


ABSTRACT

Structural characterization of a nematode-infecting virus -
Orsay

by

Yusong R. Guo

Orsay virus is the first and so far the only virus known to naturally infects the

model organism Caenorhabditis elegans. It has a bipartite, positive-sense RNA genome,

encoding the viral polymerase, the capsid protein (CP), and a protein named δ whose

functions are currently unknown. Based upon sequence analysis, the Orsay virus is most

closely related to members of the Nodaviridae family, but may define a novel family

given its unique features, such as the non-AUG initiation of CP translation and the

expression of a CP-δ fusion protein. To better understand the molecular mechanisms of

Orsay virus replication, I performed structural and functional studies of Orsay viral

proteins.

Recombinant Orsay CP expressed in E. coli spontaneously forms virus-like

particles (VLP). Its crystal structure has been determined to 3.25-Å resolution by

averaging and phase extension using a 9-Å resolution cryo-EM reconstruction as a

phasing model. The Orsay VLP shows T=3 icosahedral symmetry with 60 trimeric spikes.

Each CP can be divided into three regions: an N-terminal peptide, a S domain forming

the continuous capsid shell, and a P domain forming surface protrusions. The jelly-roll

β-barrel in the S domain closely resembles those from small plant viruses, while the P



domain is remotely related to betanodaviruses in Nodaviridae. The N-terminal peptide

forms an extensive internal network and may regulate capsid stability and genome

packaging. Recombinant CP could also be purified as stable dimers, indicating that Orsay

capsid assembly may start from dimer formation.

The δ protein, which has no homology with any other known protein, is rich in

β-sheets with high valine content. Under electron microscope, recombinant δ appeared as

a rod-shaped, fibrous protein. The crystal structure of the N-terminal 66 residues at 2.1Å

resolution shows a pentameric helical bundle with interesting biological implications.

The C. elegans-Orsay system has unique advantages for studying viral

pathogenesis and virus-host interactions, with its promising application in anti-viral drug

screening. My studies of the Orsay virus will not only provide important insights into the

fundamental biology of RNA viruses in general, but will also facilitate development of

the C. elegans-Orsay as a powerful virological model.
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Chapter 1

Introduction

1.1. C. elegans as a model organism

The free-living terrestrial nematode Caenorhabditis elegans, a well-known model

organism, has been utilized in multiple fields of biological research for almost half a

century. Biological questions from topics such as human development, neurosystem

function, metabolism, aging, cell cycle, and gene regulation have been intensively

studied using C. elegans as a powerful tool (Riddle et al., 1997). Many key

biomedical discoveries relating to impactful conditions, such as Alzheimer's disease,

Type 2 Diabetes, and even depression, were also first made using C. elegans (Kaletta

and Hengartner, 2006).

A major advantage of using C. elegans as a model system is that this worm is a

multicellular organism, is small in size, is easy to culture, and replicates quickly. C.

elegans is also transparent, which allows processes like cell trafficking, development,

or pathological changes to be observed in living worms with biolabeling techniques.

Another exciting fact about C. elegans is that the lineage of every single cell within a
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worm has been determined(Sulston et al., 1983). With only 959 somatic cells in an

adult hermaphrodite, the worm maintains essential physiological functions

comparable to that of mammals, especially on a molecular basis(Kaletta and

Hengartner, 2006). It has been estimated that around 70% of human genes have

homologs in C. elegans, including a majority of the genes related to human

disease(Kuwabara and O'Neil, 2001). Therefore, C. elegans can be used as a disease

model in early research to study mechanisms of human diseases, the host immune

response, or as a means to screen novel therapeutic targets.

Recently, studies in C. elegans of bacterial pathogens have provided valuable

insights into the evolutionary conservation of innate immunity, which is a

non-specific defense mechanism independent of immune cells (Kim et al., 2002). It

was shown that C. elegans utilizes a p38 MAP kinase pathway, similar to that in

humans, to protect themselves from infections by Pseudomonas aeruginosa and

Salmonella, likely through programmed cell death. Recent reports of microsporidia

infection in C. elegans have also led to advances in understanding the unique

parasite-host interactions of both adaptive and innate immunity to fungus-related

human diseases (Texier et al., 2010; Troemel et al., 2008). While C. elegans have

been used successfully to study the immune response to bacterial and fungal

infections, research on anti-viral immunity in C. elegans has been limited by the lack

of natural virus infections. Artificial models with viruses or viral genome fragments

introduced into C. elegans have helped to establish the role of RNAi in response to

viral RNA replication (Lu et al., 2005). But to comprehensively study the viral life
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cycle and the corresponding host responses, a virus that naturally infects C. elegans

would still be required.

1.2. Orsay virus

In 2011, the first virus that naturally infects C. elegans in the wild (Felix et al.,

2011) was discovered in Orsay, France. Infection by the virus species, named Orsay,

caused intestinal symptoms without obvious decreases in longevity or brood size. The

virus was found intracellularly in intestinal cells and the somatic gonad with a

putative particle diameter of 20nm. The infection is specific to C. elegans and is

transmitted horizontally. Using this authentic viral infection model, the anti-viral role

of RNAi pathways was confirmed, as the introduction of RNAi defective mutations

had higher viral RNA levels and more serious infection symptoms (Felix et al., 2011).

1.2.1. Genomic Structure

Two linear RNA fragments were found in the Orsay virus genome (Figure 1.1)

(Felix et al., 2011). The RNA1 segment of the Orsay virus contains 3421 nts,

including an open reading frame (ORF) which encodes a putative RNA-dependent

RNA polymerase (RdRp). The RNA2 segment contains 2574 nts and has two ORFs

encoding for a putative capsid protein (CP) and a second protein, designated δ protein,

respectively. The δ protein has no significant sequence similarity to any sequence in
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Genbank (Felix et al., 2011). N-terminal sequencing of the Orsay CP found that

translation begins at nucleotides 89-91, an AAC codon, instead of the first AUG

located at nucleotides 500-502 in RNA2, indicating a non-canonical translation

initiation site (Jiang et al., 2014b). The Orsay δ protein has been shown to be

translated as a fusion protein of the capsid and δ ORFs using a ribosomal

frameshifting strategy. The CP-δ fusion protein was found in both infected cells and

also in purified virion samples (Jiang et al., 2014b). Interestingly, free δ protein has

not been detected in infected worms or purified virions.

Figure 1.1 Genome structure of the Orsay virus.
A schematic model of the Orsay virus genome. Arrows indicate the first in-frame AUG
codon in each ORF. Vertical lines indicate stop codons. The largest possible ORF that
could be generated by a non-AUG start codon in RNA2 is shown. A predicted model of the
Orsay virus RNA2 capsid–δ fusion protein translation is also shown. Adapted from Jiang et
al., 2014.
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1.2.2. Virus-host model development

The combination of a very simple, multicellular host organism and a very simple,

naturally infecting virus makes infection of C. elegans by the Orsay virus an excellent

model system to explore all facets of the virus infecting process, including virus

replication, host antiviral immunity, and host-pathogen co-evolution. Using this

authentic viral infection model, the anti-viral role of RNAi has been confirmed (Felix

et al., 2011). Introducing a defective mutation in several RNAi factors, including

RDE-1, RDE-4, the RNaseD MUT-7, and the dicer-related helicase DRH-1, which is

homologous to mammalian foreign dsRNA sensor RIG-I, led to higher viral RNA

levels and more severe infection symptoms (Ashe et al., 2013; Felix et al., 2011; Guo

et al., 2013a; Guo et al., 2013b). The exogenous RNAi pathway (derived from viral

dsRNA) has been shown to compete with the endogenous RNAi pathway in response

to viral infection (Sarkies et al., 2013). It is currently unclear whether the anti-viral

RNAi response could spread between cells within treated animals or even provide an

inherited protection in the offspring, as suggested by two contrary reports possibly

due to different worm culture conditions (Ashe et al., 2015; Sterken et al., 2014).

Additionally, the ubiquitin-mediated host response has been found to play a key role

in the defense against Orsay virus infection, similar to what has been observed for

other intracellular pathogens like microsporidia (Bakowski et al., 2014).

Since the discovery of the Orsay virus, two other worm viruses have been found:

Santeuil virus and Le Blanc virus, both specifically infecting C. briggsae only (Felix
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et al., 2011; Franz et al., 2012). All three viruses share a similar genomic organization,

with one ORF encoding for the RdRp in the RNA1 fragment and two ORFs encoding

for the CP and the δ protein, respectively, in the RNA2 fragment. Like Orsay, the

Santeuil and Le Blanc viruses likely initiate translation of their CP proteins through a

non-conventional, AUG-independent mechanism (Jiang et al., 2014b). The slippery

sequence and RNA stem loop structure, which allow ribosomal frameshifting for the

Orsay δ ORF to be translated as a fusion protein with the CP, are found to be highly

conserved in all three viruses. Furthermore, the three nematode viruses share a

common tropism for the host intestine (Franz et al., 2014).

No cross infection has been observed for any of the identified worm viruses

(Felix et al., 2011; Franz et al., 2012). This strict host-specificity among the three

nematode viruses enables comparative analysis among this clade of viruses.

Assessment of viral infection in the worms has been established using

immunofluorescence assays and in situ hybridization, which showed that all the three

nematode viruses share a common primary tropism in intestinal cells, with the RdRp

occupying the cytoplasm and CP localized at the apical surface (Franz et al., 2014). A

plasmid-based reverse genetics system for the Orsay virus has been developed which

can be used to create mutant viruses directly in transgenic C. elegans strains, thus

allow genetic manipulation of the Orsay virus as we can with C. elegans (Jiang et al.,

2014a).
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1.3. Nodaviridae

By genome sequencing and BLAST alignment, the Orsay virus was found to

share approximately 30% amino acid sequence identity with the CP and RdRp with

some nodaviruses, a family of positive-sense RNA viruses with a bipartite genome

(Felix et al., 2011) (Table 1.1). Neighbor-joining phylogenetic analysis on the RdRp

and CP revealed that nematode infecting viruses are closely related to nodaviruses,

especially betanodaviruses (Felix et al., 2011)(Figure 1.2A-B).

Table 1.1 – Pairwise amino acid sequence identity for the three nematode viruses
and nodaviruses.

Virus pair RdRP, % CP, % δ, %

Orsay virus–Santeuil virus 45 52 37

Orsay virus–Le Blanc virus 36 68 39

Santeuil virus–Le Blanc virus 37 53 39

Orsay virus-
Redspotted Grouper Nervous

Necrosis virus
23 23 N/A

Orsay virus-Pariacoto virus 22 18 N/A

Orsay virus-Wuhan nodavirus N/A 25 N/A

Orsay virus-Flock House Virus 20 17 N/A
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Nodaviruses are non-enveloped with a T=3, icosahedral capsid (see more of T,

triangulation number, in Chapter 2), whose diameters range from 29 to 35 nm (Fisher

and Johnson, 1993). The RNA1 fragment, whose length is ~3.1kb, encodes the RdRp

(Figure 1.2C). A ~0.4kb subgenomic portion at the 3’ end of RNA1 encodes protein

B1/B2, which inhibits host RNAi and regulates cell death (Li et al., 2002)(Chen et al.,

2009). The RNA2 fragment, which is much shorter with a length of ~1.4kb, contains a

single ORF for the capsid protein precursor. There are two genera in the Nodaviridae

family, Alphanodaviruses and Betanodaviruses. Alphanodaviruses infect insects,

mammals, and fish. The Flock House Virus (FHV), which naturally infects the model

C

Figure 1.2 Phylogeny of nematode viruses compared to nodaviruses.
(A) Neighbor-joining phylogenetic analysis of the predicted RNA-dependent RNA
polymerases encoded by the RNA1 segments. (B) Neighbor-joining phylogenetic analysis
of the predicted capsid proteins encoded by the RNA2 segments. Adapted from Felix et al.,
2011. (C) Genome organization of Nodaviridae.
http://education.expasy.org/images/Nodaviridae_genome.jpg
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organism Drosophila, is the best-studied species in this genus. Betanodaviruses, on

the other hand, mainly infect fish and cause viral encephalopathy and retinopathy

(Chen et al., 2015). Betanodaviruses are a major constraint on aquaculture all over the

world.

Given the close relationship between the nematode viruses and nodaviruses,

structural and functional implications obtained from nodaviral proteins are likely to be

applicable for those of the novel nematode viruses. By reviewing the mechanisms of

how nodaviruses infect their hosts, I could formulate better hypotheses in my study of

Orsay proteins and their roles in the virus life cycle. Furthermore, comparing what we

know about Orsay virus and what is known about nodaviruses could provide a better

understanding of their revolutionary relationship.

1.3.1. Replication

As with all positive-stranded RNA viruses, replication of nodaviruses, as

shown for Flock House Virus (FHV), occurs on host intracellular membranes (Kopek

et al., 2007). Upon FHV infection in Drosophila cells, protein A (the RdRp) localizes

to the outer membrane of host mitochondria and recruits the viral RNA to the

mitochondria. Initiation of viral RNA synthesis induces the formation of ~50nm

invaginations on the outer membrane of the mitochondria (Figure 1.3) (Kopek et al.,

2007). The interior of such a spherule is connected to the cytoplasm through a

~10nm-diameter channel to allow the trafficking of ribonucleotide substrates and

RNA products. In these compartments between the inner and outer membranes of
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mitochondria, positive-strand genomic RNAs are replicated through the production of

negative-strand intermediates (Kopek et al., 2007; Kopek et al., 2010).

Multiple host factors have been identified to affect FHV replication (Hao et al.,

2014). Eight host genes were found to support FHV infection, as the viral RNA

replication decreased when the genes were deleted. Three of these genes encode

mitochondrial proteins which could directly affect viral RNA production. The other

five genes encode proteins that are located in the cytoplasm and are involved in signal

Figure 1.3 3-D maps of FHV-modified mitochondria.
Blue indicates the outer mitochondrial membrane, white indicates FHV spherules. (A)
Merged image of a 3-D map of the outer membrane and spherules of a mitochondrion and a
slice of the tomogram showing the electron density map from which it was derived. (B) A
portion of the map in (A) showing a close-up view of the connections between the outer
mitochondrial membrane and the spherules. (C) A 90° rotation of (B) showing the channels
that connect the spherule interiors to the cytoplasm. The outer membrane has been made
translucent to show the spherules behind it. The red arrow marks the same spherule in (B)
and (C). Adapted from Kopek et al., 2007.
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transduction, actin organization, protein folding and cell-cycle regulation. It remained

unclear whether the virus directly uses these host gene products, or even regulate their

expression to facilitate its own replication. Fifty-seven genes were confirmed to

increase FHV replication when deleted, indicating their suppressing roles. 41 of them

encode cytoplasmic proteins including ribosomal proteins, proteins involved in RNA

processing and stability, protein trafficking, and organelle transport. The remaining 16

genes encode nuclear proteins that function in transcription, chromatin remodeling,

and cell cycle.

1.3.2. Capsid assembly and entry

When initially assembled, the FHV virion is not infectious and contains 180

copies of the capsid protein precursor (407 amino acids) that is directly translated

Figure 1.4 FHV autocatalytic cleavage.
Ribbon diagram of the capsid protein subunit (blue), with the γ peptide highlighted in
yellow. A zoomed-in view of the autocatalytic cleavage site, between asparagine 363
(N363) and alanine 364 (A364), and the catalytic aspartate residue (D75) (in cyan) is
shown on the right. Adapted from Odegard et al., 2010.
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from the RNA2 fragment (Fisher and Johnson, 1993). Encapsidated genomic RNA

forms a well-ordered dodecahedral cage structure, mediated by both the N- and

C-termini of the capsid protein. Upon maturation, the capsid protein precursor

undergoes autoproteolytic cleavage between asparagine-363 and alanine-364, likely

mediated by the highly protonated aspartate-75 residue (Figure 1.4) (Fisher and

Johnson, 1993). The large N-terminal fragment, β, forms the capsid shell, while the

small C-terminal peptide, γ, forms membrane-active amphipathic helices that are

predicted to disrupt host cell membranes during entry (Odegard et al., 2010). FHV

enters host cells through endocytosis mediated by a yet-to-be-identified host cell

receptor. The acidic pH of the endosome triggers the membrane lytic activity of the

FHV particles, and is therefore required for infectivity (Odegard et al., 2009). The γ

peptides, which are initially buried inside the viral capsid, are predicted to be

externalized or released when the virus particles are exposed to endocytic pH to

disrupt the membranes of endosomes.

1.3.3. Non-structural proteins

RNA3, the subgenomic RNA replicated from the 3’ end of the RNA1

fragment of nodaviruses, contains two overlapping ORFs encoding proteins B1 and

B2 (Li et al., 2002). The exact function of protein B1 is largely unknown, but it is

speculated to act as an anti-necrotic death factor during the early replication

stage(Chen et al., 2009). The B1 protein was shown to reduce the loss of
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mitochondrial membrane potential to allow viral replication before the host cell dies

via apoptosis as an antiviral mechanism.

The B2 protein is known to inhibit host RNAi, the antiviral defense pathway,

in both alpha- and betanodaviruses (Iwamoto et al., 2005; Li et al., 2002). In the

RNAi pathway, the viral genome and replication intermediate are first processed into

small-interfering RNAs (siRNAs) by Dicer, and the siRNAs are then used to guide

degradation of the viral genome by the RNA-induced silencing complex (RISC) (Li et

al., 2002). B2 prevents Dicer processing by coating the backbone of the viral genome,

and also blocks siRNA incorporation into the RISC by binding to dsRNA in a tight,

non-specific fashion (Figure 1.5) (Chao et al., 2005).

The nodaviral B2

protein is also a viral

suppressor of RNAi (VSR)

that targets the antiviral

mechanisms in mammals (Li

et al., 2013). A suppression

assay on RNA-directed viral

immunity has also been

developed in Orsay virus

(Guo and Lu, 2013). It

showed that B2 proteins from

the FHV and Nodamura virus could suppress natural viral infection in C. elegans by

Figure 1.5 Diagram of the RNA-silencing
pathway suppressed by B2.

Suppression of certain stages of RNA silencing by B2 is
indicated by solid lines. B2 can inhibit both Dicer
cleavage and siRNA incorporation into the RISC.
Adapted from Chao et al., 2005.
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inhibiting the function of virus-derived siRNAs. No suppression activity was

observed with the Orsay virus RNA2 fragment using this assay, indicating that the

Orsay CP or δ protein may not function as a VSR.

The B2 protein has also been shown to function in cell death as an inducer in

betanodaviruses (Su et al., 2009). B2 was found to directly target the mitochondrial

matrix via an N-terminal signal peptide and block mitochondrial complex II activity,

resulting in a reduction of ATP synthesis (Su and Hong, 2010). Production of

hydrogen peroxide also increased upon the translocation of B2 to the mitochondria,

which induced mitochondrial fragmentation and oxidative stress-mediated cell death

(Su et al., 2014).

1.4. Relationship between nematode viruses and nodaviruses

So far, three viruses have been discovered to infect nematodes: Orsay infects

C. elegans, while Santeuil and Le Blanc viruses both infect C. briggsae with no cross

infection. Although the nematode viruses are most related to nodaviruses, some key

differences do exist between them: (1) there is no evidence for a subgenomic

transcript from the Orsay RNA1 fragment, so the B1/B2 protein may not exist in

nematode viruses; (2) the RNA2 fragment is much larger in nematode viruses

(2.5-3.0kb) than in nodaviruses (~1.4kb) and contains a second ORF for the δ protein

whose function is currently unknown; and (3) autoproteolytic cleavage of the CP has

not been observed in nematode viruses, so they may not enter host cells via a γ

peptide-mediated pathway.
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The work presented here reveals the structure of the Orsay CP and discusses

its functions in comparison with the counterparts from nodaviruses. Further

investigation of CP-mediated functionalities will shed light on their evolutionary

relationships and the infection mechanisms. Studies of non-structural proteins of

nodaviruses would also provide interesting insights into the role of the δ protein in

nematode viruses.
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Chapter 2

Materials and Methods

Structure determination of a protein by crystallography is a challenging task

which involves many experimental and computational steps. Starting from the

genomic information of a target protein, careful analysis of the amino acid sequence is

usually necessary to design appropriate constructs. Molecular cloning is then

performed to insert the gene into an expression vector. Protein expression needs to be

tested and optimized by varying culture conditions before large scale production of

the target protein. Next, the expressed protein is subjected to multiple purification

steps to remove contaminants and reach homogeneity. Purified protein is concentrated

and tested for crystallization using high-throughput automated system with

commercially available kits. Once a “hit” is identified from the screening, the

condition is optimized by varying crystallization conditions to produce better crystals.

Diffraction data of a protein crystal are collected using a X-ray diffractometer which
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could be a home-source or synchrotron. The dataset is processed using programs such

as HKL2000 and CCP4 to generate an electron density map of the protein structure.

Atomic model is then built upon the density map and refined against the experiment

data using programs like COOT and CNS. The whole process flows like a pipeline, as

summarized in Figure 2.1.

Additional biochemical and biophysical methods could be used to characterize

various properties of the target protein, such as the stability, oligomeric status, and

affinity with other molecules, i. e. nucleic acids.

Figure 2.1 An integrated structural determination pipeline.
Adapted from Chen 2010
(http://biomedicalcomputationreview.org/content/structural-genomics-exploring-3d-protei
n-landscape).
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2.1. Molecular cloning

The predicted CP ORF from the Orsay RNA2 segment encodes only 254

amino acids, which does not cover the entire conserved structural domain of

nodavirus CP. This observation raised the possibility that translation of the Orsay CP

is likely initiated at an upstream site in an AUG-independent manner. At the time

when I obtained the Orsay cDNA from Dr. David Wang, the amino acid sequence of

the Orsay CP had not been experimentally mapped (Jiang et al., 2014b). To determine

the likely translation initiation site, a multi-sequence alignment was conducted for the

Orsay CP together with the capsid proteins of several nodaviruses infecting various

hosts including fishes and insects. According to the alignment, the upper stream

“ANKNN-” site is a safe starting point that should include all important capsid

protein features conserved among nodaviruses. The resultant capsid protein construct

has 392 amino acids.

For expression in E. coli Rosetta cells, recombinant constructs of Orsay CP

were cloned into the pET28a vector between two restriction enzyme sites, with NcoI

at the 5’ end and XhoI at the 3’ end. As in the FHV capsid, Orsay CP was expected to

form VLP during expression with the N-terminus buried internally. Therefore, a

His-tag was added at the C-terminus instead of N-terminus to allow affinity

recognition. A linker with a single Gly residue was added between the CP sequence

and the 6×His tag.
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PCR was carried out in 50ul reactions, each containing 1ul cDNA template

(20 ng/ul), 1ul of both the forward and reverse primers (10uM, synthesized by

Integrated DNA Technologies, Inc.), 5ul of dNTP (2mM, Promega), 0.5 ul of the pfu

Ultra II polymerase (Agilent Technologies), 5 ul of 10X reaction buffer (Agilent

Technologies), and 36.5 ul of autoclaved Milli-Q water. A 96-well Thermal cycler

(Mastercycler® pro, Eppendorf) was used for PCR, with 30 cycles of denaturation

(95℃ for 30 seconds), annealing (50℃ for 30 seconds), and extension (72℃ for 90

seconds), followed by a final extension step at 72℃ for 10 minutes. PCR products

were then analyzed by electrophoresis on a 1% agarose gel and cleaned up using the

QIAquick PCR Purification Kit (Qiagen).

Both PCR product and vector were then digested using the same restriction

enzymes at 37℃ for 4 hours and cleaned up using the QIAquick PCR Purification Kit

(Qiagen) or QIAquick Gel Extraction Kit (Qiagen) before concentration measurement

using the NanoDrop 2000c Spectrophotometer (Thermo Scientific). In the ligation

mixture, the molar ratio of insert:vector was kept at ~7:1, with total DNA

concentration between 10 to 100 ng/ul. Ligation was performed in 10ul reactions at

16℃ for overnight. 5ul of the ligation product was transformed by heat-shock method

into 100ul DH5ɑ competent cells (homemade using the Rubidium chloride method).

Cells were spread on LB agar plate with Kanamycin (50 mg/ml) for the pET28

constructs and incubated at 37℃ for overnight.

Single colonies were first screened by colony PCR using taq polymerase

(NEB). Individual colonies were picked and resuspended in 20ul autoclaved water
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from which 1ul was used as the template in a 20ul reaction. T7 + insert reverse primer

or T7 terminator + insert forward primer were used to PCR to ensure DNA insertion,

as T7 and T7 terminator sequence are located at the upstream and downstream of the

coding sequence, respectively. T7 primer sequence is 5'-TAA TAC GAC TCA CTA

TAG GG-3', and T7 terminator primer sequence is 5'-GCT AGT TAT TGC TCA

GCG G-3'. Colonies with correct PCR product size were cultured for mini-prep

(Wizard® Plus SV Minipreps DNA Purification System, Promega) and purified

plasmids were sent for sequencing (Lone Star Labs, Inc.).

2.2. Protein expression and purification

Plasmids confirmed by sequencing were transformed into Rosetta competent

cells for expression. An expression test in the scale of 20 to 50ml LB culture was first

performed for each new construct to check for protein yield and solubility. Cells at the

phase of exponential growth were induced at 37℃ for 4 to 6 hours or 15℃ for

overnight using 1mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) when the optical

density (OD) at 600nm reached 0.6-0.8. The cells were harvested by centrifugation at

2,000xg for 20 min and resuspended in 5ml of lysis buffer containing 50mM Tris

pH8.0, 300mM NaCl, 10% glycerol (v/v), 5mM 2-Mercaptoethanol (2-ME), 1mM

NaN3 and 1mM phenylmethylsulfonyl fluoride (PMSF). After 5 min sonication on ice

using Branson Sonifier 250, the lysate was centrifuged at 18,000xg for 30min at 4℃.

SDS-PAGE was performed to analyze expression of each construct, including the

un-induced control (before adding IPTG), whole cell lysate, supernatant (soluble
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fraction) and pellet (insoluble fraction). If the protein solubility or yield was poor,

more small scale tests were carried out by varying the IPTG concentration (0.01-1mM)

and the induction time (12-28 hours).

For large scale protein expression and purification, 0.5-6L culture was induced

at optimized conditions. The cell pellet was resuspended in 20-35ml lysis buffer and

sonicated for 3×10min cycles. The lysate was subjected to centrifugation at 48,000xg

for 45min and the supernatant was collected for subsequent purification.

2.2.1. Chromatography

His-tagged proteins were first purified by affinity chromatography using the

Ni-NTA resin (Thermo Scientific). The clarified supernatant was incubated with the

Ni-NTA resin, which had been previously equilibrated with lysis buffer, for at least

1h at 4℃ with gentle rotation. The resin mixture was then loaded onto a gravity

column for flow through and washed with 10 column volumes (CVs) of wash buffer

containing 50mM Tris pH8.0, 300mM NaCl, 10% glycerol (v/v), 5mM 2-ME, 1mM

NaN3 and 25mM imidazole. Once thoroughly washed, 10 CVs of elution buffer

containing 50mM Tris pH8.0, 300mM NaCl, 10% glycerol (v/v), 5mM 2-ME, 1mM

NaN3 and 250-500mM imidazole was added to the column and the elution was

collected in 2ml fractions. Sample from every step was subjected to SDS-PAGE

analysis.

Proteins purified from Ni-NTA resin were further purified by Fast Protein

Liquid Chromatography (FPLC) using pre-packed ion-exchange columns based on
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net surface charges or a Heparin column based on nucleic acid binding abilities (GE

Healthcare Life Sciences). Eluted fractions containing target proteins from Ni-NTA

were combined and dialyzed to reduce salt concentration (i.e. 100mM NaCl), and then

manually injected into a pre-packed column. The column with proteins bound was

then connected to the ÄKTA FPLC system (GE Healthcare Life Sciences) for elution

using linear NaCl gradient from 0 to 1M. SDS-PAGE and UV absorption

chromatogram were used to determine optimal fractions for collection.

The final step was a size exclusion column which separates proteins based on

their molecular weights. The elution chromatogram from the size exclusion column

was also used to determine the oligomerization status of the target protein to ensure

homogeneity. A Superdex 200 16/60 (GE Healthcare Life Sciences) column was

pre-equilibrated with a gel-filtration buffer containing 50mM Tris pH7.5, 200-500mM

NaCl, 1mM NaN3 and 5mM 2-ME. Protein from the previous purification step was

concentrated to 2ml and injected into column through an injection loop on FPLC

system. The column was then eluted with the gel-filtration buffer. The fractions were

collected and analyzed by SDS-PAGE.
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When

expressed in E. coli

Rosetta strain at 15℃,

Orsay CP showed

good yield and

solubility. Clarified

lysate was first

purified using

chromatography.

Orsay CP was found to

bind Ni-NTA and

Heparin column well.

In the final purification

step, Orsay CP got

eluted from a

Superdex 200 column

as two peaks, one at

the void volume and the other at around 75ml, with an apparent molecular weight

closely matching the theoretical molecular weight of a CP dimer (i.e. ~84 kD) (Figure

2.2A). By negative-staining electron microscopy (EM) (Figure 2.2B), the sample

eluted at the void volume was confirmed to be virus-like particle (VLP), with a

A

B C

Figure 2.2 Purification of recombinant Orsay CP.
(A) Gel-filtration chromatogram using Superdex 200 column. X
axis is the elution volume. Y axis is UV absorbance in mAU,
milli absorbance units. (B) Negative-staining EM image of VLP
sample. Bar, 200nm in the main figure, 20nm in the inner panel.
(C) Photograph of the centrifugation tube showing the CsCl
gradient and the two bands of the Orsay VLP.
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diameter of ~35nm. Orsay CP precipitates easily at high concentration, so 500mM

NaCl was kept in all protein buffers to help stabilize the protein.

2.2.2. Ultracentrifugation

After I confirmed VLP formation, I modified my purification protocol so the

VLP sample could be directly purified by ultracentrifugation. Orsay CP from clarified

lysate was first precipitated by 20% (w/v) Ammonium sulfate and resuspended in

capsid storage buffer containing 50mM Tris pH7.5, 500mM NaCl, 2mM MgCl2,

2mM CaCl2, 10% (v/v) glycerol, 1mM NaN3 and 5mM 2-ME. Cesium chloride

solutions at 1.1 g/cm3, 1.2 g/cm3, 1.3 g/cm3, and 1.4 g/cm3 were prepared in the same

buffer condition. 2ml of each CsCl solution was carefully loaded in

ultracentrifugation tubes (Beckman Coulter, Inc.) with the most concentrated solution

at the bottom. Approximately 1-1.5ml of the protein sample was lastly added to the

top of the gradient. Ultracentrifugation was then run at 38,000 rpm for 6 hours at 4℃

using a SW41Ti rotor in a Beckman Coulter Optima L-80 XP Ultracentrifuge with the

slowest acceleration setting and no-brake stopping. Two bands appeared around the

1.3g/cm3 region of the CsCl gradient (Figure 2.2C), and were collected using a

syringe with needle. By EM, both bands contained VLP of similar morphology. The

A260nm/280nm ratio was 1.23 and 1.75 for samples from the upper and lower band,

respectively, indicating different amounts of nucleic acid packaged in the two VLP

species. CsCl was removed by dialysis, and the VLP sample was concentrated for

crystallization.

https://www.beckmancoulter.com/wsrportal/wsr/research-and-discovery/products-and-services/centrifugation/tubes-and-adapters/index.htm
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2.3. X-ray crystallography

2.3.1. Crystallization

Proteins purified to homogeneity were concentrated and subjected to

high-throughput crystallization screening using the Crystal Gryphon Protein

Crystallogrpahy System (Art Robbins Instruments). 96-condition screening kits are

commercially available, such as Index, Crystal Screen, PEG/ion, and SaltRx from

Hampton Research, and MbClass, pHClear, Classics, and JCSG+ from Qiagen.

Protein concentration was considered appropriate if 50-70% of conditions produced

precipitation. Three protein-to-mother liquor ratios (1:3, 1:1, and 3:1) were used for

each condition with the INTELLI-PLATE 96-3 (Art Robbins Instruments).

Once preliminary crystallization conditions were identified, they were

manually optimized using 24-well trays (Hampton Research) by varying

concentration of precipitant, salt, and protein, buffer type and pH, temperature and

setups (i.e. hanging drop, sitting drop or oil batch). Conditions could be further

optimized using the additive and detergent kits from Hampton Research. At the end,

post-crystallization treatments such as dehydration, annealing and cross-linking were

often used to further improve crystal diffraction.

The lower band from CsCl gradient ultracentrifugation was used for

crystallization. Best crystals were obtained using the hanging drop vapor diffusion
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method, with the reservoir containing 0.7-1.05

M Sodium malonate and 0.25%-1% (v/v)

Jeffamine ED-2001 in 0.1 M HEPES buffer pH

7.0, and the drop containing 1.5ul of 3.5 mg/ml

protein solution mixed with 0.5ul of reservoir

solution. Diamond-shaped crystals appeared

within four days when grown at room

temperature (Figure 2.3).

2.3.2. Data collection

To reduce radiation damage, X-ray diffraction data were collected at

cryogenic temperature (~100K). To prevent the formation of ice crystals, protein

crystals were transferred to cryo-protectants consisting of mother liquor supplemented

with 20-40% (v/v) of glycerol, PEG400 or ethylene glycol before cryo-cooling in

either liquid nitrogen or cold nitrogen gas

stream.

Crystals stored in liquid nitrogen

were shipped to Advanced Photon Source

at Argonne National Laboratory for data

collection at the consortium beamline

called Life Sciences Collaborative Access

Team (LS-CAT). Crystals were first

Figure 2.3 Orsay VLP crystal.
The crystal of Orsay VLP used for
data collection. Bar, 100μm.

Figure 2.4 Orsay VLP diffraction.
The X-ray diffraction pattern of the Orsay
VLP. The green circle indicates 2.8Å
resolution.

https://ls-cat.org/index.html
https://ls-cat.org/index.html


27

centered for the X-ray beam. Data collection parameters including detector distance,

exposure time, oscillation angle, and oscillation range were adjusted based on beam

intensity, resolution, space group, and unit cell dimensions.

Once a complete dataset was collected, it was autoindexed, integrated, and

merged using the program HKL2000 (Otwinowski and Minor, 1997).

Cryo-protectant of Orsay VLP crystals was prepared using the reservoir

solution supplemented with 20% (v/v) glycerol. X-ray diffraction data were collected

using synchrotron radiation with a wavelength of 1.13 Å. An oscillation angle of

0.2°was used to avoid spots overlapping considering the large unit cell dimensions of

the crystal. A total of 500 images covering a 100°range were collected to ensure data

completeness for the I222 space group (Figure 2.4).

2.4. Virus structure determination

2.4.1. Icosahedral symmetry

Viruses are highly efficient nucleoprotein assemblies. Many viruses have an

icosahedral capsid (Figure 2.5) made from identical subunits to allow spherical

organization using limited genetic information. The 5-, 3-, and 2-fold symmetries

associated with an icosahedron also facilitate virus structure determination, as they

allow non-crystallographic symmetry (NCS) averaging and the possibility to use a

simple hollow sphere as a starting phasing model, etc.
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All nodaviruses have an icosahedral capsid formed by 180 copies of a single

capsid protein arranged according to the triangulation number of 3 (T=3). The T=3

icosahedral symmetry means that there are three identical capsid protein subunits in

each asymmetric unit (ASU). Each ASU assumes the shape of a triangle with one of

its vertex coinciding with a 5-fold symmetry axis and two other vertices coinciding

with two adjacent 3-fold symmetry axes. Based on sequence homology with

nodaviruses and the estimated size of Orsay VLP from negative-stained EM images,

Orsay virus was expected to have a T=3 icosahedral capsid.

Figure 2.5 Icosahedral symmetry.
(A) Three commas arranged with threefold symmetry. The threefold rotation axis
passes through the solid triangle in the center of the diagram. (B) Outline of an
icosahedron showing some of the symmetry axes. Fivefold axes (vertices) are
represented by pentagons; threefold axes (faces) by triangles; twofold axes (edges) by
ovals. (C) Sixty commas, distributed with T = 1 icosahedral symmetry on the surface of
a sphere. The dashed lines correspond to the edges of an icosahedron projected onto the
spherical surface. (D) Quasiequivalent arrangement of 180 commas, in a T = 3
icosahedral surface lattice on a sphere, oriented similarly to C. One icosahedral
asymmetric unit (ASU) is highlighted in red. The three quasiequivalent positions within
a single ASU in T = 3 icosahedron are labeled A, B, and C and shown in different
shades of gray. Adapted from Harrison 2007.
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To determine the orientation of the icosahedral symmetry axes in the crystal,

packing analysis was first done for Orsay VLP data. The space group is I222, which is

orthorhombic, with the unit cell dimensions equal to 402Å, 370Å and 411Å,

respectively. As the diameter of Orsay VLP is about 350Å, as shown from

negative-staining EM images, each unit cell could fit two particles, with one at the

A B

C D E

Figure 2.6 Self rotation function of the Orsay VLP data.
(A) Definition of rotation angles in polar coordinates. The rotation is represented by a set of
polar (φ, ψ, κ) angles, where φ and ψ define the orientation of a rotation axis relative to a
Cartesian coordinate system and κ defines the angle of rotation around this axis. (B)
Position of an icosahedron in the crystallographic space with b axis pointing out of the
paper. (C-E) Output of the program GLRF with κ equals to 72°(C), 120°(D) and 180°(E),
corresponding to the 5-fold, 3-fold and 2-fold, respectively.
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origin, and the other at the center. To accurately orient Orsay VLP in the unit cell,

self-rotation function was calculated for the X-ray diffraction data of the Orsay VLP

using the program GLRF (Tong and Rossmann, 1997) (Figure 2.6). By setting the

kappa angle to 72°, 120°, and 180°, the 5-, 3-, and 2-fold symmetry axes were

mapped relative to the crystal unit cell axes, so that the orientation of the Orsay VLP

in the crystal could be compared to the standard 222 orientation of an icosahedron

(Figure 2.5D).

2.4.2. Non-crystallographic symmetry (NCS) averaging and phase extension

The copy number redundancy from NCS could be used to improve the quality

of electron density maps by averaging identical subunits related by NCS and the

simultaneous application of solvent flattening to regions outside of the molecular

boundary. Phases calculated from the resulting map are more accurate than initial

phases, and could be combined with the observed structure factor amplitude to

produce a new map for iterative rounds of phase improvement till convergence is

reached. In addition to phase improvement, NCS averaging allows for phase

extension as well. Back transform of the averaged and improved map can provide

some useful phase information for reflections slightly beyond the resolution limit used

for map calculation. Phases in the extended resolution bin can be subsequently

improved by iterative rounds of NCS averaging. Therefore, slowly but gradually,

NCS averaging could be used to extend phases to higher resolution (Bricogne, 1974).
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For Orsay VLP data, the space group is I222, so each unit cell contains eight

crystallographic ASU. Based on packing analysis, there are two VLPs in each unit

cell. Given that each T=3 VLP contains 60 icosahedral ASUs, each crystallographic

ASU contains 15 icosahedral ASUs, which corresponds to a quarter of the whole

capsid, therefore providing a 15-fold NCS for averaging.

To conduct NCS averaging and phase extension, three pieces of information

are needed: (a) initial phases; (b) averaging matrices, which describe the rotation and

translation relationship between one area of density and another; and (c) an averaging

mask that covers the region of the density map that obeys the non-crystallographic

symmetry. For Orsay VLP, the initial phases were from a 9-Å resolution cryo-electron

microscopy (cryoEM) reconstruction map, provided by my collaborator Dr. Wah

Chiu’s group. The 15-fold averaging matrices were taken from the header of the PDB

file of the melon necrotic spot virus (PDB ID: 2zah), which sits at the same

orientation relative to the three unit cell axes as the Orsay VLP (Figure 2.7). Several

Figure 2.7 15-fold matrices used in NCS averaging for the Orsay VLP data.
A quarter of the capsid, which corresponds to one crystallographic ASU could be generated
from one icosahedral ASU using these 15-fold matrices. The matrices are shown in O
format, which can be read by the RAVE package.
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averaging masks were tested, including hollow spheres, envelopes that cover one

NCS ASU generated from the structural coordinates of the melon necrotic spot virus,

and envelopes that cover one crystallographic ASU. The best result came from a

whole-particle mask generated from the cryoEM map recalculated to 25-Å resolution

using the RAVE program MAMA (Jones, 1992).

Phases of Orsay VLP data were gradually extended from 9Å to 3.25Å

resolution using the Uppsala

Software Factory RAVE package

(Jones, 1992) and CCP4

suite(Collaborative Computational

Project, 1994) (Figure 2.8). For

each extension step, to obtain

reliable phase information, the step

size is set to one reciprocal lattice

interval. To calculate the resolution

value for the next phase extension

step, dn+1, from the resolution value

of the current phase extension step,

dn, the following equation was used:

1/dn+1= 1/dn +1/a, where a is the

largest unit cell dimension. The

total number of extension steps, n,

Figure 2.8 Flow chart of NCS averaging
and phase extension using RAVE and

CCP4 programs.
The program used for each step is labeled beside
the arrow. SFALL, from CCP4, calculates
structure factors and X-ray gradients for
refinement using inverse and forward fast Fourier
techniques. RSTATS, from CCP4, scales
together two sets of F's, Fcalc and Fobs, calculates
statistics and outputs a reflection file. FFT, from
CCP4, calculates a new map from reflection data
using fast Fourier transform. AVE, from RAVE,
averages the electron-density map.
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is calculated from the equation n = (1/dfinal - 1/dstart)/(1/a), where dstart is the resolution

limit at the beginning of the phase extension process, and dfinal is the final resolution

limit for phase extension.

For the N-terminally truncated structure, the full length capsid structure

containing 15 asymmetric units, which represents one crystallographic ASU and a

quarter of the whole capsid, was used as a model for molecular replacement using

Phaser (McCoy et al., 2007).

2.4.3. Model building and refinement

The final map from NCS averaging and phase extension was sharpened using

B=−150 Å2 for manual model building in Coot (Emsley et al., 2010). Cα atoms were

first traced throughout the continuous density using the Baton mode and then

converted to a poly-alanine model containing both main chains and side chains.

Polypeptide directionality and sequence register were determined by mapping

residues with bulky side chains (i.e. Tyr, Phe, and Trp) as well as residues with either

no or small side chains (i.e. Gly and Ala).

Model refinement was done using CNS (Brunger et al., 1998) and REFMAC5

(Vagin et al., 2004) with the 15-fold Non-crystallographic symmetry constraint.

Iterative rounds of simulated annealing, positional minimization and B-factor

refinement were carried out in combination with manual adjustment of the model.

Ramachandran plots were calculated for the final model using Coot and PROCHECK

(Laskowski et al., 1993).
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2.5. Biochemical and biophysical characterization

2.5.1. Limited proteolysis and N-terminal sequencing

Structurally disordered regions in a protein are generally more sensitive to

proteases than ordered regions. To identify the stable core fragment of a target protein,

limited proteolysis is often conducted under controlled conditions, so structurally

disordered regions are digested while the ordered regions are preserved. For Orsay CP,

trypsin and chymotrypsin were added to purified protein samples at various

protein-to-protease ratios ranging from 10:1 to 100,000:1 and incubated at 37℃ for 1

hour. After the optimal protein-to-protease ratio was determined, limited proteolysis

was carried out again by varying the incubation time for a more accurate assessment.

The protease inhibitor, PMSF, was added to the reaction mixtures to inactivate the

proteases at the end of the reaction. All digested samples were subjected to

SDS-PAGE for the identification of potential stable protein core fragments.

Once a smaller fragment was identified, Western blot using anti-His antibody

was performed to locate the sites of cleavage, as His-tag was fused to the C-terminus

of Orsay CP. If the N-terminus was found to be cleaved, the truncated sample was

transferred to a Polyvinylidene fluoride (PVDF) membrane in MES buffer after

SDS-PAGE, stained with Coomassie Blue and sent for N-terminal sequencing at Tufts

University Core Facility. With the sequence information, the truncated construct

could be sub-cloned for expression and further structural and functional analysis. If

cleavage was found to occur at the C-terminus, the cleavage site was estimated based
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on possible cleavage sites of the certain protease and the molecular weight of the

digestion product.

2.5.2. Fluorescence polarization

Fluorescence polarization (FP), or fluorescence anisotropy (FA), is often used

to characterize binding between proteins and nucleic acids. The nucleic acid is usually

labeled with a fluorophore. When exposed to polarized light, a portion of the

fluorophores which have their excitation dipoles aligned with the incident polarized

light would emit fluorescence with a time delay. During the delay, the molecules with

fluorophores could tumble and therefore the emitted fluorescence would be less

polarized. Compared to free nucleic acids, nucleic acids bound to protein tumble more

slowly and emit more polarized light. Therefore, by measuring the polarization of

emitted fluorescence, the amount of nucleic acid bound to protein could be quantified

for binding analysis.

5’-fluorescein-labeled RNA and DNA oligos used in this project were

purchased from ThermoFisher Scientific and Sigma-Aldrich, with simple “AC” or

“C” repeats to avoid secondary structure formation. All FA experiments were carried

out in solution containing 50 mM NaCl, and 50 mM Tris (pH 7.5) at 20°C.

Concentrated Orsay CP dimer samples were titrated into 200ul binding solution with

0.1-2ul increments until the millipolarization reading stabilized. The data were plotted

and fitted by nonlinear least-squares regression analysis to the equation P =

(Pbound−Pfree)[protein]/(Kd+ [protein]) + Pfree, where P is the polarization measured at a
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given total protein concentration, Pfree is the initial polarization of fluorescein-labeled

nucleic acid without protein bound, Pbound is the maximum polarization of nucleic acid

when all are bound by protein, and [protein] is the protein concentration (Zheng et al.,

2013). The fluoresceinated oligo concentration was 5nM, which was at least 10-fold

more diluted than the estimated Kd.

2.5.3. RNA extraction and analysis

To characterize nucleic acid packaging specificity by the Orsay CP, RNA

extraction was performed using purified VLP samples expressed from E. coli. Firstly,

0.75 ml of Phenol:Chloroform:Isoamyl Alcohol (25:24:1, v/v) was added to 0.25ml of

VLP samples at 3.5-6.5 mg/ml concentration. The mixture was then incubated at

room temperature for 5 min to lyse the capsid. Next, the lysate was shaked vigorously

with 0.2 ml chloroform for 15 s and incubated at room temperature for 15 min.

Centrifugation was then performed at 12,000×g for 15 min at 4℃ to allow phase

separation. The protein and DNA would be in the lower red phenol-chloroform phase

and interphase, and RNA would be exclusively in the colorless upper aqueous phase.

The aqueous phase was transferred to a fresh tube, and RNA was precipitated by

mixing with 0.5 ml of isopropanol. The mixture was kept at room temperature for 10

min. White pellet became visible at the bottom of the tube after centrifuging at

12,000xg for 8 minutes. The RNA pellet was then washed twice with 1 ml of 75%

ethanol by vortexing and subsequent centrifugation at 12,000xg for 5 minutes. After
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brief air-drying for 5 min, RNA was dissolved in 30ul Diethylpyrocarbonate

(DEPC)-treated water by incubating for 15 minutes at 60℃.

Freshly extracted RNA was then subjected to nuclease treatment analysis. 1 ul

of DNase I, RNase V1 (cleaves double-stranded RNA) or RNase T1 (cleaves

single-stranded RNA) was added to 5 ul of RNA sample followed by incubation at

37℃ for 10 min. The samples were then resolved on 1.5% agarose gels stained with

Ethidium bromide.

2.5.4. Transmission electron microscopy

Transmission electron microscopy (TEM) is commonly used to image large

biological assemblies such as viruses. The sample is usually applied to a copper grid

and stained with a heavy metal salt solution. The heavy metal stain would be

deposited around protein molecules, which would appear bright on an dark

background on an EM image.

For EM sample preparation, FCF400-Cu grids (Electron Microscopy Sciences)

were pretreated by glow-discharge at 5 mA for 1 min. 5ul of the protein solution was

then added onto the grid and sat for 30 s to 2 min to allow absorption. To optimize

particle spread, a number of different protein concentrations ranging from 1mg/mL to

0.01mg/mL were prepared simultaneously. The protein solution was removed from

the grids by filter paper blotting. The grids were then rinsed twice with distilled water

and stained with freshly prepared 0.75% Uranyl formate solution for 30 s to 90 s.
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After air-drying overnight, the grids were examined using JEOL 1230 High Contrast

TEM at 80kV. Images were recorded on a Gatan CCD detector.

2.5.5. Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) is a powerful biophysical method that

studies the in-solution behaviors of biomacromolecules by monitoring their

sedimentation in a centrifugal field. In particular, sedimentation velocity experiments,

which measure the rate of molecule moving in centrifugal force, could be used to

determine the hydrodynamic shape and molecular mass of macromolecules. Therefore,

AUC was used to analyze the oligomeric state of Orsay CP samples in solution.

Protein samples were prepared in buffer containing 10mM Tris and 300mM

NaCl at three different concentrations with the OD230nm value equals to 2.0, 1.0 and

0.5, respectively. Beckman Coulter Optima XL-A analytical ultracentrifuge

(Beckman Instruments, CA) with a Beckman AN60 Rotor was used for the

sedimentation velocity experiment at 36,000 rpm at 10℃ for 15 h. The OD values of

these samples were measured against a water reference at 230nm. 150 scans were

obtained for each sample at a radial step size of 30 µm every 6 min. Data analysis was

performed using the Ultrascan III software version 2.0

(http://www.ultrascan.uthscsa.edu)(Demeler, 2005).
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2.5.6. Cross-linking

Cross-linking is a biochemical process that connects two or more molecules

close to each other by covalent bonds. Through covalent bond formation, interacting

protein partners can be stabilized for convenient analysis such as SDS-PAGE. The

common cross-linker, glutaraldehyde, was used for the characterization of Orsay CP

oligomer. The two aldehyde groups within the glutaraldehyde can simultaneously

react with two amine groups from two different subunits, thus covalently linking these

two subunits together.

Prior to cross-linking, CP oligomer samples were first dialyzed in buffer

containing 20 mM HEPES, pH 7.5 and 300 mM NaCl to remove Tris that would

interfere with the reaction. The protein concentration was adjusted to 0.1 mg/ml to

prevent excessive cross-linking. Freshly prepared solution of glutaraldehyde was

added to the CP sample to a final concentration of 0.05% (v/v). The mixture was then

incubated at room temperature for 20 min or at 37℃ for 5 min. Cross-linking was

quenched by adding Tris-HCl pH 8.0 and glycine both to a final concentration of

0.2M. The protein product was then precipitated using Trichloroacetic acid-acetone

and resolved by SDS-PAGE.
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Chapter 3

Structure of the Orsay virus capsid

The first ORF of the RNA2 fragment in the Orsay virus encodes the capsid

protein. Full-length CP construct starting from the “ANKNN-” site with a His-tag at

the C-terminus was expressed in the Rosetta strain of E. coli. Recombinant Orsay CP

was isolated as two species: VLPs and oligomers. The VLP was purified by

Ammonium sulfate precipitation and CsCl gradient ultracentrifugation. The VLPs

were separated into two bands by the ultracentrifugation process. The denser of the

two bands was used for crystallization. A diamond-shaped crystal was sent out to the

synchrotron for X-ray diffraction data collection. The dataset was processed by

HKL2000 and analyzed by GLRF to locate the icosahedral symmetry axes. The

information was then used to place a cryoEM map of the VLP into the unit cell for

molecular replacement. Starting from the initial 9Å resolution, phases were gradually

extended to 3.25Å by the 15-fold NCS averaging. The final map showed continuous
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density for the entire main chain, which allowed model building without ambiguity.

Statistics were listed in Table 3.1.

Table 3.1 – X-ray Data statistics for the Orsay VLP.

The numbers in parentheses are for the highest resolution shell.

3.1. Overall structure of the Orsay VLP

The crystal structure confirmed the T=3 icosahedral symmetry of the Orsay

VLP (Figure 3.1). The outer diameter of the particle is ~300 Å and the inner diameter

CP1-391

Data Collection

Space group I222

Unit cell dimensions, Å a = 402.2, b = 369.9, c = 410.5

Resolution, Å 50 - 3.25 (3.31 - 3.25)

Total no. of frames 380

Total no. of reflections 1,152,775

Unique reflections 410,231

I/σ 8.6 (1.8)

Redundancy 3.0 (2.7)

Completeness, % 87.8 (58.3)

Rmerge, % 19.0 (72.0)

Phase Extension

Averaging R-factor 0.34

Correlation coefficient (CC) 0.84

Refinement

Rwork, % 27.8
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is ~230 Å. 180 copies of the CP make up the whole capsid, with three polypeptides

chains in each icosahedral ASU. A large portion of the N-terminus is invisible in the

crystal structure. In the final model, out of 391 total residues the A subunit includes

residues 31-385, B subunit includes residues 46-390, and C subunit includes residues

45-390.

The shell of the Orsay VLP is ~30 Å thick, without any holes or gaps

throughout the surface. In each ASU, a trimeric spike is observed on the quasi 3-fold

axis, which is ~40 Å tall. The spikes from neighboring ASUs contact each other

across the 2-fold and quasi 2-fold symmetry axes. On the 5-fold symmetry axes, small

A B

Figure 3.1 Structure of the Orsay VLP.
(A) Cryo-EM reconstruction at 6.9-Å resolution. The surface is colored by radial depth
from red to yellow to cyan. Only a 9-Å map was used for molecular replacement structure
determination. (B) Crystal structure of the Orsay VLP. The three subunits A, B, and C are
colored red, green, and blue, respectively. One asymmetric unit is highlighted along with
the icosahedral symmetry axes.
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plateaus are observed. By comparison, small depression are observed at the center of

the CP hexamers situated on 3-fold symmetry axes.

3.2. Structure of the Orsay CP

Based on the crystal structure, each Orsay CP can be divided into three

domains: an N-terminal peptide (residues 1-43), a shell (S) domain (residues 44-214)

and a protrusion (P) domain (residues 215-391) (Figure 3.2).

The S domain exhibits a classic jelly-roll structure which is commonly seen in

non-enveloped icosahedral viruses. The eight anti-parallel β-strands making up the

A B

Figure 3.2 Structure of the Orsay CP.
(A) One CP molecule (subunit A). The polypeptide is rainbowcolored, with the N
terminus in blue and the C terminus in red. (B) Secondary structure assignment. Helices
are indicated by tubes, β-strands by arrows, loops by lines, and disordered regions by
dashed lines.
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jelly-roll β-barrel are often named sequentially from B to G. The strands BIDG and

CHEF, each form a twisted β-sheet. On their concave faces, there are short α-helices

formed by loops C/D and E/F, respectively. The capsid shell of the Orsay VLP is

entirely formed by the S domain (Figure 3.3).

The P domain of the Orsay CP forms the trimeric spikes on the capsid surface,

which is also rich in β-strands. The upper half of the protrusion is a distorted β-barrel

made of seven anti-parallel β-strands (β13, β14, β15, β16, β17, β19, and β20), which

is assigned as the apical subdomain (residues 284-357), interacting with the two other

subunits in the ASU to form the trimeric spike. The bottom half of the protrusion is a

cradle-shaped platform containing two intertwined fragments (residues 229-283 and

358-385) that interacts with the capsid shell and holds the apical domain (Figure 3.2).

The N-terminal peptide is almost completely missing in the B and C subunit.

In the A subunit, it extends to the 3-fold symmetry axis and forms a β-annulus

A B C

Figure 3.3 Domains of the Orsay CP in the capsid.
(A) Orsay VLP with only the S domain. (B) Orsay VLP with only the P domain. (C)
Orsay VLP with the S and P domains colored in blue and red, respectively.
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structure with the N-terminal peptides from other symmetry-related A subunits. A

detailed discussion on the structure and function of the N-terminal peptide is

presented in Chapter 5.

3.3. Structural comparison with other viruses

The Dali server was used to search for structural homologs of the Orsay CP in

the Protein Data Bank (PDB) (Holm and Rosenstrom, 2010). It is generally assumed

that protein molecules with similar structures are evolutionarily related and likely

have similar functions. Z score is an important parameter used by the Dali server to

indicate the overall similarity between two molecules, with higher Z-score indicating

higher similarity and a score of 2.0 being the least significant value.

As expected for a structure with a canonical β-stranded jelly-roll fold, the S

domain of the Orsay CP is found to be similar to the coat proteins of many T=3

viruses. Surprisingly, the Orsay CP is best aligned to CPs of plant viruses including

Tombusviruses and Sobemoviruses with Z-scores ranging from 15 to 18 (Table 3.2).

The best aligned animal viruses are from the Caliciviridae (Z=13-15) and

Picornaviridae (Z=11-14) families. Interestingly, members of the Nodaviridae family,

which were found to be most closely related to the Orsay virus based on genome

sequences, were ranked lower (Z=7-8).
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Table 3.2 – Structural homologs of the Orsay CP by the Dali server.

PDB ID Z-score Species Family

1opo-A 18.2 Carnation mottle virus Tombusviridae

2zzh-A 17.9 Melon necrotic spot virus Tombusviridae

2izw-B 17.2 Ryegrass mottle virus Sobemoviridae

1c8n-A 17.2 Tobacco necrosis virus Tombusviridae

2tbv-B 16.9 Tomato bushy stunt virus Tombusviridae

1f2n-A 16.8 Rice yellow mottle virus Sobemoviridae

2vq0-A 16.7 Sesbania mosaic virus Sobemoviridae

1ng0-A 16.2 Cocksfoot mottle virus Sobemoviridae

4fy4-A 15.8 Panicum mosaic virus Tombusviridae

4sbv-A 15.6 Southern bean mosaic virus Sobemoviridae

4ejr-A 15.2 Rabbit hemorrhagic disease virus Caliciviridae

3nap-C 14.5 Triatoma virus Picornaviridae

2ws9-B 14.2 Equine rhinitis A virus Picornaviridae

3m81-A 14.1 Feline calicivirus Caliciviridae

1ihm-A 13.8 Norwalk virus Caliciviridae

2gh8-A 13.8 Native sea lion virus Caliciviridae

1bbt-B 13.8 Foot-and-mouth disease virus Picornaviridae

2ztn-A 13.7 Hepatitis E virus Hepeviridae

1mec-C 13.7 Mengo virus Picornaviridae

1fpn-C 13.5 Human rhinovirus Picornaviridae

3hag-A 13.5 Hepatitis E virus Hepeviridae

3cji-B 13.5 Seneca valley virus Picornaviridae

1b35-C 13.3 Cricket paralysis virus Picorna-like new

1tme-C 13.2 Theiler’s murine encephalomyelitis virus Picornaviridae

1cov-C 13.1 Coxsackievirus Picornaviridae

3epd-C 13.1 Poliovirus Picornaviridae

3vbo-C 13.1 Human enterovirus Picornaviridae
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Table 3.2 (cont’d) – Structural homologs of the Orsay CP by the Dali server.

PDB ID Z-score Species Family

1h8t-B 12.3 Echovirus Picornaviridae

1mqt-B 12.3 Swine vesicular disease virus Picornaviridae

1a12-C 12.2 Mahoney poliovirus Picornaviridae

3r0r-A 10.3 Porcine circovirus 2 Circoviridae

1f8v-A 8.1 Pariacoto virus Nodaviridae

4fte-A 7.4 Flock house virus Nodaviridae

2qqp-G 7.3 Authentic providence virus Tetraviridae

1nov-A 7.3 Nodamura virus Nodaviridae

2bbv-A 7.2 Black beetle virus Nodaviridae

1ohf-A 7.2 Nudaurelia capensis omega virus Tetraviridae

The P domain, on the other hand, does not have much homology with other

viral proteins. Only caliciviruses were found by the Dali search, with a Z-score of

only 2.1 to 2.8 (Table 3.3). The P domain of the Orsay virus has several distinct

features that make it stand out among the 32 unique T=3 virus capsid structures found

in VIPERdb, the database collection for icosahedral virus structures (Shepherd et al.,

2006). Most of the capsid proteins that form T=3 capsids have only one domain which

forms the capsid shell and no obvious protrusions on the capsid surface. Viruses in

Caliciviridae (eg. Norwalk virus, PDB ID: 1IHM) and Hepeviridae (eg. Hepatitis E

virus, PDB ID: 3HAG) have large dimeric surface protrusions made of two distinct

domains, P1 and P2. Plant viruses from the Tombusviridae family (eg. Melon necrotic

spot virus, PDB ID: 2ZAH) have a single protrusion domain forming dimeric surface

protrusions. Alphanodaviruses (eg. Pariacoto virus, PDB ID: 1F8V) have small

trimeric protrusions on their capsids, but the protrusion is formed by a short peptide

insertion from their shell domain. By comparison, the capsid structure of the Orsay
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Figure 3.4 Host-specific residues of the Orsay
CP P domain.

The Orsay P domain showing five residues (in cyan)
where Orsay differs from Le Blanc and Santeuil.

virus is the only T=3 structure with a separate protrusion domain that forms trimeric

spikes. Unlike the P1 domains in caliciviruses, the P domain in the Orsay virus does

not contain the classic beta-barrel structure or a homologous binding site for the

common glycan receptor, suggesting a potential new mechanism for host recognition

and cell entry.

Table 3.3 – Structural homologs of Orsay CP P domain by Dali server.

PDB ID Z-score Species Family

3pvd-B 2.8 Norovirus VA207 Caliciviridae

3lq6-A 2.8 Murine norovirus Caliciviridae

4egt-A 2.2 Rabbit hemorrhagic disease virus Caliciviridae

2gh8-A 2.1 Calicivirus Caliciviridae

3m81-A 2.1 Feline calicivirus Caliciviridae

Compared to the other two nematode viruses, Santeuil and Le Blanc, which

only infect C. briggsae but

not C. elegans, five

host-specific residues were

identified by multi-sequence

alignment and mapped to the

CP P domain (Figure 3.4).

Lys255, Leu269, Asn306,

Thr 321, and Ala344 in the

Orsay CP are Arg, Ala, Asp,

Val and Thr in Santeuil and
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Le Blanc viruses. Given that these residues are located at the surface of the capsid, it

is likely that these variable regions are involved in host cell specificity.

3.4. Capsomere interactions in the Orsay VLP

Capsomeres are subunits of the capsid that contain a finite number of CP

molecules, usually located at the icosahedral symmetry axes. The interactions

between each molecule in the capsomeres are the main force for the whole capsid to

be assembled and kept stable. Buried surface area is commonly calculated for the

capsomere interface, which is the difference between surface area values in the

complex and free states, to assess the binding free energy. The larger the surface area

that is buried upon capsomere formation, the tighter the binding between the

capsomere subunits. The program CNS was used to calculate the buried surface area

in the Orsay CP capsomeres (Table 3.4).
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Table 3.4 – Buried surface areas in the Orsay capsid.

1. See figure below for the numbering of different Orsay CPs in a T=3 icosahedron.
2. Definition of symmetry axes: q3, quasi 3-fold; i5, icosahedral 5-fold; q2, quasi

2-fold; q6, quasi 6-fold; i2, icosahedral 2-fold.

Subunits related by symmetry axis (1000 Å2)

Domains q3 q2 i2 i5 q6

A1B1 B1C1 A1C1 A1B5 C1C2 A1A5 C1B5 C1B2

N-peptide 0 0 0.5 0.7 0 ~0 0 0

S-domain 1.8 1.8 2.1 1.6 1.4 1.7 1.2 1.5

P-domain 1.3 1.4 1.4 0.9 0.8 0.1 0.1 0.1

N+S+P 2.9 3.0 3.8 3.1 1.8 1.6 1.1 1.4
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A B C D

Figure 3.5 The Orsay capsomeres.
(A) A-B dimer. (B) Trimer. (C) Pentamer. (D) Hexamer. (Upper) Views along the
symmetry axes from the outside of the VLP. (Lower) Views from the inside of the capsid.
The three subunits A, B, and C are shown in red, green, and blue, respectively.

There are two types of dimers in a T=3 viral capsid: one at the icosahedral

2-fold symmetry axis formed by two C subunits called the C-C dimer, and the other at

the quasi-2-fold symmetry axis formed by one A subunit and one B subunit called the

A-B dimer (Figure 3.5A). In the Orsay virus, the buried surface area at the A-B dimer

interface is nearly 1,300 Å2 larger than at the C-C dimer (Table 3.4, calculated by

CNS). The major reason for this difference is that the A subunit has an ordered,

extended N-terminal peptide that interacts with the adjacent B subunit, including a

salt bridges between Arg42 on the A subunit and Glu203 on the B subunit and seven

pairs of Hydrogen bonds. Even without the effect of the N-terminal peptide as seen in

the mutant CP42-391 VLP (see Chapter 5), the buried surfaces in the A-B dimer is still

~600 Å2 more than that in C-C dimer, suggesting an overall tighter association at the

quasi 2-fold symmetry axis than the icosahedral 2-fold axis, likely from the different
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A B C

Figure 3.6 Calcium in the Orsay CP.
(A) Calcium between subunits A and B. (B) Calcium between subunits B and C. (C)
Calcium between subunits A and C. Calcium ions are indicated by gray spheres.
Coordinating ligands from subunits A, B, and C are colored in red, green, and blue,
respectively.

bending angle between the two subunits.

Triangle-shaped trimers are formed in each ASU of the Orsay capsid with

approximately 3,000Å2 of buried surface area between the subunits, making the trimer

the most stable capsomere in the Orsay VLP (Figure 3.5B). Besides non-covalent

interactions, an intra-subunit disulfide bond (Cys108 - Cys196) is found in each CP

near the vertices of the triangle-shaped trimer. In addition, three calcium ions are

found along the three CP interfaces, with each coordinated by four negatively-charged

amino acid side chains, Gln92, Asp122, Asp125 and Glu166 (Figure 3.6).

Similar calcium binding sites have also been observed in several small plant

viruses (Hopper et al., 1984; Morgunova et al., 1994; Oda et al., 2000; Wada et al.,

2008). The cowpea chlorotic mottle virus (CCMV) from the Bromoviridae family and

the Tomato bushy stunt virus (TBSV) from the Tombusviridae family were both
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Figure 3.7 The Orsay pentamers.
VLP containing only subunit A viewed
along the fivefold axis. The area shown
in the lower panel corresponds to the
dotted box highlighted in the upper
panel, showing the fivefold interface.
The five tryptophan residues (W149) are
shown as sticks.

shown to swell by ~10% in the presence of a metal ion chelator, indicating a loosened

capsid in the absence of calcium (Banerjee et al., 2010; Speir et al., 1995). To test the

effect of calcium binding on the Orsay capsid assembly process, the VLP sample was

treated with 10 mM EDTA overnight followed by ultracentrifugation. On a CsCl

gradient, the EDTA-treated sample migrated to the same position as untreated VLP,

indicating that the Orsay VLP was able to maintain its particle size in the absence of

calcium, or that such an EDTA treatment

could not effectively chelate calcium ions

coordinated in the CP structure. For the

alphanodavirus FHV, removing calcium

did not affect the overall architecture of

the capsid, but mutations at the

calcium-binding sites reduced capsid

stability and virus infectivity (Banerjee et

al., 2010). The effects of calcium binding

on Orsay capsid stability and infectivity

remain to be tested.

A small, star-shaped pentameric

plateau is formed by the A subunits near

the slightly elevated 5-fold icosahedral

axis, with a total buried surface area

between adjacent subunits of ~1,600 Å2
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(Figure 3.5C). Two structured loops, F/G (147PWWKS151) and D/E (109TTT111) from

the S domain line up at the 5-fold symmetry axes, providing a tryptophan (Trp149)

that forms a ring similar to those previously seen in plant-infecting tombusviruses and

sobemoviruses (Figure 3.7). In the case of the Sesbania mosaic virus (SeMV),

mutating this tryptophan to a charged residue disrupted capsid assembly and produced

only stable dimers in solution (Pappachan et al., 2009). The F/G loop facing the

capsid interior was found to interact with genomic RNA in Sobemoviruses

(Pappachan et al., 2009). By analogy, the F/G loop of the Orsay virus CP may also

contribute to genome packaging, with Trp149 and Lys150 involved in nucleobase

stacking and phosphate backbone interaction, respectively.

At the icosahedral 3-fold symmetry axis, alternating B and C subunits form

hexamers with buried surface area of ~1,200-1,500 Å2 between the hexameric

subunits (Figure 3.5D). The extended N-termini from neighboring A subunits were

below the hexamers.

3.5. Structural comparison with a betanodavirus

The recently reported crystal structure of the Grouper nervous necrosis virus

(GNNV), a betanodavirus, is a close structural homolog of the Orsay virus (Chen et

al., 2015). For the S domain, the Z-score is 22-23, while for the P domain the Z-score

is 4.8 (Figure 3.8).
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GNNV CP shares major common features with the Orsay virus. First, unlike in

the case of alphanodaviruses, the GNNV CP has a separate P domain forming trimeric

protrusions at the quasi-threefold symmetry axes, similar to that of the Orsay virus.

Second, three calcium ions per ASU are coordinated by a DxxD motif at the

interfaces of the S domains (130DxxD133 for GNNV, and 122DxxD125 for Orsay). This is

similar to those in tombusvirus (DxDxxD) and SeMV (DxxD), but not alphanodavirus

(DxExxD).

Several differences are observed between the Orsay virus and GNNV CP

structures. First, despite of four cysteine residues in the GNNV CP sequence, they are

too remote to each other to form any disulfide bond, while Cys105−Cys197 disulfide

is found in the Orsay virus. Second, two calcium ions are incorporated in the trimeric

interactions between P domains in the GNNV CP, which is not found in the Orsay

virus. Third, by sequence comparison, the Orsay virus CP does not contain the

N-terminal arginine-rich motif (N-ARM) as in GNNV. The N-ARM deletion mutant

of the GNNV CP only forms T=1 capsid, while N-terminal peptide deletion mutant of

the Orsay CP still forms T=3 capsid (see Chapter 5), indicating the role of N-ARM in

capsid size regulation. Fourth, the GNNV CP oligomerizes as trimers in solution,

suggesting a different assembly pathway from the Orsay virus, which dimerizes in

solution (see Chapter 4).
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Figure 3.8 Comparison between Orsay and GNNV CP.
(A) P domain of Orsay CP; (B) P domain of GNNV CP; (C) S domain of Orsay CP; (D) S
domain of GNNV CP.

Based on their CP structures, the nematode viruses are most closely related to

betanodaviruses, both of which may belong to the same evolutionary lineage like

Tombusviridae and Caliciviridae, but are not closely related to alphanodaviruses.

Summary

The crystal structure of the newly discovered nematode-infecting Orsay virus

was determined at 3.25Å resolution. There are 180 copies of the CP molecules in the

T=3 icosahedral capsid. Each molecule is divided into three domains: an S domain for

the shell formation, a P domain for the trimeric protrusion, and an N-terminal arm

which extends from A subunits and forms an annulus at the three-fold symmetry axis.

The S domain has a classic jelly-roll structure which is homologous to certain plant
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viruses with T=3 capsids such as caliciviruses and picornaviruses, but different from

alphnodaviruses. The P domain is more unique, sharing only modest homology with

the P1 domain of certain caliciviruses. Since the P domain is the outermost part of the

virus capsid, it is expected to interact with the host cell. By comparing the sequence

of the Orsay CP to that of the two other nematode viruses, which specifically infect C.

briggsae instead of C. elegans, several potential residues for host specificity were

identified. Among all capsomeres that contribute to capsid assembly, the CP trimer

has the largest buried surface area and therefore should be the most stable building

unit. By sequence alignment, nematode viruses are most related to betanodaviruses. A

recent report of the crystal structure of the RGNNV CP confirmed the homology

between the two groups, which suggests a common ancestor of nematode viruses and

betanodaviruses. The crystal structure of the Orsay virus has laid the foundation for

further studies of how the CP functions and mechanisms of Orsay infection.
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Chapter 4

Biochemical Characterization of the Orsay
CP Oligomer

The high symmetry of an icosahedral capsid is an intriguing feature of many

viruses. How does each CP interact with each other and self-assemble into a large

capsid with precise symmetry and size is an important topic in virology and also

nanochemistry. Such knowledge can help us understand how virus assemble so we

could target the process for anti-viral treatments. Being able to produce protein-based

nanoparticles of defined size and shape should also have broad biomedical and

nanomaterial applications.

4.1. Characterization of the Orsay CP oligomer

The Orsay virus could be a useful tool to study capsid assembly given its

simple genome and the convenient manipulation of C. elegans as a model organism.

A fraction of recombinant Orsay CP expressed in E. coli can be purified as soluble
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Figure 4.1 Characterization of Orsay CP dimer.
(A) Analytical ultracentrifugation analysis for the Orsay dimer sample. Three molecular
species were identified. The most populated one, III, had a molecular mass of 84.3 kD and
a sedimentation coefficient of 2.4S, and counted for 45.3% of the total population. The
second–most-populated species, II, had a molecular mass of 80.6 and likely corresponded
to the partially truncated CP without the N-terminal arm. (B) Nonreducing SDS/PAGE of
cross-linked oligomers. Lane M, marker; lane 1, native CP; lane 2, CP after glutaraldehyde
treatment. The N-terminal region of the Orsay CP could be easily digested, thus producing
a double band at the monomer position.

oligomers in gel filtration column (Figure 2.2A), which could be the first intermediate

in capsid assembly. The Orsay CP oligomer did not convert to higher order

assemblies even at concentrations as high as 5 mg/ml, presumably due to the lack of

nucleation factors.

From the CP interaction analysis of all types of capsomeres in the VLP

structure (See Chapter 3), trimer is most likely to be a stable intermediate given the

largest buried surface area. To determine whether this oliogmer in solution is trimer or

not, analytical ultracentrifugation was performed. Data analysis of the experiment

showed that 45.3% of the molecules in the CP oligomer sample has a molecular

weight (MW) of 84.3kDa (species III), while another 38.2% has a MW of 80.6kDa
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(species II) (Figure 4.1A). The calculated MW is 86 kD for the full-length Orsay CP

dimer, and 76.8kDa for the N-terminally truncated CP dimer (see section below).

Therefore, the oligomer sample in species III should be full-length CP dimer. The

oligomers in species II were likely dimers with the N-terminus in one of the subunits

digested.

To further confirm the identity of the CP oligomer, cross-linking experiment

was conducted. As the non-covalent bonds between oligomer subunits were stabilized

by cross-linkers, the most predominant product on SDS-PAGE was the dimer band,

followed by the further cross-linked product tetramer band (Figure 4.1B). No trimer

band was visible, thus confirming that CP dimer, instead of CP trimer, was indeed the

most stable CP oligomer in solution. Similar to the analytical ultracentrifugation

experiment, a lower band corresponding to the N-terminally truncated CP was

observed, indicating that the N-terminal arm in some of the CP molecules were

digested.

Based on the above observation, I postulate that the Orsay CP first forms

dimers, which further interact to produce trimers of dimers. CP trimers of dimers then

interact around the 3-fold and 5-fold symmetry axes to assemble the complete

icosahedral capsid. RNA molecules are likely to be the nucleating agents for CP

dimers to orderly add to each other in vivo as proposed for plant RNA viruses

(Harrison, 2007).
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Many factors could prevent the CP dimers from being further assembled, such

as the shortage of metal ions, the lacking of ssRNA, and perhaps some cellular factors

that have not yet been identified. These cofactors could be added into the oligomeric

CP to test their roles in Orsay capsid assembly. Once the triggering factor of Orsay

capsid assembly is determined, artificial virions could be produced in vitro to package

foreign RNAs, for potential virus-based delivery systems. Artificial viruses with a

single replication cycle could also be generated in this way for gene functional

analysis.

To test the triggering factors of in vitro assembly, freshly purified CP dimers

were incubated with nucleic acids for overnight at 4℃. Assuming one CP dimer

bound to ~20nt DNA, a 59nt long DNA oligo containing part of Orsay cDNA

sequence was mixed with the Orsay CP dimer at 1:3 molar ratio of DNA to protein.

The mixture was applied to Superdex 200 column but still got eluted at dimer position.

In order to increase binding between protein and DNA, NaCl concentrated was

decreased from 500mM to 250mM with 2mM MgCl2 and CaCl2 supplemented to the

assembly buffer, but there was still no VLP formed based on S200 profile. Although

CP dimer was shown to bind both DNA and RNA with similar affinity by FA assays

(see Chapter 6), they may not function in the same way as an assembly trigger.

Therefore, a polyA ssRNA oligo with an average length of ~80nt was mixed with the

Orsay CP dimer at the RNA:protein molar ratio of 1:1 at the reduced NaCl

concentration of 50mM, yet in vitro assembly still did not occur.
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Figure 4.2 Limited digestion of Orsay CP dimer.
Western blot results of Orsay CP dimer treated by trypsin
for 0, 10, 20, 30, 40, 55 and 70 minutes at a CP-to-trypsin
mass ratio of 200:1 at 37℃. Anti-His antibody was used
to detect the C-terminal His-tag of recombinant CP. The
full-length construct and major digestion product were
labeled with black and blue arrows, respectively.

A possible explanation for my failure to induce VLP assembly is that the CP

molecules expressed as dimers are intrinsically different in structure from CP

molecules in VLP, therefore even under conditions favoring VLP formation, they

could not be further assembled. To characterize the structural difference, CP dimer

sample was screened for crystallization, but no hit had been found.

4.2. Limited digestion of the Orsay CP oligomer

To probe the structural flexibility of the Orsay CP, the oligomer species from

the S200 peak eluted at around 75ml were subjected to limited proteolysis. With a

Orsay CP-to-trypsin mass ratio of 200:1, a 30 min treatment at 37℃ gave rise to a

stable truncated product,

which was about 4kDa

smaller than the

full-length CP (Figure

4.2). By Western blot

using an anti-His

antibody, it was found

that the C-terminal

His-tag remained intact

on the CP, indicating that

a proteolytic cleavage had

occurred at the
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N-terminus. The cleaved product was sent for N-terminal sequencing at the Tufts

University Core Facility. The N-terminal sequencing result showed that the first 42

residues were cleaved by trypsin. The truncate version of the Orsay CP, which will be

referred to as CP42-391 hereafter, was subcloned into the pET28 vector for protein

expression and structure characterization.

Summary

During purification, an oligomer species of Orsay recombinant CP was

detected by gel filtration besides the VLP species. By crosslinking and analytical

ultracentrifugation, the identity of this oligomer was confirmed to be a dimer. CP

dimer is likely to be the intermediate of capsid assembly, however, my efforts to

induce CP dimer assembly into VLP in vitro has not yet succeeded. Limited

proteolysis revealed a stable core of CP dimer, which does not contain the N-terminal

peptide domain. Further analysis of CP dimer and the smaller truncate would provide

more information on Orsay capsid assembly pathway.
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Chapter 5

Structure of an N-terminally truncated CP
mutant

The first 43 residues in the Orsay CP is the N-terminal peptide domain. The

fact that it is easily cleaved by trypsin, or gets cleaved off by contaminating proteases

after prolonged storage, indicates that the N-terminal peptide is relatively flexible in

the CP structure. To further study the role of the N-terminal peptide in Orsay capsid

assembly and genome packaging, the truncate CP42-391 was expressed and purified for

structural and functional analysis.
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Figure 5.1 β-annulus in Orsay VLP.
VLP containing only subunit A viewed along
the threefold axis. The area shown in the lower
panel corresponds to the dotted box
highlighted in the upper panel, showing the
threefold interface. Subunits B (green) and C
(blue) are added for completeness.

5.1. N-terminal arm of the Orsay CP

The crystal structure of the Orsay VLP shows that at the 3-fold symmetry axis

of the Orsay VLP, an annulus structure is formed by hydrogen bonds among a ring of

prolines and valines from the N-terminal peptide of the A subunits (Figure 5.1). The

N-terminial peptide is partially

ordered starting from residues 30 and

terminates after the 3-fold annulus

inside the viral particle. The

extension of N-terminal peptide from

5-fold to 3-fold symmetry axes on

the inner capsid surface mediates a

global structural network that is

making substantial contacts with

other parts of the capsid. Therefore,

the N-terminal peptide is expected to

have important roles in capsid

assembly and stability.

Extended and structurally

ordered CP N-termini have also been

observed in several other small RNA

viruses. Based on structural
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Figure 5.2 Extended N-terminal arms in T=3 RNA viruses.
(A) Orsay ASU. (B) Sesbania mosaic virus (SeMV) ASU. (C) Rice yellow mottle virus
(RyMV) ASU. (D) Pariacoto virus (PaV) ASU. (Upper) Viewed along the quasi-threefold
axis from the outside of the VLP. (Lower) Viewed from the side. A, B, and C subunits are
colored in red, green, and blue, respectively. Calcium ions are indicated by gray spheres.

conformation, there have been three categories: (1) In TBSV, melon necrotic spot

virus (MNSV) and SeMV, the N-terminal peptide is from the C subunit which folds

back under itself and extends over to the nearby 3-fold axis to interact with the other

two CP N-termini (Figure 5.2B); (2) In Rice yellow mottle virus (RYMV)(Qu et al.,

2000) from Sobemoviridae, the N-terminus is also extended from the C subunit which

passes under the B subunit in the same ASU toward the neighboring 3-fold axis

(Figure 5.2C); and (3) In Pariacoto virus (PaV), an alphanodavirus that infects

Southern armyworms, the N-terminus extends from the A subunit first towards

interior of the capsid, interacting with genomic RNA duplex, then finds its way back

to the capsid shell, forming a hydrophobic cluster containing Ala, Leu and Met

around the 3-fold symmetry axis before extending to the genome again (Figure 5.2D).
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Figure 5.3 Comparison of the Orsay C-C and A-B dimers.
Both top and side views are shown. The dotted lines in the two side views highlight a CP
bending angle that is narrower in the A-B dimer than in the C-C dimer.

It is generally believed that in many small RNA viruses, the structurally ordered

N-termini from the C subunits facilitate particle assembly and/or regulate capsid size

by inserting into the C-C CP dimer interface and making it flatter than A-B dimer

interface (Lokesh et al., 2002). In the case that N-termini extended from A subunits,

proper capsid assembly is mediated by the N-termini together with genomic RNA

(Dong et al., 1998).

Although the 3-fold annulus structure from the Orsay capsid resembles those

seen in plant T=3 viruses from the first two categories, the Orsay virus is unique in

that its structurally ordered N-terminal peptide runs at the A-B CP dimer interface
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instead of at the C-C dimer interface, thus different from all reported cases. Structural

alignment shows that in the Orsay capsid, the A-B CP dimer is actually flatter than the

C-C dimer (Figure 5.3). Nevertheless, this is probably not due to the presence of the

N-terminal peptide, as the hinge angles in both A-B and C-C dimers should be large

enough to accommodate the capsid N-terminus. Indeed, the removal of the Orsay

N-terminal peptide does not disrupt particle formation or significantly alter capsid

size (See Section 5.2). My results also suggest that having a flatter C-C dimeric

interaction at the icosahedral 2-fold interface is not a prerequisite for the proper

assembly of a T=3 capsid.

The function of the N-terminal peptide in the Orsay CP is likely to be two-fold.

First, considering the substantial inter-subunit surface areas mediated by the

N-terminal peptide of the Orsay CP, the extended N-terminus may help to enhance

capsid stability as in tombusviruses (Hui and Rochon, 2006). Second, the N-terminus

of the Orsay CP (residues 1-43) contains four arginines and seven lysines with no

negatively charged residue, therefore could potentially interact with RNA as in PaV

(Tang et al., 2001).

5.2. Structure of the N-terminally truncated mutant

To characterize the functions of the N-terminal peptide, the N-terminally

truncated mutant CP42-391 was expressed in E. coli, in which the structurally ordered

N-terminal region that forms the β-annulus in the Orsay VLP is removed. CP42-391

behaved similarly as the wild type CP in expression, purification and crystallization.
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The morphology of VLP is identical to the wild type VLP by negative staining EM

(Figure 5.4A). The CP42-391 VLP sample also formed two bands in CsCl gradient

ultracentrifugation, and the lower band showed an A260nm/280nm ratio of 1.42, which is

lower than the wild type. It indicates that the removal of the N-terminal 42 residues

had not disrupted particle assembly but reduced the RNA packaging activity of the

Orsay CP.

The mutant VLP was crystallized under the same condition as the full-length

VLP (Figure 5.4B), and X-ray diffraction data were also collected in the same manner,

with the only exception that the wavelength is 0.98 Å. The structure was determined

to 3.75-Å resolution by molecular replacement using the wild type structure as the

phasing model. Statistics for CP42-391 data were listed in Table 5.1.

A B

Figure 5.4 Orsay CP42-391 VLP.
A, EM image. Bar: 200nm. B, Crystal. Bar: 100μm.
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Table 5.1 – X-ray Data statistics for the Orsay VLP mutant.

The numbers in parentheses are for the highest resolution shell.

In the final map, the densities corresponding the N-terminal annulus region are

indeed missing. The main chain of the A subunit could be traced up to residue 45,

while the B and C subunits start from residue 45 and 46, respectively. Excluding the

N-terminal peptide, the root-mean-square deviation (RMSD) in distance between

CP42-391 and full-length CP is only 0.2 Å for 341 common Cα atoms, indicating that

they are almost identical (Figure 5.5). However, based on superposition of the two

VLPs, compared to the full-length VLP, each CP in CP42-391 VLP is shifted outward

CP42-391

Data Collection

Space group I222

Unit cell a = 404.9, b = 375.1, c = 412.2

Resolution, Å 30 - 3.75 (3.81 - 3.75)

Total no. of frames 150

Total no. of 322,993

Unique reflections 204,023

I/σ 3.7 (1.1)

Redundancy 1.9 (1.8)

Completeness, % 64.3 (68.0)

Rmerge, % 24.7 (66.8)

Refinement

Rwork, % 30.6
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Figure 5.5 Orsay N-terminal truncated CP mutant.
Superimposition of the full-length (red) and N-terminal
truncated CP (blue).

by ~0.8 Å, resulting in an increase of VLP diameter of 1.6 Å or ~0.5%. This slight

expansion is also consistent with the change in the unit cell dimensions of the crystal.

5.3. Functions of the N-terminal arm

Overall, the

removal of the

N-terminal peptide in

the Orsay CP has

several major

consequences: (1) the

loss of the pentameric

network that is

tethering the interior of the capsid; (2) significant reduction of buried surface areas

between A-C subunits in CP hexamers and between the two subunits in A-B CP

dimers; and (3) A slight decrease of buried surfaces for CP interactions of all types by

~100 Å2, indicating a generally relaxed capsid at the global level (Table 5.2).

Therefore, although the function of the N-terminal arm in capsid assembly is not

essential based on VLP structures, it may still be of great importance in regulating the

stability of capsid and accuracy of assembly in vivo. Thermodynamic stability could

be tested to further elucidate the role of the N-terminal arm in Orsay capsid assembly.

The extensive internal polypeptide network formed by the N-terminal peptide could
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be crucial in the host nematode cells, as the CP concentration is expected to be much

lower compared to that in the expressing agent E. coli.

It is also worth mentioning that some extra density is observed at the capsid

interior around the 5-fold symmetry axis in full-length VLP which is missing in

CP42-391 VLP. This may support the hypothesis that the N-termini of the B subunits

may extend towards the 5-fold symmetry axes, thus forming a somewhat disordered

proline-valine cluster similar to the β-annulus at the 3-fold symmetry axes.

Table 5.2 – Buried surface areas in the Orsay capsid and mutant.

1. See figure below for the numbering of different Orsay CPs in a T=3 icosahedron.
2. Definition of symmetry axes: q3, quasi 3-fold; i5, icosahedral 5-fold; q2, quasi

2-fold; q6, quasi 6-fold; i2, icosahedral 2-fold.

Subunits related by symmetry axis (1000 Å2)

Capsid Domains q3 q2 i2 i5 q6

CP1-391 A1B1 B1C1 A1C

1

A1B5 C1C2 A1A5 C1B5 C1B

2N-peptide 0 0 0.5 0.7 0 ~0 0 0

S-domain 1.8 1.8 2.1 1.6 1.4 1.7 1.2 1.5

P-domain 1.3 1.4 1.4 0.9 0.8 0.1 0.1 0.1

N+S+P 2.9 3.0 3.8 3.1 1.8 1.6 1.1 1.4

CP42-391

S+P 2.8 2.9 3.0 2.2 1.6 1.6 1.1 1.3
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Summary

The N-terminal peptide domain of the Orsay virus CP is visible only in A subunit

in the crystal structure. It extends to the three-fold symmetry axis and forms a

β-annulus structure. Similar annulus structures have been seen in other T=3

non-enveloped viruses, such as plant viruses and alphanodaviruses, but the one in the

Orsay virus is unique in folding. As in the other viruses, the N-terminal arm may play

a role in capsid assembly, size regulation and genome packaging. The N-terminally

deleted mutant could still be assembled into capsid with similar morphology. Its

crystal structure revealed that the mutant capsid is slightly expanded compared to the

full-length capsid, indicating an overall weaker binding between subunits. Thus,

although the N-terminal peptide is not essential in capsid assembly, it may help to

enhance virus stability. Its functions in nucleic acid binding will be discussed in

Chapter 6.
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Chapter 6

Biochemical Characterization of the Orsay
CP interaction with nucleic acids

As the major structural protein in non-enveloped viruses, one of the most

important functions of capsid protein is to package the viral genome and protect it

from the outer environment. The knowledge of how CP interacts with nucleic acids

during capsid assembly could help us target the replication process of viruses for

anti-viral treatment.

For the Orsay virus, purified recombinant VLP sample had an A260nm/280nm ratio

of 1.23 and 1.75, for the upper and lower band in CsCl gradient ultracentrifugation

respectively, indicating that there were nucleic acids packaged in the Orsay VLP

during E. coli expression. The mutant VLP without the N-terminal arm (residues 1-43)

had a slightly lower A260nm/280nm ratio of 1.42 for the higher-density CsCl band,

suggesting reduced nucleic acid packaging.
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6.1. Structural implication

Based on amino acid composition of the N-terminal peptide, it is likely that it

involves in RNA interactions (see Chapter 4). In addition to the N-terminal peptide,

other regions from the Orsay capsid should also participate in genome packaging, as

the N-terminally truncated the Orsay CP retains most of its RNA packaging activity.

Many basic residues, including Lys36, Arg41, Lys51, Arg83, Lys95, Arg97, Lys100,

Arg102, Lys121, Arg150, His154, His208, and aromatic residues, including Phe144,

Trp149, are observed at the capsid interior, which could bind nucleic acids through

electrostatic and base-stacking interactions.

The final electron density of both full-length and CP42-391 VLPs shows no sign

of nucleic acids, despite that a substantial amount of host nucleic acids were packaged

in these particles. It is possible that the structure of the N-terminus of Orsay CP and

its associated RNA is inherently disordered, especially when the RNA is non-specific

from the E. coli host. Since 15-fold NCS averaging was used in phase extension and

refinement, if the packaged nucleic acid is not arranged in the same manner as the

icosahedral capsid, the density would become averaged out thus became invisible. In

the cryoEM reconstruction map of the Orsay VLP at 6.9-Å resolution (see Chapter 7),

some diffused density is observed in the capsid interior, which could be from

packaged nucleic acids. However, the RNA-like density is not connected to the

protein shell.
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Figure 6.1 Nucleic acids in Orsay VLP.
An RNA sample extracted from Orsay VLP was
treated with different nucleases. Lane 1, freshly
extracted RNA; lane 2, RNA treated with DNase
I; lane 3, RNA treated with RNase V1; lane 4,
RNA treated with RNase T1.

6.2. RNA extraction from VLP

To characterize the nucleic acids packaged in the Orsay VLP,

phenol-chloroform method was used for extraction followed by nuclease digestion

assay. Nucleic acids extracted from the higher-density CsCl band of both the

full-length and CP42-391 VLPs appeared as a large smeared band on agarose gel, with

the size ranging from ~100 to ~750 bp (Figure 6.1). The nucleic acid bands remained

intact after DNase I treatment, but got partially digested by both RNase V1 and T1. It

indicates that during VLP formation in E. coli cells, heterogeneous RNA molecules

consisting of both single-stranded and double-stranded regions are packaged in the

capsid. Similar non-specific RNA encapsidation of VLP was reported in both alpha

and beta nodaviruses (Johnson et

al., 2004; Lu et al., 2003; Routh et

al., 2012). But the nucleic acids

extracted from the Orsay VLP lack

the longer species (1-4kb) as seen

in other nodaviruses, possibly due

to different packaging specificity,

assembly environments or

extraction and handling

procedures.

On the other hand, the
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Figure 6.2 RNA binding of Orsay CP.
RNA binding by both full-length (red) and mutant CP
(blue). A 28-nt RNA was used for fluorescence
anisotropy measurements.

lower-density band of the Orsay VLP from CsCl gradient did not give any obvious

RNA product, suggesting that although the morphology of these VLPs is similar to

the higher-density band, they were either empty or contain only a small amount of

nucleic acids. It remains unclear why these two distinct species of VLP are produced

in E. coli expression.

6.3. RNA binding assay

To quantitate the RNA binding affinity of the Orsay CP in vitro, in particular

the effects of the N-terminal arm, the dimer samples of both full-length and CP42-391

were subject to fluorescence polarization assays. The full-length CP dimer was

measured with significantly tighter binding to a 28-nt RNA oligo (dissociation

constant, Kd = 58.7 nM) than CP42-391 dimer (Kd = 519.0 nM) (Figure 6.2). Similar

difference in binding affinity was also observed when DNA oligos were used. It

indicates that the N-terminal

arm of the Orsay CP has

strong binding affinity to

nucleic acid. Yet the removal

of the N-terminal peptide does

not disrupt RNA packaging of

VLP, in which the other basic

and aromatic residues at the

capsid interior may play the
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major role. The function of the N-terminal arm could be fine regulation of the

packaging specificity.

Summary

Amino acid components in the Orsay CP, especially the N-terminal peptide,

suggest their binding affinity to nucleic acids. The VLP purified from E. coli

expression of full-length and N-terminal mutant both showed high A260/280 ratio,

indicating nucleic acid packaging. The nucleic acid content extracted from both VLP

species was a mixture of single-stranded and double-stranded RNA, likely to be

non-specific E. coli RNAs. By using the dimer species of both CP constructs for

binding affinity measurement, the full-length CP showed a much tighter binding to

nucleic acids than the N-terminally deleted mutant. Therefore, the N-terminal peptide

of the Orsay CP was confirmed to bind nucleic acid with high affinity, while its role

in specific genome packaging requires further characterization in more details.
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Chapter 7

Structure of the Orsay infectious virion

Although my crystal structure of the Orsay VLP provides valuable information

on capsid shell assembly, the detailed structure of the infectious particle is of great

interest. First, the CP-δ fusion protein (Jiang et al., 2014b), if indeed incorporated in

the capsid, may be detected in the infectious virion. Second, the virion contains the

authentic genomic RNA, and therefore a structure of the virion could reveal the

interactions between CP and RNA, and how the genome is packaged during capsid

assembly. Third, the infectious particle may have gone through maturation and

therefore contain modifications processed by the host cell machinery that is not yet

known.

To obtain the infectious virion, 0.5 to 1L of liquid culture of infected worm

strains rde-1 or JU1580 were collected. The worm bodies were broken by sonication

to release the virion. The virion was precipitated by Ammonium sulfate and then

purified by CsCl gradient ultracentrifugation, following the same procedure as the
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Orsay VLP (see Chapter 2). After several trials, the yield of infectious virion purified

from infected rde-1 worm or JU1580 worm was still too low for crystallization.

Instead, the sample was studied using cryoEM reconstruction by Dr. Wah Chiu’s

group. The resolution of the final map is 6.8Å.

7.1. The CP-δ fusion protein

The Orsay δ protein has been shown to be translated as a fusion protein from

the capsid and δ ORFs using a ribosomal frameshifting strategy, and was likely

incorporated in the viral particles (Jiang et al., 2014b). This is consistent with my

Western blot results of infected worm lysate (Figure 7.1). No free δ protein was

detected in either the soluble or insoluble fraction. Based on sequence analysis and

TEM imaging, δ protein is a fibrous protein (see more in Chapter 8). Assuming that

the δ sequence in the fusion protein would adopt the same fibrous structure like the

free δ protein, the authentic Orsay virion should have a distinct morphology with long,

flexible δ protein fibers sticking out from the viral capsid.

To test this hypothesis, infectious Orsay virion sample was first examined by

negative-staining EM, yet no δ-protein-like object was found. In the cryoEM

reconstruction map of infectious virus at 6.8-Å resolution, there is a
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Figure 7.1 Capsid-δ fusion protein was detected in worms infected by Orsay
virus.

Western blot results of worm lysate of rde-1 strain infected by Orsay virus compared to the
uninfected control. Antisera against capsid protein and δ protein were used. Ctrl: positive
control of recombinant protein expressed in E. coli; T: total lysate; S: soluble fraction; P:
insoluble fraction. Expected positions of capsid, δ and fusion proteins are labeled with red
arrows.

small bump protruding from the C-terminal region at five-fold symmetry axis, which

could be caused by the δ protein part of the fusion protein (Figure 7.2). The possible

reason why δ protein was not entirely visible in the cryoEM map could be the NCS

averaging applied during structure determination and/or the low copy number of the

fusion compared to the regular CP.

To get a higher copy number of the fusion protein for structural

characterization, a recombinant fusion protein construct was first built consisting of

both capsid and δ protein. To obtain the same frameshifting site as in the native fusion

protein, an insertion of dA was introduced before the stop codon of the CP sequence,

between nucleotides 1259 and 1260 . In E. coli expression, the yield and solubility
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were much lower than either the capsid protein or the δ protein alone. Fusion protein

VLP sample purified by gel filtration showed normal icosahedral shape under EM

without any obvious fibrous features. Based on the Western blot results for authentic

virions(Figure 7.1 and Jiang et al., 2014b), the ratio of capsid protein to fusion protein

was approximately 10-50:1. Therefore, in purified virion samples, only capsid protein

at special location, such as icosahedral vertex, and/or only a certain type of virion

with special function, may be attached to a δ protein. In my pure fusion protein

sample, there might be too many δ fragments interfering with proper assembly, thus

causing poor solubility. It is likely that the particles I observed for the fusion protein

VLPs were actually regular VLPs due to proteolytic degradation or premature

A B

Figure 7.2 C-terminal bump of capsid protein where δ protein could be
pivoted.

Orsay VLP asymmetric unit coordinates fitted in cryoEM reconstruction map of
infectious virion (A) or VLP (B). Surface representation around 5-fold symmetry axis
(marked by the white pentagon) in Chimera at 0.8σ. Coordinates are shown in red
ribbon. White arrows indicate the small density bump near C-terminal end of CP in (A),
but no such bump is found at the equivalent positions in (B).
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B C

Figure 7.3 Loops 307NGGLG311 at the dimer interface.
(A) Superposition of the VLP atomic model onto the cryoEM reconstruction of infectious
virus. The loops 307NGGLG311 is indicated by white arrow. (B) Close-up view of the
cryoEM densities of the loops in infectious Orsay virus. (C) Close-up view of the crystal
structure densities of the loops in Orsay VLP. All maps are contoured at 1.0σ.

termination of protein translation. To better mimic native capsid assembly, the

integrity of VLP needs to be maintained while fusion protein gets incorporated into

the capsid. Therefore, co-expression of capsid protein and fusion protein was

performed using two expression vectors with different antibiotic resistance to make

sure both proteins were expressed. However, the yield of VLP was still much lower



84

than previous batches with only the capsid protein clearly detectable. As it was

difficult to control the molar ratio of capsid protein and fusion protein during E. coli

expression, there could simply be too many copies of fusion protein therefore

disrupting VLP assembly. Considering that the actual frame-shifting event to produce

fusion protein is likely to be delicately regulated in vivo, co-expression of CP and

fusion protein will be performed using insect cell culture which should allow more

precise control over the ratio of the two proteins.

7.2. Stabilized dimer interaction in infectious virus

At the resolution of 6.8Å, the coordinates from VLP structure is docked to the

cryoEM density of the infectious virion. Several new features are observed compared

to the VLP structure, one of which is related to the dimeric interactions between CPs

(Figure 7.3). As seen in VLP, the loop 307NGGLG311 makes direct contacts with the

same loop in the neighboring subunit at the dimer interface, but the electron density

for these loops are relatively weak, indicating high flexibility. However, in the

infectious virus, these loops have strong densities that are comparable to the other

parts of the capsid. Assuming that the artifacts from the different structure

determination methods between crystallography and cryoEM are not significant, a

possible explanation for the stronger density is that the loop is more stable in

infectious virus, likely due to allosteric effects from interacting with genomic RNA.
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A B

C D

Figure 7.4 CryoEM reconstruction of infectious Orsay virus.
(A) Superposition of the VLP atomic model onto the cryoEM reconstruction at 6.8-Å
resolution. (B) Surface representation around 3-fold symmetry axis showing the hole at the
center of β-annulus, indicated by white star. (C) Close-up view of the 3-fold symmetry axis
from A. The disordered N-terminal region is indicated by green arrows for densities from 3
different A subunits. The ordered N-terminal ends of subunits A are indicated by yellow
stars. (D) Close-up view of the 5-fold symmetry axis from A. EM map is contoured at
1.3σ. VLP model is shown in red cartoon.

7.3. Internal density in infectious virus

Docking of the recombinant Orsay VLP crystal structure into the cryoEM

reconstruction model could also show how authentic, genomic RNA is organized in

the Orsay capsid. Several layers of internal densities are observed under the protein

shell in the infectious virus map, which should correspond to the genomic RNA

(Figure 7.4A). At three-fold symmetry axis, beyond the N-terminal β-annulus visible
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in crystal structure, the density clearly extends into the underlying RNA through a

tube-like cryoEM density (Figure 7.4C). Such connection between protein and RNA

is missing at the five-fold symmetry axis (Figure 7.4D). Looking from outside of the

capsid, a small hole is visible at the center of β-annulus, which could be the site where

genomic RNA is released after entry into the host cell (Figure 7.4B).

Summary

The structure of the infectious Orsay virion was studied using cryoEM

reconstruction. When docked with the VLP crystal structure, the cryoEM map at 6.8Å

resolution showed several features of the infectious virion. First, a small bump was

found near the five-fold symmetry axis at the C-terminus of CP which could be

extended as the CP-δ fusion protein. But δ protein was still not detected at the surface

of the capsid. Second, the flexible loop 307NGGLG311 at the dimer interface in crystal

structure of VLP is stabilized in cryoEM structure of infectious virion. Third,

concentric layers of densities were found at the interior of the capsid which should be

the genomic RNA and are connected to the protein shell at the β-annulus at 3-fold

symmetry axis.With higher yield and quality of the infectious virion sample,

structural studies at higher resolution would provide more details on the genome

organization and capsid modification of the Orsay virus during infection.
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Chapter 8

Structural and functional characterization
of the Orsay δ protein

Based on its genome sequence, the Orsay virus encodes only three proteins.

Besides the RNA-dependent RNA polymerase and capsid protein, the third protein,

designated δ, is a nonstructural protein and is expected to play an essential role in the

virus life cycle. The Orsay δ protein shows no significant sequence similarity to any

other protein in GenBank. As there is little information available about the biological

function of the δ protein, its structure is of great interest as it will help us to

understand its role in viral infection and replication. A special feature of the δ protein

is that it is expressed as a CP-δ fusion protein (Jiang et al., 2014b). The expression of

free δ protein has not yet been detected in infected worms (Figure 7.1).

There are numerous ways that the δ protein may facilitate viral infection and

replication in C. elegans cells. A broad spectrum of functions have been attributed to

non-capsid or non-polymerase proteins encoded by other RNA viruses. In many cases,
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non-structural proteins of RNA viruses have been found to play important roles in

viral RNA replication and interacting with host to suppress host RNAi or other types

of immune response (Felix et al., 2011). However, unlike the nonstructural protein

B1/B2 in nodaviruses, it has been shown that the Orsay δ protein does not play a role

in host immune suppression (Guo and Lu, 2013).

Several approaches are currently underway to characterize the functions of

Orsay δ protein. From the in vivo side, transgenic worms overexpressing the δ protein

and the CP-δ fusion proteins are monitored to test for the physiological effects of

these Orsay viral proteins. A reverse genetics system is also being utilized to generate

the Orsay virus with mutations in the δ protein, which will be tested for infectivity in

worm strains. High-throughput screening is also being conducted on worms with

genes knocked down by RNAi which are then infected by the Orsay virus to identify

host genes that are involved in viral infection and defense, possibly through

interaction with the δ protein. From the in vitro side, experiments are also being

conducted to examine the interactions of purified δ protein expressed in E. coli with a

variety of worm proteins to identify potential binding partners. Structural studies of δ

is also being pursued for a better understanding of its functions.
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8.1. Materials and Methods

8.1.1. Cloning

As a novel protein, the Orsay δ protein does not have any sequence homologs,

nor were any well defined domains identified. Therefore, the complete ORF of the δ

protein was cloned for expression. The coding sequence was inserted into a pET28

vector between the NdeI and XhoI restriction enzyme sites for E. coli expression. The

6×His tag in the vector at the N-terminus of the coding region was used to facilitate

detection and purification. The full tag sequence is

MGSSHHHHHHSSGLVPRGSHM.

For better yield and purity, the δ protein constructs were also cloned into a

modified pETDuet-1 vector with a built-in 6×His+sumo tag. LB agar plate with

Ampicillin (50 mg/ml) were used for transformation of the pETDuet-1 sumo

constructs.

For mutagenesis to generate constructs truncated at the C-terminus, a pair of

complimentary primers were used for a single-step PCR with the mutated nucleotide(s)

at the center and 20 nucleotides both upstream and downstream. For the PCR

reactions, the extension step was increased to 3 - 5 minutes at 72℃ to allow the

amplification of the whole plasmid template. After the PCR reaction, 1ul of DpnI

(NEB) was added to the 50ul mixture and incubated at 37℃ for 1 hour to specifically

digest the wild-type template containing methylated bases. 5 to 10ul of the mixture
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was then transformed into DH5ɑ competent cells. Mini-prep plasmids were sent out

for sequencing to confirm that the desired mutations were present.

8.1.2. Expression and purification

Expression and purification by chromatography of the δ protein followed a

similar procedure as the Orsay CP (see Chapter 2).

For experimental phasing and structure determination, Selenomethionine

(Se-Met) labeled protein was expressed. Rosetta cells containing the construct of

interest were inoculated in M9 minimal medium. Before induction, 60 mg of Se-Met

along with 100 mg each of threonine, lysine, and phenylalanine and 50 mg each of

leucine, isoleucine, and valine were added to each liter of growing culture. A longer

induction time was often used for expression of Se-Met protein as compared to the

native counterpart. During data collection, the peak X-ray wavelength corresponding

to the maximal anomalous signal was selected depending on the heavy atom type

incorporated into the derivative crystal.

After the δ protein had been expressed, Ni-NTA was used as in initial

purification step of the sumo-tagged proteins. For sumo-tag removal, target proteins

were incubated with sumo protease at a 10:1 mass ratio at 4℃ overnight. Imidazole

from the Ni-NTA elution buffer was removed by dialysis before the digestion mixture

was applied for a second round of purification using the Ni-NTA resin. After

sumo-tag cleavage, the target protein was found in the flow-through from the Ni-NTA
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column, while the sumo-tag, His-tagged sumo protease, undigested sumo-tagged

protein and contaminating protein that possess Ni affinity were bound to the column.

8.1.3. Co-immunoprecipitation

Co-immunoprecipitation (co-IP) is a popular technique to identify

protein-protein interactions by using antibodies (Figure 8.1). The δ protein construct

for co-IP was made with two FLAG tags at the N-terminus following His-tag and

SUMO-tag, and another FLAG tag at the C-terminus to enhance its purify and affinity

to the anti-FLAG antibody. Uninfected JU1580 worm lysate was pre-treated with

plain Sepharose 4B beads (Sigma-Aldrich) without any antibody for 2 hours at 4℃ to

remove any proteins that non-specifically bound to the beads. 100ul of ~0.5mg/ml

purified δ protein construct with the SUMO-tag cleaved was mixed with ~35ml of

worm lysate from ~3.5g of liquid culture pellet and 20ul of equilibrated Monoclonal

Figure 8.1 Co-IP procedure of Orsay δ protein.
Adapted from http://www.piercenet.com/method/co-immunoprecipitation-co-ip.
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ANTI-FLAG® M2 beads (Sigma-Aldrich) for overnight at 4℃. The beads were then

collected by mild centrifugation at 5000g for 30s and washed three times with 500ul

of wash buffer containing 50mM Tris pH7.4, 300mM NaCl, and 1mM NaN3. Elution

was carried out with SDS-PAGE sample buffer and the beads were then directly

boiled for SDS-PAGE analysis.

8.2. δ protein forms a fiber in solution

When expressed at 15℃, the yield and solubility of the recombinant δ protein

were decent (Figure 8.2). Ni-NTA resin provided modest purification of δ protein,

although many major contaminants co-eluted. The eluted sample was then found to

bind the anion exchange Q column but not the Heparin column at buffer pH 7.5,

suggesting that the Orsay δ protein is negatively charged on its surface and unlikely to

Figure 8.2 Purification of the Orsay δ protein.
Lane 1, cells before induction; 2, whole cells after induction; 3, supernatant of
induced cells after sonication; 4, pellet of induced cells after sonication. 5,
Ni-NTA flow through; 6, 25mM imidazole wash; 7-14, 250mM imidazole eluates;
15, peak elution from Q column; 16, peak elution fraction from Superdex 200
column.
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bind nucleic acids.

On the gel filtration Superose 6 column, the δ protein eluted at ~12ml,

corresponding to an apparent molecular weight of ~670kDa, which is much higher

than the calculated molecular mass of a δ protein monomer (38.2kDa). This indicates

that the δ protein may form large oligomer and/or have a non-globular shape (Figure

8.3).

To determine the morphology of the δ protein, transmission electron

microscopy (TEM) was conducted on a purified sample after serial dilutions were

carried out (Figure 8.4B). The δ protein appeared to be rod-shaped,

 300mM NaCl Superose 6 HR elution Yusong Delta 6L001:1_UV  300mM NaCl Superose 6 HR elution Yusong Delta 6L001:1_Logbook
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Figure 8.3 Gel filtration profile of Orsay δ protein.
A chromatogram of Orsay δ protein from Superose 6 size exclusion column. The
major eluted at ~12ml corresponds
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B C

D E

Figure 8.4 Structure of Orsay δ protein by TEM.
(A) Truncate design of Orsay δ protein based on secondary structure prediction
and EM results. (B) TEM images of full-length Orsay δ protein, (C) 1-267, (D)
1-241 and (E) 1-162. Bar: 50nm.

with a globule at one end, and another globule roughly at two-thirds of its length.
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Even at higher concentrations, δ protein did not form elongated, head-to-end or

head-to-head structure, indicating that the δ protein might not function as a

fiber-forming subunit.

Assuming each rod structure in the TEM image contains linearized

molecule(s), the overall shape of the rod roughly matches the secondary structure

distribution of the δ protein (Figure 8.6A). The bulk β-strands could form the rod, the

predicted N-terminal α-helix may be the globule at one end, and an internal

α-helix/disordered region could be the globule in the middle of the rod (Figure 8.4A).

To test this hypothesis, truncates were designed to remove different lengths from the

C-terminus (Figure 8.4A).

These truncates were expressed and purified using the same procedure as the

full-length δ protein. All four truncates behaved similarly through the chromatography

columns and showed a major peak in the gel filtration column earlier than expected

compared to a globular protein of the same size. This result is consistent with the

prediction that they are linear proteins, which matches the secondary structure

prediction. TEM further confirmed their shapes, as all are rod-shaped with slightly

different lengths (Figure 8.4 B-E). Finer details of these rods were unfortunately hard

to identify at this resolution.
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8.3. δ protein is mostly β-stranded

Using bioinformatics tools PSIPRED (Jones, 1999) and Prof (Ouali and King,

2000), the secondary structure of the δ protein was predicted based on its amino acid

sequence (Figure 8.5A). While the N-terminal 66 residues were predicted to form

A

B C

Figure 8.5 Secondary structure of Orsay δ protein.
(A) Secondary structure prediction by PSIPRED (Jones, 1999) and Prof (Quali et al.,
2000). (B) CD spectrum of Orsay δ protein. (C) standard CD spectra for basic secondary
structures.
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Figure 8.6 Motif Scan result of Orsay δ protein.
The full sequence of Orsay δ protein was input into the Motif Scan server. The amino acid
sequence 55-249 is labeled as valine-rich with high confidence level. The valine
residues are highlighted in bars in the left panel.

ɑ-helical structures, the rest of δ protein was predicted to be primarily rich in

β-strands.

Circular dichroism (CD) was then utilized to determine the secondary

structure composition of the δ protein experimentally (Figure 8.5B). Based on the

characteristic single trough near 215nm, the δ protein was found to mainly consist of

β-sheets, although some α-helices must also exist to shift the trough towards 220nm.

A quantitative analysis of the CD spectrum was done using BeStSel (Micsonai et al.,

2015), which shows that the δ protein is composed of 3.3% helix, 29.9% anti-parallel

β-sheets and 12.7% parallel β-sheets.

Using the online server Motif Scan (Sigrist et al., 2010), a valine-rich region

was found at amino acid sequence 55-249 (Figure 8.6), which is predicted to be

purely β-stranded by PSIPRED and Prof. This valine-rich, β-stranded region is found

in some cytoskeleton-related proteins, such as the putative adhesin in Parabacteroides

distasonis (PDB ID: 3LJY). Uniprot Blast showed that similar regions are also found

in the putative cuticle protein CPH41 in silk moths and Monarch butterflies, the
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putative tubulin binding protein and the Anucleate primary sterigmata protein in fungi,

neurofilament in tree shrews, Articulin p60 in ciliates, and Neuropilin-1a in large

yellow croakers. Therefore, the Orsay δ protein might also be a fibrous protein, acting

on or interacting with the host cytoskeleton. This would explain the disorganization of

the intermediate filament network in infected worm cells (Felix et al., 2011).

8.4. δ protein interacts with the cytoskeleton by co-IP

For the co-IP experiments, full-length

δ protein was purified and mixed with JU1580

worm lysate. Compared to the two control

samples that contained either only worm

lysate or only the δ protein, the sample

containing both the δ protein and worm lysate

contained four extra bands (Figure 8.7). As a

starting point, the two stronger bands between

35 and 48 kDa were sent out for LC-MS/MS

protein identification. There were a total of

fifteen C. elegans proteins with sequences that

more or less matched those of the submitted

samples (Table 8.1). Eight of the identified

proteins were ribosomal proteins. Although

the δ protein could be involved in host protein synthesis, considering their abundance

Figure 8.7 Co-IP between
FLAG-tagged δ protein and

JU1580 worm lysate.
Beads with anti-FLAG antibody were
solved by SDS-PAGE after incubation
with only worm lysate (lane 1),
mixture of worm lysate and δ protein
(lane 2), or only δ protein (lane 3).
Black bars indicate the extra bands in
the mixture sample compared to the
other two.
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in cells and relatively smaller molecular weight, ribosomal proteins may not be the

biologically relevant hit from my co-IP experiment. Several cytoskeleton proteins

appear on the list and may be more promising candidates. Actin (ACT-5 and ACT-4)

and tropomyosin (LEV-11) ranked at the top for the two samples in sequence

matching, while the intermediate filament (IFD-1) was also in the list.

To confirm the interactions between the δ protein and the worm cytoskeleton

proteins, ACT-5 (abundant in intestine cells) (MacQueen et al., 2005) and LEV-11 in

particular, in vitro binding of these worm proteins with the δ protein is currently being

tested. Preliminary results have shown that C. elegans with these genes knocked down

by RNAi, upon Orsay virus infection, developed a phenotype with disorganized

cytoskeleton structure. This phenotype was consistent with the symptoms previously

observed in infected worms (i.e. convoluted apical intestinal border and liquefaction

of the cytoplasm) and supports my hypothesis that the Orsay δ protein, with its

fiber-like structure, functions by interacting with the host cytoskeleton proteins.
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Table 8.1 – A complete list of C. elegans proteins identified by LC-MS/MS from
co-IP with δ protein.

From the upper band in co-IP SDS-PAGE

Protein Function MWc/kDa No. of peptide matched

ACT-5 Actin 41.9 33

ACT-4, isoform a Actin 41.8 28

RPL-4 Ribosomal 38.7 7

AHCY-1 Adenosylhomocysteinase 47.5 4

RPL-3, isoform d Ribosomal 34.7 4

RPL-19 Ribosomal 23.7 3

RPS-4 Ribosomal 29.0 3

RPL-16 Ribosomal 23.0 3

GCY-19 Guanylate cyclase 123.2 3

CPF-1 Nucleic acid binding 48.0 2

IFD-1, isoform b Intermediate filament 54.4 2

RPL-10 Ribosomal 24.8 2

From the lower band in co-IP SDS-PAGE

Protein Function MWc/kDa No. of peptide matched

ACT-4, isoform a Actin 41.8 14

LEV-11, isoform a Tropomyosin 33.0 13

ACT-5 Actin 41.9 11

RPL-4 Ribosomal 38.7 7

RPL-3, isoform d Ribosomal 34.7 3

RPL-19 Ribosomal 23.7 3

RPL-13, isoform b Ribosomal 10.4 2

RPS-5 Ribosomal 23.2 2

RPS-4 Ribosomal 29.0 2
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Figure 8.8 Structure of δ 1-66.
(A) Side view of the helical pentamer. (B) Top view of the helical pentamer. (C) Electron
density map showing densities inside the channel. Pink stars represent water molecules
modeled into the extra density. (D) Surface presentation of the pentamer, with hydrophobic
residues highlighted in orange.

8.5. δ protein forms a pentameric structure

Based on the secondary structure prediction of the δ protein, aa 1-66 was

constructed as the initiation core of the δ protein. Samples of the native and Se-Met

labeled δ protein aa 1-66 were crystallized by Yanlin Fan, and diffracted to 2.1Å and

3.3Å resolution, respectively. Single-wavelength anomalous dispersion (SAD)

phasing was successfully utilized using the singly ordered methionine in the first 66

residues by PHENIX (Adams et al., 2010). The 2.1Å native structure was solved

using the 3.3Å Se-Met model by molecular replacement and refined to Rwork = 0.21
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and Rfree = 0.25. The crystal structure shows five molecules in each ASU, forming a

continuous pentameric barrel, with two regions of alpha-helices connected by a short

beta-barrel-like linker region (Figure 8.8A-B).

The diameter of the alpha-barrel is about 25Å, consistent with the thickness of

the filament observed in the TEM images. The alpha-barrel is much smaller than the

terminal globule (~9nm in diameter, Fig. 8.4B), suggesting that the globule is not

formed by the N-terminus of δ protein. The inner surface of the barrel contains several

basic and aromatic residues (Tyr10, Tyr23, Tyr32, Phe36 and Lys61), facing some

internal density which is too small to be nucleic acid (Figure 8.8C). If the internal

density is water or other small ions, then this part of δ protein may function as a

transport channel. There are some hydrophobic patches on the outer surface, which

could potentially be a transmembrane domain (Figure 8.8D).

The structure of the rest of δ protein, and even the CP-δ fusion protein is to be

determined and will provide more information on how the δ protein may function

during Orsay virus infection.

8.6. δ protein 1-162 was crystallized as a pentamer

It is usually quite challenging to crystallize long, fibrous proteins as proper

packing of the molecules is hard to achieve. Crystallization screening of the purified

full-length δ protein did not produce any useful hits. Among all the truncates that

showed similar rod-shaped structures when viewed by an electron microscope, the
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shortest version, δ 1-162, was my main target for crystallization, as it had relatively

high expression and its shorter length should make it a better target for crystallization

than the full length δ protein.

8.6.1. Crystallization

Screening trays were set up using a protein concentration of 4.2 mg/ml and

several hits were identified from the Crystal Screen kit. Only slight improvement was

achieved by varying crystallization conditions. As major efforts have been put to

improve crystal quality of δ 1-162 for X-ray diffraction, the approaches taken were

described below:

(a) Purification procedure optimization

To optimized the purification of the His-tagged δ 1-162 protein, a pre-packed

HisTrap column (GE Healthcare) was used in addition to the Ni-NTA resin to better

separate the protein of interests with a finer imidazole gradient. Most contaminants

were removed by the HisTrap column but some still co-eluted with the δ 1-162

protein. Cobalt resin, which has weaker binding affinity for the His-tag compared to

nickel resin and therefore a higher specificity, was then used as an alternative capture

method. TALON® Metal Affinity Resins (Clontech Laboratories, Inc.) based on

cobalt was then tested. Lower concentration of imidazole was used to both wash (0-10

mM) and elute (100-300 mM) the target protein, yet the purity was not improved. It

seems that the major contaminants were attached to the target protein under the

condition of nickel/cobalt purification.
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Hydrophobic interactions provide another method for separating proteins

based on their hydrophobicity at different ionic strengths. Hydrophobic interaction

chromatography (HIC) is usually performed in the presence of moderately high

concentrations of salts, and elution is achieved by a linear or stepwise decrease in the

concentration of salt. As the most frequently used salt in HIC is Ammonium sulfate,

Ammonium sulfate precipitation was attempted before HIC, but it did not provide

much separation. All columns in the HiTrap HIC Selection Kit (GE Healthcare) were

tested, yet major contaminants still co-eluted with the target protein.

Hydroxyapatite, a crystalline form of calcium phosphate, has unique

selectivity for protein separation due to its complex interactions with protein

molecules. Therefore, it provides a valuable complement to my regular purification

methods. δ 1-162 was found to bind hydroxyapatite resin at low concentrations of

phosphate buffer and was

eluted with 160 mM

phosphate, while most

contaminants around 70

kDa were eluted by 80

mM phosphate buffer

(Figure 8.9). Therefore,

the hydroxyapatite

column could provide

some limited separating

Figure 8.9 Hydroxyapatite purification of δ 1-162.
Lane 1, input; 2, flow-through; 3-4, 10 mM phosphate buffer
elution; 5-6, 20 mM; 7-8, 40 mM; 9-10, 80 mM; 11-12, 160
mM; 13-14, 376 mM. Target band of δ 1-162 is labeled by the
black arrow.
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power for δ 1-162.

(b) Sumo tag fusion and cleavage

The sumo-tag was previously shown to significantly improve the expression,

yield, and solubility of recombinant proteins in our lab. The widely-used

His-sumo-tag is helpful as an initial purification step and is also easily removed by

sumo protease. δ 1-162, when fused to an N-terminal His-sumo-tag, showed higher

yield (38 mg/6L culture compared to 4 mg/6L culture for His-tagged counterpart) and

better purity when purified by Ni-NTA resin. After cleaving the sumo tag, the

untagged target protein was then reapplied to the Ni-NTA resin. The His-sumo-tag,

the His-tagged sumo protease and contaminants that bind to the Ni-NTA resin would

be separated, and the cleaved δ 1-162 would flow through. After a final gel filtration

step, the sample was concentrated to 5mg/ml and screening trays were set up. The

crystals produced were of much greater quality compared to those produced by the δ

1-162 protein that was only His-tagged (Figure 8.10A-B).

(c) Se-Met derivative
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Given the sufficient number of methionine residues in the δ protein sequence

(5 in 346 residues, 2 in first 162 residues), Se-Met labeled δ 1-162 was expressed and

A B

C D

E F

Figure 8.10 Crystals of δ 1-162.
(A) His-tagged construct in 0.25M Ammonium acetate, 0.1M Sodium acetate, 8% PEG
4000. (B) Sumo-tagged δ 1-162 after sumo protease treatment from Crystal Screen D4. (C)
Se-Met sumo-tagged δ 1-162 after sumo cleavage. (D) Se-Met δ 1-162 with additive
0.01M Cobalt chloride in the drop. (E-F) Methylated SeMet δ 1-162.
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crystallized for experimental phasing. Compared to the native protein, Se-Met labeled

δ 1-162 was purified to higher purity and produced larger crystals with less defects.

This could be due to the relatively lower solubility of Se-Met proteins (Figure 8.10C).

(d) Additive Screen

To further improve the crystal quality, a total of 96 chemicals from the

Additive Screen kit (Hampton Research) were added to the crystallization condition.

For each chemical tested, 0.2ul was added to a 2ul mixture of target protein and

mother liquor. Multiple additives were found to produce higher quality single crystals

of δ 1-162, the best of which were produced using additives that were divalent ions

such as Magnesium, Cobalt and Calcium (Figure 8.10D).

(e) Post-crystallization manipulation

Once protein crystals are formed, additional methods could be attempted to

rearrange the packing of molecules in the crystal. For δ 1-162, dehydration was

performed before freezing by soaking crystals in cryoprotective cocktails containing

progressively higher PEG 4000 concentrations from 13% v/v to 15%, 17%, and

finally 20%. Annealing was then performed by thawing the crystals at room

temperature after they had been frozen in liquid nitrogen and then refreezing the

crystals. However, such manipulation did not improve the diffraction of the δ 1-162

crystals.

(f) Lysine methylation
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Lysine methylation can be performed to modify the surface charge of a protein,

which can change the inter-molecular interactions during crystallization. SeMet

labeled δ 1-162, which contains 14 lysine residues, was treated with freshly prepared

dimethylamine borane complex (DMAB) and formaldehyde overnight, as described

after sumo cleavage at 1mg/ml (Walter et al., 2007). Lysine methylation was

confirmed by a ~2ml left-shift in the elution profile of target protein from a Superdex

200 gel filtration column and a higher band on an SDS-PAGE gel compared to an

untreated control. During the screening and optimization process, this protein sample

produced crystals of various morphologies. Besides the long, thin rods previously

produced by other δ protein samples, there were also three-dimensional blocks

(Figure 8.10E) and large plates (Figure 8.10F). These crystals could diffract to

slightly higher resolution (~3.2Å) compared to crystals produced by the

un-methylated protein (~3.6Å).

(g) Better ordered construct

δ 1-162 was selected as the target construct based upon a secondary structure

prediction of the full length δ protein, which may not have the best stability for proper

packing in a crystal. Limited proteolysis was performed to identify the stable core of δ

1-162 (see details in Chapter 2). When treated by chymotrypsin, a slightly smaller,

stable fragment was produced, which corresponded to the δ sequence 1-138 by

Western blot analysis. The δ 1-138 construct was cloned into the sumo vector,

expressed and purified following similar procedure as those used for the δ 1-162

construct. Unfortunately, no protein crystals were found in the crystallization
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screening for δ 1-138. More constructs have been generated based on secondary

structure prediction, with slightly different lengths around 162 residues, including

1-101, 1-117 and 1-186. These new constructs will be tested for crystallization.

8.6.2. Data collection and processing

Multiple datasets have been collected for δ 1-162 from crystals grown in

different conditions. For native proteins, the crystals could diffract to ~4.1 Å at the

APS and were organized as the P212121 space group with the cell dimensions of a ≈

63Å, b ≈ 80Å, c ≈ 450Å. Se-Met labeled proteins were crystallized in the P21212

space group with the cell dimensions a ≈ 63Å, b ≈ 77Å, c ≈ 221Å, with the best

crystal diffracting to ~3.6 Å. Methylated and Se-Met labeled protein could be

crystallized in P1 space group with the cell dimensions a ≈ 48Å, b ≈ 64Å, c ≈ 182Å, ɑ

≈ 84°, β ≈ 85°, γ ≈ 81°, and diffracted to ~3.2Å. Under slightly different

crystallization conditions (lower 2-Propanol and higher PEG 4000), methylated

protein could also be crystallized in the C2 space group with the cell dimensions a ≈

116Å, b ≈ 63Å, c ≈ 145Å, ɑ = 90°, β ≈ 100°, γ = 90°, and diffracted to ~3.2Å.

As the first 66 residues of the δ protein form a pentameric helical bundle, it is

likely that δ 1-162 also crystallizs as a pentamer. To test this hypothesis, the program

GLRF was used to calculate the self-rotation function of the datasets (see more details
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A B

Figure 8.11 GLRF results of δ 1-162.
(A) A P21212 dataset. (B) A C2 dataset. Kappa angle was set to 72° to calculate the
five-fold symmetry axis.

in Chapter 2). When kappa value was set to 72, the five-fold symmetry axis was

detected in both the P21212 and C2 space groups (Figure 8.11). In the P21212 crystals,

the rotation axis is aligned with the c axis. In the C2 crystals, the five-fold axis is

about 85° to the a-axis on the ac plane. Assuming five molecules in each ASU, the

Matthew’s coefficient is ~3.0 Å3/Da for all the space groups, indicating a reasonable

crystal packing.

SAD Phasing was first attempted to determine the structure of δ 1-162, but

encountered multiple difficulties. First, the data showed severe anisotropy in all

collected space groups, probably due to the particularly long axis of the unit cells.

This could be an intrinsic property of the fibrous shape of the δ protein as it could

cause high noise in the dataset and making the anomalous signal hard to detect.

Second, δ 1-162 crystals were sensitive to radiation damage and usually died before a

complete dataset could be collected with enough redundancy for successful SAD
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phasing, especially for the P1 crystals. Third, even the crystals in the same space

group were not isomorphous enough to be merged together using a multi-crystal

phasing strategy to increase redundancy.

Besides the two methionine sites in the δ 1-162 sequence, two more

methionine residues were introduced by mutating from leucine residues

(L51ML132M) to enhance the anomalous signal. However, after the mutant were

crystallized, the resulting crystals were found to diffract poorly. Heavy atom

derivative of δ 1-162 crystals were also prepared with multiple Pt, Hg, and Au

compounds. While these heavy atoms usually could provide excellent phasing power,

these crystals only diffracted to 4-5Å.

Using the structure of the δ 1-66 peptide as the phasing model, molecular

replacement was also conducted to solve the phase problem of δ 1-162. However,

among all collected datasets, only one in the P1 space group produced a probably

correct solution as determined by Phaser (TFZ > 10), but it still could not provide any

traceable density beyond the initial model.

8.7. Discussion

Non-structural proteins perform many important functions during the life

cycle of many viruses. For example, the nodavirus B2 protein targets the host immune

system to enhance viral infectivity. Unlike its close relatives, the Orsay virus does not
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have a B1/B2 protein encoded in its genome. Instead, it encodes a δ protein which has

a unique sequence and shows no homology to any other proteins in the GenBank.

The secondary structure of the δ protein was predicted to be mainly composed

of β-strands, which was also confirmed by circular dichroism. A valine-rich region

was found in the β-strands which may be similar to those found in the fibrous proteins

of insects and fungi. Negative staining TEM showed that the δ protein, and its

C-terminally truncated constructs, was indeed fiber-shaped. By

co-immunoprecipitation (co-IP) with worm lysate, the δ protein was found to bind

host cytoskeleton proteins such as actin. This is consistent with the observation that

the intermediate filament of the intestinal cells was disordered upon Orsay virus

infection. Further confirmation and characterization will be carried out to identify the

host factors that interact with the δ protein and their mechanisms during infection.

Although interactions with host cytoskeleton are essential for replication of

many animal viruses, such as rotavirus, flavivirus and vaccinia virus, the mechanisms

are not fully understood (Gardet et al., 2007; Foo et al., 2015; Leite et al., 2015). The

Orsay virus-C. elegans system provides us the first intact animal model to investigate

such interactions in vivo.

Structural studies of the fibrous δ protein has been challenging. Among all

constructs of different lengths, only the structure of the smallest peptide 1-66 has been

determined so far. Consistent with the secondary structure prediction, the N-terminal

peptide of the δ protein is predominantly ɑ-helical. Five molecules are bundled
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Figure 8.12 Viral fibrous protein for host cell attachment.
(A) Fibre protein in dsDNA adenovirus. (B) Sigma1 protein in dsRNA reovirus. (C) δ
protein in ssRNA Orsay virus.

together and form a helical barrel with a diameter of 25Å. The functions that the δ

protein performs are still unclear based on the limited structural information from the

short peptide. A longer construct, δ 1-162, has been intensively tested for

crystallization and data collection. By calculating the self-rotation function and

Matthew’s coefficient, δ 1-162 was determined to crystallize as a pentamer similar to

what was observed for δ 1-66. The structural studies will be continued to provide

further information on the possible roles that the δ protein may have during Orsay

virus infection.

Given the pentameric symmetry of the δ truncates 1-66 and 1-162, the δ

protein is expected to exist as a pentamer in the CP-δ fusion protein . Therefore, it

may extend from the C-terminus of CP subunits around the five-fold vertices and

form long fibers sticking out of the viral capsid. In this way, the CP-δ protein may
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facilitate host recognition and cell entry, similar to the fibrous protein found in

adenovirus and reovirus (van Raaij et al., 1999; Dryden et al., 1993). The dsDNA

adenovius and the dsRNA reovirus both have a long, fibrous molecule located at the

icosahedral vertices that interact with host cell surface receptor (Figure 8.12). Given

the overall structural similarities, the Orsay δ protein may also play a role in cell entry

by binding to the receptor on the host cell surface. The function of δ protein in cell

entry could be further analyzed by reverse genetics. Infectivity of mutant viruses with

defects in δ protein could be tested. Recombinant free δ protein could be added into

mixture of infectious virion and susceptible worms to test whether infectivity would

inhibited. Unlike the trimeric β-spiral structures of the adenovirus fiber and reovirus

σ1, δ 1-66 and presumably δ 1-162, are pentameric, therefore the Orsay δ protein may

present a novel design of a fiber-like viral attachment protein.
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Chapter 9

Conclusions and perspectives

9.1. Major conclusions and implications

The crystal structure of the Orsay VLP obtained via the overexpression of

recombinant CP in E. coli was determined to 3.25Å resolution by phase extension

with 15-fold NCS averaging using a cryoEM map as the phasing model that was

determined to 9Å resolution. The Orsay VLP has T=3 icosahedral symmetry with a

large trimeric protrusion at the center of each ASU, which contains three subunits, A,

B, and C. Each CP molecule could be divided into three domains: the N-terminal

peptide, the S domain which has the classic β-barrel fold and forms the complete

capsid shell, and the P domain which forms the trimeric protrusion. As the only

methionine (Met138) in the in-frame RNA2 sequence is mapped to the middle of the

jelly-roll β-barrel, the structure confirmed that the Orsay virus CP utilizes a non-AUG

initiation site for translation (Jiang et al., 2014b), which is commonly seen in viruses

to allow multiple protein products from a given mRNA. Based on structural
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homology, the nematode viruses are most related to the betanodaviruses, both of

which may have evolved from T=3 ancestors similar to present-day plant viruses. The

alphanodaviruses, on the other hand, present a distinct clade in the Nodaviridae

family.

Recombinant CP expressed in E. coli was also found to exist as another

oligomer species besides VLPs. Among all types of capsomeres in the Orsay VLP, the

trimer was calculated to have the largest buried surface area and is therefore

considered to be most stable. However, by analytical ultracentrifugation and

cross-linking, the oligomer was confirmed to be a CP dimer, which could be the

intermediate and could be further assembled into pentamers of dimers during capsid

assembly. Limited proteolysis of the CP dimer produced a stable core truncate, which

was determined to be CP42-391 by N-terminal sequencing. This result suggests that the

N-terminal arm of the Orsay CP is flexible and easy to cleave. In vitro assembly of

Orsay CP dimer, once triggered, could be used to build an artificial virion and

nano-delivery system.

The N-terminal arm of the Orsay CP is extended from the A subunit toward

the neighboring three-fold symmetry axis and forms a β-annulus structure with two

other A subunits by hydrogen bonds. The β-annulus of the Orsay virus is unique in

organization compared to those previously reported in plant viruses and

alphanodaviruses. To study the function of the N-terminal arm, the crystal structure of

the VLP formed by an N-terminally truncated mutant of the Orsay CP was determined

to 3.75Å resolution by molecular replacement using the full-length model. Without
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the N-terminal arm, the buried surface area at the capsomere interfaces decreases,

especially where the A subunit is involved. The overall weaker interaction between

CPs results in a slightly expanded capsid, but does not disrupt assembly. The

N-terminal peptide may have a role in regulating capsid assembly in the more delicate

environment in the host cell.

Nucleic acids were found in both the VLPs formed by the full-length CP and

the N-terminal deletion mutant of the CP. The nucleic acid content was determined to

be a mixture of single-stranded and double-stranded RNAs ranging from 100-750 bp

in length, likely to be non-specific E. coli RNA packaged during expression. The

binding affinity of the Orsay CP to nucleic acids was measured using

fluorescence-labeled RNA oligos. It showed that the full-length CP dimer had a

significantly lower KD, indicating stronger binding to RNA, compared to the mutant.

This is consistent with the hypothesis that the N-terminal arm of the Orsay CP, which

contains multiple basic residues, has the ability to bind nucleic acids.

Although it looks similar to the VLP structure based on negative staining EM,

the detailed structure of the infectious Orsay virion provides more information on how

the capsid facilitates viral infection. Particularly, a frameshifting event occurs at the

end of the Orsay CP ORF that produce a CP-δ fusion protein (Jiang et al., 2014b),

which may be involved in host receptor interaction. The cryoEM reconstruction map

at 6.8Å resolution revealed the internal RNA density which is connected to the viral

capsid via a finger-like density which could be the N-terminal peptide. Additionally,

the dimer interface is better defined in the infectious virion, suggesting a more stable
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capsid with genomic RNA packaged. In addition, a small bump was found at the

C-terminus of the CP around the five-fold symmetry axis, which is hypothesized to be

the CP-δ fusion protein. This observation would be consistent with the fact that the δ

truncates were crystallized as pentamers.

The secondary structure of the δ protein is predicted to be mostly β-stranded,

which was confirmed by Circular Dichroism. A valine-rich motif found in the

β-strands suggests that the δ protein could be related to fibrous cytoskeletion proteins.

Using negative-staining electron microscopy, full-length δ protein was shown to be

rod-shaped, while three C-terminal truncates had proportionally shorter lengths. The

crystal structure of a short N-terminal peptide of 66 residues was determined at 2.1Å

resolution, which forms a pentameric helical bundle, consistent with the secondary

structure prediction. The diffraction data of a longer construct, 1-162, also supports

that δ protein forms a fiber-like pentamer. Similar to the fibrous proteins in reovirus

and adenovirus, the Orsay δ protein may also be located at the icosahedral vertices

and mediate cell entry by interacting with host cell surface receptors.

Co-IP between purified recombinant δ protein and worm lysate revealed the

potential interactions between δ protein and host cytoskeleton proteins. In this way,

the fibrous δ protein may facilitate intracellular trafficking and virion release. Given

that interactions with host cytoskeleton are commonly seen in various viruses, yet the

mechanisms are not clear, the δ protein provides an excellent model to study

virus-host cytoskeleton in vivo.



119

9.2. Future directions

This project on the Orsay viral proteins provides structural insights into the

mechanism of multiple steps in the virus replication cycle, such as capsid assembly,

genome packaging, and host recognition. To further our understanding of the Orsay

virus and its infection mechanism, the following experiments should be worth

pursuing.

9.2.1. Capsid protein

Given the hypothesis that the N-terminal peptide is involved in fine regulation

of genome packaging and capsid stability in vivo, mutations in the N-terminal peptide

will be introduced to assess the infectivity of mutated Orsay virus by the reverse

genetics system. Crucial sites, such as the basic and aromatic residues in the

N-terminal peptide, should be characterized. Host specificity could be studied by

swapping the P domain, or only the variable regions of the P domain between the

Orsay virus and the two C. briggsae viruses. The chimera viruses with Le Blanc or

Santeuil P domain and Orsay S domain are expected to infect only C. briggsae but not

C. elegans.

Capsid stability determinants could be tested by mutagenesis of the following

potentially crucial sites: calcium-coordinating residues, Trp ring at the 5-fold

symmetry, disulfide-forming cysteines and other critical residues at the capsomere

interfaces.
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In vitro assembly tests could be conducted on the CP dimer sample to identify

the triggering factor for further assembly, which may include nucleic acid, cations,

and/or host cellular factors. Crystallographic studies could be attempted to identify

any potential intrinsic defects within the dimer sample. Such information could be

used to identify anti-viral drug targets by interfering with virion assembly.

The VLP sample could be treated with different variables, such as pH or the

presence of glycans, to test for conditions that may mimic conformational changes or

capsid disassembly resulting in genome release upon cell entry. If stable in such

conditions, the treated VLP will also be crystallized to reveal the atomic details of the

changes. In addition, membrane binding or disruption assays will be performed using

the Orsay VLP at different conditions to identify the membrane lytic activity, if any.

For the authentic, infectious virion, higher yield and higher resolution

structures could be pursued to study genome packaging, maturation, and the role of

the CP-δ fusion protein.

9.2.2. δ protein

Structural studies of the δ protein beyond the N-terminal 66 residues should be

continued to understand the role that the δ protein plays during Orsay virus replication.

As crystallization of fibrous molecules like the δ protein is challenging, screening

truncates of different lengths may be necessary. Other methods such as cryoEM

reconstruction could also be considered as alternatives.
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As no free δ protein was detected by Western blot, it is currently unknown

whether free δ protein exists in the Orsay virus, or exclusively in the form of CP-δ

fusion. This could be tested by mutating the start codon of δ ORF in the reverse

genetics system, which would produce viruses with only the fusion form but no free δ

protein.

The function of the N-terminal pentameric barrel could be explored by

mutagenesis of interacting residues at the inter-molecular interfaces. The residues

facing the interior will also be mutated to help characterize the identity of the internal

densities.

As the CP-δ fusion protein expressed in E. coli gave poor yield and solubility,

co-expression of the fusion protein together with the capsid protein should be done in

insect cells, varying the ratio of the two expression vectors for optimal yield and

solubility. Assuming that the δ protein is only located at the five-fold vertices of the

capsid, there should be 12 copies of the CP-δ pentameric fiber, corresponding to 60

copies of CP-δ fusion protein and 120 copies of CP in the whole capsid. Soluble

fusion protein could then be used for further structure and function studies.

The interactions between the δ protein and the host cytoskeleton should be

more thoroughly studied both in vivo and in vitro. The δ protein may disrupt the actin

network in the host intestinal cells to mediate virion release, as suggested by my

preliminary results. Given that cellular trafficking in C. elegans is easy to observe
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with fluorescence labeling, C. elegans can serve as an intact animal model to

elucidate the mechanisms of virus-host cytoskeleton interactions.
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Appendix 1

Cloning and expression of the Orsay
polymerase

The RNA1 fragment of the Orsay virus contains 3421 nucleotides

including an ORF for the RNA-dependent RNA polymerase (RdRp) with 937

amino acids. Based on secondary structure prediction, about 100 amino acids at

the N-terminus may be a transmembrane region. The highly hydrophobic feature

of the N-terminal region would make this protein insoluble in aqueous solutions

and hard to crystallize. So the first RdRp construct was designed from aa102 to

937 without the transmembrane region (Figure A2.1). The coding sequence was

inserted into pET28 vector between EcoRI and HindIII sites. The built-in His-tag

in the vector at the N-terminus was directly used..

E. coli expression of the Orsay polymerase construct without the

N-terminal transmembrane domain was tested under different conditions
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varying IPTG concentration from 0.01mM to 1mM and inducing time from 15h to

24h. Most soluble protein was produced when induced with 0.1mM IPTG for 23h.

However, the soluble polymerase did not show good binding affinity to Ni-NTA

resin. Regardless of expression conditions, almost all proteins ended up in the

flow-through and wash fractions from Ni-NTA.

To improve expression of recombinant Orsay polymerase, more truncated

constructs were designed based on its secondary structure prediction (Figure

A2.1). Among the seven new constructs, Pol249-937 and Pol263-937 showed decent

solubility. However, in the final gel filtration column, the proteins got eluted at

the void volume instead of a later position as a monomer. For a polymerase, such

aggregation status is usually a sign of improper folding. So more constructs need

to be explored to find a stable one representing the core structure of the Orsay

polymerase.

Figure A1.1 Construct design of Orsay polymerase.
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Appendix 2

Crystal structure of human
acetyltransferase GCN5

Histone acetylation modifies the structure and function of chromatin

therefore regulating gene transcription. The histone acetyltransferase (HAT)

GCN5 has been found to regulate genes involved in cell fate and glucose

metabolism, and thus could be a target in cancer and diabetes treatments (Inche

and La Thangue, 2006; Lerin et al., 2006). Human GCN5 contains three domains:

the N-terminal P/CAF domain, the C-terminal bromodomain, and the HAT

domain, which uses acetyl coenzyme A to transfer the acetyl group to histone

and non-histone proteins (Herrera et al., 1997). The crystal structure of the HAT

domain of human GCN5 complexed with acetyl coA is available, which suggested

a catalytic mechanism through a ternary complex (Schuetz et al., 2007).

My collaborator Dr. Zhimin Lu’s group at MD Anderson Cancer Center

recently found that human GCN5 could also function as a succinyltransferase
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using succinyl coA to modify H3 protein, a novel modification of the histone

proteins. To provide structural evidence and more insights on the catalytic

mechanism, I started working on crystallization and structure determination of

the HAT domain of human GCN5 and its complex with succinyl coA.

A2.1. Crystallization and structure determination

Purified monomer sample of human GCN5 HAT domain at 4mg/ml could

be crystallized under conditions containing 1.4-1.6M Ammonium sulfate, 0.1M

Sodium acetate pH4.6, or 1.2-1.6M Ammonium sulfate, 0.4-0.5M Lithium chloride.

Complex crystals could be obtained by co-crystallization under the same

conditions with the molar ratio of protein:ligand = 1:5. The morphology of

crystals grown under different conditions and with different substrates are all

similarly prism-shaped (Figure A2.1). Datasets were collected at synchrotron for

apo and complex crystals at the wavelength of 0.98Å. Data analysis revealed

A B

Figure A2.1 Crystals of human GCN5 HAT domain.
(A) Crystals of human GCN5 without substrates, grown from 0.5 M Lithium
chloride, 1.4 M Ammonium sulfate. (B) Crystals of human GCN5 with succinyl coA,
grown from 0.4 M Lithium chloride, 1.4 M Ammonium sulfate.
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surprisingly large unit cells which could accommodate 24 molecules for all

crystals. Using the structure of human GCN5 from acetyl coA complex as a model

after removing the ligand coordinates, the apo and complex structures were

determined by molecular replacement (Table A2.1).

A2.2. Complex structures with novel substrates

Based on structural comparison, succinyl coA binds to the same pocket of

GCN5 as acetyl coA (Figure A2.2A). The interface area is larger for succinyl coA,

which is consistent with their competition observed in biochemical assays and

higher affinity for succinyl coA. Binding with succinyl coA pushes a flexible loop

outward (Figure A2.3), while majority of the structure remains similar compared

A B

Figure A2.2 Structure of human GCN5 HAT domain complexed with
succinyl coA.

(A) Overall fold of a monomer. The protein is shown in a rainbow color gradient from
blue (N-terminus) to red (C-terminus). The succinyl CoA molecule is represented as a
stick model colored as per atom type: carbon in gray, oxygen in red, nitrogen in blue,
sulfur in yellow, and phosphorus in orange. (B) Octahedral assembly of 24 molecules,
centered at the four-fold symmetry axis. The succinyl CoA molecule is represented as
a sphere model in red.
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to the acetyl coA complex. Potentially critical residues for binding with succinyl

coA but not acetyl coA are subject to mutagenesis for further analysis on the

catalytic mechanism.

An unexpected,

interesting high-order

assembly was observed

for both of my apo and

complex structures. The

24 molecules in one unit

cell are forming a giant

octahedral structure

(Figure A2.2B), which has

not been reported for

histone acetyltransferases.

Supramolecular assemblies of enzymes are actually not rare and considered

advantageous in capturing substrates (Schneider et al., 1999). Although the

GCN5 octahedron has only been detected in the crystal, not in solution, it is now

hypothesized to be physiologically relevant. In addition, in the octahedral

structure of the HAT domain, the binding pocket and both termini are facing

outward, so other components of the catalytic complex could fit into this

structural organization. Investigation of the GCN5 octahedral assembly is

currently underway.

Figure A2.3 The flexible loop pushed away by
succinyl coA binding.

The complex structure with acetyl coA is shown in
blue, with succinyl coA complex in red. The proteins
are represented in ribbon, with Gly647 and the coA
molecules highlighted in stick. The flexible loop
645-648 is highlighted in the grey circle.
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Table A2.1 – X-ray Data statistics of human GCN5 HAT domain.

Given the low specificity of GCN5 binding to the coA substrates, more coA

compounds which could be potentially involved in histonemodification were

tested for co-crystallization with GCN5 HAT domain. The new coA compounds,

with an n-propionyl, butyril, malonyl and glutaryl group, respectively, were

mixed with purified GCN5 in the same way as succinyl coA. Similar crystals were

Apo succinyl coA

Data Collection

Space group P41212 P213

Unit cell dimensions, Å a = b = 173.474, c = 347.637 a = b = c = 175.728

Resolution, Å 50-2.9 (2.95-2.9) 50-2.3 (2.34-2.3)

Total no. of frames 530 360

Total no. of reflections 732281 1727504

Unique reflections 117492 80269

I/σ 15.1 (2.7) 28.1 (2.4)

Redundancy 6.2 (5.6) 21.5 (12.8)

Completeness, % 99.7 (100) 100 (99.9)

Rmerge, % 12.0 (56.1) 14.6 (99.8)

Molecular Replacement

TFZ 34.8 45.7

LLG 16555 9193

Refinement

Rwork, % 21.5 18.9

Rfree, % 27.2 21.7
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obtained for data collection, and their complex structures were determined by

molecular replacement (Table A2.1).

Table A2.1 (cont’d) – X-ray Data statistics of human GCN5 HAT domain.

Based on the complex structures, all coA compounds bind to the pocket in

GCN5 with no problem accommodating carbon chains as long as a glutaryl group.

All complex structures also maintained the same octahedral assembly.

n-propionyl coA butyryl coA

Data Collection

Space group P213 P213

Unit cell dimensions, Å a = b = c = 176.182 a = b = c = 175.695

Resolution, Å 50-2.8 (2.85-2.8) 50-3.0 (3.05-3.0)

Total no. of frames 329 100

Total no. of reflections 914919 132620

Unique reflections 44869 35776

I/σ 41.5 (7.0) 11.2 (2.1)

Redundancy 20.4 (20.9) 3.7 (3.8)

Completeness, % 100 (100) 98.3 (98.8)

Rmerge, % 12.8 (50.7) 13.8 (51.5)

Molecular Replacement

TFZ 114.9 104.6

LLG 13447 10433

Refinement

Rwork, % 19.6 19.4

Rfree, % 24.2 24.0
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Measurement on binding affinity of GCN5 to these new coA compounds is in

progress by my collaborator to address the relevance of the complexes.

Table A2.1 (cont’d) – X-ray Data statistics of human GCN5 HAT domain.

This study helps to understand the novel function of succinyltransferase

of GCN5, the potential role to facilitate other histone modifications, and the

supramolecular octahedral assembly of this enzyme.

malonyl coA glutaryl coA

Data Collection

Space group P213 P213

Unit cell dimensions, Å a = b = c = 175.692 a = b = c =175.265

Resolution, Å 50-2.5 (2.54-2.5) 50-3.25 (3.31-3.25)

Total no. of frames 360 120

Total no. of reflections 1174826 213058

Unique reflections 62374 28347

I/σ 39.1 (4.0) 11.2 (2.5)

Redundancy 18.8 (18.8) 7.5 (7.6)

Completeness, % 100 (100) 100 (100)

Rmerge, % 12.4 (78.2) 17.4 (61.3)

Molecular Replacement

TFZ 125.5 94.5

LLG 20672 8785

Refinement

Rwork, % 20.2 18.8

Rfree, % 23.8 22.0
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Appendix 3

Purification and crystallization of
Red-spotted Grouper Nervous Necrosis

Virus (RGNNV)

Nodaviridae was found to be most related to the novel viruses infecting

nematodes based on genome organization and sequence similarity. Twomajor

genera in Nodaviridae are alphanodaviruses, primarily infecting insects, and

betanodaviruses, infecting fishes. Betanodaviruses could cause acute viral

nervous necrosis in a large range of fishes, leading to high mortality rate in

aquaculture industry. The Orsay virus capsid protein (CP) has ~30% sequence

identity with betanodaviruses but not significant with alphanodaviruses.

Many alphanodaviruses, such as flock house virus (FHV), are well studied

and have high-resolution crystal structures available, which helped the

understanding of life cycles and infection mechanisms of these viruses. However,

structural studies of betanodaviruses are rather limited. At the time when this
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project started, the only available structure of betanodavirus was from

Malabaricus grouper nervous necrosis virus (MGNNV) by cryo-electron

microscopy (cryo-EM) at 23 Å resolution (Tang et al., 2002). It showed that,

unlike the alphanodaviruses, MGNNV CP has two separate domains for the

formation of capsid shell and trimeric protrusions. This capsid organization is

similar to what I found in the crystal structure of the Orsay virus, indicating new

evolution possibilities of the nodavirus family.

To elucidate the evolutionary relationships among different members of

Nodaviridae, and better understand the role of CP in nodaviruses, I started to

determine the crystal structure of Red-spotted Grouper Nervous Necrosis Virus

(RGNNV). This project is in collaboration with Dr. Vikram Vakharia’s group at

University of Maryland, Baltimore County. RGNNV represents a major strain of

betanodaviruses which contain highly conserved CPs among nervous necrosis

viruses isolated from several different grouper species, including MGNNV. The

Vakharia group has a reverse genetics system for RGNNV in a continuous fish cell

line, which provides a great platform for downstream functional analysis once

the structural information becomes available.

A3.1. Cloning, expression and purification

For expression in E. coli, the RGNNV CP gene was inserted into pET28

vector with a 6×His tag at the C-terminus between NcoI and SalI restriction

enzyme sites with no linker sequence. The recombinant protein was expressed at
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15℃ for overnight with 1mM IPTG. Ni-NTA was first used to purify RGNNV CP

targeting the His-tag affinity (Figure A3.1A). Although the purity of Ni-NTA

eluent was not good, virus-like particles (VLPs) were able to be detected in the

sample by negative staining EM (Figure A3.1C).

For large-scale purification, CsCl gradient ultracentrifugation was

performed after Ni-NTA at 38,000 rpm for 6 hours using a SW41Ti rotor (see

details in Chapter 2). Two bands appeared in the gradient at the position of ~1.2

A B

C D E

Figure A3.1 Purification of RGNNV VLP.
(A) Ni-NTA purification of RGNNV from 2.5L culture by SDS-PAGE. T: total lysate; S:
supernatant; FT: flow-through; W: 25mM imidazole wash; 1-10: 250mM imidazole
elution fractions, 2ml each. The target band is labeled with an empty arrow. (B) The
tube after CsCl gradient ultracentrifugation showing the two bands. (C) TEM image
of Ni-NTA elution. (D) TEM image of the CsCl upper band. (E) TEM image of the CsCl
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g/cm3 and ~1.3 g/cm3, respectively (Figure A3.1B). The upper band had an

A260/280 ratio of 1.19, indicating a protein content over 90%. From the TEM

images, it contained VLP and also broken debris (Figure A3.1D). The lower band

had a lower content of protein at ~70%with an A260/280 ratio of 1.60, and

contained mainly intact VLP (Figure A3.1E).

A3.2. Crystallization and diffraction

The lower band from CsCl gradient ultracentrifugation was dialyzed to

remove CsCl and concentrated to 10mg/ml for crystallization screening. The

initial screen did not provide any useful hits which could be due to poor purity of

the protein sample. So the purification procedure was modified to include a step

of Ammonium sulfate precipitation before ultracentrifugation and also use a

finer gradient of CsCl around the target region (from top to bottom: loaded

sample, 1.2g/cm3, 1.3g/cm3, 1.35g/cm3 and 1.4g/cm3). Two similar bands were

observed at the bottom of 1.3g/cm3 and 1.35g/cm3 regions, respectively.

The new lower band sample produced over 80 hits from five screening

kits (Classics, MB Class, MB Class II, and PEGs from Qiagen, and PEG/ion from

Hampton) (Figure A3.2A-C). Most single, large crystals were confirmed to be

protein crystals by UV microscopy. These conditions were further optimized by

varying component concentration, pH, and protein concentration, adding

additives (such as glycerol and NaCl to reduce the background precipitation in

many conditions), seeding, annealing, dehydration and lysine methylation.
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RGNNV VLP expressed in insect cells provided by the Vakharia group was

also tested for crystallization followed by similar procedure of

ultracentrifugation purification. Due to heavy precipitation, the sample was only

concentrated to 2.5mg/ml for crystallization screening. Diamond, rod, or

plate-shaped crystals could be obtained in three to four days from the screening

conditions (Crystal Screen B6, Classics H6, and Crystal Screen A9), and were then

subjected to optimization (Figure A3.2D).

The best crystals were frozen in cryo-protectants containing 25-30%

A B

C D

Figure A3.2 Crystallization of RGNNV VLP.
RGNNV VLP expressed in E. coli: (A) Crystals from PEGs D5, protein:mother
liquor=3:1. (B) Crystals from PEG/ion C6, protein:mother liquor=1:1. (C) Crystals
fromMB Class E9, protein:mother liquor=1:1. (D) RGNNV VLP expressed in insect
cells. Crystals from Crystal Screen B6, protein:mother liquor=3:1. Bar, 100um.
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ethylene glycol, 20-25% glycerol or 25% PEG400 and sent to synchrotron for

diffraction screening. The resolution of X-ray diffraction ranged from 7 to 20Å

for all RGNNV crystals of different shapes from different conditions. Although

given the limited diffraction spots, determination of space group was ambiguous,

the unit cell dimensions were all as large as 330Å to 460Å, consistent with the

packing of VLPs.

A3.3. Discussion

The crystal structure of RGNNV VLP at 3.6Å resolution has been recently

published (Chen et al., 2015), which confirmed the homology of capsid proteins

between the Orsay virus and the betanodaviruses as I hypothesized. The

diffraction quality crystals were obtained from the condition containing 0.2 M

sodium formate (pH 7.2) and 20% (w/v) PEG3350 in 1-2 weeks at 18℃with the

hanging drop vapor-diffusion method. 25-30% (w/v) PEG3350 was used as the

cryo-protectant.

Since some of my crystallization conditions have a pH as low as 5.6, a

future direction of this project could be to determine the crystal structure of

RGNNV VLP at acidic conditions. As described in alphanodaviruses, low pHmay

trigger conformational changes of viral CP to facilitate genome release as the

virus enters the endosome of host cell (Odegard et al., 2009). Comparison

between structures of VLP at acidic and neutral environment is likely to shed
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light on the mechanism of cell entry and capsid disassembly of nodaviruses and

even non-enveloped viruses in general.
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Appendix 4

Structural studies of Duck Hepatitis B
Virus (DHBV) polymerase

A4.1. Background and significance

Currently, around 400million people are suffering from chronic Hepatitis

B Virus (HBV) infection in the world, among which 15% to 40%will develop

cirrhosis, hepatocellular carcinoma, or liver failure in their lifetime (Lok and

McMahon, 2007; Seeger, 2007). These serious liver diseases lead to over one

million deaths each year worldwide (Lee, 1997). Despite the urgent need for

anti-HBV drugs, current treatment of chronic infection has only achieved limited

success. Although an effective vaccine is available, it is not helpful for people

already infected, and it will take time to cover the whole susceptible

population(Seeger and Mason, 2000).
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HBV, a member of the Hepadnaviridae family, is a small virus with a

3.2-kb partially double-stranded DNA genome(Seeger, 2007). With only four

open reading frames in its genome, HBV has a complicated life cycle. Through a

reverse transcription process, the viral DNA genome is produced from the

full-length pre-genomic RNA (pgRNA) by the HBV polymerase. The polymerase,

encoded by the viral genome, is composed of four domains (Figure A4.1).

Starting from the N-terminus there are the terminal protein (TP) that initiates

reverse transcription by protein-priming, the spacer without a specific function,

the reverse transcriptase (RT), and the exonuclease (named RNase H) C-terminal

domain (Radziwill et al., 1990). The reverse transcriptase and exonuclease

domains have catalytic activities to ensure reverse transcription and degradation

of the template RNA (Seeger, 2007).

Figure A4.1 Retroviral versus hepadnaviral polymerases.
The reverse transcriptase (RT) and RNase H (RH) domains share sequence motifs
common to all three polymerases (boxes labeled A to F), with the active site
Tyr-Met-Asp-Asp (YMDD) motif located in box C. The unique TP domains in
hepadnaviral polymerases contain the priming Tyr residue and the Arg residue,
which are involved in ε RNA binding. Adapted from (Nassal, 2008).
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Given its essential role in the HBV life cycle, the polymerase is a great

target for antiviral drugs. Five out of seven currently available anti-HBV drugs

approved by the US-FDA are nucleotide or nucleoside analogues that inhibit viral

reverse transcriptase activity (Kim et al., 2010). By competing with natural

nucleotide substrates, these analogs induce termination of growing DNA chains.

However, long-term treatment with these RT inhibitors have some serious

adverse effects (Kim et al., 2010). Another significant issue about these clinically

used RT inhibitors is the incidence of resistance or cross-resistance. Since HBV

reverse transcriptase does not proofread newly synthesized DNA, its error rate is

as high as 1 per 105 to 107 bases synthesized (Girones and Miller, 1989). Under

the selection pressure from anti-HBV drugs, mutants with single substitutions

that maintain the proper function of the polymerase are often selected.

Further investigation of the molecular mechanisms of HBV replication

and drug resistance will greatly aid in the development of effective treatments of

HBV infection. Since the three-dimensional X-ray structure of the HBV

polymerase is not available, a homology model of the HBV RT has been built

based on the HIV RT. With the help of this and other refined models, it has been

shown that most drug-resistant mutations are mapped to the dNTP binding site,

the primer binding site, the template binding site, or the Mg2+ binding site (the

highly conserved YMDDmotif) (Kim et al., 2010). However, the polymerases

from HIV and HBV are not evolutionarily related, and their sequences only share

a similarity of around 20%. When matching the target HBV polymerase sequence
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directly to the solved 3D structures of the template HIV RT, based on recognition

of similar protein folds, the homologymodels have an overall root mean square

deviation (RMSD) of over 4Å (Daga et al., 2010). Threading models with such

accuracy can help to detect enzyme active sites and disease substitutions, but

cannot provide useful information for ligand docking or drug design (Zhang,

2009).

Therefore, there is an urgent need for an accurate, high-resolution

structure of the HBV polymerase to help us better understand the molecular

mechanisms of HBV replication and drug resistance. Such a structure is also

necessary to promote the investigation of anti-HBV lead compounds through

virtual screening. Virtual screening has recently been reported as a powerful and

efficient method to identify drug candidates in silico, leading to the development

of several antiviral compounds (Bustanji et al., 2009). Due to the unavailability of

any crystal structure of the HBV polymerase, virtual screening for HBV inhibitor

has not been previously performed (Kim et al., 2010).

For my studies of HBV polymerase structure and function, the duck

hepatitis B virus (DHBV) polymerase was used as my model system, since

biochemical activities can only be detected in vitro using DHBV, but not HBV

proteins (Nguyen et al., 2008). The polymerases of these two viruses have highly

homologous sequences with over 35% identity, and are believed to have nearly

identical three-dimensional structures. Infection of DHBV is also widely

observed among both domestic and migratory, wild ducks with similar life cycle
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as HBV. Another advantage of using DHBV is that its infection has the same

pattern of neonatal susceptibility and persistence as HBV and therefore provides

a more simple and rapid model for studies of immunological and virological

components in HBV infections (Tohidi-Esfahani et al., 2010).

Themajor goal of this project is to determine the crystal structure of HBV

polymerase, focusing on the two catalytic domains, reverse transcriptase and

exonuclease. Based on the structure, the enzyme activities of the domains would

be tested to develop assays for drug screening. The structural data and the drug

screening methods developed in this study would serve as useful tools for

further investigation of HBV and antiviral therapies.

A4.2. Cloning and expression of DHBV polymerase

constructs

Amajor obstacle for structural studies of the HBV polymerase is that this

protein is very difficult to express in a soluble form (Yu et al., 2010). Multiple

constructs were designed covering different regions of the DHBV polymerase

based upon secondary structure predictions, aiming for better folding and

therefore stability (Table A4.1). In addition to approaches such as lowering the

expression temperature, decreasing the IPTG concentration, and adding mild

detergents to the lysis buffer, several other components of expression were

changed in an attempt to optimize expression.
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First, a SUMO (Small Ubiquitin Modifying Protein) tag, which has been

shown to enhance expression and purification for many difficult-to-express

proteins (Butt et al., 2005), was added at the N-terminus of the different

constructs following a 6×His tag. An efficient and accurate SUMO protease can

cleave the tag without leaving extraneous residues at the termini of the target

protein that may interfere with downstream reactions.

Second, given the fundamentally different environments of liver cells and

E.coli cells, the HBV polymerase coding sequence may contain codons that E. coli

rarely uses, which may negatively affect its expression rate. To overcome this

possible limitation, the coding sequence of the DHBV polymerase construct was

optimized for expression in E. coliwhile keeping the same amino acid sequence

(GeneArt®, Life Technologies).

SDS-PAGE,Western blotting using an anti-His antibody, and Ni-NTA

pull-down assays were used to assess the expression and initial purification of

the DHBV polymerase constructs (Figure A4.1& A4.2). Despite the various

attempts, the yield of soluble protein for these constructs were also limited.

More constructs will be needed to optimize the yield of soluble protein for

downstream analysis.
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Table A4.1 – Expression and solubility of DHBV polymerase constructs.

construct expression level solubility

wt Pol Very low on WB N/A

ΔPol Very low on WB N/A

ΔPol-A N/A N/A

ΔPol-B Only visible on

WB at 37℃

poor

Pol-1 Barely visible on

gel

poor

Pol-1a Barely visible on

gel

Less than

half

Pol-2 Major band on

gel

poor

Pol-2a Major band on

gel with sumo

Half

soluble

Pol-2c Significant band

on gel with sumo

Half

soluble at

Pol-2d Major band on

gel

Half

soluble

Pol-2f Major band on

gel

Half

soluble at

Pol-3 Barely visible on

gel

half

soluble at

Pol-4 Barely visible on

gel

poor

Pol-3A Barely visible on

gel

soluble

with

Pol-3B Barely visible on

gel with sumo

Less than

half

Pol-3C Barely visible on

gel with sumo

Half

soluble

Pol-3D Barely visible on

gel with sumo

Half

soluble
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Figure A4.2 Expression of DHBV polymerase RT domain constructs.
Images in all panels are of Western blot results developed using an anti-His antibody.
The expression vector and temperature are indicated at the top. The expected size of
the construct is labeled by a black arrow to the left of the blot. The lanes in each panel
are of uninduced culture, total lysate, supernatant, and pellet, going from left to right.
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Figure A4.3 Expression of DHBV polymerase RNase H domain constructs.
Images in all panels are of Western blot results developed using anti-His antibody.
The expression vector and temperature are indicated at the top. The expected size of
each construct is labeled by a black arrow to the left of each blot. The lanes in each
panel are of uninduced culture, total lysate, supernatant, and pellet, going from left to
right.
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