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Abstract

Three-Dimensional Reconstruction of Heterocapsa circularisquama
RNA Virus by Cryo-Electron Microscopy

By J. L. Miller

MSc minithesis, Faculty of Science, University of Cape Town and Faculty of Natural Sciences,
University of the Western Cape.

Heterocapsa circularisquama is a bloom-forming, bivalve-killing dinoflagellate that is responsible
for causing red tide around Japan and Hong Kong. It is infected by two viruses: H. circularisquama
virus (HeV) and H circularisquama RNA virus (HCRNAV). HcRNAV, a non-enveloped
icosahedral ssRNA virus, is the major natural agent controlling the population dynamics. While
there are many strains of the virus, they can be classified into two types, UA and CY, based on their
intra-species strain-specific infectivity. The difference in specificity has been shown to be limited to
the entry process of the virus into the host cell, presumably due to variations in the sequence of the
capsid proteins.

This study commences the exploration for the structural explanation of the strain-specificity by
determining the three dimensional structure of HCRNAV109, a CY-type HcCRNAYV strain, by both
cryo-electron microscopy and negative stain electron microscopy.

The virus was reconstructed by single particle reconstruction methods from two independent
starting models. The first model was produced by using common lines methods to determine the
orientations of rotationally invariant K-means clustered class averages while the second starting
model was a featureless model with icosahedral symmetry. Refinement of the models was carried
out in separate defocus groups for the cryo-EM data set and in one group with no CTF correction
for the negative stain data set. Projection matching was iteratively used to refine the orientations of
the images and produce improved reconstructions. For the cryo reconstruction the calculated CTF
was applied to the initial model for each defocus group so that the images and the references to
which they were aligned have the same CTF. The projections of this model were then used as
references for multi-reference alignment of the images to determine the orientations of the particles
which were back-projected to form an improved model. All the models from the different defocus
groups were then combined with CTF correction to form one CTF-corrected model that was used
for the next iteration.

A final resolution of 18.1 A, computed by comparing the FSC of the two independent
reconstructions, reveals that the virus is a T=3 icosahedral virus consisting of 180 protein subunits,
contrary to what was predicted by previous homology modelling to black beetle virus. While the
negative stain model only reveals the surface features, the model produced from the cryo-EM data
reveals some of the internal RNA structure which is generally disordered, except for around the
three-fold axes where the RNA binds to the capsid protein. Further studies of the UA-type virus and
higher resolution studies are necessary to determine the effect of the sequence differences on the
structure of the capsid protein.
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Chapter 1. Introduction

1.1. Heterocapsa circularisquama RNA virus

“Red tide” is the common name for algal blooms, a phenomenon caused by the rapid growth and
bloom of marine, estuarine or fresh water algae. The water acquires a red, brown or green colour
due to the accumulation of phytoplankton, macroalgae or colourless heterotrophic protists. The
algae are dinoflagellates, single-celled, aquatic organisms with two dissimilar flagella, that release
toxins into the water killing shellfish and other sea-life (Nagasaki K. et al., 2006; Sellner et al.,
2000). Dinoflagellates are either photosensitising autotrophs, endocytotic feeding heterotrophs, or a

combination of the two (Nagasaki K. et al., 2006).

Heterocapsa circularisquama, shown in Figure 1.1A, is a small dinoflagellate with a case covering
called theca, that was first observed as the cause of large-scale red tide blooms occurring at
Uranouchi Bay, Kochi Prefecture, Japan in August 1998. It was subsequently observed in other
areas of western Japan (Matsuyama, 1999) and off the coast of Hong Kong (Iwataki et al., 2002).
This bivalve-killing, bloom-forming dinoflagellate was first described by Horiguchi (1995) using
samples collected at Ago Bay, Mie Prefecture, central Japan in 1992. While exhibiting no harmful
effects on fish, it contains a photo sensitising hemolytic toxin which is lethal to shellfish and some

microzooplankton (Miyazaki et al., 2005).

H. circularisquama virus (HcV; ~200 nm; icosahedral DNA virus; Tarutani e al., 2001) and H.
circularisquama RNA virus (HcRNAV; 30 nm; icosahedral RNA virus; Tomaru et al., 2004) were
the first two dinoflagellate-infecting viruses that were characterised. HCRNAYV is the major natural
agent controlling the H. circularisquama population dynamics, infecting 88% of the dinoflagellates
at the peak of the bloom in Ago Bay, Japan in 2001. As HcRNAYV is found in sediments, with the
abundance decreasing more gradually than in the water, the sediments are thought to possibly be a
reservoir for the virus, which is an important factor affecting the population dynamics of H.

circularisquama (Nagasaki ef al., 2004).

H. circularisquama cells when grown in culture and infected with HCRNAV lose motility and
settle. During early stages of infection the intracellular structures are mostly intact, with cytoplasm
structure and organelle degradation only clearly visible at 33 to 48 hours post-infection, during
which time newly formed virus particles appear in the cytoplasm (Figure 1.1B). The viruses form

either crystalline arrays (Figure 1.1C) or unordered aggregations in the cytoplasm. Cell numbers
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deercase 24 to 48 houes after infection. due to lysis. however this is not complete as 10 to 20%

survive. although they are immotile and lase their theea (Tomaru ef of. . 2004).

Figaere 1.1 Drarsmission eleciran micragrapits of FefNAVIOY impecred Ho civenlarizguama (HCLG-1 straing. A)

Fleaithy LG 1 ciresfarivgieama cell showiag e macfews @NG efdoropdusis {CR) prd pyveraids (P10 B 48 R opfted
infection, showing viveplasms (VP and degradation of weganelles in the optoplaim ©) Crystaliine deray formarion af

CRANAVIOR i the cell DY Negativelv stained HeRNAVIOY wolated from the fvsmte iTomary et al, 2004).

HeRMAY is strain-specific as to which marnine plankton it infects. It was found not to be |vtic to the
32 marine phytoplankton strains, including 11 strains of the genus ffeferocapsa, that were wsted by
lomaru e @l (2004), Addticmally, different strains of HeRNAV will complementarily infect
different H. circularisquama strains. The wvirus 1s thus ecotvpe-, rather than specics-. specilic
{Tamaru ¢ al., 20043 HeRNAY can be classified as UA-type or CY-tvpe based on their intra-
species strain-specific infectivity, & efrcrlarisgurama strains can conscquently be classified into
thrce tvpes: thase that are Tvsed by HeRMNAY UA-type, those hysed by HeRNAV CY-type, and
these that exhibit no lvsis [or either tvpe of HeRMAY {only twa of the 36 strains tesicd; Tomaru er
ol , 2004, The twa hoativirus systems are independent and may coexist in a bloom, thereby
affecting both the qualicy (ie, the clonal composition) and the guantity {biomass) of the A

civculavisguama bloom { Tomaru et o/, 2007

Two strains, HeBNAV34 and HeRNAYVI0Y, have been characterised as tvpical tvpe UA and CY
virus strains. These nonenveloped. spherical viruses with no @il structueg, contain 2 single-stranded
BRNA genome approximately 4.4 kb leng (4375 kb [or HeRNAV3I4 and 4.391 Kb for
HeRNAV | 09). The genomes of HeRNAY |09 and HcRNAV3S are 97% homologous and both have

i
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vwo major apen reading frames {ORFs). In addition there are four and six minor ORFs that could
code for proteins of approximately 100 residues for HeRNAV34 and HeRNAV 109 respectively,
The function of these small ORFs is vet to he determined as they showed no significant BLAST

similarity to any known proteims (Figure 1.2; Nagasaki of ol 2005).

3' UTR
ORF-1 (Polyprotein) ORF-2 (Polyprotein) 115 n
&' UTR : Central UTA Yariahle regions
{18 nt) Deletion [15 m]\l {16 Nt I o v

HcRNAV34
(UA-type)

MTFFl  MOLPFL [ wiPFR]
3 L - -

HcRNAV10S
(CY-type)
IUTR
. 3018 nt - 1020 nt — {116 nt)

Figure £.2: Schemaric genome structure of HeBNAF3E aned HeBNAFTOY and the positions of the varialde reglons.
Hiseed o# Negreoeahd ef al. (2005}

ORF-1 (15 nuclestide size difference between the two strains) has two conserved domams: # serine
protease domain and an RNA-dependent RNA polvimerase (RdFEp) domain, This is most likely a
polyprotein that is cleaved ipto the two functional proteins. There is only low homology with the
serine protease and RARp domains of other viruses. showing that HERNAY is quite evalutionarily
distart [rom apy of the viruses that have been previously characterised (Nagasaki er al . 2005), This
is probably because the database of aguatic viruses is small with HeRNAY being the anly
characterised virus infecting Dinozoa, a classification that inchodes dinotlagellates (Nagasaki K. er
al., 2006).

The LO80 nucleotides of ORF-2 code for the 3872 and 383 kD2 single major structural protein of
HeRNAV34 and HeRNAVIGY respectively (Nagusaki e¢f o/, 2005), The mast striking differences
between the genmmes of the two types are four varisble regions in ORF-2 (Figure 1.2}, Phyvlogenetic
analysis of the variable regions from 2 number of strains coincides with the host-specificity of the

viruges. with type UA and CY vims steains divided into distinet groups. This suggests that the

11
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specificity is due to the sequence variation in the capsid protein (Nagasaki et al., 2005). This was

confirmed by the same group using particle bombardment (Mizumoto ef al., 2007).

Mizumoto e? al. (2007) reported that when virus suspension was added directly to a host culture, the
virus infected the cells and was replicated only when the strains were compatible. However, when
the cells were infected by transfecting viral RNA directly into host cells by particle bombardment,
infective virus particles of the type encoded by the viral RNA were produced irrespective of the
host strain, although the RNA accumulation levels did differ across different host-virus
combinations. This shows that the host specificity is determined at the entry process, rather than

during the intracellular replication processes (Mizumoto er al., 2007).

Nagasaki et al. (2005) have modelled the HcRNAV capsid protein based on ~10% sequence
homology to the black beetle virus (BBV) capsid protein (Wery et al., 1994) to determine where the
amino-acid substitutions occur. The capsid plate is modelled as a trimer of ORF-2 products forming
a T=1 icosahedral virus (see Chapter 1, section 1.2.1 Triangulation numbers). Seven and eight out
of the 14 significantly different residues were predicted to be on the outside of the UA and CY
capsid proteins respectively with no significant amino acid substitutions on the interior of the capsid
protein (Nagasaki et al., 2005). The secondary structure prediction of HCRNAV109 capsid using
PSIPRED (Jones, 1999), and alignment of the sequences using CLUSTAL X (Thompson et al.,
1997) displayed in Figure 1.3 reveals very limited predicted secondary structure homology. Because
there are no homologues to the HCRNAYV capsid protein, the tertiary structure prediction may not be
accurate and therefore structural studies of HCRNAV are necessary in order to assess the validity of

these claims.

12
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Figure 1.3: Fredicted secondary Sirvcture fuing PRIPRED, Soncs, 1999 qrd scqueree of the HcRNAVIIY capsid
pratein aligeed v the BRY capyid protein sequence and secondary structure.

1.2. lcosahedral viruses

The structures available for a virus are limited by their need for efficiency. Viruses consist of a high
molecular weight nueleic acid component, surrounded by a protective protein packaging, the viral
capsid. The nucleic acid, RNA or DNA, encoding tor the structural proteins of the wirus and
senetimes other engymes neecssary for viral repheation, must be accommodated inside the capsid.
It is theretore advantageous for the capsid to be composed of a large number of identical smaller

units as this can be encoded in the nucleic acid more concisely. There are thus only a limited

13
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number of genetically economical basic shapes for a virus: helical tubes and icosahedrons (Caspar

& Klug. 1962), HeRNAY falls into the latter group.

An icosahedron s an economical shape for a virus as it consists of 60 asymmetric subunits which
allow the virus to form a large shell using minimal amounts of infermation (Caspar & Klug, 1962).
Klug and Caspar (1960) differentiale between three types of subunits: the chemical subunit is the
mdividual pretein molecile, the erystallographic subunir is the smallest asvmmetric unit, and the
marphological subunit is one of the *bumps™ or “knobs™ of the virus, An icosahedron is a platonic
solid composed of 20 equilateral triangles. This highly symmetric solid (point group 532) consists
of & five-Told axes rthrough the 12 vertices. 10 three-fold axes through the 20 triangular faces and 135
two-fold axes halfway threugh the 3¢ edges, producing a total of 60 symmetry elements (Figure
1.4 Baker ef al. 1999},

Figure £.4: @) An icosahedran and B @ dodecafiedron showony the semmetry wxes dnd the asymeteiric unit used in
istegre pecorsruction. The numbers (20 3, and 3) indicate the positions of seme of the spmmerry axes. The whiwe
irliprelion defirme the agvmiteteis anil whickh 8 howaded Iy the lines folrine adiacent five-pold and three-fold ey (boased
o Borker it o, TR,

The dodecahedron is related Lo the icosahedron in that il has the same icosahedral symmetry but it is
made up of 12 regular pentagens. The 6 five-told axes are through the 12 pentagonal faces, the 10
three-fold axes are through the 20 vertices and the 15 two-lold remain through the edges (Figure
1.4). A spherical virus generally has a shape (hat lies in between the these two icosahedral extremes
(Baker et al, 1999),

14
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The asymmetric unit of the icosahedron, which is the 1/60™ of the total model needed to generate
the rest, may be arbitrarily chosen, but is usually the wedge shaped volume enclosed by two

adjacent five-fold axes and a three-fold axis as shown in Figure 1.4 (Baker et al., 1999).

1.2.1. Triangulation numbers

While an icosahedral virus always contains 60 asymmetric units, it may be composed of more than
60 protein molecules in order to increase the size of the virus capsid without increasing the size of
the genome. The subunits are then arranged in 60 sets of proteins molecules. In this case, although
the proteins are chemically identical, their environments and structures differ slightly and thus they
are described as quasi-equivalent (Caspar & Klug, 1962). The number of quasi-equivalent subunits
which make up an asymmetric unit is the triangulation (T) number, which also describes the

arrangement of these subunits.

An icosahedron may be constructed from a planar hexagonal net by removing a side from some of
the hexagons to form pentagonal vertices in order to generate a closed structure. In the simplest
case, adjacent hexagons are bent to form a T=1 icosahedron with all the protein subunits equivalent.
A larger icosahedron consists of hexagons between the pentagons and is given a triangulation
number T = h’+hk+k’, where h and k refer to the number of hexamer subunits between pentamers
in two directions (Figure 1.5). Therefore a T=3 virus, where s,k = 1, consists of a movement up and

along one hexamer to move between pentamers.

The number of different environments should equal the T-number with the number of subunits then
607, but this is not always strictly maintained (Baker er al, 1999), for example the T=7
papovaviruses have 72 pentamers and six subunit environments, but only 360 subunits (Belnap et
al., 1996). This illustrates that viruses do not always strictly adhere to the principle of quasi-

equivalence which depends on small conformational and bonding differences.

Some ssRNA viruses that are composed of more than one type of capsid protein, such as
comoviruses and picornaviruses, may be classified as P=3 or pseudo-T=3 viruses (Rossmann &
Johnson, 1989). Rather than three chemically identical proteins with slightly different environments
making up the asymmetric unit, the three proteins differ in their primary structure but have similar

tertiary structures (Rossmann & Johnson, 1989). Whereas picornaviruses are composed of three

15
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%
AL
LT'
v
v

o
=3 {h.k=11)

Figure F5: festrggion of e pepmmetrioad principle beliwd Tomonbers, ) The hexagonal net weth the b and k-aves
wwarked T farnt an fooyalredron the certaii hexagons are comverted Bl pendagonal verticos. The velative posiions af
the vertices, identified by theiv (i &) coordingtes determines the trigmmdor fuce of the foosafedeon and the T-nmber
(T=h+hk—E0 B For exopmgle, for T3 the vivngulor face of the fcosaledron is dronn fromr (80 (o 0 Ly fo -1- 10,

These faces moke o red with Re oo converted o pertagons e removing an cdee. This can then be folded jofo o 30

loosahedron (Baker et al, 1999 Jafinwoen d Spier, 1995,

different protein subunits, comevirus capsids consist of two capsid proteins. L with two domains of
similar tertiary structure and 5 with onc domam (Rossmann ¢ af, [985). This is therefore a 1T=1
virus, but the structural similarity of subunits and their arrangement leads to a very similar structure

to =3 wviruses (Prasad & Prevelige, 2003

1.2.2. Structure of single-stranded RNA icosahedral viruses

Although the symmetry limits some of the variety in lcosahedral viruses, there s sull a larac

diversity in their structures, Spherical viruses comsist of an icosahedral protein capsid thal may be

nonenveleped or enveloped by a lipid membrane, The genetic information contamed in the vitus




Chapter | Introduction

may be in the form of RNA or DNA, which is cither single- or double-stranded. Single-stranded
RNA (ssBNA) or DNA {ssDINAY viruses may further be classified intoe positive- and negative-
strand depending on whether the nueleic acid has the same (positive) ar apposite (negarive) sense as
the mRNA which can be translated {Dimmock ef @l 20010 The positive-strand ssRNA ((+ssRNA)
viruses, which include HeRNAVY as well ax other viruses from plants. bacteria and animals. are
hetter characterised than the negalive-strand ones {(Prasad & Prevelige, 2003), In contrast 1o the
negative-strand ssRNA, where the genome 15 covalently linked o the nucleacapsid proteins and
other accessory proteins, there are usually only non-covalent interactions between the naked
genome of (+)ssBNA (Prasad & Prevelipe, 2003, although (he pieomnavituses are onpe af the

cxeeptions as the RNA is bound to g amall protein called VP (Kitamura ef ol |98]1 )1

The mast common fold for the capsid protein, particularly RNA viruses {Rossmann & Johnson,
1989} is the jelly-roll f-bamel fold (Figure 1.6). 11 comsists of two four-stranded f-sheets that face
ane another to form a harrel structure that 15 almost a closed cirele: The anli-parallel f-sirands wend
to lie roughly tangential to the surface of (+1sENA viruses and many others, radiating out from the
five-fiald or quasi-zsix-fold axes, but in the adenovirus (dsDNA virus) they e radially (Chapman &
Liljas. 2003y OHiten the jelly-roll proteins have pardy disordered - und C-terminal arms. The
disordered sepments may interact with the nucleic acid molecule while the vrdered pants are used 1o

regulate the subunit packing and stability {Chapman & Liljas, 2003 ).

Figare La: Diaerammulic represemtation of af Hre f-jelly soll subunic and 8 tapolagy of te vival subinit. The
insertions between the S-stramids vary betwsen different virmses, Adopted from Soswtion (19980 and Rossigen &
Soknsor (885
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Other folds which are more common in nonviral proteins but are found in some virus structures are
the immunoglobulin fold (observed in the flavivirus envelope glycoprotein; Rey et al., 1995), the
serine protease fold seen in the Sindbis virus core protein (Choi et al., 1991) and the four-helix
bundle that occurs in the helical tobacco mosaic virus (Bloomer et al., 1978). While the jelly-roll,
immunoglobulin and serine protease folds all consist of antiparallel S-barrels, the order of the

strands and their connections differ (Chapman & Liljas, 2003).

The similarity of structure despite absence of sequence similarity found in many virus structures
provides a tool for determining long-range evolutionary relationships between viruses where the
sequences have changed beyond recognition but the structure and function is conserved (Bamford
et al., 2002). Similarities in capsid protein arrangement as well as the protein folds have led to the
recognition of unexpected evolutionary links, such as adenovirus and bacteriophage PRD1 that
infect vertebrates and Gram-negative bacteria respectively (Benson et al., 1999).The ubiquity of the
B-jelly roll makes it difficult to distinguish between the possibilities that all viruses containing the
fold evolved from a common ancestor, or that the fold arose independently in different viral
lineages (Bamford et al., 2002).

1.2.3. Single particle reconstruction of icosahedral particles

Whereas X-ray crystallography provides detailed, high resolution structural information about
viruses and other molecules, it relies on the availability of large amounts of highly purified sample
and the successful growth of diffraction-quality crystals. Electron microscopy (EM) is not limited
by these requirements as sample heterogeneity may be overcome during particle picking and may
be used to reconstruct virus particles at different stages of maturations (Lee & Johnson, 2003). The
structure of the virus produced by EM is also not constrained by crystal contacts. With
improvements in reconstruction methods, three-dimensional (3D) reconstruction from EM data can
now be used to produce 3D models at subnanometre resolutions at which it is possible to determine
secondary structure (Bottcher et al., 1997b; Conway er al., 1997, Zhou et al., 2001). While initially
EM was simply used to obtain information about the capsid morphology of the virus (Crowther et
al., 1970a), more detailed structural information has been revealed by EM as the methods have
improved. Examples of this are the organisation of nucleic acids in viruses (Bottcher & Crowther,
1996), the interaction of antibodies and receptors with the capsid proteins (Prasad et al., 1990), the
mechanisms for virus capsid assembly (Bamford et al., 2001; Zlotnick & Stray, 2003) and virus
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maturation (Roseman et al., 2005). As previously mentioned structure also highlights interesting

evolutionary links between viruses (Bamford et al., 2002).

Transmission electron microscopy (TEM) involves a high-energy (100 keV or higher) electron
beam passing through a vacuum to interact with a specimen causing the electrons to be scattered.
Widely scattered electrons are screened out by the objective lens aperture to produce amplitude
contrast, while phase contrast (more important in single particle reconstruction) is formed by the
interference of the unscattered and elastically scattered electrons. Electromagnetic lenses focus and
magnify the electron beam, to form an image on a fluorescent screen, photographic film or a digital
camera (Frank, 1996). The image that is recorded is a projection of the sample, with image intensity
related to electron density of the specimen. A limiting factor is the sensitivity of the biological
material to the radiation, which limits the strength of the electron beam that can be used that would
otherwise increase the signal-to-noise ratio (SNR) of the images. While the image is produced by
electrons that have interacted elastically with the specimen and subsequently continued to the
detector, some electrons interact non-elastically with the specimen, damaging the specimen and thus

decreasing the quality of the image as more electrons pass through it (van Heel et al., 2000).

The solution to this problem is to decrease the electron dose using “low-dose” methods for data
collection (see Chapter 2). However, this leads to a low SNR, particularly in the high-frequency
range (van Heel ez al., 2000). Cooling the specimen to liquid nitrogen or liquid helium temperatures
protects the specimen from radiation damage allowing for electron doses of about 10 —
15 electrons.A? (Thuman-Commike & Chiu, 2000) but this still leads to very noisy images.
Therefore it is necessary to average a large number of particle images to increase the SNR and thus

improve the reconstruction.

Single particle reconstruction methods are based on the principle that biological macromolecules
are identical and thus images of many particles may be combined to produce one 3D model of the
particles. Since the particles are randomly orientated, many different views are captured on one
micrograph. Determining the orientations of the particles from their two-dimensional (2D)
projections and producing a 3D reconstruction from them, is the challenge of single particle
reconstruction. Icosahedral particles are well suited to single particle reconstruction methods due to
their high symmetry and larger size which produce images containing more information per particle

than smaller molecules with less symmetry (Henderson, 2004).
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Model-based reconstruction methods consist of iteratively refining the orientations the images of
the particles against the projections of model and using the new orientations to produce an

improved model. Figure 1.7 outlines one such method, although there are many variations.

The first details about the icosahedral nature of spherical viruses were discovered by Caspar (1956)
using X-ray crystallography of tomato bushy stunt virus and turnip yellow mosaic virus. While the
first negative stain electron micrographs of icosahedral viruses were taken in 1959, it was not until
Crowther's development of the common lines theorem to produce a 3D reconstruction from the 2D
EM images of human wart virus (now called human papilloma virus, HPV; Crowther et al., 1970a)
and tomato bushy stunt virus (Crowther, 1971), that 3D icosahedral structures could be solved by
EM. Some of the viruses that have been solved by cryo-EM are listed in Table 1.1. Many of these
are deposited in the Virus Particle Explorer (VIPER) database (Shepherd et al., 2006) and the
Electron Microscopy Databank (Tagari ef al., 2002).

Table 1.1: A selection of viruses with structures solved by cryo-EM.

iiVirus Name Resolution Year Reference T
| (A)

| Adeno-associated virus 2 10.5 2001 (Kronenberg et al., 2001)
\Adenovirus 6.9 2006 (Saban et al., 2006)
{Aura Virus (bottom component) 21 2002 (Zhang et al., 2002)
E‘Aura Virus (top component) 17 2002 (Zhang et al., 2002)

| Bacteriophage epsilon15 9.5 2006 (Jiang et al., 2006)

i Bacteriophage K1-5 (complete) 17 2007 (Leiman et al., 2007)
\Bacteriophage K1E (complete) 17 2007 (Leiman et al., 2007)
’Bacteriophage P22 20 2006 (Lander et al., 2006)

i Bacteriophage phi29 fibered (isometric particle) 8.7 2005 (Morais et al., 2005)

- Bacteriophage phi29 fiberless (isometric particle) 7.9 2005 (Morais et al., 2005)
Bacteriophage phi29 fiberless prohead particle 127 2005 (Morais et al., 2005)

‘ Bacteriophage phi29 mature particle 16 2006 (Xiang et al., 2006)
iBacteriophage phi6 nucleocapsid 7.5 2006 (Huiskonen et al., 2006)
%Bacteriophage phi6 virion 18 2007 (Jaalinoja et al., 2007)

( Bacteriophage phi8 core 8.7 2007 (Jaalinoja et al., 2007}

\ Bacteriophage phi8 virion 21 2007 (Jaalinoja et al., 2007)

i Bacteriophage phiKZ 28 2005 (Fokine et al., 2005)

!, Bacteriophage phiKZ capsid 18 2005 (Fokine et al., 2005)
LBacteriophage PRD1 20 1995 (Butcher et al., 1995)
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Virus Name Resolution Year Reference

. (A)

i Blue tongue virus 23 1997 (Grimes et al., 1997)

lBovine papilloma virus 25 1991 (Baker et al., 1991)
‘Bovine papilloma virus type 1 9 1997 (Trus et al., 1997)

}Broadhaven virus 23 1997 (Schoehn et al., 1997)

;Brome mosaic virus (native form) 18 1999 (Krol et al., 1999)
?Cauliﬂower mosaic virus 23 1989 (Kovgan & Zhdanov, 1989)
i Cowpea chlorotic mottle virus (native form) 24 1995 (Speir et al., 1995)

} Cowpea chlorotic mottle virus (Swollen Form) 22 1995 (Speir et al., 1995)

‘TCucumber mosaic virus 12 2002 (Bowman et al., 2002)
!Cytoplasmic polyhedrosis virus 9 2004 (Booth et al., 2004}

| Dengue virus (immature) 16 2003 (Zhang et al., 2003)
yEchovirus type 12 18 2004 (Bhelia et al., 2004)
lEquine herpesvirus 1 45 1990 (Baker et al., 1990)
'Fish nodavirus 23 2002 (Tang et al., 2002)
'Flock house virus 22 1994 (Cheng et al., 1994)

! Hepatitus B 9.1 1997 (Conway et al., 1997)

| Hepatitus B 7.4 1997 (Béttcher et al., 1997b)
Herpes Simplex virus A capsid 26 1994 (Zhou et al., 1994)

‘ Herpes Simplex virus B capsid 8.5 2000 (Zhou ef al., 2000)
:Human Adenovirus Type 5 10.3 2005 (Fabry et al., 2005)

1 Human Coxsackievirus A21 Complex with ICAM-1 Kilifi 8 2005 (Fabry et al., 2005)

1 Human papilloma virus 25 1991 (Baker et al., 1991)
tHuman papilioma virus 60 1970 (Crowther et al., 1970a)
} Human parvovirus B19 (B19_Globoside complex) 26 1996 (Chipman et al., 1996)
Human parvovirus B19 (Expressed) 26 1996 (Chipman et al., 1996)
"Human rhinovirus 25 1996 (Hewat & Blaas, 1996)
flnfectious Bursal Disease Virus 20 1997 (Béttcher et al., 1997a)
Infectious Bursal Disease Virus 10.4 2005 (Saugar et al., 2005)

| Infectious Bursal Disease Virus Capsid 12 2005 (Saugar et al., 2005)

i Infectious Bursal Disease Virus Subviral Particle 7.2 2005 (Saugar et al., 2005)
Kelp Fly Virus 15 2005 (Hartley et al., 2005)

| Nudaurelia Omega Capensis Virus (Capsid Form) 25 2000 (Canady et al., 2000)

‘ Nudaurelia Omega Capensis Virus (Native Capsid Form) 21 2000 (Canady et al., 2000)
Nudaurelia Omega Capensis Virus (Procapsid Form) 28 2000 (Canady et al., 2000)
Pariacoto Virus (Native Form) 21 2001 (Tang et al., 2001)
1PM2 Virion 8.4 2004 (Huiskonen et al., 2004)
JPoIiovirus 135S Particle 8.7 2005 (Bubeck et al., 2005)
Reovirus 30 1991 (Metcalf et al., 1991)
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‘Virus Name Resolution Year Reference

)r (A)

jRice Dwarf Virus 6.8 2001 (Zhou et al., 2001)

| Rice yellow mottle virus 25 2000 (Opalka et al., 2000)

| Semliki Forest Virus 35 1986 (Vogel et al., 1986)

| Semliki Forest Virus 9 2000 (Mancini et al., 2000)

1 Simian Virus 40 38 1988 (Baker et al., 1988)

‘Simian Virus 40 26 1989 (Baker et al., 1989)

-Sindbis Virus 35 1987 (Fuller, 1987)

Sindbis Virus 9 2006 (Mukhopadhyay et al., 2006)
iSouthern Bean Mosaic Virus 25 2000 (Opalka et al., 2000)
iSulfolobus turretted icosahedral virus 27 2004 (Rice et al., 2004)

| Tomato Bushy stunt 23 1971 (Crowther, 1971)

i Turnip yellow mosaic virus 15 1996 (Bottcher & Crowther, 1996)
-West Nile virus (immature) 24 2007 (Zhang et al., 2007)
?Western equine encephalitis virus 30 2002 (Mukhopadhyay et al., 2002)
1‘Ye|low fever virus (immature) 25 2003 (Zhang et al., 2003)

Naturally, the methods have improved over the years to produce 3D reconstructions of viruses from
the resolution in the 1970s of 60 A and 23 A for HPV and tomato bushy stunt virus respectively
(Crowther, 1971; Crowther et al., 1970a) up to the recent 6.8 A resolution obtained for a rice dwarf
virus reconstruction (Zhou er al, 2001). This trend of improvement of resolution over time is

illustrated in Figure 1.8.

A number of developments have led to the improvement of resolution in EM reconstructions.
Initially negative stain was used to prepare the sample for imaging. This, however, leads to
distortion of the virus image due to collapse of the viral shell and uneven staining of the particle.
Cryo-EM ensures that the particle remains in its native state and reduces radiation damage of the
sample (Dubochet et al., 1985). The use of the highly coherent field emission gun (FEG) also
improves the quality of the images by reducing the falloff of the contrast transfer function (CTF),
which limits the resolution, so that more information is obtainable at high resolutions (Mancini et
al., 1997). In addition to these improvements of data collection methods, the collection of more
particles, and the improvement of reconstruction methods has also improved the resolution of recent
reconstructions (Figure 1.8). The resolution often also depends on the number of images that are

excluded from the reconstruction as improved data lead to improved reconstructions. Ultimately,
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Figure 1.8: Improvement of resolution of cryo-EM icosahedral reconstructions over the years, including the original

negative stain reconstructions by Crowther et al. (1970a, 1971) for comparison.

the quality of the reconstruction depends on accuracy and precision in the alignment of the particles
(Mancini ef al., 1997).

The first structures to be solved at subnanometre resolutions were the independent reconstructions
of hepatitis B virus capsid to 7.4 A (Béttcher et al., 1997b) and 9.1 A (Conway et al., 1997).
Bottcher et al. (1997b) refined separate models for each of the 34 micrographs collected using the
cross common lines method to compare the 6 650 particles to projections. This was used to
determine their orientations and phase origins which were used to produced models from the
images. The separate models, with different CTFs are then merged into one CTF-corrected model

which is projected to iteratively refine the orientations (Béttcher ef al., 1997b).

Conway et al. (1997) use the polar Fourier transform (PFT) method for determining the orientations
of the particles. 2 040 particles were used from two micrographs of the the same sample at different
values of underfocus producing a focal pair of images that were combined, with phase reversals to
correct for the CTF (Conway ef al., 1997). Whereas the Bottcher et al. (1997b) final reconstruction
used 6 384 images, the Conway et al. (1997) refinement excluded over 1 000 images for a final
reconstruction from 600 particles. Although an increase in the number of particles increases the
SNR and therefore the reconstruction, the use of many particles that exhibit heterogeneity or that

have incorrectly determined orientations leads to a poorer reconstruction. The quality of a
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reconstruction therefore depends on the fraction of particles excluded as well as the number of

particles used for the final map (Mancini et al., 1997).

Using their new Multi-Path Simulated Annealing method, a Monte-Carlo type of optimisation
algorithm, to align the particles and determine their orientation, Liu et al. (2007) were able to
produce a 9.6 A model of the rice dwarf virus from 62 particles and a 7.9 A resolution model from
284 particles. These were the best particles selected from a total set of 4 865 particles. Randomly
selecting 284 particles from the original data set leads to a poorer resolution of 10.6 A. Therefore,
although high quality reconstructions are possible from few images, it is still necessary to collect

many images as the advantage is due to the selection of the best particles (Liu et al., 2007).

1.2.4. Icosahedral program conventions

Single particle reconstruction programs use different conventions for their Euler angles, standard
orientations of an icosahedral object and asymmetric unit for the icosahedron. It is necessary to
understand the nuances of the programs if they are to be used in combination as the data must be

transformed from one format to another.

a) Euler angles

A rotation in three dimensional space may be described by three parameters. Euler angles are a set
of three angles that are used to describe the rotation of a three dimensional body by applying three
rotational matrices to the positional coordinates of the object. In the SPIDER (System for
Processing Image Data from Electron microscopy and Related fields) (Frank er al., 1996) and the
MRC (Medical Research Council) software packages (Crowther et al., 1996), the ZYZ convention is
used whereby the three angles refer to rotation about the z-axis, followed by rotation about the y-

axis and then another rotation about the z-axis (Baldwin & Penczek, 2006).

In SPIDER, the rotation is described by the notation (¢, €, v), representing the rotation matrices:

cos(y) sin(w) Oflcos(8) 0 —sin{0)|l cos(¢) sin(¢p) 0
—sin(y) cos{y) 0 0 1 0 —sin(¢p) cos(¢p) 0
0 0 1{[{sin{@) 0 cos(0) 0 0 1
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The object is first rotated by ¢ around the z-axis, then 6 around the y-axis, followed by y around the

z-axis again, with all angles describing clockwise notation.

While the MRC programs also follow the ZYZ convention, they use the convention (¢, 8, £2), with

Pspider = = PMrC, Decause the rotations are in opposite directions (Baldwin & Penczek, 2006).

However, EMAN (Ludtke er al., 1999) uses a ZXZ convention with the rotational matrices:

cos(¢) sin(¢p) 0ff1 0 0 cos{az) sin(az) 0
—sin(¢p) cos(¢p) 0(|0 cos(alt) sin(alt)||—sin(az) cos(az) 0
0 0 1{{0 —sin(alt) cos(alt) 0 0 1

The conversion can be made between EMAN and SPIDER using the following equations to convert
the angles (Baldwin & Penczek, 2006):

T
az = ¢SP11)ER+§_y
alt =0,

m
¢EA/LAN = W_Z—,

Unless otherwise stated, the Euler angles referred to in this thesis are in the SPIDER convention.

b) Icosahedral conventions

There are different standard orientations for the icosahedra in the various programs. This is
particularly important for the MRC icosahedral programs where the orientations that the program

determines are relative to its standard orientation.

In the MRC software package (and those from Purdue University and European Molecular Biology
Laboratory; EMBL) the icosahedron is orientated so that three of the two-fold axes are aligned with
the x-, y- and z-axes such that one three-fold view is (8 = 69.09°, v = 0°) (Baker et al., 1999). The
default orientation in both EMAN and SPIDER is for a five-fold axis to be aligned with the z-axis.
In SPIDER this is such that when the structure is viewed from the positive z-axis, an edge points
along the positive x-axis (L.ebarron, 2005). EMAN rotates the structure 180° (or 36°) about the z-
axis. (See Figure 1.9)
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Figure 1.9: Standard icosahedral orientations for @) MRC, b) SPIDER and ¢) EMAN reconstruction programs viewed

down the z-axis. (Images made with Chimera; Pettersen et al., 2004.)

A different orientation can be used in SPIDER (Frank et al., 1996) by converting the icosahedral
symmetry file that is provided for the reconstruction, to the correct orientation. The symmetry file
contains a list of trios of Euler angles that, when used to rotate a symmetrical object, leave it
unchanged. EMAN 1.8 (Ludtke ef al., 1999) contains functions to rotate objects between different

icosahedral orientations.

¢) Asymmetric units

It is necessary to reconstruct only one asymmetric unit of the molecule because the rest can be
generated by symmetry. In the MRC programs, this is bounded by two five-fold axes at (90°, £
31.717°), and the adjacent three-fold axis (69.09°, 0°) (Fuller et al., 1996).
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2.1. Introduction

A purified and concentrated sample is required for EM data collection. The sample should be
concentrated enough such that each micrograph recorded contains a respectable number of virus
particles yet not too concentrated that the virus particles overlap one another. Typically 10" — 10"
virus particles per microlitre is ideal (Thuman-Commike & Chiu, 2000). The sample is loaded onto

a carbon-coated copper grid in order to be examined with an electron microscope.

One of the main considerations in data collection is the radiation damage caused by the high energy
electron beam through the sample, which reduces the overall resolution of the images collected.
Additionally, because the electron beam needs to pass through a vacuum to prevent the electrons
being scattered by air molecules, the sample needs to be stable under low pressure (Auer, 2000).
The various preparation and data collection techniques are designed in order enhance contrast of the

data and reduce this radiation damage.

Initial contrast enhancement methods involved shadowing the sample with heavy-metal atoms or
positive staining with metal atoms that react chemically with the specimen in order to increase the
electron scattering of the specimen (Crowther, 2004). The two main methods currently used to
prepare biological samples for data collection for 3D reconstruction, are negative staining and
vitrification. Variations of these methods include cryo-negative staining, the carbon-sandwich
technique (the stained specimen is embedded between two carbon films), and the addition of
glycerol or glucose to reduce the artefacts due to dehydration and incomplete stain embedding (Ohi
et al., 2004).

The term, “negative stain”, is derived from the fact that the contrast is generated by the stain, which
surrounds the biological material, leaving the virus particles, which have very low scattering power,
as holes in the electron dense stain (Hall, 1955). While this method allows surface features to be
identified, information about the internal molecular structure is limited by the penetration of the
stain into the sample cavities (Crowther, 2004). Another limitation of the method is lower
resolutions, limited to approximately 20 A, due to radiation damage from the electron beam and the
presence of microcrystals of heavy atoms that form upon drying (Ohi e al., 2004). The particles
also tend to be distorted and flattened by the drying of the sample. Negative staining of the sample

with 1% phosphotungstic acid was immediately recognised as an good method for determining the
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ultrastructure of viruses (Brenner & Horne, 1959). Other heavy-metal solutions, of which uranyl
acetate is the most common (Ohi et al., 2004), are also used to generate contrast in a sample, which

is then air dried on the grid.

Cryo-EM was developed by Dubochet and his colleagues at the EMBL, Heidelberg, Germany
(Dubochet et al., 1985). With cryo-EM, radiation damage of the sample is reduced by collecting the
data at liquid nitrogen temperatures (-170 °C). The low temperature traps the free radicals formed
by the inelastic interactions of the electrons with sample atoms to prevent the spread of the radiation
damage (Auer, 2000). In addition, the biological sample is maintained closer to its native state since
it is embedded in vitreous ice. The biological sample itself, rather than the stain, is imaged allowing
for visualisation of internal structure. Unfortunately the amplitude contrast of the collected data is
very small when the microscope is in focus as the ice and biological material allow most of the
electron beam to pass through. Therefore the data are collected slightly under focus in order to

create phase contrast as described in Chapter 3 to aid in the alignment of the images.

In addition to the cryo-protection from radiation, cryo-EM is also advantageous over negative
staining as the frozen hydrated species is not distorted by dehydration as with negative staining
(Saibil, 2000). The higher contrast due to the negative staining may be helpful in identifying
heterogeneity of the sample (Doan et al., 2003; Ohi et al., 2004), however, the cryo data in general

result in reconstructions with higher resolution.

It is necessary for the samples to be frozen rapidly, using efficient cryogens such as liquid ethane or
propane, to form vitreous rather than crystalline ice. A thin layer of the sample solution ensures that
the cooling is rapid enough, the individual particles are not overlapping and the ice is not too thick
for the electrons to penetrate (Baker ef al., 1999). Excessive drying, however, thins the sample and
can cause the particles to migrate to the edge of the film, where it tends to be thicker, hence
increasing the particle concentration and possibly altering the specimen'’s structure (Baker ef al.,
1999). The sample preparation is therefore carried out under high humidity conditions to prevent
dehydration, with the thickness of the sample controlled by blotting. Additionally liquid nitrogen or
liquid helium temperatures must be maintained throughout the data collection process to avoid

devitrification (Baker ef al., 1999).
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The low-dose data collection method used to reduce radiation damage involves a three step process.
First, a suitable area for recording is found using low magnification (< 2 000 x to 3 000 x) with low
irradiation levels (< 0.05 e.A”.s") to prevent the sample from being damaged. Second, focussing
and astigmatism correction is carried out under high magnification (> 100 000 x) on an area
adjacent to that being recorded to prevent radiation damage. Finally, intermediate magnification (25
000 x to 50 000 x) and an electron dose of between 5 and 20 e".A~ are used for recording images.
Care must be taken to ensure that the sample area to be captured receives minimal electron beam
exposure and thus well planned coilection strategies are used so that the area photographed does not

overlap with areas previously used to focus the beam (Baker ef al., 1999).

Once micrographs of the sample have been collected, the next critical step is particle picking. The
particles are picked from the micrographs into square boxes either manually or by using automatic
picking programs, e.g., BOXER from the EMAN suite (Ludtke ef al., 1999). An optimal box size is
used such that it is large enough to prevent edge effects from further processing affecting the central

particle and small enough to prevent long processing times.

2.2. Methods

2.2.1. Virus sample preparation

A virus sample was provided by Dr Keizo Nagasaki's research laboratory (National Research
Institute of Fisheries and Environment of Inland Sea, Hiroshima, Japan). The virus was isolated
from infected H. circularisquama using the method described by Tomaru et al. (2004). Briefly, 450
ml of exponentially growing H. circularisquama strain, HCLG-1, was inoculated with 3 ml of
HcRNAV109 producing approximately 107 infectious titre.ml™. The cells were lysed and filtered
sequentially through 8.0, 0.8 and 0.2 pum filters to remove cell debris. Polyethylene glycol was
added to the filtrates to obtain a 10% (w/v) final concentration and stored in the dark overnight at
4 °C. The suspension was centrifuged at 57 000 x g for 90 min. The viral pellet was then washed
with phosphate buffer (10 mM Na,HPO, and 10 mM KH,PO, in distilled water) and centrifuged
again at 21 7000 x g for 4 h. The virus particles thus collected were then resuspended in 500 pl 10
mM phosphate buffer.
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The concentration necessary for cryo-EM is approximately 10 to 100 fold more than that of
negative staining. It was therefore necessary to concentrate the sample using a 100 000 kDa cut off
spin filter from PAL centrifuged at 4 000 x g for 2 — 3 min.

2.2.2. Negative stain electron microscopy

Negative stain was first used to view the particles and ascertain the concentration. The sample was
prepared by applying 3 pl of virus sample to a glow-discharged carbon-coated grid and allowing it
to be absorbed for 30 s before blotting. The grid was then successively floated on two drops of
water and three droplets of 2% uranyl acetate placed on Parafilm™, blotting with filter paper

between washings. The air-dried grid was then viewed under the Leo 912 TEM.

Data were recorded using low dose methods on Kodak electron image film SO-163 on a Leo 912
TEM operating at 120 kV and a nominal magnification of 50 000 x. The film was developed in
Kodak Professional D19, fixed with Ilford Rapid Fixer and digitised using a Leafscan 45 by Ilford

scanning at 10 um.pixel” for micrographs with a sampling rate of 2 A.pixel.

2.2.3. Cryo-electron microscopy

Cryo-EM facilities at the MRC Laboratory of Molecular Biology (LMB), Cambridge, UK were
used for collecting the cryo-EM data. The sample was prepared for cryo-EM in a humidity-
controlled fume-hood in order to prevent excessive evaporation. 3 pl of sample were applied to 300
mesh copper R2/2 Quantifoil® grids that had been air glow-discharged for 30 seconds to enhance
the spreading of the specimen. The grids, suspended by tweezers in a cryo-plunger, were blotted
with Whatman no. 1 filter paper for 1 to 3 seconds to form a very thin aqueous film. Before the
liquid film could dry, the grids were immediately submerged in ethane slush cooled by liquid
nitrogen by releasing the plunger (Bellare er al., 1988). This resulted in the virus particies being
embedded in a thin layer of vitrified ice over the carbon holes. Liquid nitrogen temperatures were
maintained throughout the subsequent data collection steps by transferring the sample grid to a side-

entry Gatan 626 cold stage to be loaded into the electron microscope.

An FEI Tecnai F30 FEG microscope operating at 300 kV and a defocus range of 1.6 to 5 pm was

used to collect images of HCRNAV109 under low-dose (about 10 electrons.A™) conditions at
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55299.5 x magnification (nominal magnification of 59 000 x). The images were recorded on
Kodak SO163 film developed in D19. The micrographs were visually examined to discard those
containing few or no particles and too much ice contamination. 102 of the 108 micrographs
recorded were scanned at 10 um.pixel” using a Leafscan 45 by Ilford to give sampling of 1.808

A pixel™.

2.2.4. Computer hardware and software

Image processing and 3D reconstructions were performed on four Intel servers with two 2.8 GHz
Xeon processors and 2 GB RAM running Redhat Enterprise Linux. Initial image processing was
performed using SPIDER 13 and 15 (Frank et al., 1996) and EMAN 1.7 (Ludtke et al., 1999) single
particle reconstruction software. WEB (Frank et al., 1996) and v2 (Ludtke er al., 1999) were used
for viewing images. Refine and fftrans, from the MRC software package (Crowther et al., 1996),
were used to determine the initial orientations of the particles while SPIDER was used for
refinement of the orientations. Chimera (Pettersen ef al., 2004) was used for visualising the 3D

models and creating images.

2.2.5. Particle picking

The micrographs collected by both negative stain and cryo-EM were converted from RAW format
(from the scanner) to SPIDER format, interpolated to half the original size, and then copied to MRC
format using SPIDER (Frank et al., 1996). According to the Shannon-Nyquist theorem (Shannon,
1949), which requires a sampling at least twice as fine as the resolution desired, this allows for a
theoretical resolution of up to 8 A for the negative stain data and 7.2 A for the cryo data, although
oversampling is desirable and a poorer resolution is expected. The power spectra of the micrographs
were computed by SPIDER (Frank et al., 1996) and examined with v2 (Ludtke et al., 1999), in
order to discard those which were astigmatic or showed drift by possession of nonisotopic or
incomplete Thon rings in the power spectra. Boxer, an EMAN program (Ludtke e al, 1999) for
selecting particles from micrographs, was used to automatically pick virus particles from each
micrograph with box sizes approximately double the diameter of the particle (200 x 200 pixels).
The micrographs and picked particles were then manually examined to refine the particle selection.

These particles were converted into SPIDER format for further processing.
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2.3. Results

2.3.1. Negative stain

Thirty three negative stain migrographs with original sampling of 2 A pixel” showed virus particles

with clear contrast {example of one micrograph in Figure 2.] 1

Figure 200 A pepresentative cleciron micragrapR af & negative stain preparatiay of HefNAVIOR collected vn a Leo

WI2 TEM at 120 &V

Interpolation reduced the sampling 1o 4 A.pixel” which allows for the 3 311 particles with
diameters of 344 — 400 A (86 - 100 pixels) 1o be picked in 200 * 200 pixel boxes. Inspection of the
picked particles revealed the presence of two distinet types of particles. Particles either had a solid,

white centre or a darker centre (Figure 2.2},

Figure 2.2: Repreventiiive nesotive stain HeRNAT T povircles showing o) o solid, compuct porticle and b) o particle

with davk cenire
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2.3.2. Cryo-electron microscopy

e hundred and eight cryo-EM micrographs. approximately 5 900 = 9 200 pixcls, with 4 sampling
of 1.808 Apixel’ were recorded. After imterpolanian, this resulted in images with 3.616 A pixel”
sampling, A sample micrograph 15 shaown in Figure 2.3 where the lighter background is the carbon

film and the darker backeground is the vitteous ice in the hole of the carbon [,

B pm

Figare 23: @l A representative vucrograph of HefRNAVIGE obtained by cevo-EM, B A close up of some of the virks

perticles embedided P vireous Ioe b the hode af the carbon film

In total 2 593 homogencous HeRNAV 109 particles, with diameters between 318 and 340 A (88 —
94 pixels), that were situated in the vitreous ige and were clearly distinct from the neighbouring
particles were picked [rom 102 micrographs, The ¢llfect of defocus on the images can be seen 1

Figure 2.4 where partigles picked from two ditferent defocus groups are shown.
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Flgure 2.4: Five picked porticles from 2ach of two defocus growps. a} defocus growp [ ar 16 pm defocus ard B)

detiocis gronp 1har 4.8 um defocus

2.4. Discussion

The range in dinmeters that is guoted is not due to variation in the sample but rather 1o the deviation
from a sphere of an icosahedral particle. The larger diameters {by 26 — 60 A) of the negative stain
particles is consistent with the reported flatlening cffect of negative stiining on samples (Boissel o
af. 1995). The particle distortion 1s also most likely the cause behind the heterogeneity of the
newative stain dara as the particles collapse onto the solid carbon film. While the negative stam data

do show much greater comlrast than the crvo data. the resolution is pooret

Because of the low concentration of virus, the particles are sparsely distnbuted in the cryo
micrographs. Due 10 lack of material. further concenration and data collection were not possible.
However, the high symmetry of the iosahedral particles allows for high resolution reconstrucnon

from fewer particles,
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3.1. Introduction

There are a number of processing steps which are necessary before reconstruction can be
undertaken. First, particles must be processed to remove unnecessary data that would negatively
impact the reconstruction. Second, the defocus values of the different micrographs must be
determined. The reconstruction is performed in separate defocus groups and it is therefore necessary
to determine the contrast transfer function (CTF) of each micrograph in order to combine the
particles from micrographs with similar defocus values so as to increase the number of particles in
each defocus group. The defocus values are also used later on in the reconstruction in order to

reverse the effect of the CTF on the model.

Amplitude contrast is created when electrons are lost due to scattering by the specimen, outside the
objective aperture. In the thin specimens used in TEM, only a very small fraction of the electron
wave is scattered producing very little amplitude contrast. Phase contrast, however, is produced
when the phase of the electron wave passing through the specimen is shifted depending on the
spherical aberration of the microscope and the amount of underfocus at which the image is recorded
(Erickson & Klug, 1971).

The image that is captured by the imaging device in the electron microscope is then not simply the
projection of the object, but is convoluted with the CTF of the electron microscope which produces
resolution-dependent amplitude modulations and phase reversals, called Thon rings (Erickson &
Klug, 1971; Thon, 1966). The CTF is due to both the defocus of the microscope, which is used to
produce the contrast necessary for alignment, and the spherical aberration inherent in the
microscope (Erickson & Klug, 1971). The image can best be deconvoluted in Fourier space since
the intensity and phase of the Fourier transform vary with spatial frequency. The power spectrum,
which is the square of the Fourier transform, of two electron micrographs taken at different levels of

underfocus is shown in Figure 3.1.
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Fignre 30 Pourier pransforms of two micrageaphis with defocuses of ab 14 pm oavd bp 4.8 pm The overage,
backgroumd-subiracted power spectram 5 chown on the right, and the fitted, computed 18 on the et The power
apectra were determined with CTINDZ (Aftadell & Crigovtefl, 20031 and SPIDER (Fronk ei al | 1954)

Because the Fourier transtorm is eotationally invarianl, when there s ne astigimatism, it may be
described mathematically as a funciion of spatial frequency, 5. In Fourier space. the image, /(s), is a
combination of the structure-factor intensity. £}, the CTE, the envelope function, £(s), and A7),
the incoherent background noise duc te inclastic scattering, ice thickness and noise detenmined

empirically {Ludtke 27 @i 199%: Zhu er o, 1997

(1) Fisi=F{s}CTF s E*[sh+ N {s)
where,

(2) CTF{s)=—k|¥{1—Fisiniy)+Qcosiy)

() y=-miCXs'-AZAs

angd & is a scaling constant, ¢} is the fractional amplifude conrrast depending on the electron energy
and specimen thickness, . is the spherical aberration coefficient of the objective lens, 2 is the
¢lectron wavelength and 47 is the objective lens defocus (with underfocus poesitive) (Ludtke e al.
2001; Zhou ef @f , 2603). The CTF is ploted as the thin blue line in Figure 3.2,

The envelope function is due to a combination of mstrumental and experimental effects such as
spatial and temporal eoberence of the electron microscope, specimen movement, recording medium,
and scanner optics. It leads to the decayv of the Fourier amplitude with increasing spatial frequencies

and limits the resolution. Ahhough it has many contributing factors the envelope function may be
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Figure 3.2; Thearetivn! confrasi fransfor function for q 300 BI cleetron micrascope with 2.0 mm spificrical gberration
af L& g defocus.

S repragents the CTF with ue cmvelope funcrian; f-

boshows the effect of a Ganssial
eavelope fusction with B- 100 A2 Gencrated using a web-fased CTF sinilarion progran Glong & Chie 2002)

estimated by a single Gaussian envelope function with width, £, estimated experimentally (Saad et
al 20000

(4) Eisi=exp(—Bs")
The etfect of the envelope function on the CTF an be scen in Figure 3.2

The amplitude conirast is represented by the cos(y} term in equation (2) while the phase contrast is
represented by the sin(y) term, As O takes on values between 007 and 0,14 for cryo-specimens and
0.19 to 0.35 for negative stain specimens (Fhou & Chiy, 2003), it is evident from the CTF equaticon
that the phase contrast component will be much more imporant than the amplitude conrust, A
negative {overfocus) or small positive (underfocus) AZ would lead 1o a negative y and thus opposite
signs for the sine and cosing erms of equation (2] so that the value of the CTF is small, The poor
low-resolution image contrast that this produces is the reason for recording images significantly

utiderfocus (approsimately 1 — 4 wm; Zhou & Chiu, 20030 An increase 10 defocus feads (0 an
increase in frequency of the CTF.

The enly parameter which yvaries ina given experimental setup is the defocus, AZ. Figure 3.3 shows

the CTF for a 300 kV electron microscope at two different defocus values. At low resolution, before
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the CTF crosscs zern, the magniude of mitensity is aliered by the COTF, bur the phases remain the
same. Therefare, tor low resphition data, such as negative stain data, which do not extend past the
first zero of the OTF, OTF comection is unnecessary,. However, an higher resolutions, when sindy)
goes through zern and changes sign. artefacts are introduced as the contrast of image details

corresponding to the frequency are reversed (Erickson & Klug, 1971) and data are lost as the

ntensity of certain frequencies approaches zero,

1
.8 i
a8 = A
o4 ! AN _

=1} 7 A T

G2 ; II |II__' ] I l"'.l ! ,I Ifi "I':I -I & f — 3

Qg | ! _,.;rl A (U ! ! 1" \ ! ?ﬂl’lﬂ "_h/a W T e e s

| :

-Ei \ . .'I 'ul .I_-I:-I I", .'I l'-.-” i

o8 Voo A v

|
0B ‘1\/ 2 T

29
2009 0,020 o4 0,069 0,950 0100 9.2 0,140 0160 918D 0200

Reszlution (174

Gk

Figure 3.3: Theoretical contvast rransfer furction af a 300 &V electron microscope with 2.0 pum sphevical aberrmion af

P defocns values! f——) L6 g and (——) @8 i defeens, Generated ugsing o web-hased UTF simulation program

il & Ching, 20612)

Data lost by the CTF that becommes 2ero at certain frequencics are compensated for by colleeting
data at a range of defocus values. This requires the defocus of the data to be estimated by fitting a
CTF curve to the averaged Fourier transtonm of the micrograph or single particles. The transfomm is

clearer if the micrograph containg some carbon, rather than just e, or & high conceatration of

protein sample.

Yarious CTF-correction strategies {elucidated in Chapter 5) are then applied 1o correct for the
disrortinn of the data due w the CTF, Some of these involve processing the data in separate delbcus

uroups whereby particles with similar defoces values are grouped togather.
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A number of preprocessing steps, common to all reconstruction methods, must be performed on the
images before reconstruction is undertaken in order to optimise future steps: filtering, centring,

masking and normalising.

In order to eliminate noise from the image, data of a higher frequency than the expected resolution
should be removed. Similarly low frequency information, which is due to stain variation, should
also be removed. This is done by applying Gaussian Fourier filters to remove the frequencies

without introducing artefacts caused by sharp Fourier filters.

The particles are initially centred, based on their average centre of gravity, with integral shifts in
order to avoid interpolation errors. Interpolation errors occur when an image is rotated or translated
such that the position of the old pixels is not the same as that of the new pixels. Each pixel then
takes on the average of two or more pixels, decreasing the resolution of the image. This centring,

which is later refined during further processing, ensures that particles are not cut off by masking.

A soft Gaussian mask, slightly larger than the particle ensures that adjacent particles do not affect
the processing of the particles without causing the images to align to a sharp mask rather than the

particles in further reconstruction steps.

In order that the particles contribute equally to the reconstruction, the images are normalised to a
mean of one and a standard deviation of zero. This is performed after masking once other particles

or dust specks are excluded so that they do not affect the image statistics.

3.2. Methods

3.2.1. CTF determination

The Thon rings are stronger when the image contains some of the carbon support film (Mindell &
Grigorieff, 2003). Unfortunately these micrographs contain very little carbon and sparsely spread
viruses. In order to strengthen the Thon rings so that the defocus may be determined from them, it
was therefore necessary to combine the boxed particles into one image, using the montage

command from SPIDER (Frank et al., 1996), from which the defocus was calculated.
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The defocus of each interpolated micrograph was determined using CTFFIND3 (Mindell &
Grigorieff, 2003) which calculates the average CTF from subdivided square tiles, of which irregular
areas may be discarded based on their pixel density variance. The following parameters were used:
spherical aberration (C,) = 2.0 mm; electron beam voltage (H7) = 300 kV; amplitude contrast (A) =
7%; magnification (XMAG) = 27 649.75 x; scanner pixel resolution (Dstep) = 10 pum.pixel”; tile
size (Box) = 200 pixels; resolution range (ResMin, ResMax) = 35.0 — 7.5 A; defocus search range
(dFMin, dFMax, Fstep) = 0 — 50 000 A in 5 000 A steps. The background was subtracted from the
power spectrum, with the power spectrum fitted to a two-dimensional CTF to determine the defocus
and astigmatism. The defocus in two perpendicular directions was determined and averaged to give
the overall defocus. Micrographs showing astigmatism in the power spectra were disregarded for

future processing.

These defocus values were confirmed by generating power spectra using SPIDER scripts (Frank et
al., 1996) with the TF ED command and using CTFmatch (Baxter, 2004) to visually confirm the
defocus. The micrographs were grouped into defocus groups with a range of under 1 000 A and
average defocus values for each group were determined. The particles from the micrographs in each

defocus group were then combined into separate stacks of images.

3.2.2. Pre-processing

The particles were Fourier filtered with SPIDER to 10 A resolution using a low pass Gaussian filter
of 0.36 and a high pass Gaussian filter larger than the particle diameter (156 pixels, 564 A). This
reduced the noise and stain variations respectively. The images were then centred by integer pixel
distances with proc2d from EMAN (Ludtke ef al, 1999), masked with a Gaussian mask with a
standard deviation of 20 pixels to a radius of 188 A (52 pixels) using the SPIDER command, MA
(Frank et al., 1996), and normalised using proc2d from EMAN (Ludtke et al., 1999), in their
separate defocus groups. The image stacks were again carefully examined in order to discard poorly

picked or centred particles.
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3.3. Resulis

3.3.1. CTF determination

The power spectra gencrated by CTEFTINDS are shiown in Figure 3.4

Figure 31.4: Power spoctea of the 108 micrographs recorded. The ineraged power Specira are sitown on the vight and
the pawer spectrd computed wsing the deficmy amef astigmatizm dedernired by CTEFINDG fMindel! & Grigovieff 2003)

are showrn ar the lTeft.
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The detocus values determingd from these power spectra are listed in Appendix A, The defocus
values were used to split the dala into nineteen delocus groups with values of underlocus ranging
from 1.6 pm 1o 4, 8um. This prodvced smape stacks ranging in size from 32 to 374 particles per
defocus proup. When the average defocus values of each detocus group are calculated and the

corresponding CTFs are plolted, there appears 0 be good coverage ol the resolution ranges (Figure
1.5).
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Figure 1.3: Conrrast transfer functions, with epvelope funclions aqrplied, of the defocus values (in ffj af the nireteen

defocus groups weed i e recostitrnciore OTFs wore ponorated b o OTF sindation pragran (lang & Chine 20025

However, displaving the CTFs weighled by the number of padicles per group {WT = mumber of
aroups X pumber of parlicles + total mumber of particies). shows that four groups with defocus
vilues ranging from 3.0 pm o 3.4 pm represent the majority of the particles (Figure 3.6). This leads
1o data of certain frequencies being more strongly represented 1o the detrimem of other frequencics
ncar the zeros in the frequencies shown in Figure 3.7 where the sum and the sum of the squares of

the UTFs are plotted.
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3.3.2. Preprocessing

A particle at various stages of processing is shown in Figure 3.8. The particle s filtered ta remove
the high and low frequencies that contaim cxtrapeous data, moved to the eentre of the image,

masked 1o eliminale the contribution of the surrounding image and normalised ro ensure that ¢ach

Image recejves the same weizhling,

Figure 3.8: A represeruarive parficie, a) before provessing, by Fowrier fifiered between 1 A imd 364 A, ¢} centred o)

misked with a Gavsstar filter of raudinee 32 pivels and siandord deviadon of 20 aad &) soemalised

3.4. Discussion

The accuracy of the defocus determined fur images of single protein particles in icc is generally
lower than that of images containing carbon. This is due 1o the weaker contrast ol the images
without the strongly scatiering carbon, leading to a smaller number of visible Thon rings which
causes difficulty in fiting the comect CTF. Varying depths of the pariicles in ice will also impede

accurate defocus determination (Mindell & Grigorieft, 2003},

The cansistency betweer the defocus values predicted by CTFEINDI (Mindell & Grigorieft, 2003)
and visual examination of the plots of CTFs generated by SPIDER's TF ED) cammand (Frank ef al..
|996) in comparison to caleulaled CTFs with CTFMateh (Baxter, 2004) strengthens the reliability
of the values, and thercfore the defocus grouping, In retrospect. more care should have been tiken
during data callection to ensure almost equal numbers of particles per defocus group. This is
carrected for during refinement by limiting the number of particles used in those defocus groups to
only the best 70 m each independent reconstruclion {as asscssed by correlation scorgs for

alignments to projections of the model).
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4.1. Introduction

An initial starting model is required for refinement of the orientations of the particles. The starting
model may be based on structures of related particles or an already determined model of the particle
(such as previous EM studies, X-ray crystallography or homology modelling). If there are no
previous structural studies then the model must be generated from the data using the common lines
methods as described below, or conical tilt methods. Conical tilt involves collecting a pair of
images at 0° and at high (60°) tilt to obtain a set of views with known orientations (Radermacher et
al., 1987, Saibil, 2000). Another option is to simply use an amorphous model of the appropriate
size, which, with iterative refinement, converges on the correct model. Once an initial model is
obtained, projection matching can be used to refine the model. In order to determine resolution,

ideally two independent starting models should be used.

The principle of common lines depends on the central section theorem whereby the Fourier
transform of an image, which is the two-dimensional projection of the 3D object, is a central section
of the Fourier transform of the 3D object taken normal to the direction of projection (DeRosier &
Klug, 1968; Fuller et al., 1996). Therefore the transforms of the two-dimensional projections of
different views of an object may be combined to produce the 3D transform of the object, which in
turn can be transformed back into a model of the original 3D object by Fourier inversion (Crowther
etal., 1970b).

This, however, requires knowledge about the orientation of the particles relative to each other as
well as the symmetry axes, if symmetry is to be used. There are a number of different methods that
can be used: real space common lines (van Heel et al., 2000), Fourier common lines (Crowther et

al., 1970b) and the polar Fourier transform method (PFT; Baker & Cheng, 1996).

Fourier common lines can be used to determine the orientation of icosahedral particles without a
reference model. Since the Fourier transform of two projections both form central sections of the
Fourier transform of the 3D object (DeRosier & Klug, 1968), they will intersect forming a common
line along which they have the same values. These cross-common lines can be used to determine

the relative orientations of the two particles (Crowther, 1971).
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More importantly for the creation of a starting model, this same principle can be used to determine
the orientation of a single projection relative to the symmetry axis. When a particle is viewed down
a symmetry axis, the same symmetry is seen in the projection and the orientation of the particle can
therefore be inferred. When the symmetry axis is not along the direction of view, then common
lines can be used to determine the orientation. A symmetry operation applied around the symmetry
axis (e.g. rotation by 120° around a three-fold axis) to the transform produces a second identical
plane which intersects along the common line. Applying the inverse of the symmetry operation
(rotation by -120° in this instance) produces another plane with a common line with identical values
to the original one forming a pair of common lines. This can be repeated for all the symmetry
operations and their inverses. In an icosahedron, the 6 five-fold axes (with two common line pairs
each), 10 three-fold axes (one pair of common lines) and 15 two-fold axes (where the two common
lines forming the “pair” are co-linear and thus centrosymmetric with phases of 0° or 180°), produce

a total of 37 pairs of common lines (Fuller er al., 1996).

The position of the pairs of common lines is known for different orientations of an icosahedron. The
phase residual between pairs of common lines is computed over orientations of the asymmetric unit.
The angular parameters that give the smallest sum of differences for all the pairs of common lines
correspond to the predicted orientation (Crowther, 1971). This works best for orientations near the
centre of the asymmetric unit as the common lines are well spread. Along or near a symmetry axis
the lines overlap leading to less trustworthy results. The low SNR of cryo-images makes them
particularly susceptible to this (Fuller e al., 1996) necessitating the need for the use of class

averages.

Due to the different views of particles present in a data set, and sometimes heterogeneity of the
sample, it is necessary to classify the images so that class averages may be produced with increased
SNR. The first step is a statistical analysis of the image data in order to determine similarity

measures between images. Second, these images are grouped into classes based on their similarity
(Frank, 2006).

Image similarity is measured by comparing corresponding pixels of aligned images and computing
their mean squared difference. Comparing every pixel in order to classify a data set without
references is an n’-dimensional problem (where image size is n x n pixels), which would be

extremely computationally intensive. In practice, pixels do not vary independently, but in

50



Chapter 4. Starting Models

combination with surrounding pixels (Frank, 2006). Multivariate data analysis (MDA), also known
as multivariate statistical analysis (MSA), is used to reduce the total interimage variance into
mutually orthogonal eigen images that combine the common image features with minimum loss of
information. This reduces the dimensionality of the problem as each image is a linear combination
of the few eigen images. The eigen images can then be used as the basis for clustering the images
into classes (van Heel & Frank, 1981). Principle component analysis (PCA) and correspondence

analysis (CA) are the two related techniques used to implement this (Frank, 2006).

While distribution of images in factor space may indicate logical classes in which to divide the
images, this is not always the case. Automated or semi-automated techniques require methods to
determine the number of classes and membership of the classes. The classification may be
supervised, when the images are classified based on their similarity to a set of references (as used in
3D projection matching), or unsupervised, whereby an intrinsic grouping of the set and their mutual
relationships is used (Frank, 2006). In order to avoid reference bias, whereby images are aligned to
form a model of the reference that they do not necessarily represent, unsupervised classification is
generally used first. There are two commonly used clustering algorithms that are then used to
determine the classes: K-means and hierarchical ascendant classification (HAC). K-means is a non-
hierarchical clustering method involving dividing the objects into K groups based on their similarity
to the centroid (average) of each group, which is recalculated iteratively. Penczek et al. (1996) use
the observation that it is relatively easy to centre single particle projections and thus the only
variable is the rotation of each image around its centre. HAC involves successively merging

elements into clusters based on their distances in factor space (Frank, 2006).

The success of the classification depends on the accuracy of the alignment of the particles. The
alignment, however, improves with comparison to references, which in the absence of previous
structural data, need to be generated from classification. Classification and alignment are therefore
iterated to improve both the quality of the classes and the alignment of the particles (Thuman-
Commike, 2001).

EMAN (Ludtke et al., 1999) uses a different method for the generation of an initial icosahedral
starting model. The combined data set is searched for the particles with the best five-, three- and

two-fold symmetries by calculating the dot product of the particle with itself after rotation. Each
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group of particles with identified views is then mutually aligned and averaged, producing three

characteristic views which are used to build the starting model.

Once an initial model is obtained, the orientations and centring may be refined by iteratively
aligning the particles to projections of the reference model and reconstructing a new 3D model from

the new class averages of the newly aligned particles as described in Chapter 5.

4.2. Methods

4.2.1. Classification

Classification was carried out on a merged data set of all defocus groups. Particles were rotationally
aligned and classified into 30 class averages, using rotational alignment with a K-means clustering
algorithm (AP CA from SPIDER; Frank er al, 1996), and then centred using reference-free
alignment as implemented by the AP SA command (Frank ef al., 1996). Although the procedure was
iterated, the class averages from the first iteration were used for the generation of the initial model

from common lines.

4.2.2. Initial model - common lines

The common lines method implemented in the program refirne, provided by Tony Crowther (MRC
LMB, Cambridge, UK), was used to determine the orientation of the class averages (Crowther et
al., 1996). The refine program determines the Crowther residual, standard deviation (sigma) and the
weighted Crowther residual (weighted by the standard deviation), in order to compare the images
with the positions of the predicted pairs of common lines for orientations over the asymmetric unit.
Class averages were chosen that showed clear structure and that produced self-consistent results
(i.e. the same orientations predicted by the standard deviation and the weighted Crowther residual)
with good statistics. Models were formed by using the iterative algebraic reconstruction technique
to back-project one or more class averages with the SPIDER command, BP RP (see Chapter 5 for a
discussion on back-projection; Frank et al, 1996), using the orientations determined by refine
(Crowther et al., 1996). The most defined model was chosen and subjected to one iteration of
projection matching and back-projection using the merged set of cryo-data from all the defocus
groups in order to confirm whether or not the model is agreed with the data. This model was then

used as the initial model in further reconstructions.
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A second starting model was produced by Alan Roseman (MRC LMB, Cambridge, UK) using
similar methods, although different class averages were produced and five of them were used to
form the initial model. This was used as an independent model from which to reconstruct an
independent data set in order to determine the resolution of the reconstruction. (See Chapter 3,

section 5.2.5: Resolution determination.)

4.2.3. Generation of symmetry file

In order to use these angles to produce a model in SPIDER (Frank ef al., 1996), it is necessary to
create a symmetry file containing the correct angles for the icosahedral symmetry with MRC
orientation, i.e., three perpendicular two-fold axes concurrent with the x-, y- and z-axes. This was
done by rotating the angles of the icosahedral symmetry file provided with SPIDER (Frank et al,
1996), using MATLAB (MathWorks) to perform the calculations. The symmetry rotation matrix for
the MRC object, from which the symmetry angles were calculated, was determined by applying a
rotation matrix, with SPIDER Euler angles (¢ = -90°, § = 90°, y = -31.72%), to convert an
icosahedron with MRC orientation into SPIDER orientation, then applying the rotation matrix with
the Euler angles specified by the symmetry file, before applying the inverse of the first rotation
matrix in order to rotate the object back to the MRC orientation. The overall angles of rotation for
each equivalent orientation of the icosahedron, were extracted from this final rotation matrix and

stored as a new symmetry file (Appendix B) specific to the MRC icosahedral orientation.

4.2.4. Initial model — EMAN

Another initial model was made by running the EMAN command, starticos (described in Chapter
4.1; Ludtke er al, 1999), using 100 images per class in order to create an icosahedral starting
model. This model was rotated by the EMAN Euler angles (58.27°, 270°, 0°) in order to orientate it
in the MRC convention, then subjected to ten rounds of projection matching of the combined cryo-
data set of HCRNAV109 images to improve the initially noisy starting model before refinement in

separate defocus groups.
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4.3. Results

The class averages produced by A-means classification are shown in Figure 4.1,

Figare 4.0 Thirty elays averdpes generaied from one oypcle of K-meony olaxsifioation with SPUMR (Vrank e gl T996)
and viewed with EMAN (Ludtke et af, 1293,

The orientation parameters determined by refine (Crowther 27 af 1996} are given with their
corresponding welrhted Crowther residuals in Table 4.1, Due to the poor contrast of the unstaimed,
vitrified sample and therefore high SNE in the data (TFuller ez af | 1993}, the results are not reliable,
particularly near the symmetry axes, with their inaccurate orientations sugeested by the sigma and
weighted Crowther residuais. Therefore class averages had to be carefully picked. The starting
models produced when multiple class averages and their respeciive onenfaiions were used, were

(eatureless due to inaccuraie oTientations causing averaging ol symmetry-uneelated [eatures,
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Table 4.1: Orientations of class averages and their weighted Crowther residuals as determined by refine (MRC;
Crowther et al., 1996). The angles are given as SPIDER Euler angles.

Weighted
Class () 6 () o () Crowther
Residual
1 29 87 2 13.5
2 53 81 1 13.1
3 46 73 3 16.5|
4 23 90 25 17.9
5 64 87 15 17.8
6 8 80 2 18.6
7 16 89 -6 17.8
8 37 81 13 18.9
9 8 87 -5 16.1
10 103 86 -9 17.4
11 126 88 -23 21.3]
12 60 86 1 14.7
13 78 81 14 20.6
14 33 87 7 17.1)
15 52 89 -23 15.5|
16 104 90 -18 17.6
17 151 86 -10 18.9
18 168 89 -9 16.9
19 21 89 6 15.5
20 97 77 2 16.4
21 112 83 -14 18.8/
22 25 87 -18 15.1]
23 93 80 0 18.5
24 122 88 6 16.1
25 169 88 17 18.4
26 172 72 3 18.9;
27 23 79 4 17.6|
28 121 76 -1 20.8

Class average 19 is highlighted in Table 4.1 as it was used to produce the starting model. Although
the Crowther residual is not the lowest for class 19, it showed consistency in the angle determined
by the three statistics used: the Crowther residual, sigma and weighted Crowther residual. This class
average, numbered 18 in Figure 4.1, shows clearly defined bumps, as did the model once it was
constructed. The quality of this model was greatly improved by one round of refinement as shown

in Figure 4.2a and b. This model resembles the Roseman starting model which is shown in Figure
4.2c.
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Fiogre 4.2: ap Initial medel generared by hack-projeciion (SPIDER, Frank et al. 19980 with icarahedral svmimedry, af
clerss crverage T8 af the orientation angley determined by common fines ({Crowther ef of | 19960, k) the refingd starting
model aiter one cvole of projectian matching with el the picked pavifoles wiing SPIYER (Frank of ol 14965 of e
starting mnde! prodiced By Jlan Roseman (MEC LME. Coambeidee. UK wsing comman fines Images produced with

CHIMERA iPertersen gt al., Nildh

The starting model generated by EMAN and the model afler five rounds of relmement with the

enfire dataser are shown below (Figure 4,33 Figure 4 3¢ shows the differences in the two starting

models gengrated by common hines and EMAN,

Figure 4.3: The starting mode! gescrated by EMAN (Ludthe er al, 1999) fgrecr) @) before refinement b afrer ore

cound of profeciion matching aond o} compared to e model generated by commnn lnes (Biee) Piswalised with
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4.4. Discussion

The initial classes generated by K-means classification are not very distinct due to poor alignment
of the images. This explains the poor success of the common lines method in determining the
orientations of the particles. These errors were enhanced when more than one image was used to
produce a model, forming featureless models. While further multi-reference alignment would have
improved the class averages, and hence the orientations assigned to them, this proved unnecessary
as a reasonable starting model was produced. The formation of a starting model from a single class

average is possible due to the high symmetry of icosahedral viruses.

Both models produced by common lines are very similar due to the similar methods used in the
construction of both of them. Although the Roseman model has sharper peaks, they are in similar

positions to the common lines model and refined to the same final reconstruction.

While the initial model created by EMAN is featureless, the improvement of the model by iteration
attests to the relative insignificance of the starting model, which is improved by refinement. The
model at this stage is still distinctly different to the models formed by common lines (Figure 4.3c)

and therefore is a good starting model for further resolution determination.
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5.1. Introduction

Once an initial model is obtained, it can be used to refine the orientations assigned to the particles.

This involves refining five parameters: three angles of rotation (y, 8 and ¢ over the asymmetric

unit; ¢ € [0°, 360°], 8 € [69.09°, 90°], w € [-31.17°, 31.17°] ) and two translation parameters (x
and y). A variety of methods are used to refine these parameters for each image. These can be
generally classified as following one of two model-based methods: common lines refinement,
implemented in Fourier space (Zhou, 2003) or real space (van Heel et al., 2000), and 3D projection
matching, using cross-correlation or the polar Fourier transform (PFT; Baker & Cheng, 1996) to

determine to which projection the images best align.

Both methods involve determination of the orientations of the particles based on relation to views of
the model. In the cross-common lines method, the orientation of the particle relative to a small set of
views of a model, with known orientations (usually projections), is determined by comparing the
positions of pairs of common lines using the phase residual as a measurement as described in
Chapter 4 (Crowther, 1971).

The 3D projection matching algorithm, successfully used for many asymmetric particles as well as
those with higher symmetry, involves the comparison of the compete set of projections of the
asymmetric unit with each image to determine the correct orientations (y, &) by assigning the
orientation of the projection that matches the image best. This can be determined by cross-
correlation of the image and each projection over a range of azimuthal angles (¢) and shifts (x, ) in
order to align it to the reference projection (Frank, 2006). Alternatively this may be carried out for
the Fourier transforms of the projections and images (Joyeux & Penczek, 2002). The PFT method
increases the speed of this process by breaking this down into two steps. First, the rotationally
invariant polar Fourier transforms of the projections and images are compared by cross-correlation
to determine the best values of & and y. Second, real space cross-correlation of the image with the
appropriate projection is then used to refine the phase origin (x, y) and azimuthal orientation (p) of
the image (Baker & Cheng, 1996).

Crowther (1970b) determines the minimum number of evenly spaced views, », needed to

reconstruct an asymmetric particle with diameter D to a resolution of ¢:
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() n=5d2 .

This is reduced 60-fold in the case of spherical viruses due to the icosahedral symmetry (Zhou &
Chiu, 2003), allowing for reconstruction from very few views. However, the low SNR of the low
dose images of the particles necessitates oversampling (Zhou & Chiu, 2003). Whereas only a few
views are needed to reconstruct an icosahedral particle, many more projections are needed to
accurately determine the orientations of the particles by projection matching. Small inaccuracies in
the determination of particle orientations lead to loss of resolution of the model reconstructed from

these views, particularly when symmetry is applied.

Once the orientations are determined, the particles (or the class averages of particles with the same
orientations) are back-projected to reconstruct the 3D model. The three types of techniques used are
weighted back-projection, Fourier reconstruction techniques and iterative algebraic reconstruction
(Frank, 2006). With the weighted back-projection method, the density of the aligned views is back-
projected from 2D into a 3D view. The summation of all the 3D volumes generated from the
different views produces the 3D reconstruction. Weighting is necessary for the back-projection
method because the conversion between polar and Cartesian coordinates in the algorithm leads to
imbalance in the representation of spatial frequencies. While the weighting function is simple for
evenly spaced projections, this becomes much more complex when the angular increments are not
even (Frank, 2006). Fourier reconstruction methods use the projection theorem that the Fourier
transforms of projections are central slices of the Fourier transform of the 3D model. Complications
arise in interpolation as the transforms due to sampling the Fourier space at discreet points which
may not coincide with the positions of the transforms of the images (Frank, 2006), but a fast and
accurate Fourier interpolation method has been developed (Penczek er al, 2004). Iterative
algebraic reconstruction methods involve iteratively comparing the 2D images to projections of an
estimated 3D volume and adjusting the volume to decrease the differences between them. These
methods are quite flexible, producing high quality results, but require a large amount of computing
power (Frank, 2006).

The various strategies used for the CTF correction differ on when in the reconstruction the CTF is
corrected: directly to the micrograph, although separately in different areas, before processing (van
Heel et al., 2000); on particle averages collected in defocus pairs of the same image (Conway et al.,

1997); at the image level after the particles have been aligned and centred to models that have been
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multiplied by a CTF (Zhou et al, 1994); or at the 3D map level (Bottcher & Crowther, 1996;
Penczek et al., 1997). CTF correction of the whole micrograph or of the individual particles allows
for refinement of all the data together, which increases the SNR by averaging many particles. The
disadvantage is that the contrast, which is generated by the CTF and aids in alignment, is decreased.
One of the problems with performing the CTF correction on the models, is that the increased SNR
(which is due to the averaging of many images) is decreased when the reconstructions are carried
out in separate defocus groups. This can be overcome by aligning the images to the projections of
the CTF-corrected model (produced by combining the models of the different defocus groups with
CTF correction; Penczek et al., 1997), that has had the appropriate CTF applied.

There are a number of ways to correct for the CTF. The simplest correction is to simply reverse the
sign of the negative phases so that they are all positive, leaving the amplitudes modified by the
CTF. A better correction involves essentially dividing the transform of the image by the CTF and
envelope function using a Wiener-like filter function so that the intensity of the transform is
approximately constant except for the data points near the zeros in the CTF, which are excluded to

avoid amplifying noise.

CTF correction is used to recover the amplitudes of the the Fourier transform of the images that are
affected by the CTF. Since the Fourier transform of the image, I(s), is the product of the Fourier
transform of the object, F*(s) and the CTF,

(2) I(s)=F*(s)CTF*(s) E*(s)+N*(s)

it would appear that, in the absence of noise (N*(s)), the object should be recoverable by dividing
the Fourier transform of the image by the CTF. However, noise is present and would be enhanced in
regions where the CTF is small, at both the low- and high-spatial frequencies. More
problematically, the CTF crosses zero producing areas where division is impossible. The solution,
which takes this into account, is the Weiner filter (equation 3) which is plotted in Figure 5.1
(Penczek et al., 1997):

= CTF"(s)
@) Wis) \CTF (s)f+1/SNR
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This produces images where the phases are all correct and the amplitudes are approximately
constant at all spatial freguencies, except for the zeros, The loss of data at the freguencies of the
zeros of the C1F is compensated tor by combining data from different defocus groups that wogether

gover the tull sparial frequency range.

The resolution of a reconstructed 30 model is Jdetermined by comparing two  independent
reconstructions. Tdeatty the data should be split randomly into two independent data sets and the
model reconstructed from two independent starting models to avoid model bias. The 2D class
averages ar 3D reconstructipns are then compared in tings or shells in Fourier space. One
measwetnent 15 the differential phase residual {DPR), which measurss the amplitude-weighted
mean phase difference between the reconsiructions with the resoltion cutnff determined to be
where the DIPR drops below 45" (Radermacher ef af . 1987}, The more popular measurement is the
Fourier ring or shell corcelanom (FRTC or FSC), which measures the cortelation of the
reconstruclions as & funclion of the spatial frequency (e radius m Founer space). Unfortunately
there are two different ¢riteria regularly used to determine the resolution cutott, For one method the

resolution is sel at the spatial frequency at which the FSC drops below the threshold value, (1.5 the

other method compares the curve to the 3-o curve which indicates the expected correlation for pure
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noise (Frank, 2002). The 3-c criterion give resolution values that are consistently much higher than

those determined using the 0.5 cutoff (Frank, 2006).

Since viruses are composed of both protein and nucleic acid, it is necessary to separate the protein
and nucleic acid to determine the correct threshold for the volume using the densities of the two
components as they have different densities and electron densities. Although the elastic scattering of
electrons from nucleic acids is predicted to be more than twice as strong as that of proteins (Smith
& Langmore, 1992), the symmetrisation of the particle decreases the electron density as the

icosahedral symmetry is not necessarily extended to the nucleic acid.

While the predicted volumes of the protein and nucleic acid components may be calculated from
their masses and predicted densities and the models thresholded at the appropriate level, this is a
very inexact method. Small changes in the scaling and CTF can greatly affect the volume, which is
very sensitive to the contour level (Baker er al., 1999). Even with highly refined structures the
calculated volume rarely matches the expected value. This may be due to limited resolution which
produces a volume larger than expected (Conway et al., 1996), or because the contributions of
carbohydrate and lipid bound to the protein are excluded in the calculations because they are
difficult to model. Additionally disordered portions of the structure may not be visible at high
resolution. Because of this, models are often contoured at about 120% of the expected value (Baker
et al., 1999). An alternative method, which is more subjective and less easy to quantify, is to choose
a volume at which there are no large disconnected areas and unexpected holes in the structure
(Conway et al., 1996). Of course, this is a guideline that can be disregarded when there are
explanations for disconnected densities, such as disordered elements that may not be visible at the
correct threshold (Conway et al., 1996). A third, more objective method consists of setting the
threshold level at 1.5 or 2 standard deviations above the background (Baker er al., 1999).

5.2. Methods

5.2.1. Projection

In order for the images from the different defocus groups to align correctly, calculated CTFs of each
defocus group were applied to the Fourier transform of the reference model, which was then Fourier

transformed back into real space to produce models with the appropriate defocii.
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Each model, was then projected at evenly spaced angles over the asymmetric unit (6 € [69.09°,

90°}; ¢ € [-31.17°, 31.17°]). According to equation 1, for this 300 A HcRNAV reconstruction, to

1175 36%0 ) projections would be required. To accurately determine

achieve a 15 A resolution, ~0.5 (

the orientations of the particles, and to compensate for the low SNR, 29 projections with angular
spacing of 5° were initially used for a redundancy of 55. After 25 iterations this was increased to
164 projections with an angular spacing of 2°, and then to an angular spacing of 1° producing 678
projections after 34 iterations so that the orientations of the particles may be more accurately

determined.

5.2.2. Alignment

Multi-reference alignment, with AP SH from SPIDER (Frank et al., 1996), was used to align the
particles to the reference projections with cross-correlation coefficients determining the best
reference and alignment. Rings of between 5 and 52 pixel radii (which was decreased to 47 pixels
after 22 iterations) were compared, with a translation search range of 5 pixels in 1 pixel steps and
no angular restrictions. Initially 90% of the images (rated according to their cross-correlation
scores) in each defocus group were used to produce the class averages, and this was reduced to 80%
after five iterations with a further restriction of only including images with a correlation coefficient
greater than 1 700, which was increased to 2 000 after 36 iterations. The number of images were
further decreased to 70% after 38 iterations and the threshold increased to 2 100. Class averages of

the images were then formed for each reference projection.

The movement of individual images between classes was tracked in order to determine when the

model had converged.

5.2.3. Back-projection

The class averages, which did not necessarily cover all the angles of the asymmetric unit that were
originally projected, were then back-projected with BP 3F, applying icosahedral symmetry, to form a
new model. When the number of projections was increased to 164, individual classes consisted of
two to three particles at most, with most classes consisting of a single image. Therefore at this stage,

the images were individually back-projected at the angles determined by the alignment.
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5.2.4. CTF correction

Ideal CTFs were calculated for each defocus group using the defocus values calculated previously
by CTFFIND3 (Mindell & Grigorieff, 2003) and Gaussian envelopes determined manually using
CTFMATCH (Baxter, 2004). The SPIDER command, TF CTS (Frank & Penczek, 1995), corrects
the model from each defocus group by the CTF for that defocus, weighted by the number of
particles in the group to account for “noisy” models produced by defocus groups with fewer
images. A SNR of 3 was used. All of the models were combined to give an overall CTF-corrected

model, which was used to form the next set of projections for further refinement.

5.2.5. Resolution determination

The reconstruction was performed by splitting the images into two equally sized groups using two
independent starting models to avoid model bias. The first model was created using common lines
to determine the orientations of the particles with the MRC program, refine (Crowther et al., 1996),
and the second model was created using EMAN (Ludtke et al., 1999) as described in Chapter 4. The
FSC and DPR of the two independent reconstructions was determined in Fourier shells of 1 pixel”,
using RF 3 from SPIDER (Frank et al., 1996). A cutoff of 0.5 for the FSC and 45° for the DPR were
used to determine the resolution. The resolution could also be improved by masking the RNA,
which does not contain the same icosahedral symmetry as the capsid. This masked model was used

for the refinement of models after 10 iterations.

5.2.6. Threshold

The model was thresholded to 0.0143, a value two standard deviations above the mean which
produces a sensible looking model. The volume of the protein at this threshold was calculated with
the RNA removed, by a mask with radius of 108 A using the predicted protein density of 1.41 g.
cm’' (Fischer et al., 2004).

5.2.7. Negative stain

Similar methods were used to obtain a 3D reconstruction from the negative stain data set. As the
resolution was not expected to be better than 20 A, CTF correction is unnecessary and therefore all

of the particles are refined in one group (or split into two for resolution determination). The models
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produced by the cryo-reconstruction were used as starting models. Due to the larger sampling, the
models produced appeared smaller, and so a smaller radius (50 pixels) is used for the alignment and
back-projection steps. All the images were used for the reconstruction in the first 5 refinements. The
number of images was decreased to 90% for the next 10 iterations, to 80% for iterations 16 to 20
and to 70% for iterations 21 to 30. For iterations 31 to 35 the number of projections to which the
images were aligned were increased from 29 to 164. The reconstruction was again carried out in

two independent groups in order to determine the resolution by measuring the FSC and DPR.

5.3. Results

5.3.1. Cryo-EM

The projections of the model at 29 evenly spaced angles and some of the 164 angles is shown in

Figure 5.2. It was to these projections that the images were aligned.
Figure 5.3 shows the images of one defocus group aligned to one of the projections and the class

average from these projections that was used to for the back-projection step when angular steps of

5° were used.
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Figure 5.3: One of the prajections of te erve reconsiriction of HeRNAVI0T () the correspundiny class averuge (1)

und particles (2-7) for the group with a Jefocus of 3,05 um

Lhe convergence of the refinement is shown in Figure §.4 where the movement of images botween
classes 1s plotted for each itcration. The frequent increase in class changes s due to changes in the
refinement parameters, The two largest peaks at 23 and 34 iterations are due to the increase in the
numher of projections used 10 align the images (Gom 29 o 164 and 164 10 A78) s the nomber of
classes is increased. After 10 jrerations the RNA was masked in the reconswuction. after 17
iterations the CTls were weighted by the number of images contained in them, at 20 iterations a
threshold of 2 500 was applicd © ehminate particles with low cross-correlation scores to the
projections and at 37 iterations, the threshold, which had been reduced to 1700 with the increase in
the number of projections at 34 iterations was increascd o 2 000, at 41 iterations the threshold was
apain mereased to 2100 and afler 43 iterations the muximum number of images wsed in cach
defocus group was decreascd to 70 to prevent domination by one defocus group. The
reconstructions were not allowed to fully converge herween parameler changes duc w lengih of

processing and time constraints,

This reconstruction ulimately kd to the high resolution models, which are shown in Figure 5.5
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The two mdependent reconstructions were used ta caleulare the resolution usmg the FSC and DPR
as measurcments of the resolotion. Significant improvements in resolution were seen when the
images were aligned (o the CTF corrected model rather than the individual defocus proup models
(from 27.3 A 10 19.8 A} and when the angle step size for producing the projections was deercased
from 5° to 2° (10 18.5 A). Decreasing the angle step size w0 1° improved the resolution slightly 1o

L5.1 A (Figure 5.6).
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Figure 5.7 shows that there is a final resolution of 22.6 A according to the DPR criterion of 43 and

18 A according 1o the FSC criterian of 4.5,

The threshold value of double the standard deviation above the mean that was used in visualising
the models. This prodoces models where the capsid pmtion (with the BENA masked out) has a
volume of 1.037 = 147 A" (219.4 = 10" voxels), which is larger by 22% 10 the predicted valume of
180 subunits of the 38 kDa protein of $.055 = 1{° A° {using protein density = 1 41 g.em™).



Chapter 5. Refinement

120
1 Sim ~ UV A e
g I AVl
L& i 1PN v o B0
) ! &=
| A= ./'I 3
v CE 3 50 =
- In" :".j',.f‘ TR S B " »
g /\'|IIl ;— "'\I ."lr‘x
) _\._ |'I b
0.2 l/."I( 3 ; \‘..'RI I'. ¥ \\_'\.‘ 20
For, g we i W N P
a g i iy "\II_.-\- F Vo S oy o
-0.2 -2
.00 0.0 (.0 06 0.08 0.4a g2
Spatal Frequenay (1/A)
Figure 5.7: FSC (——) and DPR () of the final megarive sioin econruction Irdicating resolution values of 150 4

and 22 6 4 regpeciively.

5.3.2. Negative stain

Due 1o the starling maodels that were close W the rue model, the reconstruction converged easily
(within 30 iterations, Figure 3.8) to the model shown in Figure 5.9 with a radius of 188 A. The
increases in the convergence plot at 16 and 21 iterations are due to decreases in the number of

images used in the reconsiructons from 90% to B0% 1o T0%.
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Ihe FSC shown in Figure 510 indicates a final resolution of 25 A that did not improve with a

decrease in angular siep size.
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rerolution values of 25 4 and 26 A respectively,

boaf the faal regative slain reconstruction af HoRNATTDY ingicating

5.4. Discussion

Cine of the problems with performing the CTF correction an the models, is that the increased SNE
which is generated by combining many images, is decreased when the reconstructions are carried
out in s¢parate detocus groups, This is overcome by aligning the images to the projections of the
CTF correctad model, which has had the appropriate CIF applied, A large increase in resoluiion
(from 27.3 A 1o 198 A resolunon) was achieved when this was first implemented and the

reconstruction was therefore repeated with this feature from the start.

The number of images used for the reconstruction is decreased gradually in order to slowly remove
the worst images based on their correlation 1w the projections in order o improve the model. While
more images nercase the SNRE in the class averages thal are used to produce the model, the
deviation from the 3B structure by poorly aligned images and deformed or overlapping particles
dizstorts the class averages vsed o form the models, thereby decredsing the resolution, This has been
shown by Liu er af (2007} where a resolution of 7.9 A was achieved for a reconstruction from 284

particles chosen from a data set of 4 865 Images originally collected {Liu ef af , 20087).

This stratepry, together with the increase n the number of projections led to a final resolution of

18.1 A While this is markedly better than the 25 A resclution obained by reconstruction of the

e
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negative stain data scif, it is at a worse resolution than is offen achicved for ¢rvo-reconstruction of
virus particles, Unfortunately, due o lack of material, this resolution could not be improved by
collecting mare data. This also prevented the use of X-ray crvstallography o provide a detailed.
high resolution structure of HeRNAY 109,

Initially the two independent models appeared to be wvery different when aligned, Closer
examination rovealed that this was doe to opposite handedness of the maolecoles (Figure 5113
Because the images are projections of the molecule, it 1s impossible to (2ll apart the top and botlom
of the particles from the mages, Therefore two mirror-image reconstructions are possible. Tilting or

metal-shadowing experiments are required to determing the handedness of the virus and thus i was

Mirror i

Fipare 511 Hamdechness of the fwo indepseraieh! orpa eeconstructions of Ho@NAVIRY after ten lterations. ap The
recrrirmciion from She commaer Sags slaeting model B} The recorsiruciions from the EMAN sraring model o) Borh

récontrictiony aligeed fo ong another, Flenalised with Chlmera (Pettorsen of ol 2004y,
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necessary to arbitrarily chose one of the models. The common lines reconstruction was arbitrarily
chosen and so the reconstroction from the EMAN starting model was mirrored to reflect identical

handedness (Figure 5.113.

Examination of the arrangement of subunits of the model reveals that the virus is a [=3 virus, as
can be seen when a cage representing T=3 symmetry is imposed (Figure 5.12a). The 180 quasi-
pguivalent subunits thar are predicted by the symmetry and appear as 180 “bumps™ on the surface of
the capsid, is venified by the volume calculation. The different subunits and pentamers are clearly

visible when the mode] is enloured radially (Figure 5.12b and c).

&

59.0924"

Figare 5.12: Variows views of the orpo recoastrncied HofNAVIOD: ab with o T 3 gumeerry cage, b calanred by
radivs fo clarife svnurety elements and o} with an cotant out ewy to reveal cendre. Bmages created with Chimera

{Pettersen of ol 204040

A cross-section view of the model {Figure 5.13a) coloured according to the electron density {valuc
of the voxels) reveals the RNA imside the capsid. distinet from the capsid proteins. Although RNA
usually has a much higher clectron density than protein, the icosahedral averaging of the RNA
decreases the apparent electron density in the model. Arcas of higher clectron density hetween the
RNA and the capsid mdicate arcas of RNA that are more igosahedrally ordered that are most likely
where the RNA binds to the protein. By slicing the electron density higher along the =-axis Figure
3,13b, it is revealed that these ordercd-RNA regions occur at the three-told axes. The N-terminus of
the capsid pratein contains an arginine-rich region (12 of the |8 amino acids from residue 22 to 39)
which is most likely the ENA binding region. This sugeests (hat N-ierminal is positioned towards

the interior of the virus.
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Figure 5.03: View af the cryo mode! of HefNAV A9 down Phe nwo-falid aels caladred by electrarn density angf sliced wf
a@) hedf werv, bp Righer wpe and ©f suefoce view fn arder fo show the separate elecrron dersity of Hie prerein and BNA.

Flewedwith Climera (Feltersen et wl, 2004),

The large cavity in the centre of the BNA could be an artefact because the noise in the
reconstruction of icosahedral particles s greatest here (Cheng ef al, 1994) The blobs of

nnconnected density are due to noise that has been symmetrised and filtered,

The trimers making up the capsid are visible in Figore 5,14 where there are distinct interactions
between the the quasi-equivalent sub-units. The two slightly different @ and ¢ subunits alternate to

form the hexamer sround the three-fold axis.

The negative stain and cryo reconstructions appear outwardly similar. although the negative gtain is
al a lower resolution. However, slicing the two reconstructions reveals that the distinet separation of
EMNA from the capsid protein visible jn the cryo-reconstruction is not visible in the negative stain
reconstruction Figure 5.15. This 15 due to the stain not entering the viral shell to increase the
electron density for it to be visible, The negative stain model shows greater electron density at the
five-lold axes. mdicated by blue in Figure 5,155 This is less distinet in the cryo-reconstructions

stugzesting that it 15 an artefact due 1o the high symmetry an those positions.
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Figure 5.04: Close up view of the capsid of the crva reconstricted FeRNAF I viewed down the three-fuld iy
disploneing the capyid trimers dmmarked by the large Mook ielancle. The differemt quiari-eguivalens subunits ave labelled
i), B and o, Visualived with Chimera (Fettersen eral, 20040

This structure differs markedly from the structure predicted by Nagasaki ef of (2003) using
homaology modelling to the black beetle virus. Unlike the homology model which suggested one
morphological subunit per cupsid trimer. leading to the suggestion that this was a T—] virus, this
EM reconstruction clearly reveals that this is a 1=3 virus, Each proigin therefore produces un

individual morphological subunit that adds up 1o the 180 expected for a T=3 virus (Figure 5.14).
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Figare 5.05: Compapisen af negative stain and oryo-peconsiructions of flefNAVI09 Surfoce viewys of a) the negative
stain reconshuction, b bath crio- and negative stain recansiructions aligned and of the crvo reconstenciion are pluced
afiinve thewr respechive ol views of d) the aeative siain angd fl the ceve-reconstrnciion calaured by the clectron

density and e the siiced wWew of both recerstriehions effyzned, Inwpes maode with CHIMERA (Pegtersen eral, 2004

Black beetle capsid predein is a poor choice for a homology model as it only has (0% sequence
homology to the HeRNAV capsid and no discernible predicred stuciire homalogy {Chapter |,
seetion 1.1 Heterocapsa eircularisquama RMA wirus), although the positions of the variable regions
of the capsid were mostly located on the exterior of the vitus which supported the hypothesis that
variation in the capsid determines the steain specificity of the HCRNAY infection. Untfortunately.
the resolution of this EM reconstruction does not allow for prediction of the lertiary structure of
individual capsid proteins and further struetiral studies are neaded in order to detarmine the

positions of the variable recions of the capsid and the cause of the sirain specilicity of HERNAY.

78



Chapter 6. Conclusions

Chapter 6. Conclusions

Two 3D reconstructions of HCRNAV109 were produced for the two different methods of sample
preparation: negative stain and cryo-EM. The final negative stain reconstruction was obtained using
2457 of the 3 511 images originally picked for a final resolution of 25 A. In total 1 275 of the
original 2 593 particles, distributed amongst 19 defocus groups from the cryo-dataset were used to
produce a model with a resolution of 18.5 A. CTF correction was performed on the models from the

separate defocus groups of the cryo-dataset to form one CTF-corrected reconstruction.

Two adjustments to the initial method were found to greatly improve the resolution of the
reconstruction: aligning the particles to projections of the CTF-corrected model (with the
appropriate defocus applied) rather than the individual models produced in the defocus groups; and
increasing the number of projections to which the images were aligned by decreasing the angular
step size. The increase in resolution due to more accurate determination of particle orientation by
aligning them to more projections, is limited by the quality of the data. For the negative stain
reconstruction, an increase in the number of projections did not increase the resolution of the
reconstruction. While the resolution of the cryo-EM reconstruction improved when the angular step
was decreased from 5° to 2°, further decrease of the angular step to 1° only improved the resolution
slightly. The resolution of the cryo-reconstruction was limited by the number of images of
HcRNAV109 particles that were collected due to limited sample with a low concentration of virus

particles.

Reconstruction from the two independent starting models for the cryo-data illustrates a shortcoming
of the method in that the two models have opposite handedness. This can only be resolved by
obtaining additional information. Metal-shadowing or tilt experiments can be used to determine the
handedness by EM. Alternatively if an atomic model becomes available where the handedness is
restricted by the chirality of the natural L-amino acids or right-handed a-helices, it could be docked
into the reconstructions to determine the correct structure. The correct model could, therefore, be

the mirror-image of the one presented here.

This reconstruction reveals that HCRNAV109 forms a T=3 virus with each of the 180 subunits in

the structure representing a separate morphological subunit. This number of subunits is consistent
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with the volume calculated from the capsid component of the reconstruction. The interactions of the

three quasi-equivalent subunits to form a trimer are revealed in the cryo reconstruction.

While the surface features are present in the negative stain reconstruction, no internal structure is
visible due to the stain only coating the exterior of the virus. In contrast, in the cryo reconstruction
of HCRNAV109, the capsid protein and RNA are clearly separated by a trough of low electron
density. Although nucleic acid has a higher electron density than protein, the RNA of the virus
reconstruction has a lower electron density due to averaging by the icosahedral symmetry that is
imposed on the unsymmetrical RNA. Areas of more ordered RNA, where the RNA and protein
interact more closely, are visible around the three-fold symmetry axes where the electron density is
greater. This suggests that the RNA interacts with the capsid protein at the three-fold axes.
Examination of the protein sequence reveals that the protein contains an arginine rich sequence near

the N-terminal that most likely binds the RNA.

The homology modelling of HCRNAV34 and HCRNAV109 to BBV by Nagasaki er al. (2005) to
predict the structure of the capsid proteins and determine the position of the variable regions of the
capsid proteins has been revealed to be incorrect. Unlike BBV where the three quasi-equivalent
proteins come together to form one morphological subunit, HCRNAV109 has three distinct
“bumps” for the three subunits. Unfortunately, the resolution of the reconstruction does not allow
for prediction of the tertiary structure of individual capsid proteins and thus nothing can be
concluded about fold of the capsid protein and the positions of the variable regions of the sequence

that are predicted to dictate the strain specificity of HCRNAV.

The lack of homology of the the capsid protein to any known virus does not discount the possibility
that HCRNAV109 may also contain the S-jelly roll fold that is ubiquitous in virus capsid proteins,
particularly ssSRNA viruses, as the same topology is present in a wide range of capsid protein with
no discernible sequence homology. However, no other related structures of marine algae viruses
have been solved, so it is possible that capsid consists one of the other folds observed in virus, or an
entirely novel fold. Higher resolution EM studies or X-ray crystallography structural studies are
needed to determine the secondary and tertiary structure of HCRNAV.
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Table A: List of defocii of the micrographs
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| 322 42997 .44 532 30999.58

| 323 28399.59 534 33111.73 J

| 324 37196.00 536 31245.15]

| 325 57817.96 539 29865.60

; 467 41205.11 546 29896.73|

| 471 31197.15 547 34767.30

} 473 30075.05 551 30437.68

] 477 28126.47 553 32522.78

| 479 30541.77 554 31869.65|

’, 480 33057.11 555 1637061

| 481 32227.96 557 33630.89
482 30507.16 558 48891.95 ‘
483 30441.89 559 31756.26
484 30917.20 560 44332.38
486 31788.57 561 32045.41
487 30573.84 562 43134.52
488 31451.80 563 32010.50|
489 29596.16 565 34018.06 ’

| 490 27396.60 f
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Appendix B
Table B: Icosahedral symmetry file for MRC orientation of an icosahedral particle.
Y 0 Y )
13 0.0000 0.0000 0.0000 31 3 -58.283
2 3 =58.283 72.000 -121.72 32 3 =~159.09
3 3 -58.283 144.00 -121.72 33 3 159.09
4 3 121.72 144.00 58.283 34 3 58.283
5 3 121.72 72.000 58.283 35 3 0.0000
6 3 =121.72 36.000 -121.72 36 3 -58.283
73 =121.72 108.00 -121.72 37 3 -=-121.72
8 3 0.0000 180.00 0.0000 38 3 159.0¢9
g 3 58.283 108.00 58.283 39 3 80.000
10 3 58.283 36.000 58.283 40 3 20.905%
11 3 -=90.000 90.000 -180.00 41 3 0.0000
12 3 -=159.09 120.00 159.09 42 3 -=121.72
13 3 121.72 108.00 121.72 43 3 =-121.72
14 3 58.283 72.000 121.72 44 3 58.283
15 3 -=20.905% 60.000 159.09 45 3 58.283
16 3 -121.72 144.00 121.72 46 3 121.72
17 3 180.00 90.000 90.000 47 3 -158.09
18 3 121.72 36.000 121.72 48 3 -90.000
19 3 20.905 60.000 -159.09 49 3 -20.905
20 3 =20.905 120.00 -159.09 50 3 58.283
21 3 159.09 1206.00 20.905 51 3 121.72
22 3 ~-159.09 60.000 20.%05 52 3 180.00
23 3 -58.283 36.000 -58.283 53 3 -121.72
24 3 0.0000 90.000 -90.000 54 3 -20.905
25 3 58.283 144.00 ~-58.283 55 3 20.905
26 3 159.09 60.000 -20.905 56 3 0.0000
27 3 -=121.72 72.000 -58.283 57 3 121.72
28 3 -58.283 108.00 -58.283 58 3 121.72
29 3 20.905 120.00 -20.905 59 3 -58.283
30 3 90.000 90.000 0.0000 60 3 -58.283

36.000
60.000
120.00
144.00
90.000
108.00
72.000
60.000
90.000
120.00
180.00
108.00
36.000
36.000
108.00
108.00
120.00
90.000
60.000
72.000
36.000
90.000
144.00
120.00
60.000
0.0000
72.000
144.00
144.00
72.000

121.72
-159.09
-159.09

121.72

90.000

121.72

121.72

159.09
-180.00

159.09

0.0000

58.283

58.283
-121.72
-121.72
-58.283
-20.905

0.0000
-20.905
-58.283
-58.283
-90.000
-58.283

20.905

20.905

0.0000
-121.72
-121.72

58.283

58.283
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