ABSTRACT
The Induction of Infectivity in Human Astrovirus in
Response to Capsid Proteolysis
by

Justin Harper
Astrovirus is a non-enveloped, T=3, positive-sense RNA virus that presents
with self-limiting gastroenteritis; however, it has been additionally associated with
serious presentations such as nephritis, hepatitis, and encephalitis, which is
compounded by its propensity to engage in cross-species penetrations. Astrovirus
undergoes a complex capsid maturation process mediated by host proteases in
which an inert, immature capsid composed of VP90 is sequentially cleaved to yield a
highly infectious particle composed of VP34 and VP27/VP25, which form the capsid
shell and spikes, respectively. By overexpressing a VP9070-418 truncate in insect cells,
we have demonstrated that the shell domain alone cannot support particle
assembly, implying a crucial role for the dimeric contacts within the spike. Various
monomeric, shell domain truncates (i.e. VP9071-252, VP9071-283, VP9071-313, and
VP9071-415) have been successfully expressed and purified, but none yielded useful
crystals, suggesting the structural context of the capsid lattice may be needed to
stabilize their conformational flexibility.
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Chapter 1

Background and Significance

Astrovirus is positive-sense RNA virus known to infect humans presenting
typically as self-limiting gastroenteritis in susceptible populations. Additionally,
astrovirus is capable of infecting a plethora of economically important livestock
such as bovines, porcines, minks, chickens, and turkeys in which it can present with
life-threatening symptoms such as nephritis and hepatitis. Recent phylogenetic
analysis has found that astrovirus is a rapid evolver whereby it exchanges the spike
domain of its capsid via copy-choice recombination producing an expansion of the
cell tropism. This ability to unpredictably invade non-canonical tissue lines elevates
astrovirus to the status of an emerging pathogen to which no treatment is currently
available. Alarmingly, these events of tropism expansion or cross-species
penetration can produce novel clinical outcomes such as encephalitis-like
neurological syndromes in humans.
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1.1. Clinical Significance
1.1.1. Host Range

Figure 1.1 – Negative-staining TEM image of HAstV
Astrovirus displays a star-like morphology that is distinct from the canonical ‘Star of
David’ pattern shown by calicivirus. Scale bar is 50nm (Williams, 2013).

Viruses within the Astroviridae family possess a single-stranded, nonsegmented, positive-sense RNA genome (+ssRNA) with a non-enveloped, T=3
icosahedral capsid. Astrovirus was first detected in 1975 from fecal samples
originating from humans infants wherein viral particles displayed a star-like
morphology under negative-staining transmission electron microscopy (TEM)
(Appleton and Higgins, 1975; Madeley and Cosgrove, 1975) (Figure 1.1). The viral
family includes two genera, Mamastrovirus and Avastrovirus, which infect mammals
and avians, respectively (Méndez and Arias, 2007). In addition to humans,
astrovirus can infect a constellation of commercially relevant domesticated
livestock including, but not limited to, chickens, turkeys, ducks, porcines, bovines,
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ovines, and minks (Krishna, 2005). As per human astrovirus (HAstV), there exist
eight major serotypes that are well represented across epidemiological studies with
HAstV-1 Oxford (human astrovirus sertotype 1) being the predominant clinical
isolate (Matsui and Greenberg, 2001). Viral exposure is known to be commonplace
as 70-90% of school-aged children display neutralizing antibodies against HAstV-1
(Koopmans et al., 1998; Kurtz and Lee, 1978).
1.1.2. Canonical Pathology
Next to rotavirus, astrovirus is the second leading cause of gastroenteritis,
which is additionally attributed to calicivirus and adenovirus (Matsui and
Greenberg, 1996). Viral gastroenteritis presents with nausea, diarrhea, and
dehydration that may require hospitalization in a subset of cases for rehydration
therapy (Walter and Mitchell, 2003; Clark and McKendrick, 2004). Transmission
occurs through the ingestion of contaminated food or water; whereby, gut epithelial
cells are infected via receptor-mediated endocytosis, which culminates in the lytic
release of viral progeny. Astrovirus does not produce an inflammatory response nor
engage in the destruction of the gastrointestinal epithelium, but rather increases the
epithelial barrier permeability through a capsid-orchestrated disruption of tight
junctions (Moser et al., 2007). Disruption of the tight junctions results in an influx of
water into the intestinal lumen while conversely permitting viral penetration of the
intestinal wall in conjunction with the gut flora. This phenomenon may explain why
astrovirus-induced gastroenteritis presents with a high frequency of co-infections
(Walter et al., 2003).
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Astrovirus selectively targets susceptible populations such as juveniles, the
elderly, or the immunocompromised; however, the infection is typically self-limiting
within two to three days and rarely results in fatalities. In addition to infecting through
the gastrointestinal route, there is an emerging trend in which astroviruses have been
implicated in neurological, hepatitic, and nephritic illnesses. For instance, Avastroviruses
are associated with a fatal form of hepatitis in ducks in addition to acute nephritis in
domesticated chickens and pigeons (Gough et al., 1984; Imada et al., 2000; Zhao et al.,
2011).
1.1.3. Novel Neurological Manifestations
Within the past decade, members of Mamastrovirus have been associated
with neurological diseases in mammals. In 2000, SMS-AstV (shaking mink
syndrome-associated astrovirus) was linked with neurological symptoms, otherwise
known as mink shaking disorder, in domesticated minks presenting with ataxia,
staggering gait, and shaking (Blomstrom et al., 2010). In 2010, HAstV-PS (human
astrovirus Puget Sound isolate) was identified via pryo-sequencing in a postmortem

frontal

cortex

biopsy

of

a

15

year-old

boy

with

X-linked

agammaglobulinemia; wherein, infection presented as viral encephalitis. Symptoms
included headache, memory loss, homicidal ideation, and ataxia culminating in
cognitive decline and death (Quan et al., 2010). Interestingly, the encephalitis-linked
HAstV-PS is more phylogenetically related to the mink astrovirus (MAstV) than any
HAstV serotype suggesting cross-species penetration has occurred (Figure 1.2). It is
likely that the patient’s weakened immune system allowed him to serve as a
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reservoir for astrovirus co-infection. Given the patient lived less than 2 miles from a
mink farm, the recombining strain could have been a SMS-AstV variant, which
would explain the relatedness between HAstV-PS and MAstV. It is plausible that this
is not an isolated case as astrovirus could contribute significantly to outbreaks of
viral encephalitis as the causative agent is unidentified in 75% of all cases (Quan et
al., 2010).

Figure 1.2 – Astrovirus phylogeny based on ORF2 conservation.
HAstV-PS is found within the MAstV branch as opposed to that of the eight human
serotypes suggesting that a mink neurological variant may have undergone crossspecies penetration (Quan et al., 2010).
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1.1.4. Evidence for Recombination and Tropism Expansion

Figure 1.3 - Rates of nucleotide substitutions per site per year among RNA viruses.
Astrovirus, shown in white, has a site-specific evolution rate of 3.7 x 10-3 nucleotide
substitutions per site per year, which is comparible with HIV-1 and poliovirus
(adapted from Babkin et al., 2012; Jenkins et al., 2012).

Recent in silico analysis and epidemiological studies of the astrovirus genome
has suggested that the primary source of genome plasticity arises from intertypic
copy-choice recombination (Babkin et al., 2012; DeGrazia et al., 2012; Walter et al.,
2001; Wolfaardt et al., 2011; Pantin-Jackwood et al., 2006). Copy-choice
recombination in +ssRNA viruses has been shown to proceed by two mechanisms:
template switching during negative-sense RNA synthesis and by the transesterification of fragmented +ssRNA genomes (Gmyl et al., 1999; Kirkegaard and
Baltimore, 1986).
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Based on the phylogenetic mapping of HAstV serotypes with regards to
ORF1a, ORF1b, ORF2, and the whole genome, the recombination events have been
mapped to 11 genomic hotspots of which six cluster within ORF2, which encodes the
structural polyprotein (Babkin et al., 2012; DeGrazia et al., 2012). Recombination is
further suggested as the phylogenetic tree structure of a collection of HAstV variants
breaks down depending on the ORF (open reading frame) employed for the analysis
implying that each ORF is evolving quasi-independently (Babkin et al., 2012).

These findings are consistent with poliovirus, wherein intra- and intertypic
recombination is a major, if not dominant, source of genome plasticity (Lukashev,
2005). Recombination in poliovirus is known to account for vaccine reversion and
the inability to delineate the link between viral serotypes and clinical outcomes
(Lukashev, 2005). A similar phenomenon also has been observed for other families
of +ssRNA viruses: Caliciviridae, Potyviridae, Hepeviridae, and Coronaviridae.
1.1.5. Viral-host Codon Matching
During recombination the exchange of structural domains encoded by ORF2, in
particular the viral spike, results in an expansion of the cell tropism as it allows access to
non-native binding partners to mediate virion endocytosis. Upon cross-species
transmission, the host-parasite interaction is further facilitated by synonymous point
mutations driven by the host’s codon usage. This notion is supported by the finding that
phylogenies grounded on the viral and host codon usage are equivalent while also
matching those of the host emergence order (van Hemet et al., 2006). Astrovirus has a
site-specific evolution rate of 3.7 x 10-3 nucleotide substitutions per site per year (Babkin
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et al., 2012). This mutational rate is comparable with members of Picornaviridae and
HIV-1 consistent with the absence of proof reading activity within the RNA-dependent
RNA polymerase (RdRP) (Figure 1.3). Furthermore, HAstV produces an additional 2.8 x
10-3 synonymous substitutions per site per year suggesting a progressive evolution of the
viral codon usage (Babkin et al., 2012; van Hemert et al., 2006). In other words, the high
rate of synonymous mutations allows the virus to adapt to a codon usage consistent with
that of the host, which permits the efficient translation of the viral genome in a new host
system upon cross-species penetration.
The propensity of astrovirus to engage in recombination and the poor fidelity of
the RdRP could facilitate an inter-species viral transmission through a receptor/coreceptor shift mechanism. Once the penetration event has occurred, the efficiency of viral
propagation and intra-species transmission could, in theory, be further tuned by
synonymous and non-synonymous point mutations. These processes acting in concert
provide an expedient, adaptive, and unpredictable expansion of viral tropism and antigen
display, which renders astrovirus as an emerging pathogen. These problems are
compounded by the lack of therapeutics directed against astrovirus, which in the event of
non-canonical pathology correlates with a dire clinical outcome.

1.2. Astrovirus Genomic Architecture
The astrovirus genome is a non-segmented, single-stranded, positive-polarity
RNA (+ssRNA) that is approximately 6.9kb in length consisting of three ORFs:
ORF1a, ORF1b, and ORF2 (Figure 1.4). ORF1a and ORF1b encode the non-structural
polyproteins (nsP) nsP1a and nsP1ab, with the latter translated as a fusion via a
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retrovirus-like -1 frame-shifting mechanism (Lewis and Matsui, 1996; Marczinke et
al., 1994; Jiang et al., 1993). ORF1a encodes a putative helicase, VPg (viral protein
genome-linked), and a viral 3C-like (chymotrypsin-like) serine protease that acts on
the non-structural nsP1ab polyprotein (Speroni et al., 2009; Giux et al., 2008);
whereas, ORF1b contains motifs indicative of a RNA-dependent RNA polymerase
(RdRP) (Chapter 4) (Méndez et al., 2003; Willcocks et al., 1999).

Figure 1.4 – Genomic organization of HAstV-8.
The HAstV genome contains three ORFs with the former two (ORF1a and ORF1b)
encoding a nonstructural polyprotein (nsP1ab) and the latter (ORF2) encoding a
structural polyprotein (VP90) that is expressed as a subgenomic fragment. The star
symbol represents a -1 ribosomal frame shift and the triangular hash represents the
caspase cleavage site.

1.2.1. Sub-genomic Fragment Expression of ORF2
At the 3’ end of the genome, ORF2 encodes the capsid protein (CP), which is
translated as a sub-genomic fragment allowing for the differential regulation of
structural and non-structural protein synthesis (Monroe et al., 1991; Bass and Qui,
2000). The use of a sub-genomic fragment to temporally regulate protein synthesis
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suggests that the astrovirus replication cycle mimics that of the alphavirus, Sindbis
virus (Flint et al., 2009). Although uncertain, the synthesis of the sub-genomic
fragment is likely attributable to one of the following mechanisms: an internal
initiation event during the formation of the +ssRNA from the –ssRNA (negativesense single-stranded RNA) intermediate or due to a secondary-structure induced
premature

termination

during

–ssRNA

elongation

(i.e.

Rho-independent

termination) (Miller and Koev, 2000). The utilization of a sub-genomic fragment to
coordinate the expression of the structural proteins, in conjunction with the lack of
an ORF3 and the presence of the ORF1ab frame-shifting junction, led to the
partitioning of astrovirus from the Caliciviridae family (Jiang et al., 1993; Monroe et
al., 1991; Monroe et al., 1993).
1.2.2. VP90 Structural Domains

The viral capsid serves as the external structural barrier that encapsidates
nucleic acids, defines the cell tropism, and triggers the host immune response via
antigenic display. The ORF2-encoded HAstV-8 strucutral polypeptide, VP90 (viral
protein 90kD), can be divided into three distinct domains (Figure 1.4): a conserved
amino-terminus (VP901-415), a hyper-variable central region (VP90416-646), and an
acidic carboxy-terminus (VP90647-782) that upon proteolytic cleavage yield VP34,
VP27/VP25, and VP20, respectively (Figure 1.5B) (Wang et al., 2001; Mendez-Toss
et al., 2000).
The acidic C-terminus (VP90647-782) participates in localizing capsid
assembly, but is excluded from the mature virion. This structural domain permits a
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transient association between the full-length VP90 and host membranous structures
via an endoplasmic reticulum (ER) targeting motif allowing for a co-localization of
capsid assembly and viral genome replication (Mendez et al., 2007; Giux et al.,
2004). Upon facilitating assembly of the VP90-only capsid lattice, this domain is
cleaved intracellularly by host caspases 3 and 6 leading to its exclusion from the
mature virion as VP20 (Figure 1.5B) (Méndez et al., 2004; Banos-Lara et al., 2010;
Méndez et al., 2007).

Figure 1.5 – Assembly and maturation cascade of the HAstV-8 capsid.
(A) The immature capsid is assembled from the VP90 polyprotein on the
cytoplasmic face of the ER in a magnesium-dependent manner. (B) Upon capsid
assembly, VP20 is excluded from the capsid lattice by host caspases. After relase via
apoptotic lysis, VP70 is cleaved by extracellular host trypsin to generate the mature
capsid proteins: VP34, VP27, and VP25. (C) The precursor structural polypeptide
VP90, can be further demarked into four structural domains based on HEV CP
homology (S, P1, P2, and acidic), which can be mapped onto the mature HAstV
capsid proteins.
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The hyper-variable domain (VP90415-646), upon proteolytic maturation,
encodes VP27 and VP25, which are related by an N-terminal truncation of the VP28
precursor (Figure 1.5B). The VP27 and VP25 peptides constitute the viral spike,
which can be formed as either a VP27 homodimer or a VP25/VP27 heterodimer.
The capsid spike mediates viral attachment to host receptors, virus neutralization,
and heterotypic immunity (Sanchez-Fauquier et al., 1994; Bass and Upadhyayula,
1997). The spike dimers (90 total in the immature capsid) stud the spherical shell
along the two- and pseudo two-fold symmetry axes; whereby, they remain noncovalently attached after maturation via hydrogen-bonded mediated by the VP27 Nterminus. Although the partner host receptor of the spike remains unknown, it is
postulated to be either a di- or trisaccharide moiety based on molecular modeling
(Dong et al., 2011).
The conserved N-terminus (VP901-415) is cleaved to produce VP34 upon
maturation and is thought to comprise the capsid shell (i.e. the continuous, spherical
shell surface) (Krishna, 2005). The assignment of the capsid shell to this domain of
the VP90 polyprotein is substantiated in that mutations at Thr227 disrupt capsid
assembly in HAstV-1 (Matsui and Greenberg, 2001). Within the conserved Nterminus, spanning residues 1-70, is a disordered RNA coordination domain that is
enriched in basic amino acids that is dispensable for immature particles assembly
(Caballero et al., 2004), which is analogous to the capsids of plant viruses including
the tomato bushy stunt virus and the turnip crinkle virus (Harrison, 2001; Hogle et
al., 1986).
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1.2.3. Capsid Assembly and Maturation
The assembly and maturation of astrovirus follows a multi-step pathway that
is highly unusual for non-enveloped, +ssRNA viruses. The full-length VP90
polyproteins (180 copies per particle) self-assemble into a 35nm, non-infectious
capsid with T = 3 icosahedral symmetry in a magnesium-dependent mechanism on
the host ER (Figure 1.5A). It is postulated that particle assembly relies on similar
structural elements employed by the related Norwalk virus (NV), a calicivirus. In
NV, whose capsid is composed of a single protein that is not processed by proteases,
only shell structural elements (residues 50 to 225) are necessary to make the
icosahedral contacts and are sufficient to drive particle assembly; whereas, the
spikes are involved in a dimeric interaction that stabilizes and imparts a size
limitation on the particle (Bertolotti-Ciarlet et al., 2002).
Upon assembly of the immature capsid lattice, VP90 is processed at residue
Arg648 by host caspases 3 and 6 to yield VP70 comprised particles lacking the acidic
C-terminus of VP90 (Méndez et al., 2004; Dong et al., 2011). These immature
particles are released via apoptotic lysis in which caspase 8 is induced via a poorly
understood mechanism mediated by the product of ORF1a (Giux et al., 2004).
After release, VP70 is processed by host extracellular proteases, namely
trypsin, to yield the mature virion peptides. First, trypsin acts at Arg393 to yield the
VP41 and VP28 intermediates, which are further trimmed from their C- and Ntermini to yield the mature capsid proteins of VP34 and VP27/VP25, respectively
(Méndez et al., 2002) (Figure 1.5A/B). Many of the precise trypsin cleavage sites
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within VP90 are unmapped and it is possible that other transient, sub-detectable
capsid species could be produced during the cascade. From this proteolysis cascade,
the C-terminus of VP34 is undefined and it is unclear whether the cleaved Cterminus of the VP41 intermediate remains associated with the lattice postmaturation. The proteolytically-induced maturation of the capsid results in a 150fold increase in infectivity that is postulated, in addition to structural
rearrangements, to involve the liberation of viral penetration factors residing within
the cleaved C-terminus of the VP41 intermediate (Figure 1.5B) (Méndez et al.,
2002). It is unknown what penetration factors might be liberated from the VP90 or
what role they may facilitate in generating a fully infectious virion.

Figure 1.6 – HAstV-1 VP70 capsid cryo-EM reconstruction.
The HAstV-1 VP70 immature (A) and mature (B) states at 25Å (adapted from
Dryden et al., 2012). Particles have a shell diameter of 35nm and an overall
diameter of 44nm including the spikes.

A recent 25Å resolution cryo-EM reconstruction of the capsid lattice shows a
complement of 90 spikes in the immature capsid along the pseudo-two and two-fold
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symmetry axes (Figure 1.6A); however, the mature capsid reconstruction shows
only 30 spikes in contrast to the anticipated stoichiometry based on T=3 icosahedral
symmetry (Figure 1.6B) (Dryden et al., 2012; Yeager et al., 2012). It is postulated
that the maturation-induced shedding of the spikes along the pseudo two-fold axes
could be attributed to non-equivalent dimer contacts across this axis in reference to
those along the two-fold axis (Figure 6.2). It is alternatively postulated that the
spikes could remain capsid-associated, but possess a disordered electron density
arising from dimeric composition of the spikes: VP27 homodimers versus
VP27/VP25 heterodimers (see 6.1.1.1 for a detailed explanation).
1.2.4. The Crystal Structure of VP25 and HEV Homology Modeling
The crystal structure of a VP25 homodimer has been solved to a 1.8Å
resolution, which confirms the assignment of this domain as the viral spike (Figure
1.7A). Analogous to hepatitis E virus (HEV), the spike is composed of a three-layered
β-sandwich fold in addition to a six-stranded β-barrel structure (Dong et al., 2011).
Given the similarities, a pseudo-atomic resolution structure of the intact capsid
lattice was generated by homology modeling the crystal structure of the VP25
dimers onto the HEV capsid shell (Figure 1.7B) (Dong et al., 2011). This model
closely resembles the low resolution cryo-EM (cryo-electron microscopy)
reconstruction of the astrovirus particles (Figure 1.6), confirming that the capsids of
astrovirus and HEV are phylogenetically related (Dryden et al., 2012); however, in
the EM reconstruction it was found that the astrovirus spikes extend to a larger

21
radius (~44nm) than those predicted by the HEV homology model (Dryden et al.,
2012; Dong et al., 2011).

Figure 1.7 – Crystal structure of the VP25 homodimer and HEV homology model.
(A) 1.8Å resolution crystal structure for a HAstV-8 VP25 homodimer. (B) The
homology model of the HAstV-8 CP (T = 3) based on the HEV capsid (T = 1)
(adapted from Dong et al., 2011).

Based on the HEV homology model (Figure 1.8), the HAstV VP90 can be
broken up into the S, P1, and P2 domains. According to the model, the capsid shell (S
domain) maps to VP9082-266 and is presumed to adopt an eight-stranded antiparallel β-sandwich structure (Guu et al., 2009; Prasad et al., 1999). In relation to
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the mature capsid, this mapping implies that VP34 acts the capsid shell in addition
to supplying RNA encapsidation functionally supplied by residues 1-82. Likewise,
the P2 domain, or viral spike, maps to VP25/VP27 (VP90416-646) consistent with the
crystal structure (Dong et al., 2011). The VP90 acidic C-terminus, fails to map to any
HEV domains within the homology model.

Figure 1.8 – VP90 domain structure based on the HEV homology model.
Based on the HEV homology model, the shell (S) maps to VP9082-266, the spike (P2)
maps to VP90430-647, and the 3-fold protrusion (P1) maps to VP90267-407 (adapted
from Dong et al., 2011).

VP90267-407 (i.e. the cleaved C-terminus of the VP41 intermediate) maps to
the HEV P1 domain; however, the functionality of this domain is uncertain, but is
postulated to play a role in the modulation of infectivity. In HEV, the P1 domain is a
shell-associated three-fold protrusion that makes direct contacts between the shell
and spike domains via a six-stranded β-barrel decorated with four short α-helices
whose function is thought to be to reinforce the shell (Guu et al., 2009; Yamashita et
al., 2009). Unlike in HEV, the astrovirus VP90 P1 domain does not appear to remain
associated with the capsid post-maturation. We postulate that this domain, once
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liberated by proteolysis, could contain penetration or membrane fusion factors that
promote viral infectivity (6.1.1.1).

1.3. Goals and Impact
Although the cascade of proteolytic cleavages are reasonably well
understood, the structural reorganization of the immature capsid into its mature
state upon proteolysis is not. It is unclear how this event is concomitant with the
induction of infectivity of the otherwise inert immature particle. Thus, the structural
basis of capsid maturation remains to be solved to explain the mechanism of
infectivity induction in astrovirus. As such, we intend to use X-ray crystallography
and cryo-electron microscopy to ascertain an atomic-resolution structure of VP34
(i.e. the S domain of VP90) and the structural rearrangements that occur during
maturation, respectively (Chapter 3). Structural approaches are to supplemented
with biophysical and biochemical techniques to identify liberated viral penetration
factors (6.1.1.1) in addition to the physiological conditions that favor penetration
(6.1.1.2). Concurrently, we aim to generate a crystal structure of the astrovirus
RdRP, which should serve as a druggable target with broad serotype specificity
given the conservation of ORF1b (Chapter 4).
An understanding of astrovirus particle assembly and maturation will impart
key information on the mechanism whereby infectivity is acquired and by extension
pave a route through which to inhibit said processes. This work could allow for the
eventual development of immature stabilized VLPs (virus-like particles) for vaccine
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trials. These studies could also aid in rendering astrovirus as a tractable delivery
vector for gene therapy as an understanding of infectivity induction would enable
rational strategies to effect virulence attenuation. Potentially, astrovirus would
present as a superior alternative to other +ssRNA viral vectors for gene therapy, like
poliovirus, as the spike structure lends itself to tropism adaptation through serotype
switching and, depending on the isolate, issues such as virulence attenuation are
less of a barrier.
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Chapter 2

Experimental Methodology

2.1. Molecular Cloning
Molecular cloning was accomplished via standard protocols utilizing
polymerase chain reaction (PCR) for insert amplification followed by nucleic acid
purification, restriction endonuclease digestion, and ligation into a vector multiple
cloning site (MCS). Insert retention is screened using restriction endonuclease
digestion, PCR, and DNA sequencing. For expression in E. coli Rosetta(DE3), HAstV-8
VP90 and TAstV-1 nsP truncates were cloned into the MCS NcoI-HindIII restriction
sites of KmR pET28a (Invitrogen) under the control of an IPTG (isopropyl β-D-1thiogalactopyranoside) inducible T7 promoter (Figure 2.1). For Sf21 insect cell
expression, the HAstV-1 and HAstV-8 VP90 constructs were cloned into the MCS
SalI-PstI restriction sites of AmpR GmR pFastbac (Invitrogen) under the control of a
polyhedrin (pPolh) promoter and flanked by a 3’ SV40 (simian virus 40)
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polyadenylation signal (Figure 2.2), which in addition to a GmR cassette define a Tn7
composite transposon.

Figure 2.1 - Vector map of pET28a(+).
Sequences were cloned into the NcoI-HindIII sites in the MCS (dark blue) under the
control of an IPTG inducible T7 promoter (green) (adapted from Addgene, 2013).
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Figure 2.2 - Vector map of pFastbac1.
Sequences were cloned into the SalI-PstI restriction sites within the MCS (dark blue)
under the control of a pPolh promoter and flanked by a 3’ SV40 polyadenylation
signal (green) (adapted from Addgene, 2013).

2.1.1. Templates
The coding sequence for the HAstV-8 ORF2 (GenBank AF260508) was
provided in a pFastbac vector between the SalI and PstI restriction sites by Carlos
Arias at UNAM (Appendix A1). The full-length genome for the HAstV-1 Oxford strain
(GenBank L23513.1) was provided in an AmpR pAV vector (Geigenmuller et al.,
1997) (Appendix A2). Within the HAstV-1 ORF2 sequence, the following point
mutations are documented and are known to not impact expression or infectivity:
T5006A, T5102G, T5586C, G5745A, C6010T, G6548A, and T6562A (Geigenmuller et
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al., 1997). The TAstV-1 (turkey astrovirus serotype 1) ORF1ab2330-4839 sequence was
codon-optimized using the OPTIMIZER web server, chemically synthesized, and
provided in an AmpR pUC56 shuttling vector in the NcoI and KpnI restriction sites
by Vikram Vakharia at UMBC (Puigbò et al., 2007; Puigbò et al., 2008) (Appendix
A3). Although cloned externally, the protein sequence for the γMH68 ORF75C
(GenBank NP_044915.1) is given in Appendix A4 (Ling et al., 2008).
2.1.2. Cloning Primers
Single-stranded

DNA

(ssDNA)

primers

were

designed

using

the

OligoAnalyzer 3.1 web tool hosted by Integrated DNA Technologies. Non-modified
oligos were synthesized by Sigma Aldrich using desalting purification at a yield of
either 25 or 50nmol. All polyhistidine affinity tags (6xHis) were provided by the
primers using a di-glycine linker element (GGTGGT). Oligos contained a 5’ GGCGC
protection element to facilitate endonuclease cleavage upon PCR amplification of
the target sequence. When using a 5’ NcoI restriction site, two adenines were
incorporated as flanking elements to restore the reading frame resulting in the
addition of an aspartic acid. For restriction sites, the TAstV nsP and HAstV-8 VP90
constructs were cloned into the NcoI and HindIII sites of pET28a; whereas, the VP90
constructs of HAstV-1 and HAstV-8 were cloned into pFastbac used the SalI and PstI
restriction sites.
Primers were designed to have a 30-60% GC content; a predicted annealing
temperature between 55-68°C; an annealing sequence of greater than 21 bases; a
hairpin free energy of less than 4kcal/mol; and a homo- or hetero-dimer free energy
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of less than 12kcal/mol. The primer sequences used to amplify C-6xHis VP9071-415,
N-6xHis VP9071-313, N-6xHis VP9071-283 (HAstV-8), VP901-787, C-6xHis VP901-787
(HAstV-1), and N-6xHis nsP1102-1609 (TAstV-1) are given in Figure 2.3.

Figure 2.3 - PCR primers used for insert amplification.
Protection elements are shown in dark orange; 6xHis tags in yellow; NcoI sites in
aqua; HindIII sites in green; reading frame restoration sequences in pink; SalI sites
in dark blue; PstI sites in grey; stop codons in red; tag linkers in purple; and
annealing sequences are underlined. Start codons are either supplied by the
annealing or restriction site sequence (i.e. NcoI).

2.1.3. PCR Amplification
Insert amplification by PCR was conducted in a Mastercycler proS thermal
cycler (eppendorf) using a high fidelity PfuUltra II Fusion DNA polymerase (Agilent).
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To reduce non-specific amplification arising from off-target primer annealing, two
thermocycling modifications were made: hot start and touchdown. For hot start, the
reaction mixture was heated to 95°C for 5min before the introduction of the
polymerase. For touchdown, the primer annealing temperature was reduced by
0.2°C per cycle. All reactions were setup with the composition and cycling
conditions given in Table 2.1 and Table 2.2, respectively.

Component
ddH20
PfuUltra II Fusion DNA polymerase
10x PfuUltra II reaction buffer
10ng/µL DNA template
10µM Forward DNA primer
10µM Reverse DNA primer
25mM dNTPs
100% DMSO

Amount per reaction
40µL
1µL
5µL
1µL
1µL
1µL
0.5µL
0.5µL

Table 2.1 - Reaction mixture for PCR amplification (<10kb).

Segment Number of Cycles Temperature
Duration
1
1
95°C
20 sec
95°C
20 sec
2
30
55-68°C
20 sec
72°C
15 sec per 1kB
3
1
72°C
3 min
4
1
4°C
Hold
Table 2.2 – PCR thermocycling conditions (<10kb).

PCR products were electrophoresed at 100V for 30min on a 1% agarose gel
supplemented with 0.3µg/mL EtBr (ethidium bromide). Gels were documented
using a FluorChem 5500 UV imaging system (ProteinSimple). After amplification,
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the inserts were cleaned using a QIAquick PCR Purification Kit (Qiagen) and
subjected to a DpnI digestion (New England Biolabs) for 1hr at 37°C to remove the
parental template. The purified insert could then be stored at -20°C.
2.1.4. Endonuclease Digestion
Upon purification, the PCR products were subjected to an endonuclease
double digestion. In a 50µL reaction, 1µg of nucleic acid was mixed with 1µL of each
restriction endonuclease and 5µL of 10X NEBuffer (Buffer 2 for NcoI-HindIII and
Buffer 3 with 0.5µL of 10mg/mL BSA (bovine serum albumin) for SalI-PstI) (New
England Biolabs). Reactions were incubated at 37°C for 2hr followed by a heat
inactivation at 80°C for 20min. The digested inserts were subjected to an additional
round of purification using the QIAquick PCR Purification Kit (Qiagen).
To amplify and process the vectors for insert ligation, the plasmid (i.e.
pET28a or pFastbac) was chemically transformed into E. coli DH5α and grown
overnight at 37°C 250 rpm in LB with an appropriate antibiotic (2.1.6). The plasmid
was obtained by subjecting 4mL of culture to a Wizard Plus Minipreps DNA
Purification System (Promega). The extracted plasmid was processed with a
restriction endonuclease double digestion, electrophoresed, and purified using a
QIAquick Gel Extraction Kit (Qiagen).
2.1.5. Ligation Reactions
Insert-vector ligations were incubated in a water bath at a linear 16°C to 4°C
temperature gradient overnight. Each 20µL reaction contained 1µL T4 DNA Ligase,
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2µL 10X ligation buffer (New England Biolabs), 25ng vector, and insert DNA at a 1:3
vector-to-insert molar ratio. Afterwards, 1µL of the ligation reaction can be
chemically transformed into competent E. coli DH5α for insert screening.
2.1.6. Chemical Transformation
Chemical transformations were conducted using identical protocols for MAX
Efficiency DH5α Competent Cells (Invitrogen) and E. coli Rosetta(DE3) (Novagen).
The DH5α cell line, which was used for vector amplification and insert screening,
contains the recA1 and endA1 mutations to improve insert stability and plasmid
yield (Invitrogen, 2006). The Rosetta(DE3) cell line, which was used for protein
expression, is a BL21 derivative that is lysogenic for a λ prophage carrying an IPTG
inducible T7 RNA polymerase. Additionally, Rosetta(DE3) contains a compatible
CmR pRare plasmid that expresses six tRNAs, which correspond to rare eukaryotic
codons: AUA, AGG, AGA, CUA, CCC, and GGA (Novagen, 2004).
For chemical transformations, 100µL aliquots of cryogenically frozen
competent cells were thawed over ice for 15 mins in a 1.5mL tube. 1µL of a ligation
reaction or plasmid miniprep was added to the thawed competent cells and gently
mixed by flicking followed by a 30min incubation over ice. The suspension was then
shocked at 42°C for 45sec followed by a 2min incubation over ice. 900µL of LB was
added to the tube and the culture was incubated at 37°C 250rpm. When selecting
against AmpR the shocked cells were outgrown for 60min; whereas, the selection
against any other resistance markers necessitated an outgrowth of 90min.
Following outgrowth, the culture was microcentrifuged at room temperature at
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3,000rpm for 5mins and the pellet was resuspended in 100µL of LB. The
concentrated cell suspension was plated on an appropriate antibiotic and incubated
at 37°C for 16 hours.
2.1.7. Insert Screening
Upon transforming DH5α, a small-scale overnight culture was conducted and
the plasmid was extracted with a Wizard Plus Minipreps DNA Purification System
(Promega). The DNA concentration was quantified from the A260 reading using a
NanoDrop 2000/2000c spectrophotometer (Thermo Scientific). The vectors were
screened for the insert of interest using either PCR (2.1.3) or a restriction
endonuclease double digestion (2.1.4). Insert-positive vectors were subjected to
DNA sequencing to confirm if the insert was of a wild-type sequence (Lone Star
Labs). For sequencing, the DNA was lyophilized to greater than 150ng/µL with a
Savant Speed Vac Concentrator (Thermo Scientific) and 5µL per sequencing reaction
was supplied. Primers employed include the T7, M13, and pFastbac sets, which were
used to sequence the MCSs of pET28a, pUC56, and pFastbac vectors, respectively
(Table 2.3). Sequencing reads were visualized with the FinchTV brilliant trace
viewer (PerkinElmer), translated to the protein sequence with the Translate web
tool (ExPASy Bioinformatics Resource Portal), and blasted against the wild-type
sequence using the NCBI protein-protein BLAST suite. pET28a vectors possessing
an wild-type insert were subsequently chemically transformed into E. coli
Rosetta(DE3) for protein expression (2.1.6); whereas, pFastbac vectors with wild-
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type inserts were subjected to a blue-white transposition screening in DH10Bac
(2.2.1).
Primer
Primer Sequences
T7 Universal
5'-TAA TAC GAC TCA CTA TAG GG-3‘
T7 Terminator
5'-TAA TAC GAC TCA CTA TAG GG-3'
M13 Forward (-27)
5'-GGA AAC AGC TAT GAC CAT G-3‘
M13 Reverse (-20)
5'-GTA AAA CGA CGG CCA GTG-3‘
pFastbac Forward 5’-TAT TCC GGA TTA TTC ATA CCG TC-3’
pFastbac Reverse
5’-GTA TGG CTG ATT ATG ATC CTC-3’
Table 2.3 – Primer used for MCS DNA sequencing.

2.2. Baculovirus Vector Generation
Using the molecular cloning protocols given above (2.1), we obtained a
pFastbac vector with an inserted sequence under the control of a polyhedrin
promoter and flanked by a 3’ SV40 polyadenylation signal. These domains in
conjunction with a GmR cassette define a Tn7 transposition element on pFastbac. To
obtain a baculovirus construct for protein expression in insect cells, pFastbac was
transformed into DH10Bac, which allowed for a blue-white screening for the
transposition of the Tn7 element into the bacmid. The bacmid was purified and
lipofected into Sf21 insect cells allowing for the generation of baculovirus stocks for
protein expression.
2.2.1. Transposition and Blue-white Screening
Initially, pFastbac with the insert of interest was chemically transformed into
MAX Efficiency DH10Bac Competent Cells (Invitrogen) with an outgrowth of 4hr in
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SOC (Super Optimal Broth with Catabolite Repression) media (2% (w/v) tryptone,
0.5% (w/v) yeast extract, 10mM NaCl, 2.5mM KCl, 10mM MgCl2, and 20mM glucose)
(2.1.6). DHBac10 contains both a parental bacmid and a helper plasmid. The
AcMNPV–derived (Autographa californica nucleopolyhedrovirus) bMON14272
bacmid consists of a mini-F replicon, a KmR cassette, a lacZα complementation
factor, and an attTn7 site. Likewise, the TetR pMON7124 helper plasmid (bom+, tra-,
mob-) supplies a transposase encoding tnsABCD region (Invitrogen, 2006). DH10Bac
transformants were serially diluted and plated on 7µg/mL gentamycin, 50µg/mL
kanamycin, 10µg/mL tetracycline, 40µg/mL IPTG, and 100µg/mL Bluo-gal
(halogenated indolyl-β-galactoside) at 37°C for 48hr (Invitrogen, 2002). These
plating conditions allow for the blue-white screening for the transposition of the
pFastbac Tn7 element into the attTn7 site on the bMON14272 bacmid. White
colonies are transposition positive due to a knockout of lacZα, which leads to an
inability to metabolize bluo-gal. Putative white DH10Bac transformants were restreaked to confirm colony color.
2.2.2. Bacmid Isolation
Bacmids possessing the pFastbac Tn7 transposable element were isolated
with a high molecular weight miniprep. All steps for bacmid isolation were
conducted using aseptic technique. Re-streaked, white DH10Bac transformants
were grown in suspension culture overnight in LB supplemented with 7µg/mL
gentamycin, 10µg/mL tetracycline, and 50µg/mL. 1.5mL of culture was pelleted at
14,000g for 1min and the supernatant was discarded. The pellet was gently
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resuspended

in

0.3mL

of

15mM

Tris

pH

8.0,

10mM

EDTA

(ethylenediaminetetraacetic acid), and 100µg/mL RNase A. The suspension was
lysed with the addition of 0.3mL 0.2N NaOH and 1% SDS (sodium dodecyl sulfate).
After 5min, the lysis reaction was neutralized by mixing in 0.3mL of 3M potassium
acetate pH 5.5 over ice for 5min. The lysate was clarified at 14,000g for 10min
followed by transferring the supernatant into 0.8mL of isopropanol and incubating
it over ice for 10min. The bacmid was harvested from the suspension via
centrifugation at 14,000g for 15min. The bacmid pellet was washed in 0.5mL 70%
ethanol followed by a 5min centrifugation at 14,000g. After removal of the wash
solution, the pellet was air dried at room temperature for 10min. Finally, the bacmid
pellet was resuspended in 40µL TE buffer (10mM Tris pH 8.0 and 1mM EDTA) and
stored at -20°C (Invitrogen, 2002). PCR and a subsequent gel electrophoresis were
used to confirm the presence of the target insert within the bacmid (2.1.3).
Specifically, the bacmid-directed M13 primers (Table 2.3) were employed resulting
in an amplification product with an apparent size increase of 2,300bp in reference
to the size of the cloned insert within the Tn7 transposition element.
2.2.3. Insect Cell Transfection
All Sf21 insect cells were grown in Grace’s Insect Media (Invitrogen)
supplemented with 10% (v/v) fetal bovine serum (FBS) (Thermo Scientific); 1% (v/v)
10%

Pluronic

F-68;

2%

(v/v)

50X

yeastolate

ultrafiltrate;

and

1%

(v/v)

penicillin/streptomycin at 20,000U/mL and 20,000µg/mL, respectively, unless otherwise
noted. All steps were conducted under sterile conditions in a class II type A/B3 laminar
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flow cabinet (NuAire). For the transfection, fresh stocks of solutions A and B were
prepared, mixed, and incubated at room temperature for 45min to produce a lipid-DNA
complex. Solution A contains 5µL of purified bacmid DNA diluted in 100µL of
antibiotic-free Grace’s Insect Media. Solution B contains 6µL of CellFECTIN Reagent
(Invitrogen) diluted in 100µL of antibiotic-free Grace’s Insect Media. After the
incubation, 800µL of antibiotic-free Grace’s Insect Media was added to each tube
containing the lipid-DNA complexes.
In a 6-well, 35mm plate, each well was seeded with 9 x 105 cells using a midlogarithmic phase suspension culture. Cells were allowed to attach for 1hr at 27°C.
Attached cells were washed once with 2mL of antibiotic-free Grace’s Insect Media. The
wash media was gently removed via aspiration and the lipid-DNA complex solution was
overlaid into each well. The transfection was allowed to proceed for 5hr at 27°C. The
transfection solution was then removed via aspiration and 2mL of Grace’s Insect Media
was added to each well. After an incubation at 27°C for 72hr, the supernatant, or first
viral stock amplification passage (P1), was removed via aspiration and stored in the dark
at 4°C (Invitrogen, 2002).
2.2.4. Viral Stock Amplification
From the initial transfection (P1), viral titers of approximately 2 x 107
PFU/mL can be expected, which requires amplification to attain viral titers
necessary for large-scale protein expression (Invitrogen, 2002). To generate the
second pass viral stock (P2), 400µL of the P1 stock was used to infect a 100mL
suspension culture of Sf21 in mid-log phase. The infected culture was incubated at
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27°C 130rpm for 120hr upon which it was clarified at 900g 4°C for 10min. The P2
stock (~1 x 107 PFU/mL) can be stored in the dark at 4°C. To amplify the third pass
viral stock (P3), the P2 stock was used to infect a mid-log phase suspension culture
of Sf21 at a multiplicity of infection (MOI) of 0.1. The infection was incubated at 27°C
130rpm for 120hrs followed by a clarification at 900g 4°C for 10min. The P3 viral
stock (~1 x 108 PFU/mL) can be used to either directly infect a suspension culture
for protein expression (2.3.2) or stored indefinitely in the dark at 4°C. For all steps,
the cell culture should be of greater than 97% viability as accessed by trypan blue
exclusion (Invitrogen) using a 10-fold dilution of a 0.4% solution. Cells were
counted under a light microscope using a Bright-Line Hemacytometer (Hausser
Scientific).

2.3. Protein Expression
2.3.1. Bacterial-based Expression

Protein
N-6xHis VP9071-283
N-6xHis VP9071-313
C-6xHis VP9071-415
N-6xHis nsP1ab773-1609
N-6xHis nsP1ab1102-1609

IPTG Temperature Incubation Time
1.0mM
15°C
19hr
1.0mM
15°C
19hr
1.0mM
30°C
19hr
0.1mM
15°C
19hr
0.1mM
15°C
19hr

Table 2.4 - Rosetta(DE3) expression induction conditions.

Heterologous protein expression in E. coli utilized the BL21-derived
Rosetta(DE3) cell line (2.1.6) in conjunction with a pET28a expression vector using
an IPTG inducible T7 promoter (2.1). 6L of LB supplemented with 50µg/mL

39
kanamycin and 50µg/mL chloramphenicol was inoculated with a 1% (v/v)
overnight seed culture and incubated at 37°C 250rpm. Upon reaching an OD600 of
approximately 0.8 to 1.0, the culture was downshifted to the expression
temperature and induced with IPTG (Table 2.4). Upon reaching the specified
induction time course, the cultures were pelleted at 3,700g 4°C for 20min. The pellet
was washed once with PBS (137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, and 1.8mM
KH2PO4), harvested with centrifugation, and stored indefinitely at -80°C.
2.3.2. Insect Cell-based Expression
Unless otherwise noted, all insect cell cultures were performed in suspension
at 27°C 130rpm using the Sf21 cell line. Sf21 is a sub-strain of a continuous ovarianderived cell line from Spodoptera frugiperda, or the Fall Army worm. The AcMNPV–
derived pPolh promoter, which drives heterologous protein expression, is a late
viral promoter that is maximally active 48 to 72 hours post-infection (hpi). Under
sterile conditions, a P3 viral stock (~1 x 108 PFU/mL) (2.2.4) is used to infect a
greater than 97% viable, mid-log suspension culture of Sf21 in Grace’s Insect Media.
The infection is conducted at an MOI of 5.0 to 10.0 and incubated for 48-120hrs.
Expression of C-6xHis VP9070-418 in Sf21 used an MOI of 5 with a 72hr incubation. To
terminate the infection, the culture was centrifuged at 900g 4°C for 10min. The
pellet was washed once with PBS and stored at -80°C; whereas, the supernatant was
stored at 4°C.
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2.3.2.1. γMH68 ORF75C
Sf21-expressed γHV68 ORF75C was produced through the Monoclonal
Antibody and Protein Expression core facility at BCM and frozen pellets were
supplied by Paul Ling. The ORF75C construct contains an N- and C-terminal 6x-His
tag with the former being flanked by a TEV protease site (Appendix A4). Native
ORF75C (260 x 106 cells/tube) was expressed at an MOI of 1.0 for 48hrs resulting in
94% cell viability. Se-Met (selenomethionine) ORF75C (615 x 106 cells/tube) was
expressed at an MOI of 3 for 48hrs with Se-Met being introduced at 8 and 32hrs
resulting in 82.3% cell viability. It was estimated that Se-Met ORF75C (38
methionine residues total) has a coverage of approximately 50% based on mass
spectrometry (data not shown).

2.4. Protein Purification
2.4.1. Lysis

Pellets were thawed over ice and resuspended in two or four 35mL aliquots
of lysis buffer for 1L Sf21 and 6L E. coli cultures, respectively. For the expression of
astrovirus capsid proteins, whether using E. coli or Sf21 platforms, the lysis buffer
consisted of 300mM NaCl, 50mM Tris pH 7.5, 5mM BME (2-mercaptoethanol), 5mM
imidazole, 1mM PMSF (phenylmethylsulfonyl fluoride), 0.5µg/mL pepstatin, and
0.5µg/mL leupeptin. The lysis buffer used for the bacterial expression of TAstV-1
nsP truncates was composed of 1M NaCl, 50mM Tris pH 7.5, 10% glycerol, 1% (v/v)
Triton X-100, 5mM MgCl2, 50µg/mL RNase A, 50µg/mL DNase, 1mM PMSF,
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0.5µg/mL pepstatin, and 0.5µ/mL leupeptin. The lysis buffer employed for Sf21expressed γMH68 ORF75C contained 20mM Tris pH 7.5, 0.05% (w/v) β-DDM (ndodecyl beta-maltoside), and 300mM NaCl.

Figure 2.4 – Overview of purification strategies.
Diagram of sequential purification steps used for the purification of the HAstV-1 and
HAstV-8 VP90 truncates; TAstV-1 nsP truncates; and ORF75C parsed based on type
of chromatography (affinity, ion exchange, or gel filtration) and ultracentrifugation.

Membrane disruption was accomplished with a Branson Sonifer 250 (VWR
Scientific) at a power setting of 6 with a 50% duty for 15min at 4°C. The lysate was
clarified at 22,000rpm 4°C for 45min using an Avanti J-25I centrifuge with a JA
25.50 rotor (Beckman-Coulter). All subsequent protein purification steps were
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conducted over ice or in a chromatography cabinet maintained at 4°C. At this point,
the supernatant was decanted and subjected to either affinity chromatography
(2.4.2) or ultracentrifugation (2.4.5) (Figure 2.4).
2.4.2. Affinity Chromatography
2.4.2.1. Gravity Flow Ni-NTA
1 to 5mL of Ni-NTA (nickel nitrilotriacetic acid) resin (Thermo Scientific) was
washed with 4CV (column volumes) of the appropriate lysis buffer (2.4.1) (i.e. Buffer
A). The washed resin was transferred to a 50mL conical tube containing the clarified
lysate supernatant and was co-incubated for 1hr at 4°C with tumbling. The resin
was harvested via centrifugation at 100g 4°C for 10min and the supernatant was
discarded. Using a gravity flow column, the resin was washed with 2CV of 10%
Buffer B. Buffer B is equivalent to Buffer A except that it contains 250mM imidazole
and lacks the protease inhibitors and exonuclease additives. For elution the resin
was washed with 4CV of 100% Buffer B and fractions were collected in 2mL
aliquots. To access the protein content and purity, 5µL of each fraction was
electrophoresed on a 10% SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) at 180V for 45min and developed with a Coomassie stain.
The Ni-NTA purification of the Sf21 expressed γMH68 ORF75C differs
substantially as it is a single-step purification protocol. Upon using the same resin
binding protocol as above, the harvested resin was washed with 10CV Buffer A
followed by an 80CV wash with 4% Buffer B (20mM Tris pH 7.5, 0.05% β-DDM,
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300mM NaCl, and 500mM imidazole). ORF75C was eluted from the resin using 20CV
of 50% Buffer B. The eluent was then diluted with 8M urea to a final concentration
of 1M urea, which allowed the suspension to be concentrated to 10mg/mL with a
30,000MWCO Amicon Ultra centrifugal filter (Millipore). Purified ORF75C was kept
at 4°C and used to immediately setup crystallization trays.
2.4.2.2. Talon Metal Affinity
Gravity flow affinity chromatography using 5mL of Talon Metal Affinity resin
(CloneTech) employed the same protocol as per gravity flow Ni-NTA (2.4.2.1);
however, the protein-resin co-incubation time was reduced to 20min.
2.4.2.3. HisTrap FF crude
Protein in Buffer A (10% glycerol, 150mM NaCl, 50mM Tris pH 7.5, and 2mM
BME) was syringe loaded onto to a 1mL HisTrap FF crude column (GE Healthcare).
Using an AKTA FPLC (Amersham), the column was washed with 7CV of 10% Buffer
B (10% glycerol, 150mM NaCl, 50mM Tris pH 7.5, 2mM BME, and 250mM
imidazole), eluted with a linear 10-100% gradient of Buffer B over 20CV, and then
equilibrated with 5CV of 100% Buffer B. 2mL elution fractions were collected using
a Frac-920 fractionator (GE Healthcare) and those showing an A280 reading were ran
on a 10% SDS-PAGE to access protein purity.
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2.4.2.4. HiTrap Benzamidine FF
Following the termination of the in vitro digestion of C-6xHis VP9071-415 using
AEBSF (2.6.1.1), a 1mL HiTrap Benzamidine FF column (GE Healthcare) was used to
selectively remove serine proteases. Using a syringe, the neutralized digestion
solution was applied to the column followed by 5CV wash with 300mM NaCl, 50mM
Tris pH 7.5, and 2mM BME. Non-specific resin interactions were disrupted by
subsequently washing the column with 10CV of 500mM NaCl, 50mM Tris pH 7.5,
and 2mM BME. Bound proteases were then eluted using 10CV of 500mM NaCl,
50mM Tris pH 7.5, 2mM BME, and 20mM p-aminobenzamidine (Sigma). Each
fraction was electrophoresed on a 15% SDS-PAGE and developed with a Coomassie
stain. Trypsinized VP9071-415 was found in the flow-through and low salt wash,
which was subjected to a heparin column for further purification (2.4.3).
2.4.3. Ion Exchange Chromatography
Prior to ion exchange chromatography, the protein solutions resulting from
affinity chromatography required a reduction in their ionic strength to facilitate
resin binding. For the C-6xHis VP9071-415 and C-6xHis VP9070-418 preps, the protein
solution was subjected to a 10-fold buffer exchange against 200mM NaCl, 50mM
Tris pH 7.5, and 2mM BME using an Amicon Ultra centrifugal filter (Millipore). N6xHis VP9071-313 and N-6xHis VP9071-283 were dialyzed overnight at 4°C against
200mM NaCl, 10mM MES pH 6.2, and 2mM BME. The nsP truncates were subjected
to a 10-fold buffer exchange against 150mM NaCl, 50mM Tris pH 7.5, 10% glycerol,
and 2mM BME.

45
The same binding and elution protocols were employed for the following
cation and anion exchange columns: HiTrap Heparin HP, HiTrap Q HP, and HiTrap
SP HP (GE Healthcare). The protein was syringe loaded onto the column with a flow
rate not exceeding 2mL/min. The flow-through was collected in a 50mL conical tube
and stored over ice. The ion exchange columns were eluted using a linear salt
gradient and fractionated in 2mL aliquots at 4°C using an AKTA FPLC (Amersham)
and Frac-920 fractionator (GE Healthcare), respectively. For a 5mL column, the
bound resin was washed with 3CV of the minimal salt buffer, linearly ramped to 1M
NaCl over 10CV, and then washed with 3CV of a 1M NaCl buffer containing a pH
buffer and additives consistent with the binding conditions. Fractions showing an
absorbance at 280nm were electrophoresed on a SDS-PAGE to access the purity.
2.4.4. Gel Filtration Chromatography
Semi-purified protein solutions were concentrated to less than 2mL using an
Amicon Ultra centrifugal filter (Millipore) and loaded onto 2mL sample loop. Using
either a HiLoad Superdex200 16/60 gel (S200) or Superose 6 HR 10/30 gel
filtration column (GE Healthcare), the protein was eluted with 1.2CV of binding
buffer (2.4.3). Fractions showing an absorbance at 280nm were electrophoresed on
a SDS-PAGE to access the sample purity.
2.4.5. Ultracentrifugation
Ultracentrifugation runs were conducted in an Optima L-80 XP Preparatory
ultracentrifuge (Beckman-Coulter) operated at 4°C. To pellet secreted VLPs, the
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clarified culture medium was centrifuged for 2hr at 35,000rpm using a Type 45 Ti
rotor (142,414g). Pellets were resuspended in PBS pH 7.0 supplemented with 2mM
CaCl2 and briefly sonicated at a power setting of 6 with a 50% duty at 4°C using a
Branson Sonifer 250 (VWR Scientific). Insoluble aggregates were removed via
centrifugation at 3,700g 4°C for 10min. For gradient ultracentrifugation, 4g of CsCl
was added per 9mL of resolubilized supernatant. The suspension was centrifuged at
28,000rpm for 18hr using a SW41 Ti rotor (134,434g) with no brake. Opalescent
bands were extracted with a needle and subjected to SDS-PAGE.

2.5. Crystallization and X-ray Crystallography
2.5.1. Protein Crystallization
Upon reaching greater than 95% purity as accessed by SDS-PAGE, proteins
were concentrated to 10mg/mL and subjected to bulk crystallization screening. The
protein concentration was accessed by the A280 reading from a NanoDrop
2000/2000c spectrophotometer (Thermo Scientific) using an extinction coefficient
calculated using the ProtParam web tool (ExPASy Bioinformatics Resource Portal).
Concentrated protein solutions were centrifuged at 15,000rpm at 4°C in a
Centrifuge 5424 (eppendorf) to pellet debris immediately prior to tray setup.
96-well sparse matrix crystallization trays were setup using a Crystal
Gryphon liquid handling robot (Art Robbins Instruments). Pre-mixed screens
available included the Crystal Screen, Index, PEG/Ion, and SaltRx suites from
Hampton in addition to the AmSO4, Anions, Cations, Classics, Classics L, JSCG Core I,
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MB Class I/II, MPD, PEGs, and pH Clear I/II suites from Qiagen. Trays were setup
with 1:1, 3:1, or 1:3 protein-to-mother liquor volume ratios if titers were sufficient;
however, many of the lower yield proteins were only screened at a 1:1 ratio.
Screening trays were incubated at 4, 10, or 20°C and were documented using an
Olympus SZX16 light microscope equipped with the QCapture Pro 6.0 software
package (QIMAGING).
2.5.2. X-ray Crystallography
Test diffractions of crystals were conducted using the copper Kα radiation (λ
= 1.5418 Å) from a RUH3R rotating anode X-ray diffractometer (XRD) (Rigaku)
operating with a tube voltage of 42kV and a tube current of 70mA. The XRD is
coupled with an RAXIS IV++ detector (Rigaku) and controlled by the CrystalClear 2.0
software package (Rigaku). Test diffractions were taken under cryo conditions
(100K) at a 300cm detector distance with a 0.5° width and 90° step. Test
diffractions were additionally collected with a 20° width to rule out salt crystals. All
crystals tested used 30% glycerol as a cryo-protectant, except those of γMH68
ORF75C, which utilized 30% PEG MME 550 (polyethylene glycol monomethyl ether
550). Crystals were also diffracted using the Advanced Photon Source (APS) at
Argonne National Laboratory.
2.5.3. Lysine Methylation
The HAstV-8 N-6xHis VP9071-313 was subjected to a reductive lysine
methylation to improve the crystallization propensity. Initially, VP9071-313 was
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processed using Talon Metal Affinity (2.4.2.2) and heparin ion exchange (2.4.3)
chromatography to yield a purity of greater than 90%. The protein was dialyzed
against PBS overnight at 4°C, concentrated to 10mg/mL, and 1mL of the
concentrated protein suspension was transferred to a 1.5mL tube. All the following
steps were conducted in the dark at 4°C 100rpm. To this tube, 20µL of 1M DMAB
(dimethylamine borane complex) and 40µL 1M formaldehyde was added followed
by a 2hr incubation. This step was repeated twice. Afterwards, 10µL of 1M DMAB
was added to the tube and incubated for 12hr (Shaw et al., 2007). To terminate the
reaction and ensure sample homogeneity, the methylated protein was loaded onto
an S200 gel filtration column using a running buffer of 50mM Tris pH 7.5, 200mM
NaCl, and 2mM BME (2.4.4). To confirm the methylation had taken place, the reacted
protein was ran on a 10% SDS-PAGE against the native protein in addition to
overlaying the respective UV absorbance curves from S200 gel filtration.

2.6. Assorted Biochemical and Biophysical Techniques
2.6.1. in vitro Proteolysis
For the in vitro proteolysis using trypsin (Worthington; 270U/mgP with 94%
protein) and α-chymotrypsin (Worthington; 58.4U/mgP with 92% protein), semior fully purified protein was diluted to 1mg/mL in a 1.5mL tube. The proteases were
prepared as 1mg/mL stocks in PBS and 10-fold serial dilutions were made down to
a concentration of 1 x 10-6mg/mL. An equal volume of the diluted protein was mixed
with each of the protease serial dilutions resulting in an exponential mass-to-mass
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gradient. The digestions were conducted at room temperature for 1hr upon which
10µL was electrophoresed on a 10% SDS-PAGE. If necessary, the sample can be
electroblotted for N-terminal sequencing (2.6.3).
2.6.1.1. Trypsin Digestion of C-6xHis VP9071-415
For C-6xHis VP9071-415, the protein is semi-purified with Ni-NTA (2.4.2.1) and
digested in bulk with trypsin at a 1:100 mass ratio. The digestion reaction was
terminated via the addition of 1mM AEBSF (4-(2-aminoethyl) benzenesulfonyl
fluoride hydrochloride) over ice. Serine proteases were then extracted using a
HiTrap Benzamidine FF column (2.4.2.4).
2.6.2. Western Blot
Protein fractions are electrophoresed on a 10% SDS-PAGE for 45min at
180V. Afterwards, the gel is equilibrated against transfer buffer (20% methanol,
24.7mM Tris, and 1.91M glycine) for 30min. Concurrently, a Westran S PVDF
membrane (polyvinylidene fluoride) (Whatman) with a 0.2µm pore diameter was
briefly washed with 100% methanol followed by a 15min soak with transfer buffer.
Using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad), the gel was
electrotransferred onto the PVDF membrane at room temperature at 12V for 60min.
Following the transfer, the gel was developed with a Coomassie stain and the
membrane was blocked overnight using Tris-Buffered Saline and Tween 20 (TBST)
buffer (50mM Tris pH 7.6, 150mM NaCl, and 0.05% Tween 20) supplemented with
5% non-fat milk. The blocking buffer was removed and the membrane was washed
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twice with TBST buffer for 10min. The membrane was blotted with a 1:10,000 (v/v)
dilution of mouse anti-His antibodies (Thermo Scientific) for 1hr. After the primary
antibody conjugation, the membrane was washed twice with TBST buffer for 10min
followed by a 1hr blocking step using 5% non-fat milk in TBST buffer. Again, the
blocking buffer was removed and the membrane was washed twice with TBST
buffer for 10min. For the secondary antibody conjugation, a 1:10,000 (v/v) dilution
of goat anti-mouse alkaline phosphatase-conjugated IgG (Immunoglobulin G)
antibodies (Thermo Scientific) was co-incubated with the membrane for 1hr
followed by a three-fold TBST wash. The Western blot was developed by coincubating the membrane for approximately 5min with a SIGMAFAST BCIP/NBT (5bromo-4chloro-3-indolyl phosphate; nitro blue tetrazolium) (Sigma) tablet in
ddH2O. The membrane development was terminated by washing the membrane
twice with ddH2O for 10min and the membrane was air-dried overnight.
2.6.2.1. VP90 Polyclonal Antibodies
Polyclonal antibodies directed against the HAstV-8 VP90 were provided by
Carlos Arias at UNAM. The supplied antibodies were as follows: rabbit-E1 (aa 3208), mouse-E2 (aa 209-344), rabbit-E3 (aa 386-594), and rabbit-Yuc8 (aa 666782) (Mendez et al., 2002; Mendez et al., 2004). For the primary antibody
conjugation, a 1:5,000 (v/v) dilution was used for Yuc8; a 1:2,000 (v/v) dilution for
E2; and a 1:4,000 (v/v) dilution for both E1 and E3 (Mendez et al., 2002). Anti-VP90
Westerns employed the same secondary antibody solution that consisted of a
combination of a 1:10,000 (v/v) dilution of goat anti-mouse and 1:2,500 (v/v)
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dilution of goat anti-rabbit alkaline phosphatase-conjugated IgG (Thermo Scientific).
This combination was employed as the source of the primary antibodies was
somewhat ambiguous.
2.6.3. N-terminal Sequencing
Proteolytically digested protein solutions were loaded onto a 10% SDS-PAGE
and electrophoresed for 45min at 180V. The SDS-PAGE gel was then equilibrated
against transfer buffer (10mM MES pH 6.0 and 20% methanol) for 30min.
Concurrently, a Westran S PVDF membrane (Whatman) with a 0.2µm pore diameter
was briefly washed with 100% methanol and equilibrated with transfer buffer for
15min. Using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad), the membrane
transfer was conducted overnight at 20V 4°C. Using forceps, the membrane was
washed thrice with ddH2O for 5min. The membrane was then stained for 30sec in
40% methanol, 5% acetic acid, and 0.02% (m/v) Coomassie Brilliant Blue. The
membrane was destained for 60sec with 40% methanol and 5% acetic acid followed
by a three-fold ddH2O wash. The membrane was then air-dried overnight in a
chemical fume hood. The band of interest was excised with a clean scalpel and
transferred to a clean 1.5mL tube. The mass concentration of the target protein was
estimated by running it on an SDS-PAGE against a standard of known concentration.
Over ice, the sample was shipped to the Protein Sequence Analysis core facility at
Tufts University. Each sample was subjected to six cycles of N-terminal sequencing
and sequence reads were aligned manually.
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2.6.4. Negative-staining Electron Microscopy
Capsid samples were adhered on a glow-discharged 400 formvar-carbon
mesh grid (Electron Microscopy Sciences) for 30sec. Grids were washed twice with
ddH2O, stained for 30sec with 0.75% uranyl formate pH 4.5, and air-dried overnight
in a chemical fume hood. Images were taken on a JEM 2010 transmission electron
microscope (TEM) operating at 100kV with a lanthanum hexaboride filament (JEOL)
in conjunction with a First Light CCD camera (Gatan) operated with the Gatan
Digital Micrograph software package (Gatan). Samples were imaged at a 15,00040,000X magnification using a beam current of 30-40pA/cm2 with a 1sec exposure
time at a -1µm defocus.
2.6.5. Circular Dichroism
For far-UV circular dichroism (CD), protein samples were diluted to
0.1mg/mL and dialyzed against 10mM phosphate pH 7.4 and 200mM NaCl
overnight at 4°C. Scans were taken using a J-810 spectropolarimeter (Jasco) with a
1mm path length operating at 20°C. Native scans were taken over 195 to 280nm and
averaged over five consecutive scans (0.5nm increment, 2nm bandwidth, 1s
response, and 100nm/min speed). For thermal denaturation, a single scan was
taken at 220nm in 0.5°C steps from 25 to 95°C (60s delay, 16s response, and 3nm
bandwidth) (Guu et al., 2008). From the native CD scan, the secondary structure
content was estimated using a web tool developed by Raussens et al.
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Chapter 3

Structural Characterization of the
HAstV Capsid and Maturationdependent Reorganizations

VP90 is capable of self-assembling into an immature capsid when
overexpressed in eukaryotic hosts. Our plan was to determine how the domains of
the structural polyprotein, VP90, contribute to capsid assembly. Sequential
truncations of VP90 were expressed in insect cells and screened for in vivo assembly
of virus-like particles (VLPs) and possible assembly intermediates using gel
filtration and negative-staining transmission electron microscopy (TEM). The
expression of these constructs aided in clarified whether the hyper-variable spike
domain or the acidic C-terminal domains are necessary for capsid assembly. We
hypothesized that the N-terminal domain sans the RNA coordination domain
(VP9070-415) provides the primary cementing force to drive capsid self-assembly.
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The over-expressed VP90 truncations were additionally purified and subjected to
crystallization screening for the generation of an atomic-resolution structure of the
capsid shell using X-ray crystallography. Likewise, VLP forming constructs are to be
subjected to an in vitro trypsin digestion to simulate the maturation process. This
approach eventually enables the development of a pseudo-atomic resolution model
for the maturation-associated structural reorganization of the capsid lattice as
determined by cryo-electron microscopy (cryo-EM).

3.1. Overview and Approach
3.1.1. Eukaryotic Expression of HAstV VLPs and Assembly Requirements
The full-length astrovirus structural polypeptide, VP90, has been shown to
self-assemble into non-infectious, immature VLPs upon over-expression in
eukaryotic hosts independent of viral cofactors. For example, HAstV-1 VLPs have
been attained via Sf9 insect cell expression using a baculovirus vector: GFP-VP9070787

and VP9070-787 (Figure 3.1) (Caballero et al., 2004). HAstV-2 VLPs have also been

generated in low titers in mammalian cell culture with the BSC-40 (african green
monkey kidney epithelial) and LLCMK2 (rhesus monkey kidney) cell lines using a
vaccinia virus vector (Dalton et al., 2003). Additionally, HAstV-8 VLPs have been
produced in the permissive Caco-2 cell line when using live virus (Mendez et al.,
2007).
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It has been demonstrated repeatedly that first 70 N-terminal residues, which
are involved in RNA encapsidation, can tolerate insertions or deletions without
disrupting capsid assembly (Geigenmüller et al., 2002; Caballero, et al., 2004). This
finding implies that VLP assembly is independent of nucleic acid coordination, viral
or otherwise, meaning that a VP90-RNA interaction is not necessary to stabilize the
capsid hinge angles between facets. Additionally, the assembly of HAstV-2 VLPs is
dependent on divalent cations and destabilized by chelating agents, which results in
the formation of capsomers, ring-like structures, or T = 1 VLPs (Caballero et al.,
2004). It is postulated that the assembly and morphogenesis of the astrovirus
particles in infected cells is facilitated by the acidic C-terminal domain (VP90648-782
in HAstV-8) allowing for a membrane-associated assembly strategy (Méndez et al.,
2007).

Figure 3.1 – HAstV-1 produces VLPs in SF9 and the RNA binding is non-essential.
Negative-staining TEM images of (A) VP901-787, (B) VP9070-787, and (C) GFP-VP9070787 for HAstV-1 overexpressed in Sf9 insect cells (adapted from Caballero et al.,
2004).
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3.1.2. Which Structural Domains of VP90 are Essential for VLP Assembly?
Although assembly of the immature capsid is known to be independent of
RNA coordination and localized by the acidic C-terminus of VP90, it remains
uncertain what role, if any, the other structural domains (i.e. S, P1, and P2) of VP90
contribute to this process. We expect, analogous to Norwalk virus, that astrovirus
particle assembly requires solely elements within the S and possibly P1 domains;
whereas, the dimeric contacts of the spike contribute to increasing particle stability.
Additionally, from structural work, we expect to confirm that the astrovirus shell is
composed of an eight-stranded anti-parallel β-sandwich fold as found in other
prototypical RNA viruses such as HEV and Norwalk virus.
To investigate the structural requirements of capsid assembly within
astrovirus, a series of VP90 truncation constructs were overexpressed in Sf21 insect
cells using a baculovirus vector (Murphy et al., 2004). An alternative strategy would
be to utilize a vaccinia virus expression construct in conjunction with a BHK-21 or
permissive Caco-2 cell line to mimic mammalian glycosylation patterns and hence
restrict divergent VLP glycoforms. To screen for stable VLP formation, we expressed
VP90 shell constructs containing sequential truncations of the RNA encapsidation,
P1, P2, and acidic C-terminus domains. The assembly state of putative VLPs were
accessed using gel filtration and negative-staining TEM (transmission electron
microscopy) (JEOL). Using the oligomerization state, we can verify which structural
elements of VP90 are critical for permitting capsid self-assembly by screening for
either a disruption of assembly or the formation of aberrant intermediates as a
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function of the VP90 truncations. The data will provide insights into whether the
capsid shell is solely sufficient for particle assembly independent of the spike and
which of the structural domains within the VP90 are responsible for providing the
assembly cementing force.
Any constructs attained in high titers of a sufficient purity were concurrently
subjected to crystallization screening for the determination of the atomic-resolution
structure of the capsid shell. Likewise, using VLPs we intend to develop a pseudo-atomic
resolution structure of the capsid lattice for immature and mature particles. By fitting the
electron density arising from the shell and spike domains into this map, we will gain an
understanding of the maturation-induced structural reorganization of the lattice and how
this process impacts infectivity.

3.2. Preliminary Data
3.2.1. VLP Expression in Sf21
To access the structural requirements of astrovirus VLP assembly, a
combination of HAstV-8 VP90 (GeneBank AF260508) domain truncates were cloned
for expression in insect cells (2.2). All constructs contained the S domain with a
combination of the RNA coordination, P1, P2, or acidic C-terminal domains. Most
constructs lack the first 70 amino acids as this domain has been demonstrated to be
non-essential for VLP formation and the omission of RNA binding motifs should
improve protein solubility (Caballero et al., 2004). The residues associated with
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RNA binding activity are also predicted to be structurally disordered, which could
negatively impact crystallization (Appendix B1). Screening of a variety of HAstV-8
VP90 domain truncates and full-length constructs (85.7 kD; pI 8.55) with and
without affinity tags has failed to yield soluble protein or VLPs when expressed with
an Sf21 insect cell platform (Appendix C1); however, one S-P1 construct produced
protein titers suitable for purification and crystallization screening: C-6xHis VP9070418.

3.2.1.1. C-6xHis VP9070-418 Produces Monomers in Sf21

Figure 3.2 – S200 Elution profile of Sf21-expressed C-6xHis VP9070-418.
C-6xHis VP9070-418 (an S-P1 construct) yields 3mg protein per 1L culture, which
elutes as a monomer based on S200 gel filtration (2.4.4).
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Expression of C-6xHis VP9070-418 (38.1 kD; pI 9.49) was conducted in Sf21 at
a MOI of 5 for 72hrs. Following Ni-NTA and heparin ion exchange chromatography
(2.4.2.1 and 2.4.3), C-6xHis VP9070-418 was purified via a HiLoad Superdex200 16/60
gel filtration column (S200) (Figure 3.2). The fractionated protein elutes at 85mL
indicative of a monomeric species with a purity of greater than 95% and a yield of
3mg per 1L of culture. Although C-6xHis VP9070-418 is an S-P1 domain construct, it
fails to produce higher-order capsid structures, suggesting that the VP90 S or S-P1
domains alone are insufficient to mediate particle assembly. Upon concentrating the
protein to 10mg/mL, sparse matrix crystallization trays were setup at 10 and 20°C
using a 1:1 protein-to-mother liquor ratio over approximately 500 cases, which
resulted in no compelling hits. An analog construct, C-6xHis VP9071-415, was later
expressed in Rosetta(DE3) in an attempt to improve the titer for crystallization
screening (3.2.2.1).
3.2.1.2. VLP Formation using HAstV-1
Given the poor expression of the HAstV-8 VP90 constructs in the Sf21, we
opted to change to viral source to the more epidemiologically abundant HAstV-1
Oxford strain (GeneBank L23513), whose VP90 shares 71% sequence identity with
that of serotype 8 (Appendix A2/B2) (Geigenmuller et al., 1997). More importantly,
HAstV-1 has been shown to produce high titers of VLPs in the Sf9 insect cell line
(Caballero et al., 2004). Initially, two full-length constructs were developed, VP901787

and C-6xHis VP901-787, to access whether VLPs could be attained when expressed
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using Sf21 and if the presence of a C-terminal polyhistidine tag potentially disrupts
VLP assembly.

Figure 3.3 – Sf21 transfection fractions of HAstV-1 VP90 and C-6xHis VP90.
Based on the SDS-PAGE of the transfection fractions, it cannot be ascertained
whether the HAstV-1 VP90 (~86kD) with or without the affinity tag is expressed.

Thus far, the HAstV-1 VP901-787 (85.77kD; pI 9.00) and C-6xHis VP901-787
(86.71kD; pI 9.00) carrying bacmids have been lipofected into Sf21 (2.2.3). The
baculovirus stocks are currently being amplified to titers necessary for protein
expression (2.2.4). Once a third pass viral stock (P3) has been amplified, a smallscale test expression will be conducted to ascertain if soluble protein is produced as
verified with Western blots directed against the polyhistidine tag for C-6xHis VP901-
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787

and against the N-terminus of VP901-787 using the E1 antibody (2.6.2.1). It is

presumed that the polyclonal E1 antibody directed against the HAstV-8 VP903-208
will possess substantial off-target specificity for the HAstV-1 VP90 arising from the
conservation of the VP90 N-terminus between human astrovirus serotypes (Babkin
et al., 2012). Based on an SDS-PAGE of the HAstV-1 VP901-787 and C-6xHis VP901-787
transfection fractions in reference to a mock transfected control, it cannot be
ascertained if the target proteins have been expressed as of yet (Figure 3.3).
3.2.2. HAstV-8 VP90 Crystallization Screening using Rosetta(DE3)
For high-throughput crystallization screening, a variety of VP90 S-P1 Cterminal truncates were cloned into pET28a (2.1) for expression in E. coli
Rosetta(DE3) (2.3.1). Ideally, using a bacterial expression platform would improve
the titers and throughput of protein expression allowing for more efficient
crystallization screening; however, at the time there was no evidence to suggest that
astrovirus proteins could indeed be expressed in bacterial cells, much less form
VLPs.
3.2.2.1. C-6xHis VP9070-415 is a Monomer that Yields Gel-like Particles
Initially, we expressed HAstV-8 C-6xHis VP9071-415 (37.6kD; pI 9.39) as an
analog for the Sf21-derived C-6xHis VP9070-418 as it yielded soluble protein when
expressed in insect cells (3.2.1.1) The termini were changed to residues 71 and 415
to make the construct consistent with proposed C-termini of the RNA coordination
domain and the predicted C-terminus of the P1 domain, respectively (Dong et al.,
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2011; Caballero et al., 2004). Via an anti-His western blot (2.6.2), C-6xHis VP9071-415
was demonstrated to produce soluble protein at 37°C in E. coli Rosetta(DE3)
(Appendix D1). Using the same purification protocol from C-6xHis VP9070-418, C6xHis VP9071-415 expression yielded 1mg of protein per 6L culture under induction
conditions of 1mM IPTG at 37°C for 8hr. Further optimization improved the yield to
60mg of purified protein per 6L culture by decreasing the induction temperature to
30°C; increasing the induction time to 19hr; and increasing the OD600 of induction to
approximately 1.0 (Figure 3.4).

Figure 3.4 – Optimization of C-6xHis VP9071-415 expression in Rosetta(DE3).
Lysis and Ni-NTA fractions of C-6xHis VP9071-415 showing a crude yield of 10mg per
1L culture when induced at an OD600 of 1.0 with 1mM IPTG at 30°C for 19hr
(2.4.2.1).

Using purified 10mg/mL C-6xHis VP9071-415 (Appendix D1), 15 commercial
96-well kits were employed for crystallization screening using a 1:1 protein-to-
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mother liquor ratio at 10°C. After two weeks, a single hit was attained with 0.1M
sodium acetate pH 4.6 and 2.5M sodium acetate (Qiagen, Anion Suite A5) (Figure
3.5A). A 2D optimization gave non-birefringent particles with a disc-like
morphology at 0.1M sodium acetate pH 5.1 and 2.75M sodium acetate (Figure 3.5B).
Unfortunately, diffraction on the home source confirmed that the resulting particles
were non-crystalline (data not shown) (2.5.2).

Figure 3.5 – Crystallization and optimization hits from C-6xHis VP9071-415.
The initial crystallization hit for C-6xHis VP9070-415 from the Anion Suite kit (Qiagen)
at two weeks in 0.1M sodium acetate pH 4.6 and 2.5M sodium acetate at 11.5X
magnification (A) (10mg/mL protein at a 1:1 protein-to-mother liquor ratio at
10°C). The hit was optimized via 2D hanging drop by varying the precipitate
molarity (1.75-3M sodium acetate) and pH (0.1M sodium acetate pH 4.0-5.0). The
refined hit shown corresponds to well conditions of 0.1M sodium acetate pH 5.1 and
2.75M sodium acetate after two weeks (B).
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3.2.2.1. Proteolysis of C-6xHis VP9071-415 yields a Stable S Domain Truncate

Figure 3.6 – Tryspin and α-chymotrypsin proteolysis of C-6xHis VP9071-415.
Chymotrypsin digestion of VP9071-415 resulted in a complete degradation of the
target protein above a 1:100 mass ratio (A). Trypsin digestion produces a stable
19kD species for protease to protein mass ratios between 1:1 and 1:100 (B) (2.6.1).

Given the lack of crystallization hits, the purified C-6xHis VP9071-415 was
digested in vitro by trypsin and chymotrypsin to access the protein’s protease
stability, which if problematic could negatively impact crystallization propensity
(2.6.1). Chymotrypsin digestions of C-6xHis VP9071-415 results in a signification
degradation of the target species above a 1:1,000 mass ratio (Figure 3.6A); however,
under trypsin digestion C-6xHis VP9071-415 degrades into a stable ~19kD species
between a 1:1 to 1:100 mass ratio of protease-to-protein (Figure 3.6B). A six-hitter
N-terminal sequencing (2.6.3) demonstrated the N-terminus of the ~19kD digestion
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product to be co-linear with residue 71 (Figure 3.7). Based on the molecular weight
from SDS-PAGE, the C-terminus is located at approximately residue 252 (19.00kD;
pI 8.98) suggesting the trypsinized product is a shell domain C-terminal truncate
that additionally lacks the N-terminal RNA coordination domain.

Figure 3.7 – N-terminal sequencing of trypsinized C-6xHis VP9071-415.
A six hitter N-terminal sequencing demonstrated the N-terminus of the digested
protein to be co-linear with residue 71, suggesting the 19kD species is a shell Cterminal truncate, which also lacks the N-terminal RNA coordination domain (C)
(2.6.3).

3.2.2.2. Purification and Crystallization of the Trypsinized VP90 Shell
Based on the N-terminal sequencing data, an analog VP90 truncate was
cloned, N-6xHis VP9071-260; however, its expression resulted in insoluble protein
across an array of induction conditions (data not shown). For this construct, the Cterminus was placed downstream of the predicted terminus (i.e. W252) to prevent
clipping a predicted β-sheet (Appendix B.1) Alternatively, we elected to digest C6xHis VP9071-415 and purify the stable 19kD proteolysis product directly. After Ni-
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NTA elution (2.4.2.1), C-6xHis VP9071-415 was trypsinized at a 1:100 mass ratio for
1hr at room temperature (2.6.1.1). The proteolysis reaction was stabilized using
1mM AEBSF (4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride) followed by
a serine protease extraction using benzamidine affinity chromatography (2.4.2.4).
Once the proteases were inactivated and extracted, trypsinized VP9071-415 was
further purified through heparin ion exchange chromatography (2.4.3) and S200 gel
filtration (Figure 3.8).

Figure 3.8 – S200 gel filtration of purified, trypsinized VP9071-415.
Trypsinized VP9071-415 elutes as a monomer at a purity of greater than 95% with a
yield of 5mg per 6L of culture (2.4.4).

Protein stability was confirmed using a far-UV circular dichroism (CD)
thermal denaturation scan (2.6.5) (Figure 3.9A). From this scan, trypsinized VP9071415

undergoes a folding transition at approximately 50°C, which is comparable with
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the influenza A polymerase acidic protein indicating the digested product is stable
(Guu et al., 2008). Based on the native CD scan, the secondary structure of
trypsinized VP9070-415 is as follows: 12.6% α-helix, 70.2% β-sheet, 12.5% turn, and
27.1% random, which oddly totals to 122% (Figure 3.9B) (Raussens et al., 2003).
The high degree of β-sheet content is consistent with the capsid shell structures of
HEV and NV, which possess a jelly roll β barrel fold (Guu et al., 2009; Prasad et al.,
1999).

Figure 3.9 – CD scans of Trypsinized VP9071-415.
(A) The A220 thermal denaturation scan demonstrates the shell transitions from
folded to unfolded at approximately 50°C suggesting the protein is moderately
stable; whereas, (B) the native CD suggests the shell largely adopts a β-sheet fold
(2.6.5).

At purity (Figure 3.8), 5mg per 6L culture was obtained, concentrated to
10mg/mL, and subjected to bulk crystallization screening. A single hit was attained
after two months under 10mM NiCl2, 0.1M Tris pH 8.5, and 1M LiSO4 (Hampton,
Crystal Screen H5) with a 1:1 protein-to-mother liquor ratio at 20°C. The resulting
bilobal crystals are 80µm in diameter and highly birefringent (Figure 3.10). This hit
was subsequently optimized via a hanging drop tray using a 10mM NiCl2 with 0.3-
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2.0M LiSO4 against 0.1M Tris pH 7.5-9.0. Unfortunately, this hit could not be
reproduced using either a manual hanging drop tray or the commercial screening
kit, suggesting that the hit was likely a salt crystal.

Figure 3.10 – Initial crystallization hit of trypsinized VP9071-415.
Trypsinized VP9071-415 crystallization hit at 11.5X magnification under 10mM NiCl2,
0.1M Tris pH 8.5, and 1M LiSO4 with 10mg/mL protein at a 1:1 ratio after two
months at 20°C.

3.2.2.3. Utilizing EM to Estimate the C-terminus of VP34
Recently, Dryden et al. produced a 25Å resolution cryo-EM reconstruction of
the HAstV Yuc8 variant in the immature and mature state (Figure 1.6). From the
reconstruction, it is predicted that the VP34 C-terminus, which is presumed to be
co-linear with the C-terminus of the VP90 shell domain in the immature capsid,
resides within a disordered region approximately spanning residues 300 to 320 in
VP90 (Appendix B1). Based on this observation, HAstV-8 N-6xHis VP9071-313
(26.8kD; pI 8.45) was cloned into pET28a for expression in Rosetta(DE3); wherein,
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it produced high titers of soluble protein when induced with 1mM IPTG at 15°C for
19 hrs. The construct was purified with a Talon Metal Affinity resin (2.4.2.2)
followed by a dialysis against 10mM MES pH 6.2, 200mM NaCl, and 2mM BME. N6xHis VP9070-313 was eluted on a heparin ion exchange column (2.4.3), upon which it
was sufficiently pure for crystallization with a yield of 43mg protein per 6L culture.
S200 gel filtration confirmed N-6xHis VP9071-313 is monomeric as it elutes at 78.2mL
(Figure 3.11). The protein was concentrated to 10mg/mL and subjected to
crystallization screening using 15 commercial kits; however, no compelling hits
were attained.

Figure 3.11 – S200 gel filtration profile of N-6xHis VP9071-313.
N-6xHis VP9071-313 expression in Rosetta(DE3) yields a monomer species with a
yield of 43mg per 6L of culture (2.4.4).
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3.2.2.4. Altering the Hydropathy of N-6xHis VP9071-313 for Crystallization

Figure 3.12 – S200 elution profile and overlay for methylated N-6xHis VP9071-313.
When the S200 gel filtration profile of the methylated N-6xHis VP9071-313 (A) is
overlaid against that of the native protein (B) a clear decrease in the mean elution
volume is observed, which is indicative of a mass gain arising from lysine
methylation (2.4.4 and 2.5.3).

The inability of the N-6xHis VP9071-313 to crystallize across the screening
conditions was troubling as based on the cryo-EM reconstruction it should be
analogous to an RNA coordination-deficient VP34. As such, we subjected the
purified N-6xHis VP9071-313 to a reductive alkylation reaction to alter the side chain
mobility and charge of all solvent accessible lysines (2.5.3) (Shaw et al., 2007). A
literature search revealed that targeted alkylations have enabled crystallization of
previously recalcitrant targets through modifying the protein’s charge topology,
hydropathy, and solubility (Kim et al., 2008; Walter et al., 2006). Employing a
protocol developed by Shaw et al. (2.5.3), a yield of 64.5% was attained for the
methylated N-6xHis VP9071-313 after an additional round of gel filtration to ensure
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sample homogeneity (Figure 3.12A). The formation of the higher molecular weight
methylated VP9071-313 (24 lysine residues) was confirmed by overlaying the S200
elution profile against that of the native protein (Figure 3.12B), which displayed a
3mL shift in the mean elution volume indicative of a mass gain.
The methylated N-6xHis VP9071-313 was concentrated to 10mg/mL and
subjected to four sparse matrix screening kits (Index, Crystal Screen, Classics, and
JSCG Core I) at 20°C using a 3:1, 1:1, and 1:3 protein-to-mother liquor ratios. After
two weeks, a hit was attained with 0.1M Bis-Tris pH 5.5, 1% (w/v) PEG3350
(polyethylene glycol MW 3,350), and 1M AmSO4 at a 3:1 protein-to-mother liquor
ratio (Hampton, Index C8) (Figure 3.13).

Figure 3.13 – Crystallization hit for methylated N-6xHis VP9071-313.
Hit attained for 10mg/mL methylated N-6xHis VP9071-313 at 11.5X magnification.
These crystals were generated with at a 3:1 protein-to-mother liquor ratio in 0.1M
Bis-Tris pH 5.5, 1M AmSO4, and 1% (w/v) PEG3350 (Hampton, Index C8).
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The crystals displayed a flower-like morphology with dimensions of 55µm by
45µm, but interestingly, fail to polarize visible light and dissolve in the well solution
at times exceeding three weeks. Subsequently, a 2D hanging drop screen was setup
to probe the condition using 1M AmSO4 in conjunction with 0.1M Bis-Tris pH 5.5-7.0
against 0.5-7% (w/v) PEG3350. Similar to the crystals obtained for trypsinized
VP9071-415, this hit could not be reproduced using a manual hanging drop tray or
with the commercial deep well block. As the crystalline particles failed to show
birefringence in addition to readily dissolving in the well solution, we presume that
the observed particles would have been ill-suited for diffraction.
3.2.2.5. Generating Sequential Walk VP90 S-P1 Truncates for
Crystallization
Given the lack of crystallization hits for the VP90 domain-spanning
constructs (i.e. N-6xHis VP9071-313 and N-6xHis VP9071-415) and those arrived at
rationally (i.e. trypsinized VP9071-415), we opted to in parallel clone an array of S and
S-P1 C-terminal truncates of the HAstV-8 VP90. For these constructs, the first 70
residues involved in RNA coordination were excluded and the C-terminus was
placed sequentially along the primary protein sequence based upon regions
predicted to lack secondary structure (Appendix B1). Of those tested for expression
in Rosetta(DE3), all of these additional VP90 S and S-P1 C-terminal truncates
(VP9071-338, VP9071-363, VP9071-380, and VP9071-388) failed to produce soluble protein
with the exception of one: N-6xHis VP9071-283 (Appendix C2).
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Figure 3.14 – S200 elution profile of N-6xHis VP9071-283.
N-6xHis VP9071-283 elutes as a monomer with a mean elution volume of 82.1mL
during S200 gel filtration. The resulting protein, as shown at 1mg/mL on a 10%
SDS-PAGE, has a purity of greater than 95% with a yield of approximately 63mg per
6L culture.

N-6xHis VP9071-283 (23.51kD; pI 8.45) is a VP90 S domain C-terminal truncate
that produces soluble protein when induced at 15°C for 19hr with 1mM IPTG.
Following Talon Metal affinity (2.4.2.2) and heparin ion exchange chromatography
(2.4.3), N-6xHis VP9071-283 was applied to a S200 gel filtration on which it elutes at a
mean volume of 82.1mL, suggesting it is a monomeric species (Figure 3.14). The
target protein is attained at greater than 95% purity with a yield of 61mg per 6L
culture. Using 10mg/mL N-6xHis VP9071-283, six sparse matrix crystallization
screening trays (Index, Crystal Screen, Classics, JSCG Core I, PEGs, and PEG/Ion)
were setup at 20°C with 1:1, 3:1, and 1:3 protein-to-mother liquor ratios. As of two
weeks of incubation, no crystals are as of yet observed; however, a number of
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conditions produce substantial phase separation and a light, granular precipitate is
observed in 30-50% of the wells. It is hoped that longer incubation times will afford
crystal formation given the lack of heavy, amorphous precipitation and the presence
of phase separation.
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Chapter 4

Astrovirus Replication Strategies and
their Effect on RdRP Structure

Despite structural homology between the HAstV and hepatitis E virus (HEV)
capsid protein (1.2.4), it is speculated that the astrovirus non-structural proteins, in
particular the RNA-dependent RNA polymerase (RdRP), differs substantially from
that of HEV. From in silico genomic analysis, astrovirus appears to initiate
replication by using a protein primer: VPg (viral protein genome-linked). This 20kD
primer would necessitate a large void volume within the RdRP catalytic core to
facilitate access of the initiating VPg-RNA complex, suggesting that the astrovirus
RdRP might resemble that of poliovirus. Also rather unusual, the 57kD astrovirus
RdRP is expressed as part of a non-structural polyprotein (nsP1ab) via a -1 frame
shift; whereas, the catalytically active polymerase is liberated by a viral
chymotrypsin-like protease at an unknown site.
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Using X-ray crystallography we planned to determine the atomic-resolution
structure of the TAstV (turkey astrovirus) RdRP. We over-expressed a nonstructural polyprotein N-terminal truncate and subjected it to an in vitro protease
digestion. Subjecting the digestion products to N-terminal sequencing and ESI-MS
(electrospray ionization mass spectrometry) should enable the determination of the
RdRP termini, permitting the construction of a minimal expression construct for
crystallization screening. Given the inter-serotype conservation of the RdRPencoding ORF1b, the polymerase should serve as an attractive target for therapeutic
intervention. In particular, an atomic-resolution structure of the astrovirus RdRP
would allow for rational drug design (i.e. transcriptional inhibitors) via in silico
docking algorithms.

4.1. Background and Significance
4.1.1. The Architecture and Function of ORF1ab
Although the HAstV capsid spike, and by extension the entire capsid lattice,
bear significant homology to that of HEV, these viruses differ in how they cope with
the problem of replication initiation. Astrovirus replication is mediated by the
products of ORF1a and ORF1b (Figure 1.4). These ORFs encode the non-structural
polyproteins nsP1a and nsP1ab (non-structural protein), with the latter translated
as a fusion via a -1 frame-shift (Lewis and Matsui, 1996; Marczinke et al., 1994; Jiang
et al., 1993). The ORF1ab frame shift results from a ‘slippery’ hepta-adenine
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sequence followed by a pseudoknot motif, which resembles the HIV-1 gag-pro
junction (Jiang et al., 2003).
ORF1a encodes a putative helicase, VPg (viral protein genome-linked), and a
viral 3C-like (chymotrypsin-like) serine protease (Speroni et al., 2009; Giux et al.,
2008); whereas, ORF1b contains a catalytic motif (Y374G375D376D377) indicative of a
RdRP (Figure 4.1) (Méndez et al., 2003; Willcocks et al., 1999; Giux et al., 2008).
Upon in vivo processing by the viral protease and possibly by host proteases, nsP1ab
yields proteins with molecular weights of 19, 27, 20, and 57kD, which correspond to
the helicase, protease, VPg, and RdRP, respectively (Mendez et al., 2003).

Figure 4.1 - Detailed map of nsP1a and nsP1b in HAstV-1.
nsP1a contains a viral helicase, chymotrypsin-like protease, and a VPg. The helicase
contains a seven transmembrane helix bundle (TM) and the protease catalytic core
uses residues H461D489S551. VPg contains a bipartite nuclear localization signal (NLS),
a hyper-variable domain (HVR), and a KKXX-like endoplasmic reticulum retention
signal (ER). nsP1b is an RdRP with a catalytic core involving residues
Y374G375D376D377. Overhead black hashes denote known viral protease cleavage sites
(adapted from Giux et al., 2008).

Encoded by ORF1a, the viral 3C-like protease maps to nsP1a432-587 and is
most structurally related to the hepatitis C virus protease. The protease’s catalytic
triad includes His461, Asp489, and Ser551 in which the aspartate residue is displaced
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by water and oriented away from the histidine in the catalytic pocket (Figure 4.2)
(Speroni et al., 2009). The viral protease is known to act upon the astrovirus nsP1ab
polyprotein at Ala174, Val409, Gln567 and Glu654 (Giux et al., 2008); however, there are
additional cleavages sites that have not been mapped. The substrate binding pocket
possesses a positive electrostatic potential rendering it distinct from those of viral
and eukaryotic origins. Based on hydrolytic activity assays, the protease is projected
to utilize glutamate and/or aspartate as a substrate (Speroni et al., 2009).

Figure 4.2 – Catalytic pocket of the HAstV-1 viral protease.
The catalytic triad is composed of His461, Asp489, and Ser551 (Speroni et al., 2009).
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4.1.2. VPg-directed Replication Priming
Unlike HEV, HAstV employs protein priming to mediate viral replication. The
astrovirus non-structural ORFs lack motifs for either guanyltransferase or
methyltransferase enzymes suggesting that genomic RNA does not possess a 5’ m7G
cap (Figure 4.1) (Jiang et al., 1993; Willcocks et al., 1994). It is improbable that host
cellular capping enzymes are being co-opted as viral replication is localized within
the cytoplasm.

Figure 4.3 - Schematic of VPg priming in poliovirus.
VPg is di-uridylated at a tyrosine residue allowing for base pairing with the genomic
poly-A tail. The free 3’ hydroxyl supplied by the di-uridylated tyrosine allows for
chain elongation resulting in template replication (adapted from Paul et al., 1998).

Alternatively, in silico genome mining suggests that the 5’ end of the RNA
genome is linked to an uridylated VPg, which acts as a protein primer to initiate
replication (Figure 4.3) (Al-Mutairy et al., 2005; Fuentes et al., 2012). In TAstV,
Tyr829 is within a TEEEY-like motif and could be the residue responsible for linkage
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to the viral genome (Al-Mutairy et al., 2005; Jonassen et al., 2003). To support this
notion, 31 residues upstream of Tyr829 is a [KGK(N/T)K] motif that is also found
near the VPg-RNA linkage sites within the VPgs of Caliciviridae, Potyviridae, and
Picornaviridae (Dunham et al., 1998; Giux et al., 2008).
4.1.2.1. VPg: A Multifunctional Replication Protein?
Other motifs, in addition to the canonical linkage motif, have also been
identified within VPg suggesting additional roles apart from priming. Computational
analysis of the putative VPg sequence has also found a KKXX-like endoplasmic
reticulum retention motif that could be involved in co-localizing the replication
reactions along with capsid assembly onto host membranous structures (Figure 4.1)
(Giux et al., 2004). In silico analysis has further suggested that VPg contains a
bipartite nuclear localization signal (NLS); however, it is still uncertain how this
motif fits into the known astrovirus replication cycle (Figure 4.1) (Jiang et al., 1993;
Willcocks et al., 1999). Interestingly, the hyper variable region (HVR) directly
upstream of VPg on nsP1a acts as an RdRP-associated phosphoprotein of
indeterminate size that influences the efficiency of viral replication (Figure 4.1)
(Giux et al., 2004; Giux et al., 2008; Fuentes et al., 2005).
4.1.3. RdRPs: Constants and Variables
Given the size of VPg (20kD), it is postulated that the HAstV RdRP must be
structurally distinct from that of HEV. Use of a protein primer would necessitate a
larger void volume in the catalytic core to allow access for the VPg-template
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conjugate to initiate replication. The use of a protein primer to direct replication
initiation suggests that astrovirus has an RdRP with a topology similar to that of
poliovirus, a member of Picornaviridae.

Figure 4.4 - Ribbon structure of the poliovirus RdRP.
The palm motifs are colored as follows: red (A), green (B), yellow (C), and purple
(D) (Hansen et al., 1997).

The RdRPs of +ssRNA viruses have been consistently shown to possess three
structural domains: the palm, finger, and thumb. The finger and thumb domains
form a closed structure that serves as the template binding site in conjunction with
an entry channel for NTPs (nucleotide triphosphates) (Flint et al., 2009). The palm
domain contains four highly conserved motifs (A, B, C, and D) associated with
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conferring the RdRP catalytic activity: a phosphoryl transferase motif (motifs A and
C); a nucleotide binding and recognition motif (motifs A and B); and a structural
motif that preserves the tertiary fold of the catalytic pocket (motif D) (Flint et al.,
2009) (Figure 4.4).
4.1.4. Goals and Impact
Using X-ray crystallography, we seek to determine the atomic-resolution
structure of the TAstV RdRP in both an apo- and VPg-conjugated state. If
crystallization hits are attained for the TAstV apo-RdRP, then subsequent targets
include the VPg-RdRP complex and VPg truncated complexes that retain uridylation
activity (Fuentes et al., 2012). Should an RNA template be found necessary to
mediate VPg uridylation then an oligo(A) shall be included in the co-crystallization
screen. The minimum length of oligos to facilitate RdRP binding can be accessed
with fluorescence anisotropy (Marklund et al., 2012). Concurrently, Yangyang Dong,
Yukimatsu Toh, and Haijiang Chen within our lab are conducting a biochemical
characterization of the HAstV-8 VPg priming to complement our structural work.
Elucidating the RdRP structure will potentially serve as the basis for the
directed design of therapeutics to target replication initiation and elongation of the
viral genomic RNA. Although clarifying the proteolytic-induced rearrangements
within the capsid will verify how infectivity is acquire within the relatively noninfectious immature VLP, the RdRP is as a superior drug target due to the
conservation of ORF1b (Babkin et al., 2012). RdRP targeting transcriptional
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inhibitors would enable a single drug to antagonize multiple human serotypes
simultaneously in addition to more distantly related members in the event of crossspecies penetration. Once the structure of the RdRP catalytic core is known, it would
permit in silico docking against lead compounds that would allow the rational
design of ligands to competitively occlude the catalytic pocket. Collectively these
results will form the basis for therapeutic intervention in regards to the canonical
gastrointestinal

and

emerging

neurological-associated

astroviruses,

whose

treatment options are otherwise palliative.

4.2. Preliminary Results
Previously, our group has expressed the HAstV-8 RdRP for biochemical
assays in conjunction with VPg. Although the HAstV-8 RdRP construct yields an
acceptable titer of soluble protein, the polymerase possessed limited temporal
stability rendering it unsuitable for crystallization screening. As an alternative, we
have elected to express a non-structural polyprotein (nsP) derived from TAstV
(UniProt Q9JH69). As turkeys have an elevated core temperature when compared
with humans (105.0 to 106.7°F), it is presumed that the TAstV viral proteins are
comparatively thermostable (Wilson and Woodward, 1955).
The non-structural polyprotein to be expressed encompasses the C-terminus
of nsP1a, including VPg, in conjunction with the full-length of nsP1b, which contains
the RdRP (N-6xHis nsP1ab773-1609; 97.6kD; pI 6.18) (Appendix A3). Notably, nsP1ab1772

has been excluded as it contains a cluster of seven transmembrane helices within
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the helicase, which would restrict solubility, and the viral protease, whose structure
is known (Figure 4.2) (Giux et al., 2008; Speroni et al., 2009). Although the RdRP is
translated as part of the nsP1ab polyprotein, it is uncertain at which sites the viral
protease acts upon nsP1ab to liberate the catalytically active RdRP (Strain et al.,
2008). By subjecting the VPg-RdRP spanning nsP1ab773-1609 polyprotein to a
protease digestion followed by N-terminal sequencing and ESI-MS, we intend to
identify the termini of the soluble RdRP to represent a minimal construct for
expression and crystallization.
4.2.1. N-6xHis nsP1ab773-1609

Figure 4.5 – Superose 6 gel filtration of N-6xHis nsP1ab773-1609 (97.6kD).
The resulting titers of nsP1ab773-1609 were less than 0.1mg per 6L of culture, which
was compounded by the problem that contaminating bands at 40 and 48kD comigrated with the target protein across all tested chromatography columns (2.4.4).
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Although nsP1ab773-1609 N-6xHis expressed exceptionally well, it is estimated
that greater than 90% of the protein is insoluble even after an optimization of the
lysis buffer (data not shown). Modifying the lysis buffer to improve target solubility
(i.e. 1M NaCl and 1% v/v Triton X-100) has the drawback of solubilizing a variety of
contaminating species, which greatly complicates subsequent purification. After NiNTA, Heparin HP, and Superose 6 columns, (2.4.2.1, 2.4.3, and 2.4.4) it is estimated
that the yield of nsP1ab773-1609 is less than 0.1mg per 6L of culture (Figure 4.5).
Based on the mean Superose 6 gel filtration elution volume, nsP1ab773-1609 has an
apparent molecular weight of 150kD suggesting that it exist as a dimer in solution.

Figure 4.6 - Anti-His Western blot of N-6xHis nsP1ab773-1609.
Western against insoluble component upon lysis and Ni-NTA elution fractions. The
40, 48, and 95kD species are shown to possess a polyhistidine-tag suggesting they
are C-terminal truncates of N-6xHis nsP1ab773-1609 (2.6.2).

Contaminating species at 40 and 48kD consistently co-migrate with the
target, which makes the purity necessary for crystallization unattainable. Using an
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anti-His Western blot (2.6.2), it was shown that the 40, 48, and 95kD bands possess
a polyhistidine-tag implying that the two major contaminants are VPg-spanning Cterminal truncates of N-6xHis nsP1ab773-1609 (Figure 4.6). The formation of Cterminal truncates suggests that despite the codon optimization, sequences allowing
for the ORF1ab frame shift may remain largely intact. Regardless, the nsP1ab773-1609
is poorly suited for crystallization owing to its low solubility and inability to be
sufficiently purified.

Figure 4.7 - Trypsin digestion of purified N-6xHis nsP1ab773-1609.
Digestion was performed over a 1:1 to 1:10,000 exponential mass gradient. It was
speculated that the RdRP (~60kD) was liberated from the polyprotein at a 1:1,000
trypsin-to-protein mass ratio (2.6.1).

Semi-pure nsP1ab773-1609 was subjected to a trypsin digestion using a 1:1 to
1:10,000 exponential mass gradient (2.6.1). A band of approximately 60kD is
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observed at a 1:1,000 trypsin-to-protein mass ratio (Figure 4.7). It was speculated
this species could represent the RdRP liberated from the polyprotein; however, Nterminal sequencing (2.6.3) revealed that the 60kD species maps to approximately
nsP1ab788-1302 (Figure 4.8). This construct would therefore not contain the RdRP
catalytic core as only the first 205 residues of nsP1b would be present. As such, the
termini of the soluble RdRP remain elusive.

Figure 4.8 – The digestion of nsP1ab773-1609 fails to liberate an intact RdRP.
Alternatively, trypsin digestion at a 1:1,000 mass-to-mass ratio produces a VPgspanning species that fails to contains the RdRP catalytic core as determined by a
six-hitter N-terminal sequencing. The N-terminus is located at Leu788 (2.6.3).

4.2.2. N-6xHis nsP1ab1102-1609
To ameliorate these difficulties, an N-terminal truncate, which presumably
only contains the RdRP, was cloned: N-6xHis nsP1ab1102-1609 (59.3kD; pI 6.01). In
addition to eliminating the VPg coding region, this truncate should also remove
frame shifting elements on the DNA at the ORF1ab junction, which resulted in Cterminal truncates during the expression of the previous construct (Figure 4.6).
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Figure 4.9 – N-6xHis nsP1ab1102-1609 after HiTrap Heparin HP.
Protein purity is greater than 95% with a yield of approximately 1mg per 6L of
culture; however, this construct precipitates from solution within 7days postpurification (2.4.3).

Following purification (Figure 2.4), approximately 1mg of monomeric
protein was obtained per 6L of culture at greater than 95% purity (Figure 4.9). N6xHis nsP1ab1102-1609 appears to exist as two distinct species that can be separated
using a Q SP column (2.4.3): a monomer that does not bind the resin and an
oligomer (possibly a pentamer) that precipitates when attempting to concentrate
the suspension (data not shown). Sparse matrix crystallization screening trays were
setup at 20°C using 10mg/mL N-6xHis nsP1ab1102-1609 at a 1:1 protein-to-mother
liquor ratio using the AmSO4, JSCG+, and Classics suites (Qiagen). From this
screening, no compelling crystallization hits were attained. When left at 4°C, the
protein stock showed signs of substantial precipitation within the week suggesting
that the protein‘s stability, while an improvement from that of the HAstV-8 RdRP, is
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still far from ideal. It remains to be investigated whether the lack of crystallization
hits was due to either a dearth of screening conditions attributable to the yield or if
rather it is a function of intrinsic properties of the protein such stability or
conformational flexibility (6.2.1).
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Chapter 5

γMH68 ORF75C and its Role in
Coordinating the Proteasomedependent Degradation of PML NBs

Promyelocytic leukemia nuclear bodies are a eukaryotic host nuclear
organelle that regulates cellular processes such as DNA repair, apoptosis, chromatin
remodeling, and differentiation by introducing a variety of post-translational
modification on its partner proteins. These organelles also confer a layer of viral
defense by engaging the transcriptional silencing of DNA viruses, thus preventing
lytic gene expression and establishing viral latency.
Our collaborator, Paul Ling at BCM, has shown that the tegument protein
ORF75C in murine herpes virus coordinates the proteasome-dependent degradation
of these silencing complexes via an unknown mechanism, which is crucial for
efficient viral propagation. We believe that this process is mediated by a Cys-His rich
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region at residues 624 to 693 that recruits ubiquitin ligase to the silencing complex.
Oddly, ORF75C shares significant homology with PurL, an ATPase-grasp superfamily
enzyme involved in purine biosynthesis. We will use X-ray crystallography to
generate an atomic-resolution structure of the murine herpes virus ORF75C. The
structure of ORF75C should enable a more complete understanding as to how this
virion component mediates the de-repression of viral silencing, which may lead to
translational therapeutic applications.

5.1. Background and Significance
5.1.1. PML NBs: Composition and Role in Viral Defense
Higher eukaryotes have developed an array of defense mechanisms to
combat viral infections that can be broadly classified as either cell-mediated or
humoral. Aside from these defense networks, there is growing interest in how cells
protect themselves from pathogens on an intracellular level. One such example are
the promyelocytic leukemia nuclear bodies (PML NBs), a nuclear organelle that aids
in preventing productive infections by ssDNA and dsDNA viruses. The organelle is
named after its largest protein component: promyelocytic leukemia protein (PML).
PML, in addition to serving as a tumor suppressor and transcription factor within all
mammalian cells, was originally found in the context of acute promyelocytic
leukemia (APL). In APL, a PML-retinoic acid receptor α fusion orchestrates
chromosomal translocation and aberrant gene transcription, which functions as an
initiating event of oncogenesis (Alcalay et al., 1998).
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Figure 5.1 – Pathways influenced by PML NB post-translational modifications.
PML NBs regulated a variety of cellular activities by imposing post-translational
modifications on their protein partners: sumoylation, acetylation, phosphorylation,
and ubiquitination (adapted from Lallemand-Breitenbach and de The, 2010).

PML NBs are nuclear bound organelles that are predominantly composed of
promyelocytic leukemia protein (PML), speckled protein 100 (Sp100), Daxx, and a
small ubiquitin-like modifier (SUMO-1) (Dellaire and Bazett-Jones, 2004; Maul et al.,
2000; Negorev and Maul, 2001). In mouse models, other host cellular factors have
been

demonstrated

to

transiently

associate

with

PML

NBs

including

heterochromatin protein 1; p53; a variety of p53 regulators (homeodomaininteracting protein kinase, mouse double-minute protein (mdm2), and CREB
binding protein); and proteins involved in the DNA damage response cascade
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(mre11, nbs1, and RAD50) (Dellaire and Bazett-Jones, 2004; Maul et al., 2000;
Negorev and Maul, 2001).
Although largely immobile, the PML NBs are dynamic structures in which
associated proteins exchange between the nucleoplasm on the order of seconds to
minutes (Wiesmeijer et al., 2002; Boisvert et al., 2001; Everett and Murray, 2005).
Given the breadth of proteins that associate with the PML NBs it is of no surprised
that an constellation of putative functions have been attributed to this organelle
including facilitating protein modifications, DNA repair, regulating gene expression,
senescence, chromatin remodeling, apoptosis, and the p53 response (Figure 5.1)
(Maul et al., 2000; Negorev and Maul, 2001; Dellaire and Bazett-Jones, 2004;
Bernardi and Pandolfi, 2003; Everett, 2006; Everett and Chelbi-Alix, 2007).
Furthermore, the expression of proteins localized within the PML NB is positively
regulated by interferon (IFN) suggesting a link with viral defense (Chelbi-Alix et al.,
1995; Lavau et al., 1995; Grotzinger et al., 1996). Indeed, PML NBs have been
associated with engaging a host defense against a variety of DNA viruses including
herpes simplex virus (HSV), Epstein Barr virus (EBV), adeno-associated virus (AAV),
adenovirus, cytomegalovirus (CMV), simian virus 40 (SV40), varicella zoster virus,
and polyomavirus (Everett, 2001).
5.1.2. How is the Defense Mechanism Engaged and Countermanded
The exact mechanism whereby PML NBs defend against viral infection is still
poorly understood with most data coming from herpes simplex virus type 1 (HSV-
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1), CMV, or EBV systems. It is known that upon nuclear localization, the infecting
viral genome becomes coated with host histones and localizes at or near PML NB
structures via contacts with PML and Sp100 (Everett and Murray, 2005; Ishov and
Maul, 1996; Maul et al., 1996). Once associated, PML NBs are involved in the
silencing of the viral genome and may play a role in establishing and maintaining
viral latency (Ling et al., 2008). In CMV, PML NB-associated Daxx recruits histone
deacetylases (HDACs) resulting in the silencing of the viral genome by altering the
chromatin structure (Wu et al., 2001). In HSV, the PML NBs regulate latencyassociated transcript (LAT) expression and are involved in viral nuclear patterning
(Catez et al., 2012).
Immediate-early (IE) viral proteins have been identified as mediating a
proteasome-dependent degradation of PML NBs resulting in an activation of viral
gene expression. Known disruptors include the HSV-1 ICP0, a RING finger E3
ubiquitin ligase, and the CMV IE1 protein, which deplete PML and SUMO-lated PML,
respectively (Boutell et al., 2002; Everett et al., 1998; Ahn et al., 1998; Lee et al.,
2004). EBV proteins have also been found to disrupt PML NB structures including
the Zta regulatory protein and EBNA-LP, a transcriptional coactivator that interacts
with Sp100 (Alfieri et al., 1991; Allday et al., 1989; Ping et al., 2005; Ling et al., 2005;
Adamson and Kenney, 2001; Bowling and Adamson, 2006). In contrast, a CMV
tegument protein, pp71, also influences PML NB disruption by antagonizing Daxx,
which suggests that virion components in addition to IE proteins may be involved in
the obstruction of this host viral defense mechanism (Figure 5.2) (Saffert and
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Kalejta, 2006; Tavalai et al., 2008). It is speculated that not all of the viral proteins
involved in surmounting PML NB-mediated viral silencing or in facilitating the
proteasome-dependent degradation of PML NBs have thus far been identified.

Figure 5.2 - Mechanism of PML NB viral silencing and lytic activation in CMV.
The deactivation of PML NB-mediated viral silencing is controlled by the subcellular
localization of the pp71 tegument protein. pp71 association with Daxx results in
target degradation causing a disassociation of HDACs with the PML NB. The
exclusion of HDACs from the viral genome precipitates an activation of IE gene
expression (adapted from Kalejta, 2008).

5.1.3. γMH68 ORF75C is Essential for the Proteasome-dependent
Degradation of PML NBs
To an attempt to isolate other viral proteins associated with PML NB
disruption, our collaborator Paul Ling at BCM has made use of murine
gammaherpesvirus 68 (γHV68), also known as murid herpesvirus 4, in a mouse
embryo fibroblast (MEF) model. Similar to EBV, but unlike the alpha- and

96

betaherpesviruses, γHV68 produces a latent infection allowing it to serve as a model
for the herpes oncoviruses: EBV and Kaposi’s sarcoma-associated herpesvirus
(KSHV) (Ling et al., 2008; Virgin et al., 1997; Nash et al., 2001). This model is
additionally useful as mice are a native host of γHV68, which has been
demonstrated to cause a persistent infection; thus, negating previous problems with
the narrow tropism of the human-derived herpesviruses (Speck and Virgin, 1999;
Virgin and Speck, 1999). Moreover, it has been demonstrated that γHV68 induces a
rapid degradation of PML NBs through a proteasome-dependent mechanism that
requires a virion-associated protein: ORF75C (Ling et al., 2008; Gaspar et al., 2008).
ORF75C is a virion-associated tegument protein of undetermined
functionality that is known to be divergent from its two HSV paralogs: ORF75A and
ORF75B (Ling et al., 2008). ORF75C-null γHV68 is unable to engage in productive
lytic replication due to an impaired ability to migrate to the nuclear margin and
aberrant gene expression once within the nucleus (Gaspar et al., 2008).
Interestingly, an EBV homolog of ORF75C, BNRF1, has been found to sequester
Daxx, which influences viral latency by modulating the chromatin organization (Tsai
et al., 2011; Feederle et al., 2006).
The precise mechanism whereby ORF75C modulates PML NB degradation
warrants further exploration as the disruption of this host defense is an essential
step for efficient viral propagation. It is proposed that a Cys-His rich region
spanning residues 624 to 693 may possess E3 ligase activity that could recruit
ubiquitin ligase complexes directed against PML (Ling et al., 2008). An analogous
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process has been observed for the proteasome-dependent degradation of STAT
(Signal Transducer and Activator of Transcription) by the Rubulavirus V protein
(Precious et al., 2005; Ulane and Horvath, 2002; Ulane et al., 2005).
5.1.4. ORF75C: A Purine Biosynthesis Homolog?

Figure 5.3 – 2.4Å color-coded domain structure of Salmonella typhimurium PurL.
The N-terminus (aa 1-140) is shown in green, the linker (aa 141-241) in yellow, the
FGAM synthetase (aa 215-979) in blue, and the glutaminase (aa 980-1295) in red
(adapted from Anand et al., 2004).

It is interesting that ORF75C contains significant homology (23% identity; E
value of 1x10-38), particularly in its C-terminus, to FGARAT (Ling et al., 2008).
FGARAT (formylglycinamide ribonucleotide amidotransferase), or PurL, is a cellular
amidotransferase involved in the fourth step of purine biosynthesis. This enzyme
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catalyzes
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ribonucleotide)

ATP-dependent
to

FGAM

amidation

(formyl

of
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glycinamidine

(formyl

glycinamide

ribonucleotide)

via

an

iminophosphate intermediate (Zhang et al., 2008; Westheimer, 1981). The 2.4Å
crystal structure of the Salmonella typhimurium FGARAT shows a three domain
structure including a glutaminase, a FGAM synthetase, and an N-terminus involved
in the channeling of ammonia (Figure 5.3) (Anand et al., 2004). Neither the
glutaminase nor FGAM synthetase catalytic motifs appear to be intact within
ORF75C, but it is unknown if FGARAT activity has been retained through the
evolution of non-canonical motifs. The retention of FGARAT activity would be
unexpected as it is unclear why a dsDNA virus would require purine biosynthesis
activity associated with the virion.
5.1.5. Goals and Impact
It is likely that the γMH68 ORF75C Cys-His rich region participates in
ubiquitin ligase recruitment to modulate PML NB degradation. An atomic-resolution
structure of ORF75C generated by X-ray crystallography in conjunction with
biochemical data provided by our collaborator, Paul Ling at BCM, will clarify how
this tegument protein directs PML NB degradation. Such an understanding would
allow for the rationale design of therapeutics to target ORF75C with the goal of
preventing lytic gene expression and by extension halt viral propagation. Such an
approach would allow an attractive therapeutic intervention for the treatment of
the otherwise persistent HSV or more severe oncoviruses such as EBV or Kaposi’s
sarcoma-associated virus.
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5.2. Preliminary Data
Previously, Jinhui Dong obtained plate-like crystals for γHV68 ORF75C
(Appendix A4) (151.07kD; pI 6.37) concentrated to 14mg/mL in 1.5M urea. Crystals
were attained at with a 1:1 protein-to-mother liquor ratio after three days under
conditions of 0.1M MES pH 6.5 and 20% (v/v) MPD (2-methyl-2,4-pentanediol)
(data not shown). A native data set was collected; however, the diffraction pattern
could not be phased as Se-Met derivatized (selenomethionine) ORF75C failed to
crystallize under similar conditions and attempts at heavy metal soaking were
unsuccessful. As such, the original breadth of this project was to merely reproduce
the previously attained crystals and generate Se-Met crystals under similar
conditions for phasing. It is postulated that the previous inability to generate Se-Met
crystals was due to the low coverage of Se-Met substitution into ORF75C.
5.2.1. Purification and Crystallization Screening of γMH68 ORF75C
Although native ORF75C was purified to levels comparable with previous
preps (Figure 5.4), the original crystallization hit could not be reproduced. This
failure at reproduction could be due to a solubility issue as even with 1.5M urea the
suspension precipitated at concentrations approaching 13mg/mL. Furthermore,
ORF75C at 13mg/mL failed to generate any hits across five sparse matrix screening
kits: Index, Crystal Screen (Hampton), Classics, MPD, and JSCG Core I suites
(Qiagen).
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Figure 5.4 - Lysis and Ni-NTA purification fractions for native γHV68 ORF75C.
Each prep (250mL culture of Sf21) gives a 2.3mg yield at greater than 95% purity
(2.4.2.1).

In the crystallization screening trays, a high extent of precipitation was
observed (~80%) when loading 13mg/mL ORF75C. The screen was re-probed using
ORF75C concentrated to 10mg/mL in 1M urea at 20°C with a 1:1 protein-to-mother
liquor ratio. After five days, a hit was attained with the Index suite (Hampton) in
well E6: 0.05M CaCl2, 0.1M Bis-Tris pH 6.5, and 30% (v/v) PEG MME 550
(polyethylene glycol monoethyl ether 550) (Figure 5.5A). This crystallization
condition was subjected to a 2D hanging drop optimization with reference to the
precipitant concentration (5-30% PEG MME 550) and pH (0.1M Bis-Tris pH 5.5-7.0).
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After five days, monodisperse crystals with a 55µm diameter were observed in a
condition containing 0.05M CaCl2, 0.1M Bis-Tris pH 6.0, and 30% (v/v) PEG MME
550 (Figure 5.5B). Incubating the crystallization trays at 10°C appears to improve
crystal morphology while reducing cracking at later time points; however,
incubating trays at 10°C reduces the mean crystal diameter by approximately 3-fold.

Figure 5.5 - Crystals attained for 10mg/mL native γHV68 ORF75C.
The initial hit was attained with the Index suite in well E6 at five days (0.05M CaCl2,
0.1M Bis-Tris pH 6.5, and 30% (v/v) PEG MME 550) (A). From a hanging drop 2D
optimization, monodisperse crystals were attained with 0.05M CaCl2, 0.1M Bis-Tris
pH 6.0, and 30% (v/v) PEG MME 550 (B). In the same tray after three weeks large,
highly birefringent plate-like crystals were observed under conditions
corresponding to the initial sparse matrix hit (C).
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After three weeks, the optimized crystals showed signs of cracking and failed
to diffract at the APS. The diffraction failure may have been to a cryo-protectant
incompatibility (20% glycerol) as the crystals appeared visually deformed when
mounted on the beam line. Interestingly, at three weeks birefringent plate-like
crystals were observed in the well corresponding to the conditions of the initial hit
(Figure 5.5C). These crystals were of a highly variable diameter and displayed
substantial cracking around the periphery.

Figure 5.6 – Optimized plate crystals of ORF75C.
These 250µm crystals were attained using 10mg/mL ORF75C with a 1:3 protein-tomother liquor ratio in 5mM CaCl2, 0.1M Bis-Tris pH 6.0, and 30% (v/v) PEG MME
550 after two weeks.

103

Given that the plate crystals were only attained at a 1:3 protein-to-mother
liquor ratio, a hanging drop 2D optimization of the pH (0.1M Bis-Tris pH 5.5-7.0)
against the salt concentration (1-100mM CaCl2) was conducted at this ratio at 20°C.
From this screen, very large (250µm diameter), birefringent crystals were produced
after two weeks under 5mM CaCl2, 0.1M Bis-Tris pH 6.0, and 30% (v/v) PEG MME
550 (Figure 5.6).

Figure 5.7 - Lysis and Ni-NTA purification fractions for Se-Met γHV68 ORF75C.
Each prep (250mL culture of Sf21) gives a 1.5mg yield at greater than 95% purity
(2.4.2).

Concurrently, Se-Met ORF75C was purified via gravity flow Ni-NTA (2.4.2.1)
in an attempt to produce crystals of the same space group for phasing. Se-Met
ORF75C can be obtained at a purity comparable with that of the native protein with
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a yield of 1.5mg per 250mL of Sf21 culture (Figure 5.7). Hanging drop trays were
setup to probe the crystallization conditions of Se-Met ORF75C against those of the
native hit. Se-Met ORF75C (10mg/mL with a 1:1 protein-to-mother liquor ratio at
20°C) produces birefringent crystals with a 45µm diameter across an array of the
probed crystallization conditions (Figure 5.8).

Figure 5.8 – Se-Met ORF75C crystals.
45µm diameter crystals shown at an 11.5X magnification after 5 days at 20°C. This
hit was attained using 10mg/mL Se-Met ORF75C at a 1:1 protein-to-mother liquor
ratio with 30% (v/v) PEG MME 550, 0.1M Bis-Tris pH 5.5, and 50mM CaCl2.

Multiple crystals have been cryogenically frozen and will be diffracted at the
Argonne National Laboratory APS in mid-June. Crystals were frozen using 30%
(v/v) PEG MME 550 as a cryo-protectant. Unfortunately, all ORF75C crystals with
the most defined morphology and diminished surface defects were found at the
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coverslip interface and could not be dislodged without shattering. Crystals to be
diffracted include the following: seven large. plate-like native crystals grown in
5mM CaCl2, 0.1M Bis-Tris pH 6.0, and 30% (v/v) PEG MME 550 at a 1:3 ratio at 20°C
(Figure 5.6); four small native crystals grown in 15mM CaCl2, 0.1M Bis-Tris pH 6.5,
and 30% (v/v) PEG MME 550 at 10°C at a 1:1 ratio (data not shown); and four SeMet crystals grown in 30% (v/v) PEG MME 550, 0.1M Bis-Tris pH 6.0, and 50mM
CaCl2 at a 1:1 ratio at 20°C (Figure 5.8).
5.2.2. ORF75C’s Stability is a Barrier to Crystallization

Figure 5.9 – Protease and thermal stability of ORF75C.
ORF75C degrades at protease mass ratios over 1:10,000 and when exposed to 23°C
after four days. Protease stability was accessed via an in vitro digestion of purified
native ORF75C using a 1:100 to 1:100,000 mass-to-mass ratio of protein-toprotease (trypsin and α-chymotrypsin) (A). ORF75 thermal stability was observed
after four days at either room temperature (23°C) or at 4°C (B) (2.6.1).
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We postulated that the inability to reproduce the prior crystallization hit as
well as the observed cracking of the crystals under the newly identified conditions
could be attributable to the protein’s stability. To gauge protease stability, purified
native ORF75C was digested with an exponential mass gradient of trypsin and αchymotrypsin (Figure 5.9) (2.6.1). For both proteases, significant target degradation
occurs at protein-to-protease mass ratios above 1:10,000. Under trypsin digestion,
and to a lesser extent with α-chymotrypsin, ORF75C degrades into two species with
molecular weights of approximately 67 and 70kD. Given the homology to FGARAT,
we speculate these two species could represent intact catalytic domains (i.e. the
glutaminase and FGAM synthetase homology domains).
Additionally, purified ORF75C completely degrades within four days at room
temperature; whereas, it remains largely intact at 4°C over the same time course
(Figure 5.9). Given the degradation at room temperature, it remains unclear how the
plate-like crystals (Figure 5.5) managed to form at an incubation time greater than
one week at 20°C. Also, even when left at 4°C without directed proteolysis, we still
observe the emergence of ORF75C degradation species at approximately 67 and
70kD, suggesting these species occur naturally and are quasi-stable in solution.
Unfortunately, these observations seemingly validate the assertion that γHV68
ORF75C is largely unstable, which could substantially impact its ability to readily
crystallize.
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Chapter 6

Discussion of Preliminary Work and
Future Directions

6.1. The Structural and Biochemical Ramifications of Capsid
Maturation in HAstV
By employing X-ray crystallography and cryo-EM we intend to generate
atomic- and pseudo atomic-resolution models of the astrovirus capsid shell and the
maturation-induced structural transitions within the lattice, respectively. The
reorganization of the capsid lattice during maturation is postulated to impact
particle infectivity via a variety of mechanisms: the reorientation of the viral spike,
liberation of penetration factors, and an alteration of intrinsic capsid properties. An
understanding of these fundamental concepts pertaining to particle assembly and
maturation could be beneficial to vaccine development or the generation of novel
therapeutics to directly antagonize the acquisition of particle infectivity. The

108

structural basis of particle assembly and its induction of infectivity could also enable
the potential use of astrovirus as a gene delivery vector. Such an approach could be
beneficial as astrovirus is not bound by the substantial tropism and virulence
attenuation problems associated with other +ssRNA gene delivery vectors, such as
poliovirus.
The lack of astrovirus VLPs is troubling as no particle formation,
intermediates or otherwise, has been observed. In fact, most HAstV-8 VP90
constructs, full-length and truncated, failed to express in the Sf21 platform
(Appendix C1) except for C-6xHis VP9070-418 (Figure 3.2). Based on the HEV
homology model (Figure 1.8), the VP9070-418 construct should span the full-length of
the S and P1 domains; yet, based on gel filtration this truncate exists as a monomeric
species (Figure 3.2). The inability of C-6xHis VP9070-418 to form VLPs suggests that
unlike Norwalk virus, the shell elements of the astrovirus VP90 are insufficient to
support particle assembly implying that the mechanism of particle assembly must
be distinct from that of the phylogenetically-related caliciviruses. This finding
implies that VP90 intermolecular contacts outside of the S-P1 domains must be
involved in driving particle assembly. It is possible, although unverifiable as the
VP90 S-P1-P2 truncates (i.e. VP9071-646) failed to express (Appendix C1), that the
dimeric P2 contacts within the spike could serve as a nucleation point for particle
assembly. This could be verified once a VLP generating construct is attained by
employing site-directed mutagenesis against the spike loops (HAstV-8 VP90
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residues 439-466 (L1), 491-506 (L2), and 597-632 (L4)) and screening for particle
disruption (Dong et al., 2011).
Currently, two supplemental approaches exist to produce astrovirus VLPs:
changing the viral source or the expression platform. For example, the HAstV-1
VP90 shares 71% sequence identity with that of HAstV-8 and has been shown to
form VLPs in the Sf9 insect cell line (Figure 3.1) (Geigenmuller et al., 1997; Caballero
et al., 2004). For expression in Sf21, we generated HAstV-1 VP90 with and without a
C-terminal polyhistidine tag to probe whether VLPs can be attained from this
serotype and whether the inclusion of an affinity tag disrupts particle assembly.
Based on an SDS-PAGE of the transfection fractions, it cannot be ascertained
whether the HAstV-1 VP90 constructs express (Figure 3.3); however, this will be
confirmed via a Western blot with a test expression once a suitable titer of
baculovirus stock has been generated.
Should HAstV-1 fail to produce VLPs then it may be necessary to investigate
more distantly related astroviruses or move to mammalian cell culture. Again, one
option would be to utilize an avian astrovirus, such as TAstV, for the production of
VLPs in an insect cell-based platform; however, the proteolytic cascade regarding
capsid maturation is completely uncharacterized within the Mamastrovirus genus.
Furthermore, a recent crystal structure of the TAstV-2 capsid spike suggests that it
is more structurally related to HEV than HAstV-8 (DuBois et al., 2013). In particular,
the TAstV-2 spike lacks a β-hairpin insertion between β8 and β9, which
substantially alters the spike’s dimer interface and the putative receptor binding
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site (Figure 6.1). This observed divergence of capsid spike structure could mean that
by extension the avian- and human-derived astroviruses possess distinct capsid
shell structures and/or mechanisms of particle assembly.

Figure 6.1 – Crystal structure of the TAstV-2 spike.
Rainbow colored side view of the spike homodimer. The topology of the spike varies
radically from that of HAstV-8, as shown in the same orientation (Figure 1.7A),
owing to the absence of a β-hairpin structure between β8 and β9 (adapted from
DuBois et al., 2013).

Although less compelling due to throughput and titer restrictions, VLPs could
also be developed from a mammalian cell expression platform, which would allow
for native post-translational modifications. For instance, astrovirus VLPs have been
obtained in a BHK system using a vaccinia virus vector and with the permissive
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Caco-2 cell line, albeit at modest yields (Bass and Qiu, 2000; Brinker et al., 2000;
Willcocks et al., 1990; Dryden et al., 2012; Mendez et al., 2007). As a drawback, our
group has no experience with mammalian cell culture and the utilization of a
permissive Caco-2 platform would require the use of live virus, which would present
a non-trivial biohazard concern.
Contrary to the lack of baseline expression observed with the Sf21-based
platform, three HAstV-8 VP90 truncates produce substantial titers of soluble protein
in E. coli Rosetta(DE3): N-6xHis VP9071-283, N-6xHis VP9071-313, and C-6xHis VP9071415

(Appendix C2). Of these VP90 truncations, N-6xHis VP9071-283 is a C-terminal

truncate of the S domain; N-6xHis VP9071-313 spans the full-length of the S domain;
and C-6xHis VP9071-415 encompasses the full-length of the S and P1 domains (Figure
1.8). In the native state, however, none of these three VP90 truncations have
produced any crystallization screening hits.
Although the native HAstV-8 VP90 truncates failed to crystallize, hits were
attained upon the alkylation of N-6xHis VP9071-313 and the proteolysis of C-6xHis
VP9071-415; yet, these crystallization hits could not be reproduced. For example,
alkylated N-6xHis VP9071-313 crystallized at 10mg/mL at a 3:1 protein-to-mother
liquor ratio after two weeks at 20°C in 0.1M Bis-Tris pH 5.5, 1M AmSO4, and 1%
(w/v) PEG3350; however, these 55µm crystals were only transiently stable, nonbirefringent, and dissolved in the well solution (Figure 3.13). Likewise, trypsinized
C-6xHis VP9071-415 at 10mg/mL crystallized at a 1:1 protein-to-mother liquor ratio
after two months at 20°C in 10mM nickel chloride, 0.1M Tris pH 8.5, and 1M LiSO 4;
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yet, these highly birefringent, bilobal, 80µm crystals could also not be reproduced
(Figure 3.10).
As none of the monomeric HAstV-8 VP90 truncates have yielded
reproducible crystals, it is possible that the S or S-P1 domains without the context of
other VP90 structural elements might be too conformationally flexible for
crystallization. Indeed, based on a secondary structure and disorder prediction,
many regions within the S-P1 domains are projected to be disordered (Appendix
B1). A VLP would present as a superior target as intermolecular contacts between
VP90s embedded within the context of the capsid lattice would restrict the proteins
flexibility and its ability to sample dynamic conformations. In the future, it would be
advisable to focus on the development of VLPs for crystallization screening given
the failures of the monomeric VP90 truncates.
Based on our native CD scan of trypsinized VP9071-415, an S domain Cterminal truncate, it appears the capsid shell largely adopts a β-sheet fold (~70%)
(Figure 3.9B). A high β-sheet content of the capsid shell is predicted based on the
presumed structural homology with that of HEV and NV, which adopt a jelly roll
barrel structure (Guu et al., 2009; Prasad et al., 1999). This similarity seemingly
validates the hypothesis that the structural homology between the spikes of HAstV,
HEV, and NV extends to the capsid shell; yet, nonetheless, these viruses appear to
have evolved distinct mechanisms through which to facilitate particle assembly.
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6.1.1. Future Work
Significant progress on this project has been hampered by two problems: the
lack of astrovirus capsid shell domain constructs capable of forming crystals and the
dearth of constructs that produce VLPs, which are necessary for characterization of
particle infectivity and maturation-dependent reorganizations. Additionally, VLPs
would present as a superior crystallization target in comparison to VP90 S domain
truncates as they cannot readily sample dynamic structural reorganizations without
trypsin activated maturation processes. Once VLPs are attained, the following
biophysical and biochemical characterizations, in addition to crystallization
screening, can be conducted:
6.1.1.1. Determine Capsid Dynamics as a Consequence of Maturation
The reorganization of the astrovirus capsid lattice in response to proteolytic
maturation and how it impacts infectivity remains poorly understood. Given a T=3
icosahedral symmetry, the capsid lattice should contain a complement of 90 dimeric
spikes (Risco et al., 1995); however, based on the 25Å resolution cryo-EM
reconstruction of the HAstV-1 capsid, 60 spikes located along the pseudo two-fold
axes are shed upon maturation; whereas, 30 spikes located at the two-fold axes are
retained (Figure 1.6A/B) (Dryden et al., 2012).
We postulate that the 60 absent spikes in the mature capsid are
conformationally disordered, but remain capsid associated. We theorize that the
observed spikes at the two-fold axis represent stably bound VP27 homodimers;
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whereas, VP27/VP25 heterodimers are present at the pseudo two-fold axes, but
possess a disordered electron density due to a ‘wobble’ effect (Dong et al., 2011). In
the mature capsid, VP25 is an N-terminal truncate of VP27 produced by a cleavage
at Ser424 (Mendez et al., 2002). The excised β-strand, present only in VP27 from
residues 394 to 424, is presumed to make hydrogen bonds to the capsid surface
which stabilizes the attachment and orientation of the viral spike (Dong et al., 2011).
Conversely, it has also been suggested that removal of the 60 spikes is attributable
to non-equivalent contact distances between facets at the major symmetry axes,
which facilitates a protease attack on the spikes at the pseudo-two fold symmetry
axes (Figure 6.2) (Dryden et al., 2012). It remains unclear as to how such an
adaption would influence the induction of infectivity or why the elimination of the
majority of spikes upon maturation would be allowed from an evolutionary or
genetic load perspective.
To verify the spike stoichiometry of the mature capsid, HAstV-1 VLPs will be
expressed in Sf21 and purified with ultracentrifugation. VLPs will be cleaved in vitro
by trypsin, homogenized with gel filtration, and subjected to silver-staining SDSPAGE. This assessment of the stoichiometric ratio of VP27:VP25 between the
immature and mature capsid will allow us to verify which of these proposed models
of spike maturation is valid.
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Figure 6.2 – Reconstruction of VP70 immature particle with spike density removed.
There exists a deep groove between the AB facet hinges along the pseudo-two fold
axes when referenced against the CC facet hinges along the two-fold axes. The
deeper AB hinge groove is postulated to facilitate a protease attack on the spikes
along the pseudo-two fold axes (adapted from Dryden et al., 2012).

The induction of infectivity in the response to proteolytic-induced
maturation is normally modeled as a consequence of structural transitions, such as
rigid body rotations, that produce the proper orientation of the viral spike. It is also
plausible that maturation results in the liberation of viral penetration factors, which
would act synergistically with structural transitions in promoting infectivity. For
example, in the non-enveloped dsRNA reovirus, the outer capsid protein µ1
undergoes an autolytic cleavage that removes the myristoylated N-terminus, µ1N.
This proteolysis of the capsid enables the remaining µ1C peptide to substantially
reorganize into a size selective porin involved in osmotic lysis allowing for efficient
viral propagation (Ivanovic, 2008; Nilbert and Fields, 1992).
In the astrovirus capsid proteolytic cascade (Figure 1.5B), the VP41
intermediate is sequentially processed at unknown sites in its carboxy terminus to
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yield VP34 (Méndez et al., 2002). These cleavages produce the excision of fragments
corresponding to the P1 region of VP90 with a net mass of approximately 10kD
(Figure 1.5B). The excised peptides from this region have an unknown localization
within the mature capsid and an undiscerned functionality. We propose that
peptides liberated from the VP41 C-terminus may act as viral penetration factors in
a manner loosely analogous to that of µ1C in reovirus. Given the extracellular nature
of the maturation events, liberated peptides may play a role in the disruption of the
tight junctions within the intestinal epithelium (Moser et al., 2007).
To test this hypothesis, the mature and immature VLPs will be subjected to
tandem-mass spectrometry to determine their respective protein complement. If
fragments of the excised 10kD region are detected, then the mature capsid will be
electrophoresed and electroblotted onto a PVDF membrane. Peptide fragments of
interest will be excised and sent to an external facility for N-terminal sequencing.
This approach will allow the unambiguous identification of all peptides released
from the capsid upon maturation. The primary sequence of identified peptides can
then be compared to known viral penetration factors in silico to confirm whether
the cleaved segments synergistically influence infectivity along with structural
transitions. Promising peptide fragments will be chemically synthesized and tested
for membrane perforation activity using liposome-based assays as described below.
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6.1.1.2. Identify Capsid Property Changes Induced by Trypsin-mediated
Maturation that Allow Infection
The structural transition from the immature to the mature capsid is
necessary to surmount a variety of environmental and internal stresses in addition
to modulating the infectivity of the released virion. In the maturation process, the
immature capsid can be thought of as a metastable complex that upon overcoming a
kinetic barrier transitions to the mature capsid lattice at a lower free energy state
(Ceres and Zlotnick, 2002; Galisteo and King, 1993). The structural switch between
the immature and mature lattice can be accomplished through rigid-body rotations,
localized refolding events, or through order-disorder transitions resulting in an
exchange of structural contacts between subunits (Conway et al., 2001). Although
the structural ramifications of maturation can be readily gleaned from atomicresolution imaging techniques the physiological consequences of the intrinsic capsid
properties remain elusive. To investigate the physiological consequences of
astrovirus capsid maturation, we will characterize the stability, adsorption
potential, and membrane perforation activity of the immature and mature VLPs.
It is possible that maturation-associated rigid-body rotations of capsid
domains reorient the viral spike permitting a successful interaction with the host
receptor. This rotation allows for virion adsorption while concurrently modulating
capsid stability by exchanging intermolecular contacts between subunits. The
relative adsorbance of the immature and mature virions will be quantified by using
GFP-tagged VLPs in conjunction with the permissive Caco-2 cell line (Willcocks et
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al., 1990). Reactions will be incubated at 4°C to prevent the internalization of the
viral particle with adsorbance being monitored by fluorescence-activated cell
sorting (FACS) flow cytometry (Forthal et al., 2011). Meanwhile, the lattice stability
of the mature and immature VLPs will be accessed by imaging particle disruption
over a gradient of temperature and urea using negative-staining TEM. This data will
clarify whether the ability to adsorb onto permissive cells is an intrinsic or
maturation-acquired property of the capsid.
Liposome-based assays will be conducted to access whether any capsid
peptide fragments liberated upon maturation facilitate association with or locally
disrupt biological membranes. Unilamellar liposomal vesicles (LUVs) with a
composition mimicking mammalian plasma membranes will be generated with a
Lipofast extruder (Avestin Inc.) (McNew et al., 2000; Raghava et al., 2011; Heuck et
al., 2003). The ability of released peptides to non-specifically interact with
membranes will be gauged with flotation assay (Figure 6.3). Briefly, trypsinized
VLPs are co-incubated with LUVs and separated by buoyant density using CsCl
gradient ultracentrifugation. To prevent the high abundance of lipids from
interferring with downstream MS analysis, proteins will be precipitated from the
LUVs. LUV-associated proteins can be precipitated using trichloroacetic acid (TCA)
precipitation

in

concert

with

acetone

delipidation

or

by

using

a

chloroform/methanol extraction (Wessel and Flugge, 1984). The protein content of
each fraction is then analyzed using immunoblotting, silver-staining-SDS, and, if
need be, mass spectrometry or N-terminal sequencing (Raghava et al., 2011). Should
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any putative viral penetration factors be identified from our concurrent analysis of
fragments liberated from the VP90 P1 domain (6.1.1.1), then the peptides will be
cloned, expressed, and subjected to the LUV-based assays for a more rigorous
characterization of penetrating potential.

Figure 6.3 – Flotation assay schematic.
The LUV-based flotation assay allows for the separation of intact VLPs from viral
penetration factors liberated upon maturation. Penetration factors will nonspecifically interact with LUVs, which imparts a differential bouyant density when
applied to a CsCl gradient ultracentrifugation.
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Subsequently, liposome permeability assays (Figure 6.4) will be employed to
access whether any released capsid peptides are capable of locally disrupting
membranes and, if so, under what physiological conditions. The early stages of
astrovirus infection have been demonstrated to be pH dependent and the stability of
the capsid is promoted by the inclusion of Mg2+ and destabilized by the addition of
metal chelators (Donelli et al., 1992; Caballero et al., 2004). As such, this assay will
be conducted across a gradient of pH and metal ion concentrations to access the
optimal conditions favoring membrane disruption.

Figure 6.4 – Schematic of liposome permeability assay.
In liposome permeability assay membrane disruption by VLP-liberated factors
results in an increase in fluorescence intensity of 5(6)-carboxyfluorescein due to the
loss of self-quenching; whereas, a loss of intensity is observed for Tb(DPA)3-3 due to
EDTA chelation.

During the extrusion of the LUVs, the fluorophores 5(6)-carboxyfluorescein
and terbium-dipicolinic acid (Tb(DPA)3-3) will be encapsulated within the liposomes
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and separated from non-encapsulated LUVs by gel filtration (Raghava et al., 2011).
The lanthanide fluorophores will be utilized when the assay is conducted against a
pH gradient as fluorescein has an effective pH range of 5-9; however, fluorescein
will be employed in the cationic metal gradients as it is unaffected by metal
chelators. LUV disruption results in an increase in the fluorescence intensity of 5(6)carboxyfluoroscein as the dispersion interrupts intermolecular self-quenching;
whereas, upon membrane disruption the emission intensity of Tb(DPA)3-3 will decay
as it is quenched by EDTA (Figure 6.4). Our results from the liposome permeability
assays and flotation assays will be verified using infectious HAstV-8 particles
supplied by Carlos Arias at UNAM. Using these assays we can clarify whether the
mature astrovirus capsid is capable of non-specifically disrupting or associating
with host membranes in addition to establishing the optimal disruption conditions.

6.2. Astrovirus Replication Strategies and their Impact on the
RdRP Structure
We expressed a TAstV-1 VPg-RdRP polyprotein to determine the termini of
the soluble RdRP via an in vitro digestion followed by N-terminal sequencing and
ESI-MS. This data would allow the rationale cloning of a minimal RdRP construct for
crystallization screening. Expression of the VPg-RdRP spanning non-structural
polyprotein (N-6xHis nsP1ab773-1609) in E. coli Rosetta(DE3) suffered from a variety
of problems, which rendered the construct ill-suited for crystallization screening:
protein solubility, yield, and purity (Figure 4.5). These problems seem to arise
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owing to the intact ORF1ab frame shifting junction, which produced VPg spanning Cterminal truncates. In addition to the target protein at 97.6kD, we see the
emergence of major nsP C-terminal truncates at approximately 40 and 48kD as
determined by an anti-His Western blot (Figure 4.6). The C-terminal truncates could
not be separated from the target species as they co-migrate across all ion exchange
columns and their mass difference is below the separation resolution of the
Superose 6 column. Using N-terminal sequencing against semi-purified, trypsinized
nsP1ab773-1609 (Figure 4.7) we were unable to identify the N- and C-terminus of the
liberated TAstV RdRP. The only observed protein at the target mass (~60kD) maps
to an nsP truncate that does not encompass the RdRP catalytic core with an Nterminus at Leu788 (Figure 4.8).
The nsP N-terminal truncate, N-6xHis nsP1ab1102-1609, which maps solely to
ORF1b, was cloned in an effort to eliminate the still intact frame shift junction that
had previously complicated the purity of the VPg-RdRP polyprotein. Consistent with
the frame shifting hypothesis, expression of nsP1ab1102-1609 yields a single nsPderived species that can be purified to greater than 95% purity and concentrated to
10mg/mL. To attain this purity, however, nsP1ab1102-1609 requires a complicated
series of purification columns (Ni-NTA, Q SP, S200, HisTrap FF, and Heparin HP)
resulting in 1mg of protein per 6L culture (Figure 4.9). Setting up approximately
300 sparse matrix screening conditions at 20°C using a 1:1 protein-to-mother liquor
ratio failed to present any crystallization hits. The TAstV RdRP is marginally more
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stable than that of HAstV-8 as the protein stock took approximately one week to
precipitate when stored at 4°C.
6.2.1. Future Work
Although a purification and expression strategy have been developed, both of
these approaches may require further optimization to improve the protein yield,
which is a major barrier for en masse screening. Even with the modified lysis buffer,
the bulk of nsP1ab1102-1609 remains insoluble. It might be possible to improve the
solubility by screening additional detergent in the lysis buffer, such as β-DDM,
Tween 20, SDS, NP-40, or CHAPS. It may be beneficial to investigate other
chromatography resins, such as Talon Metal Affinity (CloneTech) or hydroxyapatite
(Bio-Rad), to see if the number of purification steps can be reduced to restrict the
amount of protein lost. Although more laborious, a redesign of the expression
construct could improve target solubility. One option would be to subclone the
construct into pFastbac_Duet/SUMO to generate N-terminal fusion with N-6xHis
SUMO. The relatively high solubility of SUMO may aid in the extraction of
nsP1ab1102-1609 from the insoluble fraction upon lysis. Optimizing these steps may
improve the titers of nsP1ab1102-1609 to levels necessary for bulk crystallization
screening.
No compelling crystallization hits have yet been attained for the TAstV N6xHis nsP1ab1102-1609 construct. The lack of hits may have not been due to the
inability of nsP1ab1102-1609 to crystallize, but rather that the correct conditions have
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not yet been arrived at. Thus far, only three screening suites have been investigated
at a single equilibration temperature (20°C) and protein-to-mother liquor ratio
(1:1). Other crystallization strategies such as a lysine methylation reaction may also
warrant attention. In future crystallization screenings, it might be advantageous to
setup trays with nsP1ab1102-1609 of a lower purity. For instance, although this RdRP
construct remains stable for approximately 10 days post-lysis, the steps necessary
to attain the purity as shown in Figure 4.9 take no less than five days. It is possible
that a longer equilibration period against the mother liquor might be more
beneficial for crystal growth than attaining a prep of higher purity. Other structural
techniques such as NMR and cryo-EM cannot be readily applied to the astrovirus
RdRP. In particular the size of the RdRP would manifest as overlapping peaks on
NMR spectra hampering connectivity interpretation and the lack of noncrystallographic symmetry would hinder particle averaging in cryo-EM.

6.3. γMH68 ORF75C and its Role in Coordinating the
Proteasome-dependent Degradation of PML NBs
In attempting to generate native γHV68 ORF75C crystals at 13mg/mL in
1.5M urea we found that the previous hit (0.1M MES pH 6.5 and 20% v/v MPD)
could not be reproduced; however, a promising crystallization condition was found
using the Index suite (Hampton) in well E6: 0.05M CaCl2, 0.1M Bis-Tris pH 6.5, and
30% (v/v) PEG MME 550 (Figure 5.5A). These 55µm crystals were produced at 20°C
after five days using a 1:1 ratio of protein-to-mother liquor. After an optimization of
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the buffer pH and precipitant concentration, mono-disperse crystals were observed
in conditions of 0.05M CaCl2, 0.1M Bis-Tris pH 6.0, and 30% (v/v) PEG MME 550
after 4 days at 20°C using a 1:1 protein-to-mother liquor ratio (Figure 5.5B).
While growing crystals under a salt and pH optimization, very large, plate
crystals (~250µm) were attained (Figure 5.6). Crystals were grown at 20°C with a
1:3 protein-to-mother liquor ratio over 2 weeks in 5mM CaCl2, 0.1M Bis-Tris pH 6.0,
and 30% (v/v) PEG MME 550. Likewise, Se-Met ORF75C was found to crystallize
under similar conditions when using a 1:1 protein-to-mother liquor ratio at 20°C
(Figure 5.8). A variety of crystals have been frozen using 30% (v/v) PEG MME 550
as a cryo-protectant and will be diffracted at the APS in mid-June.
6.3.1. Future Work
The directionality of this project is largely dependent on the results attained
from crystal diffraction within the coming weeks. Should crystals fail to diffract to a
sub-3.5Å resolution, then the crystallization condition may require further
optimization via a chemical additive screen (i.e. either the Additive or Silver Bullet
suites offered through Hampton) or through crystal seeding. Should the diffraction
resolution fail to improve then ORF75C could be subjected to a lysine methylation
reaction to investigate whether any supplemental crystallization conditions
manifest.
Should these crystals fail to diffract, then it might be necessary to
alternatively clone, express, and screen ORF75C domain-wise truncates. For
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example, from the protease stability screen ORF75C breaks down into 67 and 70kD
species at a 1:100 mass-to-mass ratio of protein-to-trypsin (Figure 5.9). These
digestion species could be analogous to the glutaminase and FGAM synthetase
homology domains of FGARAT (Figure 5.3), which could be confirmed with Nterminal sequencing and tandem-MS. Based on the sequencing reads, domain-wise
truncates of ORF75C could be constructed, which should display enhanced stability.
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Appendix A
A1. HAstV-8 VP90 (GenBank AF260508)
ORF2 Protein Sequence:
MASKSDKQVTVEVNNNGRSRSKSRARSQSRGRGRSVKITVNSHNKGRRQNGRNKYQSNQRVRKIVNKQLRK
QGVTGPKPAICQTATATLGTIGSNTTGATEIEACILLNPVLVKDATGSTQFGPVQALGAQYSMWKLKYLNVRL
TSMVGASAVNGTVVRISLNPTSTPSSTSWSGLGARKHLDVTVGKNAVFKLKPSDLGGPRDGWWLTNTNDNA
SDTLGPSIEIHTLGQTMSSYQNTQFTGGLFLVELSSAWCFTGYAANPNLVNLVKSTDKSVNVTFEGSAGTPLI
MNVPEHSHFARTAVEHSSLSTSLSRAGGESSSDTVWQVLNTAVSAAELVTPPPFNWLVKGGWWFVKLIAGR
ARTGARRFYVYLSYQDALSNKPALCTGGVPASARQSNPVRTTLQFTQMNQPSLGHGATPMTFGRSIPEPGEQ
FRVLLTVGPPMAPNTANSQNWVNKTIVPPENQYTVKIGIDLEHYTTMQGFTPVESVSWYTADFQPSDEPSPI
PGLYARVNNTKKADVYGVQQFKSSHTNNRHQITSVFLVRVTTSFQVINYTSYFIRGAESGSNVSNLKIRDQTY
HTPLQFTQGKWYLLTSTVMHDGPTSSGWVWMNQELTNNIAYRVDPGMMYLITPPPAASQLYFELHTVLPQ
ARSEEPETYVDAPLPEEPPIEEEETDSDFESTEDENDEVDRFDLHPSSESDDDDVENDRATLLSTLLNQGISVE
RATRITNGAFPTRAARVRRSVYNDLLVSGLSPGAAWSHACEQARRAGDNHDLQLSGSRDHAE
ORF2 Nucleotide Sequence:
atggctagcaagtctgacaagcaagtcactgttgaggtcaataacaatggccgaagcaggagtaaatccagagctcgatctcaatctagaggtcg
aggcagatcagtcaagattacagtcaattcccataataaaggcagaagacagaacggacgcaacaaatatcaatctaatcaacgtgtccgtaaaa
ttgtcaataaacaactcaggaaacaaggttcacaggaccaaaacctgcaatttgtcaaacagccaccgcaacacttggaacaattggatcaaatac
cacaggagcaacagaaattgaggcgtgcatcctccttaatccagttttggttaaggacgctactgggagtactcagtttggcccagtgcaggcgcta
ggagcgcagtattcaatgtggaagctcaaataccttaacgtcagactgacgtctatggttggtgcttcagcagtaaacggcaccgtagtgagaatat
cactcaatccaacttccactccatcctccactagctggtctggactcggagcacgtaagcatttagatgttactgttgggaaaaatgcagtctttaaat
tgaaaccttccgacttgggtggaccccgtgatggatggtggttaacaaacacaaatgacaatgcttcagacacgcttggtccatccattgaaataca
cacattgggccaaactatgtcatcataccagaacacacagttcacaggaggcctatttttggtggagctttcatcagcatggtgctttactggatatgc
ggctaatccaaatttagtaaatttggtgaagtctacagataagagtgttaatgtcacttttgaaggctcagccggaacaccgctcataatgaatgtgc
cagaacacagccatttcgctagaacagcggtggagcactcttctctgtccacatccctctcgagggctggtggtgagtcttcatctgacactgtttgg
caagtcttgaacaccgctgtttcggcagctgagctggtaaccccaccgccattcaattggctggtcaagggtggctggtggtttgtcaaacttatagc
cgggcgcgcgcgcactggtgcgcgtaggttctatgtctatcttagttaccaagatgccctgtctaataaacctgccctttgcaccggtggtgttcctgc
cagtgctaggcagagtaacccagtacgcaccacactccagtttacacagatgaatcagcctagtttaggtcatggtgctactccaatgacatttggc
cgctccataccagaacctggtgagcaatttagagttttgctaactgttggacccccaatggctcctaacacagccaactctcagaattgggtgaaca
agacaattgtcccacccgagaaccagtacacagttaaaattggtatagaccttgagcattataccacaatgcagggatttacccctgttgagagtgt
gagttggtacacagctgatttccaaccctctgatgagcccagcccaatacccgggctatatgcccgcgtgaataacaccaagaaggctgatgtgtat
ggtgtgcaacagtttaaaagctcacacaccaataatagacaccagataaccagtgtatttcttgtgagggtgacaactagcttccaggtgataaact
acaccagctacttcataagaggtgctgaaagtggctcaaatgtctctaatctaaagattagagaccaaacataccacacaccactacagtttacaca
gggtaagtggtacctgctaactagcacagttatgcatgatggccccacatcatcaggctgggtttggatgaatcaagagctaactaacaacattgca
tatagagttgatccaggtatgatgtaccttatcacacctcccccagccgcatcacaactttattttgaactgcatactgtgcttcctcaagcaagatca
gaggaacctgagacatatgtggatgcccccttgcctgaggagccaccaattgaagaagaagagacagacagtgattttgagagtacagaggacg
aaaacgatgaagtggacaggttcgatctccatccctcttctgaatcagatgatgatgatgttgagaacgaccgtgcaaccctcctctctaccctcctc
aaccaaggaatttcagtggagcgcgccactagaatcactaatggtgcattcccaacacgcgccgctagagtgaggcgcagtgtctacaatgacctg
ttggtttccgggctcagccctggtgcagcatggtcccatgcgtgcgaacaagcacgcagagcaggtgacaatcatgacctgcaactatctggaagc
cgcgaccacgccgagtag
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A2. HAstV-1 Oxford (GenBank L23513.1)
ORF2 Protein Sequence:
MASKSNKQVTVEVSNNGRNRSKSRARSQSRGRDKSVKITVNSRNRARRQPGRDKRQSSQRVRNIVNKQLRK
QGVTGPKPAICQRATATLGTVGSNTSGTTEIEACILLNPVLVKDATGSTQFGPVQALGAQYSMWKLKYLNVKL
TSMVGASAVNGTVLRVSLNPTSTPSSTSWSGLGARKHLDVTVGKNATFKLKPSDLGGPRDGWWLTNTNDN
ASDTLGPSIEIHTLGRTMSSYKNEQFTGGLFLVELASEWCFTGYAANPNLVNLVKSTDNQVPVTFEGSAGSPLI
MNVSEGSHFARTVLARSTTPTTLARAGERTTSDTVWQVLNTAVSAAELVTPPPFNWLVKGGWWFVKLIAG
RTRTGSRSFYVYPSYQDALSNKPALCTGSTPGGMRTRNPVTTTLQFTQMNQPSLGHGEAPAAIGRSIPAPGEE
YKVVLTFGSPMSPNANNKQTWVNKPLDAPSGHYNVKIAKDVDHYLTMQGFTSIASVDWYTIDFQPSEAPAPI
KGLQVLVNISKKADVYAVKQFVTAQTNNKHQVTSLFLVKVTTGFQVNNYLSYFYRASATGDATTNLLVRGDT
YTAGISFTQGGWYLLTNTSIVDGAMPPGWVWNNVELKTNTAYHMDKGLVHLIMPLPESTQMCYEMLTSIPR
SRASGHGYESDNIEYLDAPDSADQFKEDIETDTDIESTEDEDDEADRFDIIDTSDEEDGNETDRVTLLSTLVNQ
GMTMTRATRIARRAFPTLSDRIKRGVYMDLLVSGVSPGNAWSHACEEARKAVGETNPCTSGSRGHAE
ORF2 Nucleotide Sequence:
atggctagcaagtccaataagcaggtaactgttgaggtcagtaataatggccgcaacaggagtaaatcaagggcccgttcacaatctaggggccg
agataaatcagtcaagattacagtcaattcaagaaacagagccaggagacagcccggacgcgacaaacgtcaatcttctcaacgtgtccgtaaca
ttgtcaataagcaactcaggaaacagggtgtcacaggaccaaaacctgcaatatgtcagagagcaacagcaacccttgggacggtcgggtcaaac
accagtggcaccactgagattgaggcgtgtattctcctcaaccctgtcctcgttaaggacgctactggaagcactcagtttggccctgtgcaggcgct
aggtgcacagtattccatgtggaagctgaagtatttgaatgtcaaattaacctctatggttggtgcatctgctgttaatggtactgtcctcagggtctca
cttaaccccacatctacgccatcttctactagttggtcaggattaggtgcgcgtaaacatcttgatgtcacggttggtaagaatgcaacatttaaactg
aaaccttctgaccttggtggacctagggatggttggtggctcacaaacaccaacgacaatgcatctgacaccctgggaccctccattgaaatacaca
cactcggacgaacaatgtcctcatacaagaatgagcagtttacaggggggctatttttggttgaacttgcttcagagtggtgctttacaggttatgctg
ccaacccaaaccttgttaatttggtcaagtcaacagataatcaagtacctgtgacatttgaaggaagtgctggatcaccattaataatgaatgtgtca
gaggggagccattttgcacgaacagttcttgcacgctcaacaacaccaaccactctagcgcgtgcaggagagagaaccacctcagacacagtatg
gcaggtgctcaatacagctgtatctgctgctgagcttgtcacgcctcctccgttcaattggttagttaaaggaggttggtggtttgtgaaacttattgcc
gggagaaccagaactggctctcgtagcttctatgtgtatcccagctaccaagatgctttgtccaataagccagcactctgcaccggcagcactccag
gaggcatgaggacgcggaatcctgtgacaacaaccctacagttcacacaaatgaaccaacctagtctagggcacggtgaagcaccagctgcgatt
ggtagatccattccagcacctggtgaggagtataaagttgtcctcacatttggatccccaatgagccctaatgcaaataacaaacagacttgggtta
ataaacctcttgatgcgccttcgggccattacaatgtgaaaattgcaaaggatgttgaccactatctaaccatgcagggtttcacttctatagcatctg
ttgactggtacactatagattttcaaccatctgaggcgcctgccccgataaaaggcttgcaggtacttgtgaacatctcgaaaaaagctgatgtgtat
gccgtcaaacaatttgtcacagcgcagaccaacaacaagcaccaggttacaagcctgttcctagtaaaagtaacaactggttttcaggtgaacaac
tacctgagttacttttacagggcgtctgctactggggatgccacaactaacctgttggttagaggagacacatacacagcagggataagttttaccc
agggtggatggtatttgttgacaaatacatctattgttgatggggctatgccacctggctgggtctggaataacgtggaacttaaaactaacacagc
gtatcacatggacaaaggcttggtccatctaataatgcctttgcctgagtccacgcaaatgtgttatgagatgctgacatctattccacgctccaggg
catctggtcatggttatgagagtgacaacatcgaatacttggatgctccagactctgctgaccagtttaaagaagacatagagacagacacagaca
ttgagagtacagaggacgaagacgacgaagcggacaggtttgatatcatagacacttctgatgaagaagatggaaatgagacagaccgtgtaac
cctcctctcaactctcgtaaatcaaggaatgacaatgacgcgtgccacaaggatagcacggcgcgcattccccacgctttccgataggatcaagcgt
ggagtatacatggacctgcttgtctcgggggtaagcccaggcaatgcatggtctcatgcgtgtgaagaggcacgcaaagcagtaggggaaaccaa
tccctgcacatctggaagccgcggccacgccgag
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A3. TAstV-1 ORF1ab Truncate (GenBank NP_853540)
N-6xHis nsP1ab773-1609 Protein Sequence:
MEHHHHHHSGKISALPPTEKLAKLVEVFVEQKKKGKTKRTARGGKHALGKKYLSKAHFSRMRMLTEEEYNK
MVEDGFSPDEIKEVVDQLREQAWQNYLIDNDIGEDDDLDWYDDMLEDERLNEEIDRRVEAALEDRGELAYQ
KIRRTFVDQALIHLITLKKGNWQTTKVECQPEREEAYKEQFQKAVKQEDLTEGTSYAIYSAGDATILIENKEID
HTEIKPVTTGAKTVQEYPKDARTTVATFDDNKKDIVKTKRTTEIVLEQRKKTCRTCGETRPHNHKMCRDRH
TRRFCFWCGVVHSDVEGHSRDLKCPKCSAGFANLREMEQHAVTTCSKKLDSHPEPSRVFQPLDFGLGIFDW
RFDLQPIRHHVAVPMNVEVLGYIPVDRLVERRNVITDPLLKLVEPWRQETYGPAVWTIKAYNKMFEKFFYSE
PLEFAQLDSSILNLADSYCLQEHDYMSGSQIVPITSTEKNLDSTPGYPKFKVFSTEREYLSTCGWDEYKTVWQ
VGPREKPLWWCFLKTEVLKLAKIEQDDIRMILCTDPVFTRIGAAFEQHQNSLMKLETENHHAQVGWSPFFG
GIHRRATRLYGEHRYYVELDWTRFDGTIPPELFRRIKLMRFFLLDPKYKTPENRDRYNWYVENLIDKVVLLP
TGEVCKIYGGNPSGQFSTTVDNNFVNVWLTVFELAYLFYKEHNRLPTICEIKKHTDWICYGDDRLLAVDKRFI
NSYDTAAVIAMYKDVFGMWVKPDNIKVFPSLEGVSFCGMVWTKRKGQYVGKPNVDKILSTLSDPVSRLPDIQ
SLWGKLVSLRLLCENESDEVVDYLDKQIESVSRHAKEAGIALPKIGPDFYAEIW
ORF1ab2330-4839 Nucleotide Sequence:
ATGGAACATCACCATCACCATCACTCAGGCAAAATCTCTGCGCTGCCGCCGACCGAAAAACTGGCGAAACTG
GTTGAAGTTTTCGTTGAACAGAAAAAAAAAGGTAAAACCAAACGTACCGCGCGTGGTGGTAAACACGCGCT
GGGTAAAAAATACCTGTCTAAAGCGCACTTCTCTCGTATGCGTATGCTGACCGAAGAAGAATACAACAAAA
TGGTTGAAGACGGTTTCTCTCCGGACGAAATCAAAGAAGTTGTTGACCAGCTGCGTGAACAGGCGTGGCAG
AACTACCTGATCGACAACGACATCGGTGAAGACGACGACCTGGACTGGTACGACGACATGCTGGAAGACGA
ACGTCTGAACGAAGAAATCGACCGTCGTGTTGAAGCGGCGCTGGAAGACCGTGGTGAACTGGCGTACCAGA
AAATCCGTCGTACCTTCGTTGACCAGGCGCTGATCCACCTGATCACCCTGAAAAAAGGTAACTGGCAGACCA
CCAAAGTTGAATGCCAGCCGGAACGTGAAGAAGCGTACAAAGAACAGTTCCAGAAAGCGGTTAAACAGGAA
GACCTGACCGAAGGAACTTCTTACGCGATCTACTCTGCGGGTGACGCGACCATCCTGATCGAAAACAAAGAA
ATCGACCACACCGAAATCAAACCGGTTACCACCGGTGCGAAAACCGTTCAGGAATACCCGAAAGACGCGCGT
ACCACCGTTGCGACCTTCGACGACAACAAAAAAGACATCGTTAAAACCAAACGTACCACCGAAATCGTTCTG
GAACAGCGTAAAAAAACCTGCCGTACCTGCGGTGAAACCCGTCCGCACAACCACAAAATGTGCCGTGACCGT
CACACCCGTCGTTTCTGCTTCTGGTGCGGTGTTGTTCACTCTGACGTTGAAGGTCACTCTCGTGACCTGAAA
TGCCCGAAATGCTCTGCGGGTTTCGCGAACCTGCGTGAAATGGAACAGCACGCGGTTACCACCTGCTCTAAA
AAACTGGACTCTCACCCGGAACCGTCTCGTGTTTTCCAGCCGCTGGACTTCGGTCTGGGTATCTTCGACTGG
CGTTTCGACCTGCAGCCGATCCGTCACCACGTTGCGGTTCCGATGAACGTTGAAGTTCTGGGTTACATCCCG
GTTGACCGTCTGGTTGAACGTCGTAACGTTATCACCGACCCGCTGCTGAAACTGGTTGAACCGTGGCGTCAG
GAAACCTACGGTCCGGCGGTTTGGACCATCAAAGCGTACAACAAAATGTTCGAAAAATTCTTCTACTCTGAA
CCGCTGGAATTCGCGCAGCTGGACTCTTCTATCCTGAACCTGGCGGACTCTTACTGCCTGCAGGAACACGAC
TACATGTCTGGTTCTCAGATCGTTCCGATCACCTCTACCGAAAAAAACCTGGACTCTACCCCGGGTTACCCG
AAATTCAAAGTTTTCTCTACCGAACGTGAATACCTGTCTACCTGCGGTTGGGACGAATACAAAACCGTTTGG
CAGGTTGGTCCGCGTGAAAAACCGCTGTGGTGGTGCTTCCTGAAAACCGAAGTTCTGAAACTGGCGAAAATC
GAACAGGACGACATCCGTATGATCCTGTGCACCGACCCGGTTTTCACCCGTATCGGTGCGGCGTTCGAACAG
CACCAGAACTCTCTGATGAAACTGGAAACCGAAAACCACCACGCGCAGGTTGGTTGGTCTCCGTTCTTCGGT
GGTATCCACCGTCGTGCGACCCGTCTGTACGGTGAACACCGTTACTACGTTGAACTGGACTGGACCCGTTTC
GACGGCACCATCCCGCCGGAACTGTTCCGTCGTATCAAACTGATGCGTTTCTTCCTGCTGGACCCGAAATAC
AAAACCCCGGAAAACCGTGACCGTTACAACTGGTACGTTGAAAACCTGATCGACAAAGTTGTTCTGCTGCCG
ACCGGTGAAGTTTGCAAAATCTACGGTGGTAACCCGTCTGGTCAGTTCTCTACCACCGTTGACAACAACTTC
GTTAACGTTTGGCTGACCGTTTTCGAACTGGCGTACCTGTTCTACAAAGAACACAACCGTCTGCCGACCATC
TGCGAAATCAAAAAACACACCGACTGGATCTGCTACGGTGACGACCGTCTGCTGGCGGTTGACAAACGTTTC
ATCAACTCTTACGACACCGCGGCGGTTATCGCGATGTACAAAGACGTTTTCGGTATGTGGGTTAAACCGGAC
AACATCAAAGTTTTCCCGTCTCTGGAAGGTGTTTCTTTCTGCGGTATGGTTTGGACCAAACGTAAAGGTCAG
TACGTTGGTAAACCGAACGTTGACAAAATCCTGTCTACCCTGTCTGACCCGGTTTCTCGTCTGCCGGACATC
CAGTCTCTGTGGGGTAAACTGGTTTCTCTGCGTCTGCTGTGCGAAAACGAATCTGACGAAGTTGTTGACTAC
CTGGACAAACAGATCGAATCTGTTTCTCGTCACGCGAAAGAAGCGGGTATCGCGCTGCCGAAAATCGGTCCG
GACTTCTACGCGGAAATCTGGTGACTCGAGGGTACCTAA

155

A4. γMH68 ORF75C (GenBank NP_044915.1)
ORF75C Protein Sequence:
MSYYHHHHHHDYDIPTTENLYFQGAMGSGIQRPTSTSSTMARHFAFIYFGDSQYNETEKELIEDTEAGRAPV
DTSGHRFINIVCGSLIPSNPNNVNHEHVGIYKRIIQHAMSAESPRLPVTATPIDKSNSSRALALSYGPNTRWRP
TTVSRELAAYLHDLIPEYSIRIESFRRVICTLENTPTNISNTRLLESAYGFLEDHFTANTVLSIMRPESAIENYET
FTHSMLVSAPAPPPDPLTMKITYPNTTPLDSVLNHCSLGTYHRENLYPTMLHETLSTKFPMFLGQSADVQTA
HWHTCSMFFNPGWVLENIYFASSWITGIDFQHSALGLYTLHPPEDQQPFHLVNKRSRAVLKKYSSLMRAMG
LPICGGFSRPIRTTHALESGQDVLINASVTGTVPQNRLSTQDPRPGDLIVFLGDFVPTLHQETAPYLYTHSPLEL
NKILAVVKQLSDTTTQSCITKTIRPFGHPSMLEALTELIHPYGAYLDLNNLPQPIVSALNSSAPAIHEEIVKHHF
LSVHCPVYLLVISQDLGLEDAAERDATHNPLDMFLTFAENHKLPCGVIGTLVEDRGLHFCKELFDGGFPVKIE
FTAQEATVPRGRLPRSRSFSRHKPMKFDQSFLWTTEHFNESVEAILKHPAVESKEYIVKHIDRLGQYTVGQQ
QGCGPLDLPVCDHSIMMCTALKTTPQPLDASGPRPTFTTLRVHSDSALDLINSPTCWLSNKEYSKPEVFPCVV
TGVGEQYYKMQVDPVRGAVYGLVEAILNMLTSNCVHGWRKMAITGSISWSSDDPSYSLLYQTLMACKDFCYS
LSIPITYTNATSGQTQDTGPRPGPTTNSIAFTAQCPGVMGTYRKTTPDFKSHGSYIIWLPMSQKLTLAGTIFQQ
ISKLKANKLHKLAPEYISNLAHALEMLTSRTAILSMHDVSDGGLIAAILEMAMAGNKGCNIEMPSYITRPFDM
LISETPGMVIEVEKKSMEMVKAILKFKSLTYYKLGQVAKHGEEPVVEISHAGKQLFKAHLSTVMRWWRHTYS
SHITQQCSNLSAKEKLYVLDYGNNKTDLGLMGPGMRSRHLRPVKCVDPDFGAYVCVACSPGQPPPHSLMSAL
SNSGFDPVPCNILELAHTDLNEYSGIIFSGHSGAEKNVTAASILANSLVTNQDFTETLTRFYNKSHTFILGFGEL
GTQLLLALDIVNLDQSNPQFISRTEERELFQHGALEPNASALLECLWLNFYVRQSRSVFLAPISGSVVPAWAV
GTHLGINFNHDGAEQRLMTSGQISATFHGPEPGRNLEAAHYPRNPSGASNVAAFCSPDGRATAMLIDPSQSF
FPWQWQYDAENLQCTPWQICFFRLLLWSLASRDHHHHHH

156

Appendix B
B1: Secondary Structure and Disorder Prediction for HAstV-8 VP90

Secondary structure and disorder prediction for HAstV-8 full length VP90. Helices
are shown in red, β-sheets are shown in blue, and regions of disorder are shown in
tan. This analysis was done using the PSIPRED (Jones, 1999) and DISOPRED2 (Ward
et al., 2004) algorithms.
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B2: Secondary Structure and Disorder Prediction for HAstV-1 VP90

Secondary structure and disorder prediction for HAstV-1 full length VP90. Helices
are shown in red, β-sheets are shown in blue, and regions of disorder are shown in
tan. This analysis was done using the PSIPRED (Jones, 1999) and DISOPRED2 (Ward
et al., 2004) algorithms.
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Appendix C
C1: Overview of Expression Data of HAstV-1/8 VP90 Truncates in Sf21

Horizontal green arrows indicate progress made towards purification for a given
VP90 construct with the indicated tag. The column in which the arrow terminates
indicates an encountered obstacle that could not be overcome. The rate limiting step
of both of the HAstV-1 VP90 constructs is still unknown and will require small-scale
expression tests upon obtaining a P3 baculovirus stock. Based on an SDS-PAGE of
the transfections (Figure 3.3) it cannot be ascertained if either construct expresses
in Sf21.
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C2: Overview of Expression Data of HAstV-8 VP90 Truncates in Rosetta(DE3)

Horizontal green arrows indicate progress made towards purification for a given
VP90 construct with the indicated tag. The column in which the arrow terminates
indicates an encountered obstacle that could not be overcome.
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Appendix D
D1: Expression and Purification of Rosetta(DE3)/pET28a/VP9071-415

Anti-His Western blot (2.6.2) for a small-scale test expression of E. coli
Rosetta(DE3)/pET28a/VP9071-415 N-6xHis (shown at right). Low titers of soluble
protein were only produced at an induction temperature of 37°C.

Purified C-6xHis VP9071-415 after S200 gel filtration at greater than 95% purity with
a yield of 1mg per 6L of culture.

