geometric construction of the capsid to be determined. The outcome of
this process were “pseudo-atomic’ capsids models constructed using an atomic model of the CPs
produced by homology modelling. That docking into each EM map (each produced from a
different virion preparation (plant infection), and prepared for imaging using different specimen
preparation technique (cryo-EM or negative-staining) produced very close estimates of the
geminate geometric parameters is an important result as it improves our confidence in the final
result, as each model correlated with regard to probable CPs:CPs contacts. Additionally, by
comparison of the structures of both icosahedral and geminate particles, these provided
complementary information about the nature of the different structural and chemical
environments within the different capsid species; which allowed fundamental insight with regard
to the capsid construction from quasi-equivalent conformers to be gleaned. These are reviewed

with regard to virion assembly in the following paragraphs.

In review of the principle interactions involved in construction of the icosahedral and quasi-
icosahedral geminate heads: the intermediate resolution of the icosahedral (532) reconstruction,
as well as lower resolution geminate maps strongly supported the assignment of the p-barrel fold
and pentameric capsomer (CPs) of STNV to MSV. This was confirmed by careful analysis of the
fit of the CPs capsomer at the resolution available in the maps. The EM maps confirmed that
regions intervening p-strands are highly divergent resulting in pronounced overall morphological
differences between the two virus capsids. The capsids of STNV and MSV have differing radii,
as well as a very pronounced differences in appearance. In the case of MSV, B-loops mediating
CPs association must be in an extended conformation, and associate in such a way that the
capsomer is rotated 10° around each 5-fold (and local 5-fold) axis of symmetry of each T = ]

lattice of CPs units. Specifically, the difference in geometry appears to arise owing to a different
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4 Summary and conclusions

Structural molecular studies are primarily limited by the availability of sufficient quantities of
material for study, as well as the whether these can be prepared for the experiment. X-ray
crystallography of mammalian viruses was hampered by the requirement of large quantities of
virus for crystallization (e.g. grams). As a result, initial progress in the field was made with (+)
ssRNA plant viruses (e.g. TMV and TBSV) which could be harvested from plant material at high
yields. This study of MSV used cryo-EM because sufficient material (e.g. 1 mg) could be
harvested from a reasonable amount of plant matter (1 kg), and in an achievable amount of time.
An attempt to crystallize the virus was inappropriate given the time frame available, and also that
there was no guarantee that the virus can be crystallized or that sufficient material for

crystallization attempts could be produced.

Even in the absence of the crystallization requirement, the study encountered significant
difficulties during specimen preparation. MSV virions are prone to aggregation at high
concentrations. This is a phenomenon that appears to reflect their aggregative behaviour
previously observed within the plant cell nucleus (Hatta and Francki, 1979), which has not been
explained, but is likely determined by the electrostatic surface potential of the capsid. These
properties made typical cryo-EM specimen preparation impossible, as within the timeframe of
blotting to produce a thin-film, and plunge-freezing, 99% of virions had clumped together. The
only means of overcoming this behaviour was to prepare the virions in the presence of a planar
thin-carbon support (5 nm thick) that had been glow-discharged to induce electrostatic and
hydrophilic properties. While able to adsorb the virions, and hence sequester them from any
potential aggregation, the support served to limit contrast in the images necessitating high-
defocuses in order to produce sufficient contrast. Within the time-frame allowed, cryo-EM
specimen preparation could not be optimized further, e.g. by attempting to prepare grids with
thinner ice/carbon, or merely by imaging closer to focus (higher resolution, reduced contrast), and
attempting to work with the images despite extremely low contrast. However, an important result
of this study, and informative for future work, is the confirmation that MSV structure can only be

probed by cryo-EM successfully when a thin-carbon overlay is used.

Despite these difficulties, this study resulted in three single-particle EM reconstructions that have
informed our understanding of MSV structure and architecture. The resolution of the icosahedral
monopartite reconstruction was (by inspection) better than 20 A, and calculated from just a few
hundred projections recorded at close-to-focus by application of icosahedral symmetry. The

resolution of the geminate structures was limited by the availability of data (i.e. the number of
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3.5 Conclusions

Single-particle electron microscopy in combination with structural bioinformatics methods was
successfully applied to produce experimentally informed pseudo-atomic models of two different
capsid species (icosahedral and geminate) of MSV. Detailed analysis of each of the models has
improved our understanding of protein-protein, and protein-nucleic acid interactions required to
form and stabilize the MSV virion, as well as provided insight allowing a model for virion
assembly to be formulated. This study will hopefully inform the design of experiments which
may expand our understanding of specific aspects of the structure and function of this class of
viruses, and also provides motivation for future high-resolution structural investigation using X-
ray crystallography and cryo-EM. In the next chapter the findings of this study are summarized,
and in light of possible evolutionary forces that underpin the structural properties of the
geminiviruses, speculations regarding various properties of the viruses are developed with regard

to formulation of testable hypotheses for future experiments.
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a separate set of interacting residues (distinct interfaces) would imply that global factors
(incidentally determined by genome structure) determine conformational switching by CP
subunits, and that it is not specific association of nucleic acid motifs that induce conformational
switches in the CPs, causing them to adopt either of three conformations. In the case of the
Nodaviridae, association of the genome with CP dimers directly determines the curvature of this
unit of assembly (a ‘local’ effect directly dictating structural properties of the shell). To reiterate,
for the geminiviruses the influence of the genome would appear to be far more indirect, although

this remains a hypothesis at this time.

The resolution of the 532 map in particular, revealed features that support the notion that the
calcium-ion binding site of the CPs is structurally conserved between MSV and STNV. This is an
important result because it reveals that divalent ions (e.g. Mg?* and Ca*" probably serve roles in
regulating the stability of the MSV capsid, and that this is likely to be a conserved feature of the
geminiviruses. Given the observation that the MSV geminate capsid is apparently extremely
stable, it is important that we consider mechanisms by which this stability is contextually
regulated to allow for genome egress or uncoating at the appropriate time and place. Because the
modelling in this study suggests that the N-terminal arms are buried deeply within the particle it
is reasonable to assert that for the viral genome to enter the cell nucleus it is likely that some
degree of disassembly must occur, and in the low calcium environment of the host cell cytoplasm
it is likely that disassembly is triggered by removal of calcium ions when virions enter the host
cells cytoplasm, as has been hypothesize for many plant viruses (Durham, 1977). Dissociation of
just one CPswill result in externalization of N-terminal arms, thereby initiating nuclear trafficking
as the NLS becomes exposed to host cell factors. Alternatively, loss of calcium ions may cause
the virion to dissociate to become more of a “*diffuse” assembly. Such an assembly would be held
together by many DNA-protein interactions. Some of these contacts may be disrupted, but many
could also be maintained, particularly those of the N-terminal arms. Another alternative is that
dissociation of pentamers renders a protease cleavage site immediately downstream of the NLS
available for processing. Multiple cleavage events would effectively ‘strip’ the genome of the CPs
units leaving the NLS associated with regions of the genome. These would remain associated with
the genome, and by interaction with host factors, facilitate nuclear entry. Indeed, this may be the
reason these functional sites of the CP overlap in sequence. The precise mechanisms and cellular
location where the capsid becomes destabilised, and how this relates to presentation of the N-

terminal nuclear-localization sequences will, however, require further investigation.
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assembly for STNV (Ban et al., 1995). The results from this study show that this interface shows
high structural homology, indicating that the CPs may be the unit of assembly for MSV as well.
In support of this assertion, disassembly studies of ACMV have shown that CPs appears to
dissociate from the capsid as a unit (Kittelmann and Jeske, 2008). Expression of the coat protein
late in the viral infectious cycle must result in accumulation of these inside the nucleus of the host
cell, where they become available to sequester nascent or newly synthesized viral genomes.
Whether these accumulate as CPs units, has not been determined but given that the pentameric
assembly is expected to be the most energetically favourable state, a CPs unit of assembly is

assumed in this section.

The viral assembly initiation complex (nucleating further addition of structural units by protein-
protein interactions) may be protein or nucleic acid, depending on the mechanism by which
nucleic acid is packaged. For MSV, that empty virions are not observed, suggests that the
nucleation complex must involve the ssDNA genome. Whether this involves binding to a specific
sequence (e.g. the stem-loop origin of replication) requires further investigation, but certainly
previous work has shown that the CP will bind either ds- or ssDNA indiscriminately. How then
is selective packaging of nucleic acid achieved? Two options exist, first that the CPs shows high
affinity to a specific sequence/structural motif of the genome (as already mentioned), or that the
CPs has affinity for the viral Rep, and is localized to the site of viral replication by interaction
with these complexes. Indeed, such an interaction between Rep and CP has been demonstrated
for Mung bean yellow mosaic India virus (Malik er al, 2005). With this co-localization
established, it is possible that the long N-terminal arms of the CP extend outwards, and
subsequently interact with the nascent ssDNA effectively ensuring that this is sequestered from
conversion to a double-stranded form as it is synthesized. This Rep:CP interaction was originally
postulated to possibly regulate viral replication (Malik et al., 2005), but in the model described
here, the replicative process (occurring on the double-stranded viral minichromosome) is
unaltered, while the fate of the newly synthesized ssDNA genome is dramatically altered by the
recruitment of CPs capsomers. This role of the N-terminal arms is experimentally supported by a
study carried out on ACMV, which showed that N-terminal truncation CP mutants which
removed parts of the N-terminal NLS (overlapping with known DNA binding regions) prevented
functional assembly to form geminate virions (Unseld et al., 2004). This is an important result,
highlighting that CPs:CPs interactions do not readily form on their own, but require a common
‘anchor’, i.e. the encapsidated genome, that serves to raise of ‘local concentration’ of these
components sufficiently that stable associations are able to form. It worth considering that because
CPs:CPs interactions are mediated by such flexible regions (as revealed by this study) that it is

just this property of the CPs that prevents empty capsid formation, because inter-capsomeric
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interfaces are largely undefined until these regions of the CPs are brought into close proximity by
the N-terminal ‘anchors’, and also by association with ssDNA at the electropositive inward facing
surfaces of each CPs. In other words, this model asserts that it is the N-terminal arms binding to
the ssDNA that occurs as a first step, with subsequent orientation of the CP units onto the DNA
by virtue of the positively charged underside of the CPs itself. Once in close proximity a closed
network of many weak interactions is able to take place at inter-capsomeric interfaces, which in

addition to the protein-nucleic acid interactions, results in formation of a robust particle.

It has been noted previously, that natural selection is an important determinant in which viral
recombinants are observed empirically (Martin ez al., 2011). It is quite possible that the packaging
events described in the previous section, as well as the influence of genomic structure (secondary
and tertiary) on the outcome of these, contribute to yet another mechanism of selection. This
asserts that folding of the single-stranded genome is required for the nucleic acid to be compatible
with geminate CP packaging. Given the unusual shape of the infectious virion (i.e. geminate) such
a proposition is perhaps not unreasonable, and experimental evidence that genome folding is
highly relevant for these viruses has been reported previously (Shepherd ef al., 2006). For the
mastreviruses, as well as many other geminiviruses, this is particularly relevant because CP
oligomerization and assembly are required for systemic viral movement (Pooma ef al., 1996).
Formation of stem-loop secondary structure is clearly relevant at the origin of replication for
gemini-viral replication, but such features may also be important for viral assembly, as for STNV
(Ford et al., 2013). Such stem loops would not need to be as conserved at a sequence level, and
such features would only exist in the genome if a stem-loop CPs interaction takes place. This study
provides no clear evidence to suggest that there are such interactions, however future studies
should probe this question further to establish whether structural homology between MSV and

STNV extends to their encapsidated genomes as well.

To further elaborate on the possible structural roles of the viral genome, it is also possible that the
tertiary structure of the genome also has a large role to play in formation of virions. That
‘important’ secondary structures exists (Martin ef al., 2011; Shepherd et al., 2006), suggests that
the ssDNA genome may fold to adopt ‘tertiary modules’, of a predetermined size to fit within the
T = ] quasi-icosahedral heads; i.e. the modules have evolved somewhat independently to be
compatible with 7' = / packaging. If this is the case, recombinant variants disrupting the
secondary-structure, and hence tertiary structure formation could be selected out by unsuccessful
packaging, at least partially explaining the observations reported by Martin and co-workers
(Martin et al., 2011).
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Describing a conception for the sequential addition of CPss to the nascent genome, it seems likely
that as CPs units are recruited during replication they would be in position to begin interacting
with each other, and in so doing begin the construction of T = I lattice shells. Depending on the
tertiary structure of sSDNA genome, and its compactness, CPs units would be excluded at certain
positions on the lattice by the genome itself, creating a location where two independently
assembled T = I shells (onto the same genome) could be brought into contact — leading to
equatorial or “head-interacting” associations. It is important to stress that 7 = / lattice forming
(or head-forming) interactions are separate from ‘head-interacting’ interactions, with ‘heading-
forming’ interactions thought to take priority during initial stages of assembly. The fact that the
unit of assembly is pentameric is fundamental to this behaviour, as it ensures that 7 = / lattices
are formed instead of T = 3 or higher lattices. The formation of independent T = / lattices also
provides some explanation for how the two separate interface types (intra-head and inter-head)
could have evolved. The ancestral CP common to both geminiviruses and STNV would most
likely been capable of forming only 7 = I organizations, and would have been continued to
function this way (at the time that it was recruited by the ancestral geminivirus), coating single-
stranded genomes to form separate lattice shells which may have been loosely associated.
Generation of variants by CP sequence divergence would have resulted in capsids that differed in
how CPs units interacted, each with consequently different environmental finesses, leading to the
eventual emergence of the ‘true’ geminate architecture we see today owing to natural selection of
the most environmentally appropriate packing solution. The observation that multipartite capsid
species exist, packaging concatamers of the genome, is consistent with this hypothesis, as the
contacamers would likely preserve the ‘tertiary-folded modules’ required for packing and would
still allow meeting of multiple independent 7" = [ lattices at the ‘inter-head’ interfaces. It is worth
noting that these assembly requirements (CP and genome structure, as well as interactivity), must
have evolved interdependently as a functional whole to result in these behaviours. Hence while
each viral component is a module with some evolutionary independence, the infectious viral strain
itself is essentially a ‘product’ of these, showing properties that are more than merely the sum of

each of these modules.

This study provided evidenced that allows us to discern between two different hypotheses
regarding, the conformational switching required at the level of each CP subunit. The “pentamer
swivel” model predicted changes in the orientation of the CPs to facilitate formation of the
geminate particle. However, what we observe instead is that all interactions between CPss occur
using distinct interfaces that are apparently maintained during assembly; i.e. this study suggests
that no structural transition at a global level is required to facilitate formation of the geminate

particle. The association of independently assembled shells to form the equatorial regions using
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a separate set of interacting residues (distinct interfaces) would imply that global factors
(incidentally determined by genome structure) determine conformational switching by CP
subunits, and that it is not specific association of nucleic acid motifs that induce conformational
switches in the CPs, causing them to adopt either of three conformations. In the case of the
Nodaviridae, association of the genome with CP dimers directly determines the curvature of this
unit of assembly (a ‘local’ effect directly dictating structural properties of the shell). To reiterate,
for the geminiviruses the influence of the genome would appear to be far more indirect, although

this remains a hypothesis at this time.

The resolution of the 532 map in particular, revealed features that support the notion that the
calcium-ion binding site of the CPs is structurally conserved between MSV and STN'V. This is an
important result because it reveals that divalent ions (e.g. Mg?* and Ca?" probably serve roles in
regulating the stability of the MSV capsid, and that this is likely to be a conserved feature of the
geminiviruses. Given the observation that the MSV geminate capsid is apparently extremely
stable, it is important that we consider mechanisms by which this stability is contextually
regulated to allow for genome egress or uncoating at the appropriate time and place. Because the
modelling in this study suggests that the N-terminal arms are buried deeply within the particle it
is reasonable to assert that for the viral genome to enter the cell nucleus it is likely that some
degree of disassembly must occur, and in the low calcium environment of the host cell cytoplasm
it is likely that disassembly is triggered by removal of calcium ions when virions enter the host
cells cytoplasm, as has been hypothesize for many plant viruses (Durham, 1977). Dissociation of
just one CPs will result in externalization of N-terminal arms, thereby initiating nuclear trafficking
as the NLS becomes exposed to host cell factors. Alternatively, loss of calcium ions may cause
the virion to dissociate to become more of a “diffuse” assembly. Such an assembly would be held
together by many DNA-protein interactions. Some of these contacts may be disrupted, but many
could also be maintained, particularly those of the N-terminal arms. Another alternative is that
dissociation of pentamers renders a protease cleavage site immediately downstream of the NLS
available for processing. Multiple cleavage events would effectively “strip’ the genome of the CPs
units leaving the NLS associated with regions of the genome. These would remain associated with
the genome, and by interaction with host factors, facilitate nuclear entry. Indeed, this may be the
reason these functional sites of the CP overlap in sequence. The precise mechanisms and cellular
location where the capsid becomes destabilised, and how this relates to presentation of the N-

terminal nuclear-localization sequences will, however, require further investigation.
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3.5 Conclusions

Single-particle electron microscopy in combination with structural bioinformatics methods was
successfully applied to produce experimentally informed pseudo-atomic models of two different
capsid species (icosahedral and geminate) of MSV. Detailed analysis of each of the models has
improved our understanding of protein-protein, and protein-nucleic acid interactions required to
form and stabilize the MSV virion, as well as provided insight allowing a model for virion
assembly to be formulated. This study will hopefully inform the design of experiments which
may expand our understanding of specific aspects of the structure and function of this class of
viruses, and also provides motivation for future high-resolution structural investigation using X-
ray crystallography and cryo-EM. In the next chapter the findings of this study are summarized,
and in light of possible evolutionary forces that underpin the structural properties of the
geminiviruses, speculations regarding various properties of the viruses are developed with regard

to formulation of testable hypotheses for future experiments.
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4 Summary and conclusions

Structural molecular studies are primarily limited by the availability of sufficient quantities of
material for study, as well as the whether these can be prepared for the experiment. X-ray
crystallography of mammalian viruses was hampered by the requirement of large quantities of
virus for crystallization (e.g. grams). As a result, initial progress in the field was made with (+)
sSRNA plant viruses (e.g. TMV and TBSV) which could be harvested from plant material at high
yields. This study of MSV used cryo-EM because sufficient material (e.g. 1 mg) could be
harvested from a reasonable amount of plant matter (1 kg), and in an achievable amount of time.
An attempt to crystallize the virus was inappropriate given the time frame available, and also that
there was no guarantee that the virus can be crystallized or that sufficient material for

crystallization attempts could be produced.

Even in the absence of the crystallization requirement, the study encountered signiticant
difficulties during specimen preparation. MSV virions are prone to aggregation at high
concentrations. This is a phenomenon that appears to reflect their aggregative behaviour
previously observed within the plant cell nucleus (Hatta and Francki, 1979), which has not been
explained, but is likely determined by the electrostatic surface potential of the capsid. These
properties made typical cryo-EM specimen preparation impossible, as within the timeframe of
blotting to produce a thin-film, and plunge-freezing, 99% of virions had clumped together. The
only means of overcoming this behaviour was to prepare the virions in the presence of a planar
thin-carbon support (5 nm thick) that had been glow-discharged to induce electrostatic and
hydrophilic properties. While able to adsorb the virions, and hence sequester them from any
potential aggregation, the support served to limit contrast in the images necessitating high-
defocuses in order to produce sufficient contrast. Within the time-frame allowed, cryo-EM
specimen preparation could not be optimized further, e.g. by attempting to prepare grids with
thinner ice/carbon, or merely by imaging closer to focus (higher resolution, reduced contrast), and
attempting to work with the images despite extremely low contrast. However, an important result
of this study, and informative for future work, is the confirmation that MSV structure can only be

probed by cryo-EM successfully when a thin-carbon overlay is used.

Despite these difficulties, this study resulted in three single-particle EM reconstructions that have
informed our understanding of MSV structure and architecture. The resolution of the icosahedral
monopartite reconstruction was (by inspection) better than 20 A, and calculated from just a few
hundred projections recorded at close-to-focus by application of icosahedral symmetry. The

resolution of the geminate structures was limited by the availability of data (i.e. the number of
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projection images) as well as the imaging parameters. For the cryo-EM reconstruction (23 A
resolution), virions were observed in ice of suitable thickness (~ 100 nm), however, the presence
of the thin-carbon support necessitated far-from-focus imaging in order to produce sufficient
image contrast; this unfortunately severely attenuated amplitudes of high-resolution structure
factors in the few thousand images which were recorded. Ideally, a dataset consisting of 10,000
— 30,000 images should have been recorded but this was not possible in the time frame available
given the difficulties with specimen preparation which entailed many attempts at optimization. In
the case of the negative-stain reconstruction (26 A), ~10,000 images were available, however,
these were recorded at high defocus values and were hence limited by the first zero of the
microscope CTF. Despite these limitations, useful reconstructions were nevertheless calculated,
and all showed clear pentameric capsomeres (CPs) that could be probed by docking at low
resolution. The experimental EM densities were therefore used as constraints that allowed
parameters describing the geometric construction of the capsid to be determined. The outcome of
this process were “pseudo-atomic” capsids models constructed using an atomic model of the CPs
produced by homology modelling. That docking into each EM map (each produced from a
different virion preparation (plant infection), and prepared for imaging using different specimen
preparation technique (cryo-EM or negative-staining) produced very close estimates of the
geminate geometric parameters is an important result as it improves our confidence in the final
result, as each model correlated with regard to probable CPs:CPs contacts. Additionally, by
comparison of the structures of both icosahedral and geminate particles, these provided
complementary information about the nature of the different structural and chemical
environments within the different capsid species; which allowed fundamental insight with regard
to the capsid construction from quasi-equivalent conformers to be gleaned. These are reviewed

with regard to virion assembly in the following paragraphs.

In review of the principle interactions involved in construction of the icosahedral and quasi-
icosahedral geminate heads: the intermediate resolution of the icosahedral (532) reconstruction,
as well as lower resolution geminate maps strongly supported the assignment of the p-barrel fold
and pentameric capsomer (CPs) of STNV to MSV. This was confirmed by careful analysis of the
fit of the CPs capsomer at the resolution available in the maps. The EM maps confirmed that
regions intervening fB-strands are highly divergent resulting in pronounced overall morphological
differences between the two virus capsids. The capsids of STNV and MSV have differing radii,
as well as a very pronounced differences in appearance. In the case of MSV, B-loops mediating
CPs association must be in an extended conformation, and associate in such a way that the
capsomer is rotated 10° around each 5-fold (and local 5-fold) axis of symmetry of each T’ =

lattice of CPs units. Specifically, the difference in geometry appears to arise owing to a different
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set of CPs:CPs interactions at the 2-fold and 3-fold CP interfaces in comparison to STNV. The
experimental reconstructions determined during this study suggest that these interactions are
largely “discrete”, occurring between specific amino acid segments (referred to as B-loops)
between the fC:BD, PG:PH and BE:BF B-strands — and that where necessary, sequence insertions
have occurred to mediate the formation and stabilization of these interfaces required for assembly
formation. Differences in capsomer surface appearance (i.e. a pronounced crown on the MSV CPs
unit) were noted to be contributed by insertions between BF:pG and BD:BE strands. These
insertions on the surface of the capsid are thought to mediate vector interactions, and as such,

were not the focus of this study, and consequently not modeled.

As described above, while the core of the B-barrel domain is apparently well conserved, the B-
loops adopt completely different conformations in the context of the MSV architecture — and this
is particularly relevant at the equator of the particle. In review of interactions involved in
construction of the bipartite and higher order capsid species (i.e. tripartite capsids): geometric
analysis of the reconstructions revealed the offset between the interacting incomplete quasi-
icosahedral heads to be ~ -11°, and analysis suggested that this geometry arose in order to preserve
CPs.CPs interacting regions, implying that interactions between heads appeared to ‘mimic’
interactions required to form each head. However, detailed analysis suggested that separate sets
of interacting residues had evolved in these regions, suggesting that discrete sets of interactions
are involved in “head-forming” and ‘“head-interacting” associations. The pseudo-atomic
modelling, allowed a different set of interacting B-loops to be identified as those responsible for
mediating the primary-equatorial interactions between heads, and it appeared to be the properties

of these interfaces that directly caused the offset between heads to arise.

An overall outcome of this study was the advancement of our understanding of geminate structure
and architecture. This study has proposed interfaces based on the 2-fold and 3-fold interfaces that
stabilize the head, and makes strides towards a pseudo-atomic view of the virion consisting of a
defined number of CP conformers which interact with one another with highly specific and
distinct interfaces. The role of CP conformers proposed to contribute to the geminivirus capsids
are now reviewed in consideration of the principles set out by the quasi-equivalence theory of
Casper and Klug (1962). From a geometrical perspective, quasi-equivalence pertains directly to
the placement of pentavalent assembly units in hexavalent lattices, and thus describes how a
planar lattice can be folded to create a closed spherical lattice. Structural investigations such as
this one, have shown that the geminiviruses do not exhibit hexavalent assembly intermediates,
and as a consequence cannot form closed spheres of a 7 number greater than 1 (7 = I). For these

reasons the theory of quasi-equivalence does not pertain to them directly. However, at a molecular
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well as a high-resolution EM study to finally reveal at near-atomic resolution the structural basis
for formation of the geminate particle. A crystallography study of the icosahedral form could
potentially be carried out to atomic resolution (~1.2 A), revealing arrangements of loops, as well

as DNA-protein binding motifs.

Alternatively, preparations containing both monopartite and bipartite capsids could be imaged
using a direct electron detector (DED). The DEDs represent a new generation of detectors that
vastly improve image quality by reducing detector contributed noise during imaging, and
furthermore allow “exposure movies” to be recorded which allow beam-induced motion to be
quantified and corrected. The implication of these detectors is that doses used for imaging can be
reduced to achieve same quality as previous detectors, or maintained to achieve even greater SNR.
Recent studies of the ribosome and proteasome have resulted in determination of these
asymmetric structures to 4.5 and 3.3 A resolution; a resolution previously only available for large
and highly symmetric objects such as rotavirus and 2D crystals. For the first time, these
macromolecular assemblies (typically very difficult to crystallize) are seen at a resolution where
atomic positions can be modelled with high accuracy for a range of conformations that occur
outside of crystallographic lattice. Clearly, studies utilizing any degree of symmetric (for instance
the D6 object determined to 3.3 A) benefit in that even fewer images need to be recorded than
ever before suggesting that data-collection times are reduced, or that extended data-collection

times should yield sufficient information to confidently determine many structural intermediates.

To summarise finally, the MSV CP has been described as a multifunctional protein, carrying out
important roles in the viral infectious cycle including: ssDNA accumulation, protection of these
genomes from nuclease activity, cell-to-cell movement, vector-mediated transmission and nuclear
import of the viral genome. Many of these functions rely on the ability of the CP to self-assemble,
functionality that is in turn related to interactions with ssDNA molecules. These interactions (both
protein-protein and protein-nucleic acid) can be considered a small fraction of the entire intra-
genome interaction network required for persistence of this pathogen in the environment. Efforts
to characterize the viral interaction network are important, because if quantified at the level of
amino acid and nucleotide interaction, could be considered part of a model of all ‘information’
encoded by the virus itself, and would thus provide a foundation from which anti-viral strategies

could be developed.

This study makes some progress in showing that discrete regions of the folded CP protein carry
out the functions of the MSV CP. Within the context of the functioning CP subunit, the core p-
barrel domain clearly functions to arrange functional segments and sites in three-dimensional

space so that they are able to fulfil their roles. This study has also revealed that the quaternary
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interactions of the CPs unit have heavily diverged, and that these are mediated by apparent flexible
regions that intervene P-strands, and provides evidence to suggest that it is the ‘hinge-like’
properties of these regions that allows multipartite capsids to form from a series of independently
assembled lattice intermediates. These observations have important implications, because while
structural virology may have a tendency to describe the structures of viral capsids as precisely
defined containers, ‘designed’ to encapsidate a specific volume of nucleic acid, it seems that in
some cases this may simply not be the case. For small viruses with limited coding capacity, the
requirement of genetically efficient solutions to the packaging problem appears to motivate the
emergence of alternatives. This is especially the case for the geminiviruses, as the CP in these
cases appears to have evolved as a nucleic acid “coat” rather than a strictly defined “container”.
The distinction is perhaps subtle, but important, because in the case of such coat, it is the package
being coated that governs the appearance of the final assembly product. A container, on the other
hand, would be unaltered by the act of packaging, whereas for geminiviruses such as MSV it is
the interplay between the genome and its coat that appears to govern not only morphology of the
capsid, but also a mechanism of selectivity; not only of genome size, but also ‘shape’. Put simply,
by way of folding, not all viral variants may be ‘tailored’ to the viral packaging coat (CP), and
will consequently demonstrate different finesses with respect to mechanisms for viral movement

that rely on formation of stable capsids by spontaneous processes of assembly.

The geminiviruses continue to provide a rich source of fundamental questions for future structural
and molecular investigation. Clearly a thorough understanding of these viruses will be
challenging, but it is likely that these challenges can be overcome with improved technologies,
appropriate experiment design, as well as integration of information from multiple techniques and

methods of inquiry.
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7 Appendix B — SPIDER scripts

reconAPSH . ked

md
vb off
md
set mp
(4)

; create global symbols

fr g

[inputstack]../../output_stk 190 invert

fr g

[stack_doc]../../output_stk doc; SPIDER document containing image info (defocus,

micrograph number, etc.)

fr g
[apref]./apref/apref

fr g
[vol]./vol/vol

fr g
[refprojs]./proj/proj

fr g

[bpangles]./bprojangles/bprojangles

fr g

[projangles]./projangles

fr g

[classavg] ./classavg/class

fr g

[frealign] ./frealign/spider_output

fr 1
[class_arr] 10

*** PARAMATERS FOR EACH ITERATION ***

[x92] = 21

[x93] = 100

[x94] = 190
Angstroms)

[x95] = 190

[x96] = 4

[x97] =1
decimation

[x98] = [x96]*[x97]
[x99] =1

each round

[x100] = [x95]/[x96]
[x101) = [x94]/[x98]
[x102] = 15

[x103) = 50

[x104] = O

[x105] = 0

[x106] =0

; create angles document

~

eSS v we .

; *** Implement detection of mirroring

vm
rm [projangles].dat

vo ea
(3)

(0,90)
(0,72)

index of starting iteration
index of last iteration
outer ring for image alignment (radius in

input image dimensions
sampling of input stack (A/pixel)
decimation factor (for speed purposes): 1 = no

sampling after decimation
set 1 if resolution estimation is required for

image dimensions after decimation

outer ring for image alignment (radius in pixels)
resolution of filtered output

resolution to filter smooth mask

smooth mask interior

exploit the mirror relationship

create output for FREALIGN

etc in this part.
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[projangles]

[x90] = 10878 (4559)
loaded into memory for iteration(s)

number of images

ud n [x91]
[projangles]
ud e
ms
iteration(s)
_le
([%x95], [x95]1,1)
([x90]
; load input stack into core
do 1b9 [x19]=1, [x90]
i fq
;2
i (3)
il
;dc
;_l@(***** [xlg] }
; ([x9771, [x97])
cp
_l@(*****[xl9] }
1b9
do 1bl

projections of previous model

; [inputstack]@{*****[x19]}

; [inputstack]@{*****[x19]}

[inputstack]@{*****[x]19]}

[x11] = [x92],[x93]
0

[x61] =
[x12]

cp

L/vol/vol{***[x12]}

7

*** CALCULATE REFERENCE

pl 39
7

(50)
(1-[x911])

[projangles]

[refprojs] {***[x11l]}@***

;v

[x11]-1

to reconstruct,

; close document

first [x90] images will be

set number of reference projections

; create inline stack to store images for

; dimensions
number of images

; major loop iterating project matching
; initialize image counter

PROJECTIONS **x*

; input volume of previous iteration

; radius

; angle numbers

; Euler angles used for project

; template for 2-d projections

;proc2d proj/proj{***[x11]}.dat proj/projn{***[x11l]}.dat spider norm=0,1

v

echo "Aligning images against

ap sh

[refprojs] (***[x11]}@****

(1-[x91])
(5,1)

(5, [x1017,1,1)

[projangles])

1@* x*x ok

reference projections:" {***[x11l]} ; date

; match original stack against reference

;template for reference images

;selection

;translation search range
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(1-[x907])
(0.0,8)
([x105])

[apref] {***[x11]}

vm

eche "Applying in-plane rotation and translation parameters and generating class
averages for " {(*****[x90]} "images on iteration:" {***[x11]}

@gen_classaverages [ [x90], [x91], [x11], [x61], [x105], [x106]]

vm

echo "Back projecting {*****([x61]} images..." {***[x11]}

if([x99].eq.1l) then ; perform odd even reconstructions

bp 32f

[inputstack] _bpstk@*****

(1-[x611)

[bpangles] {***[x11]}

sym

8

[vol]l {***[x11]}_fh ; 3D model from first half

[vol]l {***[x11]}_sh ; 3D model from first half
else

bp 3f
[inputstack]_bpstk@*****
(1-[x61}))
[bpangles] {***[x11]}
sym
8

endif

cp ; output veolume for next iteration.

8
L /vol/vol{*** [x11]1}

vm

proc3d ./vol/vol{***[x11l]}.dat ./vol/vol{***[x1l]}n.dat spidersingle norm=0,1

apix={***[x98]}

1bl

; tight mask volume to exclude noise surrounding structure
@mask_vol[[xS85], [x98], [x103], [104]]
L/vol/vel{***[x11]1n

VI
cp ./vol/vol{***[x1l]}n_masked.dat ./vol/vol{***[x1l]}.dat

; create filtered output for inspection purposes
fq

./vol/vol{***[x11]}.dat
./vol/vol{***[x11]} fq.dat

(3)

([x98]/([x102]) ; sampling/resolution

vm
echo "Generating statistics for iteration:" (***[x11]}

@manage_stats[[x90], [x91], [x11], [x99]]
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manage stats.kcd

([x92],[x91], [x11], [x991])
; create histogram for correlation scores

vm
echo "Creating histogram of correlation scores...”
hd d

[apref] {***[x11]}

(11)

(50)

./stats/cc_dist{***[x11]}

; create histogram for reference projection frequencies

vm

echo "Creating histogram of reference projection fregquencies..."
hd d

lapref] {***[x11]}

(4)

({x91])

./stats/ref dist{***[x11]}

; update convergence measure

vm
echo "Updating convergence stats..."
ud n [x50]

[apref] {***[x11]}

vm
echo (*****[(x501}

[x60]1=0
[x61]=0

; loop through each record
do 1lbl (x12] = 1, [x50]

ud ic
[x12], (x13], (x14], [x15], [x16], [x17], [x18], [x19], [x20], [x21], [x22], [x23], [x24], [x25], [x26
]

[apref] {***[x11]}

[x60] = [x60] + [x23] ; total of correlation scores
if([x11].gt.2) then

[x13]=[x11]-1

ud n [x51]

[apref] {***[x13]}

1f([x51].eq.[x50]) then
ud iec
[x12], [x33]),[x34], [x35], [x36], [x37], [x38], [x39], [x40], [x41], (x42], [x43], [x44], [x45], [x46
]
[apref] {***[x13]}

if([x16] .ne.[x36]) then
[x62]=[x62]+1
endif
endif
endif

1bl

[x61] = [x60]/[x50]

sd [x11], [x61]
186



./stats/averagecc

sd [(x11], [x62]
./stats/ref changes

ud ice
[apref] {*+**[x11]}

if([x11).gt.2) then

ud ice

[apref] {***[x13]}
endif

sd e
./stats/averagecc

sd e
./stats/ref_change

vm
echo "Calculating resolution statistics...”

1f([x%99].eq.1) then

rf 3 ; Reliability Factor
[vol] {***[x11]}_fh ; first
[vol] {***[x11]}_sh ; second
(0.5) ; ring width
(0.6,1.2) ; scale factor
W ; missing Cone or Wedge
(30)
(3.0)
./stats/fscoutput_{***[x11]}

endif

re
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mask vol.ked

([x95], [x98], [x103]) ; square (3D vol) dimensions, sampling, mask filter resolution,
fr
?2vol?[vol]

; CONSIDERATIONS

; Smooth masking should not alter any of the ACTUAL structure's densities! (Hence the
volume must remain untouched within the masked region). We simply want to exclude
densities surrounding the particles boundary. Hence, it is important that we use a
conservative estimate of the this boundary in order to prevent masking of meaningful
information

vm
rm temp.dat

ip

[vol]

21

([x95]1, [%951, [x95])

; CREATE MASK
; threshold volume to exlude noise

th ; threshold

A ; input

_28 ; output

B ; alter values (B)elow, (A)bove or (C) on both
sides.

(1.5) ; units are sigma if the volume has been normalized

to mean of zero, std dev., of 1

cp
28
[vol]_mask_th

; filter thresholded mask to increase boundary

fq ; filter volume to a low resolution
_28

29

(3)

([%x98]/(x10371)

cp
_29
[vol] mask th fq

; create binary mask. Value = 1 where greater than equal 1.5, 0O where below 1.5
th m

_29

22

(B)

(1.6)

cp
22
[vol] _mask_thm

; filter binary mask to create smooth mask between 0 and 1.

([%98]/[x1031)

cp

22
[vol]_mask_thm fq
; Smooth masking

mm C

(0.0) ;remove this if nec.
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cp
21
[vol]l _masked

re
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