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Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is in the family
Baculoviridae, genus Alphabaculovirus. AcMNPV me53 is one of the conserved immediate
early genes expressed immediately following AcMNPV infection in all sequenced lepidopteran
baculoviruses. Me53 is transcribed both early and late post-infection. Although me53 is not
essential for viral DNA synthesis, it greatly attenuates infectious budded virus (BV) production
when deleted. ME53 is associated with the nucleocapsid on both budded virus and
occlusion-derived virus, but not with the envelope. ME53 co-localizes in plasma membrane
foci with viral envelope glycoprotein GP64. Despite lack of a nuclear localization signal (NLS),
ME53 localizes in the cytoplasm early post-infection, and translocates to the nucleus late
post-infection. To map determinants of ME53 that facilitate its nuclear translocation,
recombinant AcMNPV bacmids containing a series of ME53 truncations, internal deletions and
peptides fused with HA or GFP tags were constructed. Intracellular localization identified that
residues within amino acids 109 to 137 act as the nuclear translocation sequence (NTS) to
facilitate ME53 nuclear transport. Since ME53 translocates to the nucleus, and has a conserved
II

zinc-finger domain which is usually considered to be related to transcriptional regulation, a
possible nuclear function of ME53 was also investigated. The transcript levels of select viral
genes were quantified by qRT-PCR in both wildtype bacmid and me53 knockout bacmid
transfected cells. The presence of me53 increased the transcription of viral immediate early
genes, genes encoding viral RNA polymerase subunits, and genes required for virus
production. The most increased genes are late genes essential for viral nucleocapsid assembly
and egress, suggesting that ME53 may function as a transcription factor to regulate viral gene
expression. Furthermore, since ME53 translocates to the nucleus and co-localizes with viral
major envelope protein GP64 at the plasma membrane, this study investigated the possible
chaperone proteins ME53 recruits to facilitate its translocations. The HA or V5 epitope tag
was fused to ME53 to help identify its binding partners in immunoprecipitation (IP) assays.
Viral major envelope protein GP64 and major capsid protein VP39 were detected as ME53
binding partners that might facilitate its translocation to either the plasma membrane or the
nucleus.
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Chapter I: Literature review
Members in the Baculoviridae family are a group of insect-specific viruses having
enveloped, rod-shaped virions with large circular double-stranded DNA genomes, ranging
from 80-180 kbp in size (Ahrens et al., 1997). There are four genera in the Baculoviridae
(http://www.ictvonline.org/virusTaxonomy.asp):

Alphabaculovirus

(lepidopteran

nucleopolyhedrovirus), Betabaculovirus (lepidopteran granuloviruses), Gammabaculovirus
(hymenopteran

nucleopolyhedrovirus),

and

Deltabaculovirus

(dipteran

nucleopolyhedrovirus) (Fig. 1.1). Alphabaculovirus can be further sub-divided into Group I
(with GP64 as envelope protein) and Group II (with F protein as envelope protein). The
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is an alphabaculovirus in
the type species Autographa californica multiple nucleopolyhedrovirus, and is the most
intensively studied baculovirus system.

For quite a long time, insects have been destroying trees in forests and economically
important agricultural plants. As efficient and targeted biocontrol agents, baculoviruses have
been used to control insect pests of forestry and agriculture in recent decades. Although
chemical pesticides are widely used for controlling insects, these usually lead to
unacceptable environmental and health issues. Insecticides based on baculoviruses are
effective in controlling insects such as using Anticarsia gemmatalis NPV for velvetbean
caterpillar (Moscardi, 1999) and Lymantria dispar NPV for gypsy moth (Cook et al., 2003).
Besides their use as biocontrol agents, baculovirus expression vector systems have been
developed as highly expressed systems for exogenous genes in insect cells (Condreay &
Kost, 2007; Kuroda et al., 1986).
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Figure. 1.1 Baculovirus phylogenetic tree. Unrooted neighbour-joining tree of 29
baculovirus core genes amino acid alignment of 29 sequenced baculovirus genomes from 4
genera: Alphabaculovirus, Betabaculovirus, Gammabaculovirus, and Deltabaculovirus
(adapted from Jehle et al., 2006).
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Baculovirus life cycle
Two baculovirus virion phenotypes
Baculoviruses have two different virion phenotypes, budded virus (BV) and
occlusion-derived virus (ODV) embedded in occlusion bodies (OBs). Although both are
assembled in the nucleus with similar structure and identical genomes, BVs and ODVs differ
in the viral envelope and associated structures. BV virions contain only single nucleocapsids
that bud out from the cell plasma membrane to acquire the viral envelope. BVs are required
for cell to cell transmission in tissue culture or systemic spread in a single host insect. ODV
virions contain enveloped single (S) or multiple (M) nucleocapsids that are assembled and
retained in the cell nucleus (Bergold, 1963). ODVs become occluded by the polyhedra
protein polyhedrin to form OBs. OBs are disseminated into the environment, which allow
baculoviruses to stay viable in the harsh external environment for a long time prior to
ingestion by other insects and enable insect to insect transmission (Bergold, 1963) (Fig. 1.2).

Baculovirus virion structure
A baculovirus virion consists of both nucleocapsid and envelope. The BV and ODV
nucleocapsids are similar in containing the same viral genome and having the same major
proteins. The baculovirus nucleocapsid is 250–400 nm in length and 40–70 nm in diameter,
and has a base on one end and an apical cap on the other end (Arif, 1986). Inside the
nucleocapsid is the supercoiled circular viral genomic DNA and proteins forming the
nucleoprotein core. The outer layer of the nucleocapsid consists of the capsid proteins
surrounding the nucleoprotein core, with the major capsid structural protein VP39 stacked
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Figure 1.2 Two baculovirus virion phenotypes. (A) Budded virus (BV) phenotype. (B)
Occlusion derived virus (ODV) phenotype (Slack & Arif, 2007).
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helically around the nucleoprotein core (Arif, 1986; Blissard & Rohrmann, 1989; Guarino &
Smith, 1990).

Although BV and ODV both contain nucleocapsids, the envelopes of BV and ODV virions
are different. Compared to the lipid bilayer envelopes of ODV, envelopes of BV are loose
and there may be cytoplasmic proteins between the nucleocapsid and the envelope. The
major proteins of BV envelopes are viral glycoproteins, GP64/GP67 (Whitford et al., 1989)
or F protein (fusion protein) (Pearson et al., 2000), which are N-glycosylated proteins that are
transported to the cell membrane budding sites after being sorted in the endoplasmic
reticulum (ER). The GP64 protein is restricted to only group I alphabaculoviruses (Whitford
et al., 1989), while group II alphabaculoviruses, betabaculoviruses and deltabaculoviruses
have F proteins, which need to be proteolytically cleaved before the F protein is functional
(Herniou et al., 2003; Westenberg et al., 2002). The exceptions in baculoviruses that lack
either GP64 or F protein homologues are Neodiprion lecontei nucleopolyhedrovirus
(NeleNPV) (Lauzon et al., 2004) and Neodiprion sertifer nucleopolyhedrovirus (NeseNPV)
(Garcia-Maruniak et al., 2004) of the hymenopteran gammabaculoviruses, which do not
appear to produce BV virions.

Baculovirus infection cycle in midgut
Baculovirus transmission and replication occur exclusively in insect larve. Transmission is
by the oral route when insects consume food contaminated by OBs. After ingestion, OBs
travel with the food through the foregut and then enter the midgut. Under the alkaline
environment (pH 10–11) in the midgut, OBs are dissolved and ODV virions are released into
the midgut lumen (Garcia-Maruniak et al., 2004; Lauzon et al., 2004). Once the ODVs are
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released, they pass through the peritrophic membrane (PM) to the midgut columnar epithelial
cells. There are two main types of cells in the midgut epithelium of lepidopteran insects:
goblet cells and columnar cells. The columnar cells, which secrete digestive enzymes, are
infected by baculovirus ODVs; while goblet cells, which are responsible for the transport of
potassium from the hemolymph to the midgut, are not infected by ODVs. After the ODV
envelopes fuse with the midgut cell membranes, nucleocapsids get released to the cytosol
(Horton & Burand, 1993).

After ODVs infect midgut cells and virus has replicated, BVs which are produced start
budding through the midgut basal membrane, penetrate the basal lamina and then infect
tissues in the hemocoel. The major way for alphabaculoviruses to spread from the midgut to
the hemocoel is through the tracheal system (Engelhard et al., 1994; Kirkpatrick et al., 1994).
Tracheal tubes expand extensively from spiracles to the hemocoel. As soon as BVs are in the
hemocoel, they are further dispersed throughout the insect by infecting hemocytes
(Washburn et al., 1995).

Intracelluar baculovirus infection cycle
Once the nucleocapsids from ODVs enter the cytoplasm, the nucleocapsids migrate into the
cell nucleus through nuclear pores via actin filaments, where they start to uncoat and release
the viral DNA genome into the nucleus. Later, virus genes start to be transcribed in a
temporal cascade, DNA begins to replicate, viral protein products are synthesized, and the
newly assembled nucleocapsids appear in the nucleus for budding or occlusion (Lauzon et
al., 2004; Garcia-Maruniak et al., 2004).
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The whole replication cycle starts immediately after the nucleocapsids deliver and release the
viral genome into the host cell nucleus. The nuclear phase of baculovirus replication could be
sub-divided into three major phases. The first phase is viral immediate early gene
transcription. It begins no more than 30 minutes post-infection and viral early genes are
transactivated (Chisholm & Henner, 1988). Before viral DNA synthesis, the immediate early
genes and early genes are transcribed by host RNA polymerase II, and some early genes are
transcribed from early promoters that have a TATA motif at the transcriptional start site
(Rodems et al., 1997; Suzuki et al., 1997; Huh & Weaver, 1990). The second phase is viral
DNA replication after the production of viral early gene products, which are required for late
gene transcription (Okano et al., 1999; Rohrmann, 2013). The third phase starts when late
and very late genes begin to be transcribed by an α-amanitin-resistant viral RNA polymerase
from viral late promoters (Rodems et al., 1997; Beniya et al., 1996). The activation of late
and very late gene transcription is thought to be dependent on viral early gene products and
on viral DNA replication (Hill et al., 1993; Harrap, 1972).

During the viral replication cycle, the nuclear structure is modified and could be observed by
6 hours post-infection (hpi). An electron-dense, net-shaped region in the center of the nucleus
called a virogenic stroma (VS) begins to develop (Hill et al., 1993; Harrap, 1972). This
region is considered to be the place for viral RNA transcription, DNA replication, and
nucleocapsid assembly. Simultaneously, the host cellular heterochromatin, which is
histone-associated highly condensed host genomic DNA, starts to redistribute and marginate
along the inner nuclear membrane (INM) (Faulkner et al., 1997). In this whole process, the
nucleus is partitioned into two major regions, the virogenic stroma and the nuclear ring zone
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(Faulkner et al., 1997). By 12 hpi, the virogenic stroma continues to expand in the centre of
the nucleus. The assembly of nucleocapsids first happens in the virogenic stroma, and then
the earliest assembled nucleocapsids gradually migrate out from the virogenic stroma to the
nuclear ring zone and finally locate at the nuclear membrane. After the nucleocapsids are
transported across the nuclear membrane and through the cytosol to the cell membrane
budding sites, they obtain an envelope as they bud out from the plasma membrane which
contains the virus-encoded envelope proteins (Braunagel & Summers, 1994; Beniya et al.,
1998). There is evidence showing that the budding process involves interaction with cellular
actin (Lanier & Volkman, 1998). Beginning at 20 hpi, the virogenic stroma starts to recede
and the major production of virion phenotype shifts from BVs to ODVs. More and more
nucleocapsids accumulate in the nuclear ring zone to acquire a lipid bilayer envelope for
ODV formation (Braunagel & Summers, 1994). By 24 hpi, occlusion occurs and ODVs are
present in the nuclear ring zone, and fully formed OBs embedded in polyhedral matrix
protein could be observed (Fig. 1.3).

Liquefaction and occlusion bodies (OB) release
Beginning from 48 hpi, through lytic release, mature OBs are liberated from the nucleus of
baculovirus infected cells with the help of viral proteins (Suzuki et al., 1997). Release of OBs
from insects includes baculovirus induced insect liquefaction and cuticle rupture. The
terminal liquefaction and rupture processes are assisted by the viral-encoded protease
V-CATH (Ohkawa et al., 1994) and chitinase ChiA which interact, and this leads to progeny
virus dissemination (Hodgson et al., 2011; Hawtin et al., 1997). Finally, when the carcass of
the host insect liquifies, the progeny OBs are broadly dispersed on food surfaces in the
environment where they could be consumed by the next host insect (Slack & Arif, 2007).
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Figure 1.3 Different phases of the baculovirus infection cycle in insect cells. The whole
process includes the shift from virogenic stroma formation at 6 h to early BV production at
12 h to late ODV production and OB formation at 20 h (Slack & Arif, 2007).
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Baculovirus gene expression cascade
Temporal regulation of viral gene expression
Baculovirus gene transcription follows a temporal cascade in four phases: immediate early,
early, late and very late. Successful gene expression in each phase depends on protein
products from the previous phase. The early phase and late phase are divided by the onset of
viral DNA replication. Before viral DNA replication starts, baculovirus utilizes host RNA
polymerase II for immediate early and early gene transcription. After viral DNA replication
begins, baculovirus encoded RNA polymerase is used for late and very late gene
transcription (Guarino et al., 1998; Hoopes, Jr. & Rohrmann, 1991).

Immediate early and early phase
Baculovirus early genes are transcribed prior to viral DNA replication by using the host RNA
polymerase II, and the early transcripts can be detected by 30 min post-infection (Krappa &
Knebel-Morsdorf, 1991). The immediate early and early genes use early promoters to start
transcription, and most of the early promoters include a CAGT initiation motif previously
identified and a canonical TATA element so the transcriptional initiation rate could be
regulated (Chen et al., 2013; Dickson & Friesen, 1991; Guarino & Smith, 1992). However,
the levels of early transcripts were lower than the levels of late transcripts. Moreover, 21
genes were identified to have both early and late initiation motifs, such as gp64 and me53
(Chen et al., 2013). There are several baculovirus immediate early genes identified, such as
ie-1, ie-2, ie-0, me53, pe38, pp31 and he65, etc (Chen et al., 2013). Five of them were
initially identified as ie-1, ie-2, ie-0, me53 and pe38, four of which have been demonstrated
to have regulatory functions. For instance, the product of the AcMNPV immediate early gene
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ie-1, IE-1, is not only an essential factor in the viral DNA replication complex (Kool et al.,
1994), but is also a highly conserved transcriptional activator and regulator that regulates the
transcription of other viral early and late genes (Lu & Miller, 1995; Kool et al., 1994). With
the immediate early gene products, the early genes are then transcribed. Besides me53 which
is the topic of this thesis, below are several other immediate early genes that are well studied:

ie-1
Ie-1 is identified in all sequenced alphabaculoviruses (Group I and Group II NPVs) and all
betabaculoviruses (GVs), although with low homology in GVs. IE-1 is able to transactivate
early promoters in AcMNPV to regulate other viral early gene transcription and is also
capable of binding to homologous regions (hrs) that are considered to be transcriptional
enhancer elements and DNA replication origins (Guarino & Summers, 1986). IE-1 is an
immediate early protein and localizes primarily in the nucleus in both infected and uninfected
cells (Olson et al., 2002). It was originally determined to be essential for DNA replication in
a transient assay (Kool et al., 1994). However, only when both IE-1 and its spliced
counterpart IE-0 are inactivated, is viral DNA replication and virus production totally
inhibited (Stewart et al., 2005).

ie-0
As the spliced variant of ie-1, IE-0 contains the whole IE-1 and an additional 54 amino acid
residues upstream of the N-terminus of IE-1 (Chisholm & Henner, 1988). When comparing
their individual function, there are still subtle differences between them. In AcMNPV, IE-1
functions in homodimers, and can form heterodimers with IE-0 as well. Either IE-1 or IE-0
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alone can support DNA replication and virus production. When ie-0 was inactivated, as long
as ie-1 is still expressed, it does not influence DNA replication and BV production
significantly. However, the production of OBs is reduced without IE-0. In addition, viral
DNA replication was actually enhanced with the deletion of ie-0 (Stewart et al., 2005).

ie-2
Ie-2 exists only in Group I alphabaculoviruses. IE-2 transactivates early gene expression and
is stimulatory for DNA replication (Yoo & Guarino, 1994). With a RING-finger motif, IE2
has E3 ubiquitin ligase activity, and is capable of regulating and arresting the cell cycle at the
S-phase (Imai et al., 2000). IE-2 also co-localizes in the nucleus with PE38 and is involved in
viral DNA replication in infected cells (Murges et al., 2001; Mainz et al., 2002). Deletion of
ie-2 leads to less BV production and delayed late gene expression in a Sf cell line, but showed
very little difference in a T. ni cell line (Prikhod'ko et al., 1999).

pe-38
Pe38 encodes a 38 kDa immediate early protein PE38 detected as early as 1 hpi. PE38 is
predicted to have a zinc finger domain and a leucine zipper motif, and is shown to
transcriptionally regulate gene expression and activate DNA replication in transient assays
(Krappa & Knebel-Morsdorf, 1991). PE38 localizes in both the cytoplasm and nucleus in
infected cells (Kool et al., 1994). Deletion of pe38 results in a decrease in viral DNA
replication, a significant reduction in BV production, and a decrease in oral infectivity in
larvae (Milks et al., 2003).
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Viral DNA replication
Dependent on early gene expression, viral DNA replication initiates at about 6 hpi in
AcMNPV infected cells (Okano et al., 1999). Virus DNA replication happens within the
electron-dense virogenic stroma in the nucleus of infected cells, with both cis-acting
elements and trans-acting elements involved (Vanarsdall et al., 2007a). The cis-acting DNA
replication elements are the DNA replication origins in the viral genomes. Instead of only a
single DNA replication origin, baculovirus might have multiple origins in one single genome
such as homologous regions (hrs), non-hr sequences, and early promoters (Vanarsdall et al.,
2007a). Trans-acting DNA replication elements, however, are the gene products required for
DNA replication. So far, there are six viral genes reported to be essential for baculovirus
DNA replication. They are ie-1, DNA polymerase (DNApol), P143 (helicase), late
expression factor 1 (lef-1, primase), late expression factor 2 (lef-2, primase factor), and late
expression factor 3 (lef-3, single-stranded DNA-binding protein), all of which bind to the
DNA (Lu & Miller, 1995; Kool et al., 1994). IE-1 binds to the origin of replication at one of
the homologous repeat (hrs) regions or non-hr regions, and potentially act as a protein to
initiate DNA replication (Pearson et al., 1992). The binding of DNApol and P143 are thought
to be relevant to DNA synthesis and in strand separation, respectively (Kovacs et al., 1992;
Pearson et al., 1992). As a primase, LEF-1 interacts with LEF-2, and is required for DNA
replication and virus production (Evans et al., 1997; Mikhailov & Rohrmann, 2002). LEF-3
could bind to single-stranded DNA, to P143 and to IE-1 to regulate viral DNA replication
(Hang et al., 1995; Wu & Carstens, 1998; Hefferon & Miller, 2002).
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Viral RNA polymerase complex formation
Baculovirus encodes its own RNA polymerase for late and very late gene transcription. The
viral RNA polymerase complex involves at least four subunits, and the genes that are
responsible for encoding the complex includes p47 and three late expression factor (lef)
genes lef-4, lef-8 and lef-9, all of which are core genes found in all baculoviruses. The four
subunits will then form a complex to give rise to viral late and very late gene transcription
(Guarino et al., 1998). Lef-4 acts as an enzyme in RNA 5’ capping (Gross & Shuman, 1998;
Jin et al., 1998). Lef-8 contains a conserved catalytic domain that is present in other RNA
polymerases (Passarelli et al., 1994). Lef-9 also contains a conserved 7 amino acid catalytic
motif that is found in some DNA-dependent RNA polymerases (Lu & Miller, 1994). Thus,
the two subunits LEF-8 and LEf-9 together appear to comprise the catalytic domain in the
baculovirus RNA polymerase (Lu & Miller, 1994; Passarelli et al., 1994). P47 has been
shown to be required for viral late gene expression, and a P47 ts mutant compromises late
gene expression (Partington et al., 1990; Guarino et al., 1998). However, although each
subunit is determined to be necessary for optimal late and very late gene expression, the
detailed roles that LEF-8, LEF-9 and P47 play in the complex are not fully characterized
(Lu & Miller, 1994). Among all four components, LEF-8, LEF-9 and P47 are able to
self-associate in homodimers. P47 seems to act as a connection in the complex formation,
as LEF-4, LEF-8 and LEF-9 are all associated with P47 in heterodimers. However, LEF-4
and LEF-8 are not associated with each other unless P47 is present. The association
between LEF-4 and LEF-9 or the association between LEF-8 and LEF-9 is weak (Crouch et
al., 2007).
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Late and very late phase
The initiation of the late phase is dependent on viral early gene transcription and DNA
replication. Almost half of the baculovirus genes are transcribed late and very late, and
require the viral RNA polymerase complex (Ayres et al., 1994; Beniya et al., 1996). After
viral DNA replication begins, the late genes are usually transcribed within 6 to 24 hpi in
AcMNPV infected cells, and the very late genes are usually transcribed within 18 to 72 hpi
(Passarelli & Guarino, 2007). The majority of the late genes transcribed are either viral
structural proteins or proteins that associate during nucleocapsid assembly. The very late
genes are mostly related to OB formation and liquefaction. Baculovirus late promoters are
mostly compact and contain a conserved RTAAG motif. Most of the late transcription
initiates at the first A in RTAAG, and it acts as the mRNA starting site (Passarelli &
Guarino, 2007; Thiem & Miller, 1989). Compared to the early transcripts, there are much
more viral late transcripts detected. This increase in viral late transcript levels is caused by
the viral RNA polymerase and the viral genomic DNA amplification (Chen et al., 2013).
Besides viral RNA polymerase complex (lef-4, lef-8, lef-9 and p47), there are other viral
lefs that influence late and very late gene transcription. The ones essential for late gene
transcription are lef-5, lef-10 and pp31, which encode the transcription initiation factors
(LEF-5 and LEF-10) and DNA binding factor (39K/PP31). The auxiliary transcription
factors are LEF-6 and LEF-12 that facilitate late transcription. Moreover, the gene
necessary for very late transcription is vlf-1, which encodes a DNA binding factor. The
immediate early protein IE0 also acts as a transactivator to regulate very late gene
transcription (Passarelli & Guarino, 2007). In addition to the canonical transcription
initiation sites, viral early and late genes also transcribe from non-canonical initiation sites
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in their promoters. This may suggest other alternative mechanisms to regulate baculovirus
gene transcription, which were not previously identified (Chen et al., 2013).

Immediate early gene me53 in AcMNPV
Baculoviruses utilize host RNA polymerase II for immediate early and early gene
transcription. The products of viral immediate early and early genes initiate viral DNA
replication and late gene expression (Passarelli & Guarino, 2007; Vanarsdall et al., 2007a).
Unlike the other immediate early genes such as ie-1, ie-0 and pe38 that have been extensively
studied, there is still much unknown about the function of me53 in the baculovirus life cycle.

me53
The AcMNPV me53 is a highly conserved immediate early gene found in all lepidopteran
alpha- and betabaculovirus genomes sequenced so far. The AcMNPV me53 open reading
frame (ORF) encodes a 449 aa (53 kDa) protein product. ME53 contains a proline-rich
domain at its N-terminus in Group I alphabaculoviruses, and a predicted C4 zinc-finger
domain at its C-terminus in both alpha- and betabaculoviruses (Knebel-Morsdorf et al.,
1993). However, the function of these domains has not been identified yet. Transcriptionally,
me53 has a dual early/late promoter and can be transcribed both early and late during
infection. The transcripts were initially characterized as major early transcripts, but could
also be transcribed at late times during infection initiating from a conserved late promoter
motif (Knebel-Morsdorf et al., 1996).
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Relevance of me53 in DNA replication and virus production
To investigate the function of me53 in the baculovirus life cycle, an me53-knockout bacmid
(AcΔme53GFP) was constructed using ET-recombination (RecE and RecT dependent
homologous recombination) and the Bac-to-Bac system as previously described (Dai et al.,
2004; Luckow et al., 1993) to determine the role ME53 plays in the baculovirus life cycle (de
Jong et al., 2009). A positive control AcGFP with a GFP reporter and an me53 repair virus
(AcRepME53:HA-GFP) in which ME53 was fused with a hemagglutinin (HA) tag at the
C-terminal were also generated (de Jong et al., 2009). To determine if ME53 has any effect
on BV production, a GFP fluorescent plaque assay was carried out following bacmid
transfection. Plaques were identified and diameters of those plaques were measured. Both
plaques produced by AcGFP and AcRepME53:HA-GFP have similar diameters in both Sf9
and BTI-Tn-5b1 cells. In contrast, the diameters of plaques produced by AcΔme53GFP were
significantly smaller in size (de Jong et al., 2009). Smaller plaques implied reduced BV
production and spread. This was also confirmed by one-step growth curves, showing that
much fewer infectious BVs were produced by AcΔme53GFP than that produced by AcGFP.
These results confirmed that deletion of me53 greatly attenuates infectious BV production.

To determine if the decreased level of BV production in AcΔme53GFP was due to decreased
levels of viral DNA synthesis, Sf9 cells were transfected with AcGFP or AcΔme53GFP
bacmids and harvested at 0, 8, 16 and 24 hours post-transfection (hpt). Quantitative PCR
assay was used to measure the accumulation of intracellular and total DNA in Sf9 cells. Due
to the loss of viral DNA in the form of extracellular BVs, the intracellular DNA accumulation
in AcGFP-transfected cells was lower than that in AcΔme53GFP-transfected cells. However,
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the total viral DNA accumulation in AcGFP and AcΔme53GFP-transfected cells was similar,
demonstrating that me53 is not an essential gene for viral DNA replication. Although me53 is
not essential for viral DNA synthesis, the production of infectious BV is still greatly
compromised if me53 is absent (de Jong et al., 2009).

Localization of ME53 in virus and virus-infected cells
Western blot analysis of purified virions from me53 repair virus revealed that ME53 is
associated with both BVs and ODVs, which indicates that as a structural component
associated with baculovirus virions, ME53 may act as a scaffolding or packaging protein (de
Jong et al., 2009). Fractionation of budded virions and Western blot analysis further
demonstrated that ME53 associates exclusively with the nucleocapsid, but not with the
envelope, which indicates that ME53 may provide a link between the nucleocapsid and
envelope (de Jong et al., 2009). During the early phase of infection, ME53 localizes mainly
in the cytoplasm. Interestingly, however, when ME53 was fused with a GFP tag and
observed by confocal microscopy to track its localization, it was observed that ME53
translocated to the nucleus in the late phase. That ME53 localized only to the cytoplasm early
in infection suggested a lack of nuclear localization signal (NLS) in ME53. Moreover,
ME53:GFP expressed alone in a plasmid without virus infection remained cytoplasmic (de
Jong et al., 2011). Analysis of the amino acid sequence of ME53 did not identify any typical
NLS. ME53 also co-localizes to putative virion budding sites at the periphery of the cell
membrane with the viral major envelope protein GP64. This co-localization is GP64 and
virus infection dependent. ME53 also co-localizes with the viral major capsid protein VP39
at putative budding sites in AcMNPV infected-cells. Moreover, host actin projections were
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also observed associated with ME53 (de Jong et al., 2011). However, what mechanism ME53
uses to translocate to the nucleus or the cell membrane remains undetermined.

Remaining questions about me53
According to our current studies, ME53 has no reported NLS, but is still able to translocate to
the nucleus during infection. As indicated above, the amino acid sequence in ME53 essential
for its nuclear translocation in the late phase remains unknown. If there are any viral or host
proteins, such as chaperone proteins, that facilitate this translocation is yet to be determined.
As me53 is expressed both early and late during infection, it is unknown if me53 has different
functions during each phase of the infection cycle. The function of the C4 zinc finger domain
in ME53 also remains unknown, but these domains are usually involved in DNA binding in
transcriptional regulation. How each of these ME53 characteristics impact virus production
remains to be determined.

Objectives
There are three objectives in this study on AcMNPV me53/ME53. Despite lack of a reported
NLS, ME53 localizes mainly in the cytoplasm early post-infection, and translocates to the
nucleus late post-infection. That ME53 remains cytoplasmic for some time suggests that
ME53 itself does not have an intrinsic NLS. If it did have an NLS, it would be expected to go
to the nucleus early post-infection as well. In order to map ME53 determinants that facilitate
its nuclear translocation, recombinant AcMNPV bacmids containing a series of ME53
truncations, internal deletions and peptides tagged with either HA or GFP were to be
constructed. Intracellular localization was to be determined by immunofluorescence
microscopy (HA tagged ME53) or fluorescence microscopy (GFP tagged ME53).
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ME53 also contains a putative C4 zinc-finger at the C-terminus, which may be involved
DNA binding in transcriptional regulation. In order to determine if the nuclear function of
ME53 is to play a role in transcriptional regulation of other viral genes in the baculovirus life
cycle, qRT-PCR assay would be performed to identify the effects of me53 on 30 selected
viral early, late and very late gene transcription.

Furthermore, as a viral structural protein, the interactions between ME53 and other viral or
host proteins are to be determined, some of which might act as chaperone proteins that
facilitate ME53 translocation to either the nucleus or plasma membrane. HA or V5 epitope
tag would be fused to ME53 in AcMNPV bacmid for immunoprecipitation (IP) assays. After
HA or V5 IP, antibodies against viral proteins, such as GP64, VP39 and Exon0, would be
used to identify if they are ME53 binding partners.

Significance of me53 research
The objectives of this study will determine what mechanism ME53 utilizes to translocate to
the nucleus and what is its nuclear functions. This will provide us with evidence on how
ME53 influences virus nucleocapsid assembly and egress in the nucleus, which may lead to a
better understanding of baculovirus assembly, egress and budding. Systematic
transcriptional regulation of ME53 will shed light on how the whole baculovirus
transcriptional regulatory network works and what influence it has on virus production.
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Chapter II: Characterization of baculovirus AcMNPV ME53
nuclear translocation sequence

Introduction
The Baculoviridae comprises a family of insect DNA viruses that mostly infect insects from
the order Lepidoptera but also from the orders Diptera and Hymenoptera. Baculoviruses are
characterized by a circular double-stranded DNA genome, ranging from 80 to 180 kb in size,
packaged within a rod-shaped nucleocapsid and enclosed by a lipid envelope (Ahrens et al.,
1997).

The viral DNA genome is uncoated into the nucleus. This initiates virus gene transcription,
DNA replication, viral protein synthesis, and nucleocapsid assembly in the nucleus prior to
budding from the cells or occlusion into polyhedra (Garcia-Maruniak et al., 2004; Lauzon et
al., 2004). Baculovirus gene expression and regulation follows a temporal cascade:
immediate early genes are transcribed first within 30 minutes post-infection followed by
transactivation of viral early genes (Chisholm & Henner, 1988). The early gene products then
allow for viral DNA replication and late/very late gene transcription (Rodems et al., 1997; Lu
& Miller, 1995). Late and very late gene transcription is dependent on viral early gene
products and viral DNA replication (Rodems et al., 1997).

Autographa californica nucleopolyhedrovirus (AcMNPV) is in the species Autographa
californica multiple nucleopolyhedrovirus, the type species of the Alphabaculovirus genus.
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AcMNPV me53 is a conserved immediate early gene found in all sequenced lepidopteran
alpha- and betabaculoviruses. Following me53 transcription, the putative 449 aa ME53
protein which contains a proline rich region at the N-terminus and a C4 zinc finger domain at
the C-terminus, whose function is not yet clear, is expressed both early and late during
infection from a dual early/late promoter (Chen et al., 2013; Knebel-Morsdorf et al., 1993;
Knebel-Morsdorf et al., 1996). Although ME53 is not essential for viral DNA synthesis,
infectious budded virus (BV) production was greatly attenuated when me53 was knocked out
(de Jong et al., 2009). Western blot analysis of purified virions revealed that ME53 is
associated with both BV and occlusion-derived virus (ODV), suggesting that ME53 may act
as a packaging protein or as a structural component associated with intranuclear baculovirus
virion assembly (de Jong et al., 2009). Fractionation of budded virions further demonstrated
that ME53 associates exclusively with the nucleocapsid, but not with the envelope (de Jong
et al., 2009). Moreover, besides co-localizing at foci in the cell membrane along with the
viral major envelope protein GP64 in a GP64 dependent manner, ME53 also translocates into
the nucleus in the late phase (de Jong et al., 2011). Since ME53 translocates to the nucleus,
we were interested in identifying the amino acid sequence responsible for this.

Protein nuclear import typically requires a nuclear localization signal (NLS), which normally
consists of a short cluster of positively charged arginine and/or lysine residues or a short
sequence of basic amino acids flanked by prolines. The NLSs are recognized by the nuclear
transport receptors such as importins in the cytoplasm and assist transport through the
nuclear pore complex into the nucleus. Typical NLSs can be further classified as bipartite or
monopartite (Cook et al., 2007). A monopartite NLS is composed of only one element,
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whereas a bipartite NLS is composed of two separated elements. For example, AcMNPV
nuclear protein LEF-3 residues 26 to 32 PKKIREN were identified to be the LEF-3 core
NLS, with adjacent residues 18K and 19R augmenting the nuclear transport as part of the
bipartite element (Au et al., 2009). Similarly, AcMNPV DNApol, which is essential for viral
DNA replication, also utilizes a bipartite NLS within residues 804 to 827 and a monopartite
NLS within residues 939 to 948, both essential for its nuclear localization (Feng & Krell,
2014). Unlike the typical NLS, the non-typical NLSs do not have much in common. Some of
the motifs are within one short region, while some of them are far apart. Most of them depend
on specific protein structure formation and/or protein-protein interaction to facilitate their
nuclear localization function (Chang et al., 2013; Kahms et al., 2011; Bange et al., 2013). For
instance, residues 534 to 538 KVNRR in AcMNPV IE-1 form a positively charged domain
that contributes to a novel nuclear localizer to initiate IE-1 nuclear transport upon
homodimerization (Olson et al., 2002). AcMNPV P143 (helicase) itself, like ME53, does not
have an NLS, but it is recruited and co-transported to the nucleus when bound to LEF-3
which has a bipartite NLS (Wu & Carstens, 1998). Similarly, while ME53 localizes primarily
to the cytoplasm early post-infection, it adopts a nuclear localization at later times. ME53
nuclear translocation is infection dependent as ME53 expressed from a plasmid remains
cytoplasmic (de Jong et al., 2011). This suggests that ME53, which lacks an identifiable
NLS, is more likely to rely on a viral nuclear protein to escort ME53 to the nucleus. In
addition, no nuclear export signal (NES) was identified in ME53 either. This suggests that
the cytoplasmic localization of ME53 is not due to the nuclear export. Since ME53 lacks any
recognizable NLS, the region in ME53 responsible for its nuclear translocation and the
mechanism ME53 uses to translocate to the nucleus are still unknown. We hypothesized that
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ME53 has a nuclear translocation sequence (NTS) responsible for its nuclear translocation.
In this study, we constructed a series of ME53 mutations by truncations, internal deletions
and site-directed mutagenesis focusing on the N-terminus. These analyses have identified
residues critical to ME53 nuclear translocation and would constitute an NTS.

Materials and methods
Viruses and cell lines
Bacmid bMON14272, containing an AcMNPV genome and propagated in Escherichia coli
DH10B strain, was purchased from Invitrogen Life Technology. AcMNPV me53 was
deleted by replacing it with the chloramphenicol acetyltransferase (cat) gene (de Jong et al.,
2009). This me53 knockout bacmid was used as the backbone for all the recombinant bacmid
constructs developed herein. The Sf21 insect cell line, derived from the fall armyworm
(Spodoptera frugiperda), was cultured at 27°C in Grace’s medium (Invitrogen Life
Technologies) supplemented with 10% fetal bovine serum, penicillin (100 μg/ml), and
streptomycin (30 μg/ml). In all experiments, the virus inoculum was allowed to adsorb for 1 h
upon infection.

Bioinformatic analysis
To obtain an overview of ME53 evolutionary relationship, conservation among
baculoviruses, identification of conserved regions, and secondary structure prediction,
lepidoptera nucleopolyhedrovirus from Group I alphabaculoviruses and Group II
alphabaculoviruses, and granulovirus from betabaculoviruses were selected for ME53
bioinformatic analysis by pairwise comparison and phylogeny. The viruses selected are
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Group I alphabaculoviruses Autographa californica nucleopolyhedrovirus (AcMNPV),
Antheraea

pernyi

nucleopolyhedrovirus

(AnpeNPV),

Plutella

xylostella

multiple

nucleopolyhedrovirus (PlxyNPV), Bombyx mori nucleopolyhedrovirus (BmNPV), Epiphyas
postvittana

nucleopolyhedrovirus

nucleopolyhedrovirus

(EppoNPV),

(OpMNPV),

Orgyia

pseudotsugata

multiple

fumiferana

multiple

Choristoneura

nucleopolyhedrovirus (CfMNPV), Hyphantria cunea nucleopolyhedrovirus (HycuNPV),
Maruca

vitrata

nucleopolyhedrovirus

(MaviNPV)

and

Rachiplusia

ou

multiple

nucleopolyhedrovirus (RoMNPV); Group II alphabaculoviruses Spodoptera exigua multiple
nucleopolyhedrovirus

(SeMNPV),

Mamestra

configurata

nucleopolyhedrovirus

(MacoNPV), Lymantria dispar multiple nucleopolyhedrovirus (LdMNPV), Agrotis segetum
nucleopolyhedrovirus (AgseNPV), Helicoverpa armigera nucleopolyhedrovirus (HearNPV),
Leucania

separata

nucleopolyhedrovirus

(LsMNPV)

and

Adoxophyes

honmai

nucleopolyhedrovirus (AdhoNPV); and betabaculoviruses (granuloviruses) Adoxophyes
honmai granulovirus (AdhoGV), Spodoptera litura granulovirus (SpliGV), Phthorimaea
operculella granulovirus (PhopGV), Cydia pomonella granulovirus (CpGV) and
Cryptophlebia leucotreta granulovirus (CrleGV). For bioinformatic analysis, ClustalW2
(Tuszynski et al., 2012) (http://www.ebi.ac.uk/Tools/phylogeny/clustalw2_phylogeny/) was
used to generate the phylogenetic tree to infer the evolutionary relationship of ME53 based
on its differences and similarities. SIAS (http://imed.med.ucm.es/Tools/sias.html) was
applied to calculate the similarity and identity of ME53 in pairs from each group based on its
amino acid sequence. Furthermore, online software T-COFFEE (Di et al., 2011)
(http://tcoffee.crg.cat/apps/tcoffee/index.html) was applied to evaluate the amino acid
conservation of ME53 from Group I alphabaculoviruses. In order to investigate the related
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secondary structure within the conserved regions based on its amino acid sequence, Ali2D
(Ferreira et al., 2011) (http://toolkit.tuebingen.mpg.de/sections/secstruct) was also
performed to predict all the possible alpha helix and beta strand secondary structures formed
in ME53 from Group I alphabaculoviruses.

Generation of AcMNPV bacmids with HA tagged ME53 peptides and internal
deletions
The me53 promoter was amplified from the AcMNPV bacmid using the following primers
me53pro-F:

gagctcagcgtgtgcgccggagcaca

(SacI

site

in

italics)

and

me53pro-R:

tctagatgtaactgttagttagcact (XbaI site in italics) and cloned into pBluescript using SacI and
XbaI, generating pBlue-pro. The Simian virus 40 (SV40) poly(A) signal was amplified from
plasmid pFACT with primers sv40-F: gatatcgatcataatcagccatacca (EcoRV site in italics) and
sv40-R: ctcgaggatccagacatgataagata (XhoI site in italics) and cloned into pBlue-pro using
EcoRV and XhoI, generating pBlue-pro-sv40. Each me53 fragment for making bacmids
expressing ME53 peptides ME5333-82, ME5383-152, ME53153-225 and internal deletions
ME53Δ33-82, ME53Δ83-152, and ME53Δ153-225 was amplified from AcMNPV bacmid DNA and
fused with a double HA epitope tag at the C-terminus by using primers listed in Table 2.1.
The fragments were then cloned into pBlue-pro-sv40 using XbaI and EcoRV. The fragment
containing the me53 promoter, C-terminal HA-tagged me53 fragment, and SV40 poly(A)
signal was then subcloned into pFACT-GFP using SacI and XhoI, generating the donor
plasmid for transposition. The Tn7 cassette from the donor plasmid was transposed to the
atti-Tn7 transposition site in the me53-knockout bacmid as described in the Bac-to-Bac
expression manual (Invitrogen) to generate recombinant bacmids. All constructs containing
ME53 mutations were confirmed by sequencing.
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Table 2.1. Primers for HA tagged ME53 peptides or internal deletions. Restriction sites are in
italics and underlined.

Gene
me53 promoter

sv40 poly (A)

ME5333-822HA

Name

Sequence

ME53PRO-F

GAGCTCAGCGTGTGCGCCGGAGCACA

ME53PRO-R

TCTAGATGTAACTGTTAGTTAGCACT

SV40-F

GATATCGATCATAATCAGCCATACCA

SV40-R

CTCGAGGATCCAGACATGATAAGATA

ME53(33-82)-F

TCTAGAATGCCGCCGTCGCCTGTTCGT
GATATCTTAAGCGTAATCTGGAACATCGTAT

ME53(33-82)2HA-R

GGGTAAGCGTAATCTGGAACATCGTATGGG
TAATCTTTTCTGTTGACGACT

ME53(83-152)-F
ME5383-1522HA

TCTAGAATGGGATATTTTGTGCCGCCCGAGTT
GATATCTTAAGCGTAATCTGGAACATCGTAT

ME53(83-152)2HA-R

GGGTAAGCGTAATCTGGAACATCGTATGGG
TATGCAAATTTGCCCGTCATGCGCAT

ME53(153-225)-F
ME53153-2252HA

TCTAGAATGAGCAGGCCTGTGAAATACAA
GATATCTTAAGCGTAATCTGGAACATCGTAT

ME53(153-225)2HA-R

GGGTAAGCGTAATCTGGAACATCGTATGGG
TAAGAAGGATATATTTCGTAC

ME531-32

ME5383-4492HA

ME53(1-449)-F

TCTAGAATGAACCGTTTTTTTCGAGA

ME53(1-32)-R

GGATCCCGAGTTGGCGGCAGGCGCTGGCAA

ME53(83-449)-F

GGATCCGGATATTTTGTGCCGCCCGAGTT
GATATCTTAAGCGTAATCTGGAACATCGTAT

ME53(1-449)2HA-R

GGGTAAGCGTAATCTGGAACATCGTATGGG
TAGACATTGTTATTTACAAT

ME531-82

ME53(1-82)-R

GGATCCATCTTTTCTGTTGACGACT

ME53153-4492HA

ME53(153-449)-F

GGATCCAGCAGGCCTGTGAAATACAA

ME531-152

ME53(1-152)-R

GGATCCTGCAAATTTGCCCGTCATGCGCAT

ME53226-4492HA

ME53(226-449)-F

GGATCCATCAATTTGGTCGACCTCAGCTA
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Generation of GFP fused ME53-truncated AcMNPV bacmids
The green fluorescence protein (gfp) gene was amplified from plasmid pFACT-GFP by using
primers

gfp-F:

ctgcaggtgagcaagggcgaggagctg

(PstI site

in

italics)

and

gfp-R:

gatatcttacttgtacagctcgtccatgc (EcoRV site in italics) and cloned into pBlue-pro-sv40 using
PstI and EcoRV, generating pblue-pro-gfp-sv40. Each me53 fragment for making ME53
truncations ME53Δ2-106, ME53Δ2-108, ME53Δ2-112, ME53Δ2-113, ME53Δ2-121, ME53Δ2-150 and
ME53Δ250-449 was amplified from AcMNPV bacmid by using primers listed in Table 2.2. The
fragments were then cloned into pBlue-pro-gfp-sv40 using XbaI and PstI. The insert
containing the me53 promoter, C-terminal GFP fused me53 truncation, and SV40 poly(A)
signal was then subcloned into pFACT using SacI and XhoI, generating the donor plasmid
for transposition, and used to generate recombinant bacmids in the me53 knockout bacmid as
described in the Bac-to-Bac expression manual (Invitrogen). All constructs containing ME53
truncations were confirmed by sequencing.

GFP tagged ME53 site-directed mutagenesis and internal deletions
Site-directed mutagenesis in ME53 was carried out using primers listed in Table 2.3 designed
for specific point mutations and internal deletions at the N-terminus of ME53. All codons
coding highly conserved residues 121 (E), 122 (R) or 126 (K) in AcMNPV ME53 were
changed to alanine (A) through PCR reactions using pFACT-ME53:GFP as the template. All
internal deletions of ME53Δ107-121, ME53Δ121-130, ME53Δ107-130, ME53Δ126-140, ME53Δ138-145
and ME53Δ159-168 were carried out through PCR reactions using pFACT-ME53:GFP as the
template as well. PCR reactions (25 μl) for both point mutations and internal deletions were
set up as follows: template DNA (200 ng/μl) 1 μl, forward primer (200 nM) 2 μl, reverse
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primer (200 nM) 2 μl, dNTP (200 μM) 0.5 μl, pfu buffer (1x) 2.5 μl, pfu polymerase (1.25U)
0.5 μl, water 17 μl (total volume adjusted to 25 μl). The PCR program was: 1. 95°C 5 mins; 2.
95°C 30 sec; 3. 56°C 1 min; 4. 68°C 12 mins; 5. repeat steps 2 to 4 for 17 times. Final
incubation was at 4°C for 12 hs. The PCR products with point mutations or internal deletions
in ME53 were then transformed into DH5α competent cells. Colonies with positive donor
plasmid was selected, and the donor plasmid was transposed into the atti-Tn7 transposition
site in me53-knockout bacmid as described in the Bac-to-Bac expression manual (Invitrogen)
to generate recombinant bacmids. All constructs containing ME53 point mutations or
internal deletions were confirmed by sequencing.

Transfection
The recombinant bacmid DNA was purified using a midi-plasmid extraction kit from
Qiagen, and the NanoDrop ND-1000 was used to determine the bacmid DNA concentration.
For transfection, Sf21 cells were seeded at 1×106 cells/plate (35 mm plate) overnight. Cells
were then transfected with 5 μg of the bacmid DNA by using 8 μl Cellfectin II from
Invitrogen according to the manufacturer’s protocol. After incubation for 5 h, the DNA and
Cellfectin mixture was removed from the plate and replaced with fresh Grace’s medium.

Fluorescence/immunofluorescence confocal microscopy
Sf21 cells were seeded on coverslips at 1×106 cells/plate (35 mm plate) overnight and then
transfected with each of the recombinant bacmid DNAs, respectively. An early timepoint 18
hours post transfection (hpt) and a late timepoint 48 hpt were selected to observe ME53
localization. At 18 and 48 hpt, cells were fixed with 4% paraformaldehyde in PBS for 15
min, washed 3 times for 5 min each with 1 ml PBS, and then blocked for 30 min with 3%
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Table 2.2. Primers for GFP fused ME53 truncations. Restriction sites are in italics and
underlined.

Gene

Name

Sequence

GFP-F

CTGCAGGTGAGCAAGGGCGAGGAGCTG

GFP-R

GATATCTTACTTGTACAGCTCGTCCATGC

ME53(107-449)GFP-F

TCTAGAATGAAACAAGAGCGCGATCTACG

ME53(1-449)GFP-R

CTGCAGGACATTGTTATTTACAATA

ME53△2-108

ME53(109-449)GFP-F

TCTAGAGAGCGCGATCTACGTATGCAT

ME53△2-112

ME53(113-449)GFP-F

TCTAGAATGCGTATGCATTTCATGAGCGATT

ME53△2-113

ME53(114-449)GFP-F

TCTAGAATGCATTTCATGAGCGATTTAGAAC

ME53△2-121

ME53(122-449)GFP-F

TCTAGAATGCGCGACATCATGAAAGCCACG

ME53△2-150

ME53(151-449)GFP-F

TCTAGAAAATTTGCAAGCAGGCCTGTGA

ME53△250-449

ME53(1-249)GFP-F

CTGCAGTGACAGCAGATGTCTATGCGGTC

GFP tag

ME53△2-106
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Table 2.3. Primers for GFP fused ME53 site-directed mutagenesis (point mutations or
internal deletions).

Gene

Name

Sequence
CATTTCATGAGCGATTTAGCCCGCGACATC

121 E TO A-F

ATGAAAGCC

ME53(121 E TO A)

GGCTTTCATGATGTCGCGGGCTAAATCGCT

121 E TO A-R

CATGAAATG
CATTTCATGAGCGATTTAGAAGCCGACAT

122 R TO A-F

CATGAAAGCCACGC

ME53(122 R TO A)

GCGTGGCTTTCATGATGTCGGCTTCTAAAT

122 R TO A-R

CGCTCATGAAATG
GATTTAGAACGCGACATCATGGCCGCCAC

126 K TO A-F

GCTAAAATTTTCCAC

ME53(126 K TO A)

GTGGAAAATTTTAGCGTGGCGGCCATGAT

126 K TO A-R

GTCGCGTTCTAAATC
GCGACAAACTGGATTTCGAACGCGACATC

ME53(△107-121)GFP-F

ATGAAAGCCACG

ME53△107-121

ATGATGTCGCGTTCGAAATCCAGTTTGTCG

ME53(△107-121)GFP-R

CTGTACGCGGG
GCATTTCATGAGCGATTTAAATTACATTAT

ME53(△121-130)GFP-F

GGGCTACATAAACAGCAAAG

ME53△121-130

GTAGCCCATAATGTAATTTAAATCGCTCAT

ME53(△121-130)GFP-R

GAAATGCATACGTAGATCG
GAACGCGACATCATGAACAGCAAAGATAT

ME53(△126-140)GFP-F

GCGCATGACGG

ME53△126-140

GCGCATATCTTTGCTGTTCATGATGTCGCG

ME53(△126-140)GFP-R

TTCTAAATCGCTCATG
CCACCAATTACATTATGCGCATGACGGGC

ME53(△138-145)GFP-F

AAATTTGCAAGC

ME53△138-145

CAAATTTGCCCGTCATGCGCATAATGTAAT

ME53(△138-145)GFP-R

TGGTGGAAAATTTTAGCG
CAGGCCTGTGAAATACCGATGCACCACTT

ME53(△159-168)GFP-F

GCAATTATAGATTC

ME53△159-168

GCAAGTGGTGCATCGGTATTTCACAGGCC

ME53(△159-168)GFP-R

TGCTTGCAAATTTGC
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bovine serum albumin (BSA) in PBS. After blocking, cells were incubated with mouse
anti-HA monoclonal antibodies (Sigma) which were diluted 1:20 in 3% BSA in PBS for 2 h,
and rinsed 3 times in 1 ml PBS for 5 min each time. Cells were then incubated in Alexafluor
594 goat anti-mouse secondary antibodies (Invitrogen) diluted 1:100 in 3% BSA in PBS for
1 h, and rinsed 3 times for 5 min each in 1 ml PBS. Cells were then stained with Hoechst
(Sigma) for 30 min in the dark, and examined with a Leica SP5 CLSM confocal microscope
using a 63× lens for slides. For truncated or mutated ME53:GFP, virus-transfected cells were
fixed with 4% paraformaldehyde in PBS for 15 min, washed twice with 1 ml PBS (5 min
each), and stained with Hoechst for 30 min in the dark. Cells were then examined with the
Leica SP5 CLSM confocal microscope using a 63× dipping lens. For ME53:GFP, excitation
was at 488 nm, and acquisition was between 500 and 523 nm for GFP; while for ME53:HA,
excitation was at 594 nm, and acquisition was between 607 and 671 nm for Alexafluor 594.
To determine the percentage of successfully transfected cells showing nuclear localization of
ME53, 40 cells with evidence of HA or GFP mediated fluorescence were scored. Monolayer
images were also taken and included in some fluorescence micrographs.

Virus titration
Sf21 cells were seeded at 1×106 cells/plate (35 mm plate) overnight. Cells were then
transfected with 5 µg of recombinant bacmid DNA by using 8µl Cellfectin II from Invitrogen
according to the manufacturer’s protocol. After transfection, to determine the level of BV
production, a 200 µl sample of the medium was collected at 7 days post-transfection and
centrifuged at 1,000 xg for 5 min to pellet cells. End-point dilution (100 to 10-9) was used to
determine the virus titer for the P2 virus stock (O’Reilly et al., 1994). Plates were scored
according to the presence of occlusion bodies.
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Results
Bioinformatic analysis predicted two highly conserved regions in ME53
To obtain an overview of ME53 evolutionary relationship, ME53 from both alpha- and
betabaculoviruses were selected for phylogenetic studies and analysis of its amino acid
sequence conservation. While ME53 homologues are found in alpha- and betabaculoviruses,
none could be found in delta- and gammabaculoviruses. The phylogenetic tree revealed that
ME53s from the Group I alphabaculoviruses in general are well conserved with each other.
However, Group I ME53s still formed two clades. Viruses in the first clade consist of
AcMNPV, PlxyNPV, RoMNPV, BmNPV and MaviNPV Group I alphabaculoviruses, and
the second clade included CfMNPV, OpMNPV, HycuNPV, AnpeNPV and EppoNPV Group
I alphabaculoviruses. Among the Group I ME53s, PlxyNPV ME53 is the most highly
conserved with AcMNPV ME53. ME53s from Group II alphabaculoviruses form a third
clade, and are more distant from Group I ME53s. The most distant clade to Group I ME53s is
the fourth clade of ME53s from betabaculoviruses (Fig. 2.1A).

ME53s from Group I alphabaculoviruses (AcMNPV, AnpeNPV, PlxyNPV, BmNPV,
EppoNPV, OpMNPV, CfMNPV, HycuNPV, MaviNPV and RoMNPV) are similar in
protein size (448 aa-483 aa) and share a high amino acid similarity and identity. However,
ME53 from Group II alphabaculoviruses (SeMNPV, MacoNPV, LdMNPV, AgseNPV,
HearNPV LsMNPV and AdhoNPV) and betabaculoviruses (GVs) (AdhoGV, SpliGV,
PhopGV, CpGV and CrleGV) lack about 100 aa of the N-terminus and consequently are
much smaller (289 aa-390 aa). By pairwise comparison, the amino acid similarity in Group I
ME53s is between 48.8% for HycuNPV-MaviNPV to 99.44% for AcMNPV-PlxyNPV, and
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the identity is between 39.22% for CfMNPV-MaviNPV to 98.71% for AcMNPV-PlxyNPV
(Table. 2.4).

The conservation within the Group II ME53s is quite high, with amino acid similarity and
identity between 48.98% for SeMNPV-AdhoNPV to 72.92% for MacoNPV-AgseNPV and
41.43% for SeMNPV-LsMNPV to 65.93% for MacoNPV-AgseNPV, respectively.
However, for ME53s from Group II alphabaculoviruses, the amino acid similarity and
identity compared to Group I AcMNPV ME53 are much lower, ranging from 32.59% for
SeMNPV/HearNPV-AcMNPV to 37.75% for AgseNPV-AcMNPV and 24.86% for
HearNPV-AcMNPV to 30.75% for AgseNPV-AcMNPV, respectively (Table. 2.5).

The conservation within the GV ME53s is very high, with amino acid similarity and identity
between 68.5% for SpliGV-AdhoGV to 87.29% for CpGV-CrleGV and 61.69% for
SpliGV-AdhoGV to 82.13% for CpGV-CrleGV, respectively. However, for ME53 from
GVs, the amino acid similarity and identity, compared to Group I AcMNPV ME53 are also
low, from 30.2% for PhopGV-AcMNPV to 31.86% for SpliGV-AcMNPV and 23.38% for
CrleGV-AcMNPV to 25.59% for SpliGV-AcMNPV, respectively (Table. 2.6). The
conservation of ME53 is consistent with the baculovirus classification in the two genera.
That there is at least some conservation in ME53s among different groups suggests it may
also be conserved in its evolutionary function.

Conservation of certain regions of ME53s from all the alpha- and betabaculoviruses
analyzed was predicted by using the T-COFFEE online software. ME53 was shown to be
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Table 2.4. Pairwise comparisons of amino acid similarity (%) and identity(%) (similarity\identity)
for ME53 from Group I alphabaculoviruses.

AcMNPV

PlxyNPV

RoMNPV

BmNPV

MaviNPV

AnpeNPV

OpMNPV

EppoNPV

CfMNPV

HycuNPV

AcMNPV

—

98.71

96.13

92.08

73.29

44.56

44.38

43.27

43.09

42.17

PlxyNPV

99.44

—

96.31

91.89

73.11

44.38

44.01

42.90

42.72

41.98

RoMNPV

97.23

97.42

—

90.05

73.66

44.01

44.19

43.09

43.27

42.17

BmNPV

93.00

92.81

90.97

—

70.34

44.56

43.64

43.09

41.62

40.69

MaviNPV

78.08

77.71

78.08

76.05

—

40.88

40.69

41.06

39.22

39.96

AnpeNPV

54.51

54.69

53.77

53.03

50.82

—

65.74

61.69

63.16

55.24

OpMNPV

53.22

53.22

52.85

51.93

50.46

73.29

—

61.32

80.84

64.64

EppoNPV

52.30

52.30

52.30

51.93

49.72

69.98

69.98

—

62.43

55.24

CfMNPV

52.67

52.67

52.67

51.56

49.17

73.66

87.10

71.45

—

62.79

HycuNPV

51.01

51.01

51,19

49.90

48.80

64.27

70.90

63.72

69.79

—
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Table 2.5. Pairwise comparisons of amino acid similarity (%) and identity (%) (similarity\identity)
for ME53 from Group II alphabaculoviruses and AcMNPV.

AcMNPV

AgseNPV

MacoNPV

LdMNPV

LsMNPV

AdhoNPV

SeMNPV

HearNPV

AcMNPV

—

30.75

28.54

27.07

27.07

26.88

26.15

24.86

AgseNPV

37.75

—

65.93

53.59

48.06

49.72

66.29

49.72

MacoNPV

34.99

72.92

—

50.82

46.96

48.43

56.35

49.35

LdMNPV

33.51

61.51

57.64

—

46.40

50.09

45.85

47.32

LsMNPV

33.88

56.16

54.14

53.40

—

48.06

41.43

54.32

AdhoNPV

32.96

56.72

55.61

56.35

54.88

—

42.72

48.06

SeMNPV

32.59

71.45

63.35

52.85

49.17

48.98

—

44.01

HearNPV

32.59

56.72

57.09

56.16

61.87

53.95

50.46

—
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Table 2.6. Pairwise comparisons of amino acid similarity (%) and identity (%) (similarity\identity)
for ME53 from betabaculoviruses and AcMNPV.

AcMNPV

SpliGV

PhopGV

CpGV

AdhoGV

CrleGV

AcMNPV

—

25.59

24.30

23.94

23.57

23.38

SpliGV

31.86

—

62.06

61.87

61.69

62.79

PhopGV

30.20

69.98

—

73.84

69.79

72.00

CpGV

30.75

68.69

80.11

—

69.98

82.13

AdhoGV

30.38

68.50

75.13

77.16

—

70.16

CrleGV

31.49

69.98

78.63

87.29

76.97

—
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more conserved in its C-terminus than in its N-terminus. Most of the ME53s from Group II
alphabaculoviruses and betabaculoviruses lack the first 80 to 110 amino acids at the
N-terminus present in Group I alphabaculoviruses. Nevertheless, there are still two highly
conserved regions that exist in ME53s from both alpha- and betabaculoviruses. The first one
is at the amino terminus within aa 107 to 190 of Group I alphabaculoviruses, especially from
111 to 138 (both alphabaculoviruses and betabaculoviruses), including three 100%
conserved residues D111, R113 and G138. However, the function of this region prior to our
work was not known. The second one lies within aa 250 to 400 of Group I
alphabaculoviruses,

especially from 379 to

400

(both

alphabaculoviruses

and

betabaculoviruses), which includes the previously identified putative zinc finger domain
(379-399) (Fig. 2.1B).

Between the highly conserved alphabaculoviruses, Group I ME53s share a high amino acid
sequence similarity. The aa 111 to 145 relative to AcMNPV ME53 at its N-terminus were
highly conserved. In particular, D111 to R113, H115, F116, S118, E121, R122, M125, L129,
F131, T133 to Y135, G138, Y139 and K143 are 100% conserved. Moreover, three residues
D111, R113 and G138 are conserved not just in Group I alphabaculoviruses, but are also
conserved in Group II alphabaculoviruses and betabaculoviruses. (Fig. 2.2A). Among all the
conserved sites in Group I, two are acidic amino acids D111 and E121, and four are basic
amino acids R113, H115, R122 and K143. Such charged amino acids may contribute to its
conformation and form domains that are capable of binding to chaperone proteins to facilitate
ME53 nuclear localization. Within the conserved N-terminal region of aa 111-145, the
secondary structures predicted which might be further involved in 3D folding, is an alpha
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helix from aa 113 to 136, which is also the longest alpha helix predicted in ME53 (Fig. 2.2A).
A second highly conserved region in ME53 is a zinc finger domain from aa 379 to 399 that is
conserved in all alpha- and betabaculoviruses analyzed (Fig. 1.1B and 2.2B). In particular,
AcMNPV C379, C382, K383, K386, N391, P392, C396, C399, G400 to T402, F407, Y411
and A420 are 100% conserved among all Group I alphabaculoviruses analyzed. The
cysteines C379, C382, C396 and C399 have the appropriate spacing for a C4 zinc finger (Fig.
2.2B).

Residues within ME53 required for nuclear translocation
By sequence analysis, ME53 does not contain any recognized mono- or bipartite NLSs.
Moreover, ME53 translocates to the nucleus only in the late phase during virus infection,
which further suggests that ME53 does not have an intrinsic NLS. Thus it may utilize other
viral and/or host chaperone proteins to facilitate its nuclear translocation. To identify which
region is needed for the nuclear translocation of AcMNPV ME53 in virus-transfected cells, a
series of ME53 peptides and corresponding internal deletions were constructed. Since the
200 amino acids in the C-terminus of ME53 is not essential for its nuclear translocation (de
Jong, 2010), the focus was on the 250 amino acids in the N-terminus.

Based on its amino acid sequence, the ME53 N-terminus was further divided into 3
contiguous smaller regions, ME5333-82, ME5383-152 and ME53153-225. Each region contains a
cluster of positively charged arginine or lysine residues which are often part of a typical NLS.
Since protein fused with a double HA epitope tag does not disrupt its functions (Vieyres et
al., 2013), the C-terminus of ME53 mutants were fused with double HA tag to determine the
localization of ME53 by immunofluorescence microscopy (Fig. 2.3).
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Figure 2.1. Bioinformatic analysis of ME53 from Group I alphabaculovirus (alpha), Group II
alphabaculovirus (alpha) and betabaculovirus (beta). (A) Neighbor-Joining phylogenetic tree
was generated by ClustalW2 online software. Bootstrap scores of the nodes are shown. Four
clades 1 to 4 are shown as vertical lines. (B) Schematics of ME53 relative conservation to
AcMNPV ME53 within each group of viruses.
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Figure 2.2. Conservation analysis of ME53s from Group I alphabaculoviruses. Amino acid
sequence alignment of ME53 N-terminus (A) and C-terminus (B) by T-COFFEE online
software. The * represents 100% identical residues, : represents conserved substitutions, and
. represents semi-conserved substitutions. The sequence marked by the black square
represents the predicted alpha helix of aa 113-136 (A) and putative zinc finger domain of aa
379-399 (B). The amino acids labeled are the 100% conserved residues mentioned in the
main text.
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Figure 2.3. Schematics of HA-tagged ME53 peptides and internal deletions using AcMNPV
me53 knockout bacmid. HA epitope tag (open square) was fused to the C-terminus of ME53
(black filled rectangle) to determine ME53 localization by immunofluorescence microscopy.
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Since most of the ME53 peptides and internal deletions abolished the normal BV production,
there was insufficient virus available for infection studies. Consequently, we used bacmid
DNA in transfection throughout the study. ME53 localization was analyzed at 18 and 48 hpt.
The transfected cells with ME53 nuclear translocation were the cells where fluorescence
could be seen in the nucleus. By 18 hpt, the full length ME53 (Fig. 2.4), the ME53 peptides
and internal deletions from each construct all localized mainly in the cytoplasm, with only
negligible levels showing in the nucleus. By 48 hpt, the full length ME53 was localized
equally in the cytoplasm and nucleus. Subsequently, only 48 hpt was used for analysis of
nuclear translocation. (Fig. 2.4). As shown in Fig. 2.4, by 48 hpt, the full length ME53
localized primarily in the nucleus, and 85% of the successfully transfected cells showed
obvious nuclear translocation. However, the peptide ME5333-82 showed only cytoplasmic
localization, while the internal deletion mutant ME53Δ33-82 did not inhibit its nuclear
transport. Similarly, the peptide ME53153-225 localized exclusively to the cytoplasm, while
the internal deletion mutant ME53Δ153-225 still translocated to the nucleus. These data
suggested that neither the peptide ME5333-82 nor ME53153-225 was important for ME53
nuclear localization. In contrast, by 48 hpt, the peptide ME5383-152 translocated primarily to
the nucleus in 65% of the successfully transfected cells, mimicking the full length ME53
localization, while the corresponding deletion mutant ME53Δ83-152 failed to localize to the
nucleus (Fig. 2.4). Thus the peptide ME5383-152, which includes the N-terminus conserved
region of aa 111-145 shown in the bioinformatic analysis, is sufficient for ME53 nuclear
translocation. Although the expression levels of each ME53 mutants may be different, each
pair of truncations and corresponding internal deletions minimized the possibility that
mutations in ME53 might change its localization which would further influence the results.
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Figure 2.4. Intracellular localization of HA-tagged ME53 peptides and internal deletions
with bacmid DNA at 18 and 48 hpt. Cells were fixed and stained with mouse anti-HA
primary antibody (1:20) and Alexafluor 594 goat anti-mouse secondary antibody (1:100).
Forty transfected cells showing red fluorescence were counted, and the % number represents
the percentage of cells showing nuclear translocation. Residues within ME5383-152 were
required for nuclear translocation.
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In addition, although transfection may introduce different copy numbers of bacmid DNA into
each cell, since only a small percentage of cells were successfully transfected, the probability
of one cell getting more than one bacmid DNA should be low. Thus, this should not influence
the expression and localization of each ME53 mutant either.

Mapping the N-terminus of ME53 NTS
To confirm the mapping results of ME53 NTS to aa 83-152 from immunofluorescence
microscopy, and to more finely map the minimal residues in this peptide essential for ME53
nuclear transport, N- and C- terminal truncations of ME53 were constructed. In addition,
each of the constructs was fused with a GFP-tag at its carboxyl end (Fig. 2.5). Each of the
AcMNPV bacmids with ME53:GFP truncations was transfected into Sf21 cells to determine
its localization. As a negative control, the expression plasmid ME53:GFP only was
transfected. ME53 in the absence of bacmid co-transfection was localized only in the
cytoplasm (Fig. 2.6). Since the C-terminus of ME53 is not required for its nuclear
translocation (de Jong, 2010), the entire 200 amino acids in the C-terminus were deleted
(Δ250-449) from ME53 to confirm the result. As expected, ME53Δ250-449:GFP localized to
the nucleus at late times post-transfection, confirming that the C-terminus of ME53 is not
required for the nuclear transport (Fig. 2.6). To further map the NTS, AcMNPV bacmids
with the N-terminus truncations of ME53:GFP were transfected into Sf21 cells.
ME53Δ2-106:GFP and ME53Δ2-108:GFP showed no or minimal impact on nuclear
translocation. A major drop in nuclear transport was observed starting with ME53Δ2-112:GFP
where only 55% of the cells showed nuclear translocation. This drop was followed by
ME53Δ2-113:GFP with 40%, ME53Δ2-121:GFP with 12.5% and finally ME53Δ2-150:GFP with
0% nuclear localization (Fig. 2.7). This showed that ME53 N-terminus aa 2-108 is not
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required for the nuclear translocation. Therefore, the ME53 NTS mapped to residues within
aa 109-249. Combined with the immunofluorescence data of the HA-tagged constructs (Fig.
2.4), the N-terminal truncation studies would map the NTS to residues within aa 109-152.

Mapping the C-terminus of ME53 NTS
To further define the C-terminus of the NTS within aa 109-152, a series of internal deletions
of Δ107-121, Δ121-130, Δ126-140, Δ138-145 and Δ159-168 in ME53:GFP were generated
(Fig. 2.5). Of these five internal deletions, only ME53Δ138-145:GFP and ME53Δ159-168:GFP had
minimal or no impact on nuclear translocation. ME53Δ107-121:GFP, ME53Δ121-130:GFP and
ME53Δ126-140:GFP all greatly compromised the nuclear translocation at 48 hpt (Fig. 2.8).
Thus the ME53 NTS does not go beyond amino acid 137. Consequently, these results
mapped the ME53 NTS to residues within aa 109-137, a highly conserved region that
includes a predicted alpha helix of aa 113-136.

Alanine mutagenesis within ME53 NTS
Site-directed mutagenesis was introduced within ME53 NTS to determine if the highly
conserved residues E121, R122 or K126 were critical for ME53 nuclear translocation.
Residues E121, R122 and K126 were mutated to alanine to determine the effect on the
nuclear

localization.

These

mutations

were

(http://www.ch.embnet.org/software/COILS_form.html)

predicted
to

disrupt

by
the

alpha

COILS
helix

component in this region. However, ME53 translocated to the nucleus for all the single
mutations E121A, R122A or K126A (Fig. 2.9). Even a mutation of both E121 and R122
(E121A/R122A) failed to reduce its nuclear translocation (data not shown). This suggests
that these specific amino acids are not critical for ME53 nuclear translocation.
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Figure 2.5. Schematics of GFP-fused ME53 truncations and internal deletions using
AcMNPV me53 knockout bacmid. GFP tag (grey filled rectangle) was fused to the
C-terminus of ME53 to determine ME53 localization by fluorescence microscopy.
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Figure 2.6. Intracellular localization of GFP-fused ME53 alone with plasmid DNA and
C-terminus truncation with bacmid DNA at 48 hpt. Cells were fixed and examined under a
Leica SP5 CLSM confocal microscope using a 63× dipping lens. Forty transfected cells with
green fluorescence were counted, and the % number represents the percentage of cells
showing nuclear translocation. Transient expression of ME53 alone showed only
cytoplasmic localization, while truncation of the C-terminus of ME53 did not abolish its
nuclear translocation.
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Figure 2.7. Intracellular localization of GFP-fused ME53 N-terminus truncations with
bacmid DNA at 48 hpt. Cells were fixed and examined under the Leica SP5 CLSM confocal
microscope using a 63× dipping lens. Forty transfected cells with green fluorescence were
counted, and the % number represents the percentage of cells showing nuclear translocation.
Truncations of ME53 downstream of amino acid 108 started to reduce its nuclear
translocation.
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Figure 2.8. Intracellular localization of GFP-fused ME53 internal deletions with bacmid
DNA at 48 hpt. Cells were fixed and examined under a Leica SP5 CLSM confocal
microscope using a 63× dipping lens. Forty transfected cells with green fluorescence were
counted, and the % number represents the percentage of cells showing nuclear translocation.
Residues downstream of amino acid 137 were not necessary for ME53 nucleus translocation.
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Figure 2.9. Intracellular localization of GFP-fused ME53 site-directed mutations with
bacmid DNA at 48 hpt. Cells were fixed and examined under a Leica SP5 CLSM confocal
microscope using a 63× dipping lens. Forty transfected cells with green fluorescence were
counted, and the % number represents the percentage of cells showing nuclear translocation.
Highly conserved residues E121, R122 or K126 was mutated to alanine (A) respectively by
using site-directed mutagenesis. None of the single site mutations altered its nuclear
translocation.
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The region within amino acids 101 to 398 is necessary for optimal BV production
In addition to nuclear translocation, ME53 also forms foci at the cell membrane, and is
required for high level BV production. A series of bacmids containing ME53 mutations that
were previously constructed (de Jong, 2010) were used to determine the minimal region
necessary for efficient BV production. Virus titrations for each of the ME53 mutants were
performed at 7 days post-transfection, and the virus titers shown in Fig. 2.10 were the
average titers of the two replicates.

The virus with wildtype (WT) ME53 produced a high titer at 2.05×108 TCID50/ml, while
virus without ME53 (ME53 KO) had a decreased yield to 1.48×104 TCID50/ml, only less than
0.01% of the WT. Viral titers from monolayers transfected with the N-terminus truncations
demonstrated that the BV production by a bacmid lacking the first 50 amino acids (Δ3-50) in
the N-terminus of ME53 was equivalent to that of WT, while BV production by a bacmid
lacking the first 100 amino acids (Δ3-100) in the N-terminus of ME53 was reduced to 11%
compared to the WT. However, further deletion from the N-terminus (Δ3-121) severely
impaired virus yield to less than 0.01% of the WT, similar to the ME53 KO bacmid (Fig.
2.10). This suggests that a region at the N-terminus beginning between aa 50 and 100 is
required for optimal BV production, and a region beginning between aa 100 and 121 is
essential for BV production. As this latter truncation would disrupt the putative NTS, this
suggested that the ME53 nuclear localization is also required for optimal BV production. In
addition, viral titers from monolayers transfected with different lengths of C-terminus
truncations demonstrated that the C-terminal 50 amino acids were not essential for normal
levels of BV production. With the C-terminal 50 amino acids deleted (Δ399-449), virus yield

52

was at 48% of the WT. However, further deletion of the C-terminal 100 amino acids
(Δ349-449) resulted in a much lower viral titer to 0.078% of the WT, demonstrating that
ME53 ending between aa 349 and 399 is essential for optimal virus yield. Therefore, the
region within aa 101-398 in AcMNPV ME53 is necessary for optimal BV production (Fig.
2.10).

BV production was greatly impaired for the internal deletion bacmid Δ113–139 (which
disrupts the ME53 NTS) and the internal deletion bacmid Δ169-191. The BV yield of
Δ113–139 (ΔNTS) and Δ169-191 were only 0.015% and 0.013% of the WT, respectively.
The C-terminus internal deletion Δ278-302 also yielded a virus titer at 0.058% compared to
the WT (Fig. 2.10). This indicated that the putative NTS region of aa 109-137 itself in ME53,
which contains an alpha helix of aa 113-136, is not just important for nuclear transport, but is
also required for optimal BV production. Interestingly, the virus yield of the zinc finger
deletion (ΔZnF) in ME53 was 53% of the WT, indistinguishable from that of WT ME53 at 7
days post-transfection (Fig. 2.10). The virus titers from the ΔZnF bacmid was also measured
and compared to wildtype bacmid at 24 hpt, 48 hpt, 60 hpt and 72 hpt, and the virus yield at
those time points was similar to those of the WT ME53 as well (data not shown). This
suggests that there is no delay in virus production when the zinc finger is deleted, and the C4
zinc finger domain itself in ME53 is not necessary for optimal BV production.
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Figure 2.10. Virus titration of ME53 truncations and internal deletions at 7 days
post-transfection. Except for ME53Δ3-121, all the other bacmids were previously
constructed (de Jong, 2010). Dash line refers to internally deleted region, Δ means
truncation/internal deletion, KO means knockout, and WT means wildtype full-length
ME53. Supernatant with BV was collected and used in end-point dilution (100 to 10-9) to
determine the virus titer. The ME53 NTS with an alpha helix of aa 113-136, greatly
decreased the virus titer, and is essential for optimal BV production.
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Discussion
AcMNPV me53 is a continually expressed gene from immediate early to late phase during
infection (Knebel-Morsdorf et al., 1993). Previous studies showed that me53 is essential for
optimal BV production and that the deletion of me53 causes a 10,000 fold reduction in virus
yield (de Jong et al., 2009). Bioinformatic analysis showed that ME53 is conserved in both
alpha- and betabaculoviruses, but is not found in delta- or gammabaculoviruses. Compared
to Group I alphabaculoviruses, ME53s from Group II alphabaculoviruses and
betabaculoviruses lack about 100 aa of the N-terminus. This amino terminal region of the
AcMNPV ME53 was also found to be dispensable for NTS activity and optimal BV
production. However, there are two highly conserved regions in ME53 in both the alpha- and
betabaculoviruses. The first one is at the N-terminus within aa 107 to 190, which includes the
ME53 NTS at aa 109-137 identified in this study. The second one lies at the C-terminus
within aa 250 to 400, which includes the putative zinc finger domain at aa 379-399.

Intracellular localization of ME53 revealed a switch from an early cytoplasmic localization
to a nuclear localization late during infection (de Jong et al., 2009). That ME53 localized
only to the cytoplasm early in infection suggested a lack of NLS in ME53. Moreover, as
previously reported (de Jong et al., 2011) and confirmed in this study, when ME53:GFP
alone was transiently expressed in a plasmid, ME53 remained in the cytoplasm. Since ME53
remained cytoplasmic in the absence of virus infection, this suggested the involvement of
viral chaperone proteins available late post-infection for ME53 nuclear translocation. For
nuclear proteins with a typical NLS to initiate nuclear transport (Cook et al., 2007), the NLS
interacts with two major cellular proteins importin α and importin β to complete protein
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translocation through the nuclear pore complex (Goldfarb et al., 2004; Lange et al., 2007).
However, for nuclear proteins that do not have a typical NLS, such as ME53, little is known
about the nuclear translocation mechanism. A series of ME53 truncation and internal
deletion mutants were constructed, and were used to map the NTS to residues within aa
109-137. Within the ME53 NTS, this region consists of a cluster of highly conserved amino
acids that form a predicted alpha helix of aa 113-136 in alphabaculovirus ME53s. If the
region including the alpha helix is deleted, the ME53 nuclear translocation efficiency is
much lower than the wildtype ME53. This suggests that the alpha helix region in the NTS is
required for the interaction between ME53 and a viral potential chaperone protein. Since
changing some of the conserved charged amino acids in the predicted alpha helix does not
alter the NTS activity, it suggests that the NTS is not dependent on these specific charged
amino acids, and possibly other amino acids within the NTS might complement the function
of this region. ME53 transiently expressed in uninfected cells is distributed predominantly in
the cytoplasm, suggesting that virus infection is required to escort ME53 to the nucleus. The
fact that virus assembly occurs in the nucleus and ME53 is detected on both BV and ODV
nucleocapsids indicates that ME53 might act as a structural or scaffolding protein involved in
virus assembly. A similar example of viral proteins chaperoning other viral proteins to the
nucleus are between baculovirus P78/83 and BV/ODV-C42 that are both required for virus
assembly. The highly conserved baculovirus protein BV/ODV-C42 contains a putative NLS
at its C-terminus, and is capable of binding to the viral nucleocapsid protein P78/83.
Although P78/83 itself does not have an NLS, it is capable of translocating to the nucleus
only when BV/ODV-C42 binds to P78/83 which recruits it to the nucleus for actin
polymerization and nucleocapsid assembly (Braunagel et al., 2001; Wang et al., 2008).
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For BV production, results from previous study (de Jong, 2010) and this study showed that
residues within aa 101-398 which includes the NTS in ME53 are critical for optimal levels of
BV production. That the first 100 amino acids at the N-terminus are missing in Group II
alphabaculoviruses and betabaculoviruses further demonstrates that they are not essential for
ME53 function and BV production. Surprisingly, viral titer from the zinc-finger knockout
bacmid was similar to that of WT ME53 throughout the replication cycle, indicating that the
C4 zinc-finger domain is dispensable for normal levels of BV production. Interestingly,
deletion of ME53 NTS only was shown to compromise BV production, yielding a 10,000
fold decrease in virus titer. Thus, BV production levels correlate with the nuclear localization
of ME53. This suggests that ME53 nuclear localization is required for facilitating virus
assembly or egress from the nucleus. Although ME53 nuclear translocation is important for
optimal BV production, it seems that virus production also requires the regions surrounding
the NTS from aa 101-398. When aa 169-191 or 278-302 downstream of the NTS were
deleted, ME53 was able to enter the nucleus, but the BV production level was still
compromised. This indicates that one possible nuclear function of ME53 is as a matrix or
even structural protein directly affecting intracellular viral nucleocapsid assembly. Our
model is that ME53 NTS within aa 109-137 facilitates the ME53 nuclear transport, and the
region of aa 101-398 is required for efficient viral nucleocapsid assembly and eventual
egress. Nevertheless, since deletion of the full length ME53 still yields infectious BV
production albeit at extremely low levels, other viral or host nuclear proteins may be able to
substitute the function of ME53 in virus assembly and egress, although at much reduced
efficiency.
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In addition, ME53 might have multiple roles after being transported to the nucleus, such as
influencing viral gene transcriptional regulation. In the nucleus, ME53 might up-regulate
transcription of other viral genes encoding structural proteins that participate in nucleocapsid
assembly. In this second scenario, the influence of ME53 on virus production would be
indirect. If ME53 enters the nucleus, it might not directly participate in virus assembly, but
rather transactivates expression of other viral genes which have a more direct role.
Transcription factors are normally related to DNA binding and transcriptional activation, and
can only function when they enter the nucleus. For instance, herpes simplex virus 1 (HSV-1)
tegument protein VP16 initiates viral transcriptional activation in the nucleus by recruiting
host protein Oct-1 and host cell factor (O'Hare & Goding, 1988; Preston et al., 1988; Stern et
al., 1989; Xiao & Capone, 1990) to form a complex on the regulatory sites of TAATGARAT
motifs in each of the immediate early gene promoters to activate its expression (Babb et al.,
2001; Wilson et al., 1993). ME53 may play a similar role in baculovirus replication at later
times post-infection by transactivating the expression of viral late structural protein genes for
BV assembly or ODV formation. This would be consistent with the fact that ME53 was
distributed predominantly in the cytoplasm early post-infection, while the nuclear
translocation was observed mostly late post-infection.
In summary, this study is the first to identifiy the AcMNPV ME53 NTS within aa 109-137
that facilitates the nucleus localization. It is considered that ME53 may be involved in virus
nucleocapsid assembly or egress after being transported into the nucleus, and then either
directly participating in virus assembly, or acting more indirectly in transcriptional
regulation of the expression of viral late and very late genes which are required in virus
assembly and egress.
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Chapter III: Effect of ME53 on baculovirus transcriptional
regulation

Introduction
Baculovirus gene transcription follows a temporal cascade and depends on both the cellular
and viral transcriptional apparatus. The viral early genes which are recognized by cellular
RNA polymerase II, are often expressed at the highest level within 0-12 hours post-infection
(hpi) prior to DNA replication. Viral late genes all contain a late promoter with a RTAAG
motif, and are often expressed at the highest level within 12-18 hpi or later (Chen et al., 2013,
Rohrmann, 2013). Some of the genes, including me53, contain both early and late promoters
and can be expressed in both early and late phases during infection (Chen et al., 2013). In
the transcription complex, one of the most important factors for gene transcription initiation
is RNA polymerase. Although baculovirus early genes are dependent on host RNA
polymerase II for transcription, late gene transcription relies on the viral encoded RNA
polymerase complex. This complex formation requires four gene products from viral genes
lef-4, lef-8, lef-9 and p47 (Guarino et al., 1998).

In addition to the subunits that comprise the viral RNA polymerase, transcription factors are
required to facilitate specific viral gene transcription. Transcription factors are normally
related to DNA binding and transcriptional activation, once they enter the nucleus. The
functions of these transcription factors are to select the specific group of genes to be
transcribed, to stabilize the RNA polymerase during transcription or to act as transcriptional

59

activators to elevate the level of gene transcription (Guarino et al., 1998; Rohrmann, 2013).
In baculoviruses, several genes have already been characterized as transcription factors. For
example, the immediate early gene ie-1 is able to transactivate early promoters in AcMNPV,
and initiate and regulate other viral early gene transcription (Guarino & Summers, 1986).
Similarly, when another immediate early gene pe38 is deleted, the transcription of certain
viral genes is delayed (Wu et al., 1993). The essential transcription factors for viral late gene
transcription have not been fully characterized.

Budded virus (BV) begins to be produced only after viral late gene expression starts. This
involves expression of structural proteins, nucleocapsid assembly, virus egress and occlusion
body formation. The baculovirus nucleocapsid is a rod-shaped capsid with viral genomic
DNA in the middle of the capsid. Despite having different envelopes, both BV and occlusion
derived virus (ODV) contain the same viral nucleocapsid. The rod-shaped nucleocapsid has
an apical structure at one end and a basal structure at the other end. Many viral late proteins
are involved in nucleocapsid structure or assembly. Some associate with the viral DNA, such
as the DNA binding protein P6.9. Some are major components which help form the capsid,
such as the major capsid protein VP39. Some associate with the basal structure, such as
P78/83. Some, whether they are viral structural proteins or not, are necessary for mature
nucleocapsid assembly, such as VLF-1 and AC53. Some, like VP80, are essential for virus
egress. Since ME53 translocates to the nucleus and at the same time forms foci at the cell
membrane, it is considered to be involved in virus assembly and egress, either directly or
indirectly. Moreover, because there is a C4 zinc finger domain in the C-terminus of ME53,
which is usually relevant to DNA binding and transcriptional activation, ME53 was
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hypothesized to be a transcription factor that facilitates transcription of other viral genes, in
particular the genes relevant to virus assembly and egress. In this study, to determine the
nuclear function of me53, the transcript levels of 30 selected viral early and late genes were
quantified by a qRT-PCR assay. Based on these studies, me53 is important for the
transcription of viral immediate early genes, genes encoding viral RNA polymerase
subunits, and genes necessary for nucleocapsid assembly and egress. The data suggests that
me53 acts as a transcription factor in the nucleus and regulates the expression of viral early
and late genes.

Materials and methods
Viral genes selected for qRT-PCR
The thirty viral genes selected were divided into several groups according to their functions:
1. three immediate early transcription factor genes pe38 (Milks et al., 2003; Wu et al.,
1993), ie-1 (Lu & Miller, 1995; Guarino & Summers, 1986) and pp31/39k (Lu & Miller,
1995; Wang et al., 2010; Yamagishi et al., 2007); 2. three genes essential for viral RNA
polymerase complex formation lef-4 (Todd et al., 1995; Guarino et al., 1998), lef-8
(Guarino et al., 1998; Passarelli et al., 1994) and lef-9 (Guarino et al., 1998; Lu & Miller,
1994); 3. three genes encoding baculovirus nucleocapsid structural proteins p6.9 (Wang et
al., 2010; Wilson & Price, 1988), vp39 (Thiem & Miller, 1989; Wang et al., 2010), and
p78/83 (Vialard & Richardson, 1993; Braunagel et al., 2003; Goley et al., 2006); 4. eight
genes essential for nucleocapsid assembly vp1054 (Olszewski & Miller, 1997; Perera et al.,
2007), 49k (Vanarsdall et al., 2007b; McCarthy et al., 2008), 38k (Wu et al., 2006; Wu et al.,
2008), odv-ec27 (Vanarsdall et al., 2007b; Braunagel et al., 2003), bv-odv-c42 (Vanarsdall
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et al., 2007b; Braunagel et al., 2001), ac109 (Lin et al., 2009; Wang et al., 2010; Fang et al.,
2009), vlf-1 (Wang et al., 2010; Vanarsdall et al., 2006) and ac53 (Liu et al., 2008; Acharya
& Gopinathan, 2002) ; 5. two genes essential for nucleocapsid egress exon0 (Fang et al.,
2007) and vp80 (Marek et al., 2011; Wang et al., 2010; Tang et al., 2008); 6. five genes
encoding BV envelope proteins gp64 (Monsma et al., 1996), odv-e18 (Wang et al., 2010;
McCarthy & Theilmann, 2008), ac124 (Wang et al., 2010), pep (Wang et al., 2010) and
ac73 (Wang et al., 2010); 7. three genes encoding ODV envelope proteins odv-e56 (Wang
et al., 2010; Braunagel et al., 1996), bv-odv-e26 (Beniya et al., 1998; Burks et al., 2007)
and odv-e25 (Wang et al., 2010; Braunagel et al., 2003) and 8. three genes encoding
non-essential proteins chiA (Hom & Volkman, 2000; Wang et al., 2010), v-cath (Lanier et
al., 1996) and iap2 (Wang et al., 2010; Griffiths et al., 1999).

Purification of wildtype and me53 knockout bacmid DNA
E. coli cells DH10B containing the wildtype (WT) or me53 knockout (KO) bacmid DNA
(de Jong et al., 2009) were inoculated in 1.5 ml LB medium and incubated overnight. The
cells were centrifuged at 12,000 rpm in 1.5 ml tubes (3×1.5 ml tubes for three biological
replicates) for 1 min and supernatant was discarded. RNase A (100 μg/ml) in a volume of
300 μl solution I (15 mM Tris-HCl and 10 mM EDTA) was added to re-suspend the cells,
and 300 μl of solution II (0.2 N NaOH and 1% SDS) was then added and the tubes were
gently inverted several times. The sample was incubated at room temperature for 5 minutes
for the cells to lyse, after which 300 μl of solution III (3 M potassium acetate) was added
and the tubes were inverted several times until a white precipitate formed. The mixture was
centrifuged for 10 min at 12,000 rpm and the supernatant was harvested and transferred to a
new 1.5 ml tube. The sample was then incubated with 0.7 volume of isopropanol on ice for
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10 min to precipitate the bacmid DNA. The tube was then centrifuged at 12,000 rpm for 10
minutes, the supernatant was discarded, and the bacmid DNA formed a thin pellet at the
bottom of the tube. To wash the bacmid DNA pellet, 70% ethanol was added and the tube
was centrifuged at 12,000 rpm for 5 min. The supernatant was discarded and the bacmid
DNA pellet was air dried for 5 min and then dissolved in 30 μl of water for the following
experiment. Three different batches of bacmid DNA were extracted, one for each of three
biological replicates for both the WT and me53 KO bacmid transfection in the qRT-PCR
assay.

Transfection and transfection efficiency determination
The WT and me53 KO bacmid DNA concentrations were measured by using NanoDrop
ND-1000 prior to transfection. The ratio of A260/A280 of the bacmid DNA was between
1.8-2.0 reflective of the purity of the DNA. To compare the efficiency of transfection
between different samples, exactly 5 μg of the bacmid DNA was used for each transfection.
Prior to transfection, Sf21 cells were seeded at 1×106 cells/plate in 35 mm plates and
incubated at 28°C overnight. Cells were then transfected with 5 μg of the WT or me53 KO
bacmid DNA using 8 μl Cellfectin II from Invitrogen according to the manufacturer’s
protocol. After incubation for 5 h at 28°C, the medium was removed from the wells and
replaced with fresh Grace’s medium.

To minimize the error in qRT-PCR assay caused by the initial transfection variation between
WT and me53 KO bacmid, the transfection efficiency of WT and me53 KO bacmid was
determined. Images of two fields of cells from each WT and me53 KO transfection (3
biological replicates) were taken. The numbers of total cells and successfully transfected

63

cells (GFP positive) in each field were counted, and the transfection efficiency (%) for WT
and me53 KO bacmid was determined. The initial WT/KO transfection variation ratio was
calculated and was used for normalization in the qRT-PCR data analysis.

Extraction of total RNA from bacmid transfected cells
Since viral DNA replication begins at 18 hours post-transfection (hpt) and BVs are
produced by 24 hpt (Okano et al., 1999), these two time points were chosen to evaluate
viral early and late gene transcription levels. Total RNA was harvested at each time point
for three biological replicates of WT bacmid DNA or me53 KO bacmid DNA transfected
cells, respectively. Medium was removed and cells were washed with PBS. A volume of 1
ml TRIZOL reagent (Invitrogen) was added to each plate. The cell lysate was passed
several times through a pipette and then transferred to a 1.5 ml RNase free Eppendorf tube.
The cell lysate was incubated at room temperature for 5 min, and 0.2 ml chloroform per 1
ml TRIZOL was added to the cell lysate. The tube was capped securely and shaken
vigorously for 15 sec, and was then incubated at room temperature for 2-3 min. After
incubation, the tube was centrifuged at 12,000 rpm for 10 min, and 600 μl of the aqueous
phase containing the total RNA was transferred to a new RNase free tube. The total RNA
was precipitated by mixing with isopropyl alcohol at 0.5 ml per 1 ml TRIZOL/chloroform
mixture. The sample was then incubated for 10 min at room temperature to precipitate the
RNA. After incubation, the sample was centrifuged at 12,000 rpm for 10 min to pellet the
precipitated RNA. Supernatant was then removed and the total RNA pellet was washed
with 75% RNase free ethanol and centrifuged at 12,000 rpm for 5 min. Supernatant was
removed and the RNA pellet was air dried for 5-10 min, after which, 30 μl of RNase free
water was added to dissolve the total RNA, and the final sample was stored at -80oC.
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DNase digestion
After total RNA extraction, the concentration of RNA for each sample at each time point
was measured and 15 μg of the total RNA was treated with 2 μl of RNase free DNase
(Fermentas) in a 20 μl reaction (15 μg of RNA, 2 μl of 10X DNase buffer, 2 μl of DNase
and water for a total volume of 20 μl) to remove any contaminating DNA. The sample was
incubated at 37°C for 1 hour, and 2 μl of EDTA (Fermentas) was then added and incubated
at 65°C for 20 min to inactivate the DNase. For each target gene, three biological replicates
each with three technical replicates (nine replicates in total) were run in the qRT-PCR
assay.
Reverse transcription
After DNase digestion, the concentration of total RNA for each sample was measured again
before reverse transcription. For reverse transcription to cDNA, 5 μg of the DNase treated
RNA was added to qScript cDNA Supermix (Quanta Biosciences) in a total volume of 100
μl (20 μl 5X qScript cDNA Supermix, 5 μg RNA template and RNase/DNase free water to
a total volume of 100 μl). Reverse transcription reaction was incubated for 5 min at 25°C,
30 min at 42°C, 5 min at 85°C and held at 4°C. After reverse transcription, the
concentration of synthesized cDNA was measured again to make sure the same amount of
cDNA was used in each qPCR assay. The cDNA template was then diluted 10 times in
sterile water for the qRT-PCR reaction.

qRT-PCR assay
For the qRT-PCR assay, the transcript levels of each of the chosen viral genes were
evaluated at both 18 hpt and 24 hpt, in both the WT bacmid and me53 KO bacmid
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transfected cells. The cellular 28S rRNA was used as the internal reference to account for
the variation in RNA extraction efficiency. The no template control was also run as the
negative control. Each PCR reaction was set up in a total volume of 20 μl, with 5 μl diluted
cDNA template (100 ng/μl), 0.5 μl forward primer, 0.5 μl reverse primer, 10 μl 2X SYBR
Green master (Roche) and 4 μl sterile water. All qRT-PCR reactions were performed in
96-well plates in a LightCycler instrument (LC480) from Roche Diagnostics GmbH,
Mannheim, Germany. The qPCR reactions were performed under the following parameters:
95°C for 10 min and then 50 cycles of 95°C for 10 s, 58°C for 10 s, 72°C for 12 sec, and
83°C for 3 sec (for data acquisition). This was followed by melting-curve analysis to
evaluate if each of the qPCR reactions produced one specific product. The qRT-PCR data
was analyzed by using LightCycler software from Roche. Primer pairs for each gene
amplification are listed in Table 3.1.

qRT-PCR data analysis
Based on the CPinternal reference and CPtarget gene, two different internal reference genes were
used to analyze the data. CP stands for crossing point, and is the point where the
fluorescence measured goes significantly above the background level (Abdul-Careem et al.,
2007; Abdul-Careem et al., 2006). In the first approach, the cellular 28s rRNA was used as
an internal reference to account for the variation in RNA extraction efficiency, and the
transcript levels of the selected viral genes at either 18 or 24 hpt were normalized to 28s
rRNA (Xue et al., 2010). The fold change of the relative transcript levels for each viral
gene between WT and me53 KO bacmids was calculated in a WT/KO ratio. To compensate
for the variation in the initial transfection efficiency between WT and me53 KO bacmid,
the fold change values was then normalized to the WT/KO transfection efficiency ratio. In
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the second approach, the viral immediate early gene ie-1 was used as an internal reference
in each sample to accommodate any variation between the WT and me53 KO samples. The
fold change for each gene between WT and me53 KO bacmids were calculated using the
2-△△CT method, where △△CT=(CpTarget-CpReference)WT-(CpTarget-CpReference)KO (Livak &
Schmittgen., 2001). In both calculation methods, the fold change values were presented
along with mean+standard deviation for each target gene (nine replicates) at each time
point. Graph-Pad Prism 5.0 software was used for the statistical analysis. The significant
difference between me53 KO and WT data was determined by t test and the difference was
considered statistically different for P＜0.05.

Results
Transfection variation determination
To incorporate any variation between WT and me53 KO bacmid (three biological replicates)
due by the initial transfection, the transfection efficiency (%) for WT and me53 KO bacmid
was determined independently. The ratio of WT/KO transfection was calculated at 1.13 at 18
hpt and 1.17 at 24 hpt (Table 3.2). The subsequent qRT-PCR data was then normalized to this
ratio to compensate for the possible variation in transfection efficiency between WT and
me53 KO transfected cells, assuming the transfection efficiency for the bacmids would be
consistent.

Transcription analysis
The thirty viral genes selected for qRT-PCR were divided into eight groups as described in
Materials and Methods. Since the commonly used qRT-PCR internal cellular control genes
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Table 3.1. Primer pairs for viral cDNA amplification in qRT-PCR assay.

Gene
pe38
ie-1
lef-4
lef-8
lef-9
38k
39k/pp31
49k
ac53
ac73
ac109
ac124
bv-odv-c42
bv-odv-e26
chiA
exon0
gp64
iap2
odv-e18
odv-e25

Name
pe38-F
pe38-R
ie-1-F
ie-1-R
lef-4 -F
lef-4 -R
lef-8-F
lef-8-R
lef-9-F
lef-9-R
38k -F
38k -R
39k/pp31-F
39k/pp31-R
49k -F
49k -R
ac53-F
ac53-R
ac73-F
ac73-R
ac109-F
ac109-R
ac124-F
ac124-R
bv-odv-c42-F
bv-odv-c42-R
bv-odv-e26-F
bv-odv-e26-R
chiA -F
chiA -R
exon0-F
exon0-R
gp64-F
gp64-R
iap2-F
iap2-R
odv-e18-F
odv-e18-R
odv-e25-F

Sequence
CTACGCCATATGAACGTCCTAC
CACCGGCTCGTTGTTTAATTC
ATCGCCCAGTTCTGCTTATC
TTCGTCCAGCTTCCGTTTAG
GCCTTTCAATGCGAGGTTATG
GTCACCGGATCTATAGCGTATG
CTACTCTGTGGCGGTAAACAA
GTGCGGAATGTACGGATCTT
ACGCGTCATCCCAACATTAG
GTGTTAGCGCCGGGAAATA
GAGTACGCCGACCTCAAATAC
GCCATACGACCACAAGACTAAA
CTTAACGTGGTGCCTGTCAT
CGCAGCTCTCCTTCAATTCT
GCTTTCCTGTACGCTGAATTTG
CTGTTCACCACCGTGTACTT
CCCGACACTGGCATGTTAAA
CAATGTCCAGGGCGTCTTC
CGTGGTGACAAAGCTCATTC
ACACATGTTGATGTTGTTGTGA
CCCAAATGTCCCATCGAGTT
CAAAGACTGCGCCTGTTTAATG
TGGGTTTGTTTGCGTGTTG
CACAGAGTCGGAGCGTTTAG
GCCGCGTCCCGTAATAAAT
CGAGCAGTTTGAACAACGAATG
CTGTTCAAACGCGCTTATGTG
GGCCAAACGTCTCCTTACAA
GTGTAGACATCGATTGGGAGTT
GACAGCGTAGTGTGTAGTGTATAG
TGTACAACGCCGACATACAA
ACGCGCTTTCAATCTCTTTAATAC
GTGAAGCGGCAGAATAACAATC
CCTCTGTGTACTTGGCTCTAAC
CGTCAGTTTGCATCACAATCC
TCGGCAGCCAGTATTTCTTT
ATGTTCTTGACCATCTTGGC
CTACAACATTTGCCTTTGAG
AACAAGGTGGGCACTAACA
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odv-e56
odv-ec27
p6.9
pep
p78/83
v-cath
vlf-1
vp39
vp80
vp1054

odv-e25-R
odv-e56-F
odv-e56-R
odv-ec27-F
odv-ec27-R
p6.9-F
p6.9-R
pep -F
pep -R
p78/83-F
p78/83-R
v-cath -F
v-cath -R
vlf-1-F
vlf-1-R
vp39-F
vp39-R
vp80-F
vp80-R
vp1054-F
vp1054-R

GGGTCGATCAAACACACAATC
CGGCGGCTATTTCTTGTTTAG
TAGTTCGGGCGGATTGTTAG
CACTGAAACCAACGACACAAG
GACGGTCAGCAACAGAGTTA
ATGGTTTATCGTCGCCGTCG
TTAATAGTAGCGTGTTCTGT
CTTTGGATCGACACGGACTA
GAGGTCTGCAATGAGGAGAA
TTCTCCCGTGCCTAACATTC
GGTGGTGGAGCTGATGATAAA
TGGCGTCGTCTCAACAAA
CATAGGAATAGGGCCGACAAG
GAATTGGCACGCGAGATTTATT
TCGTCGTCGTTGTTGTTCTC
ACACGGAGGAATTGAGGTTTAG
CCCAGAGTAGCGTTAGGATTTG
GCAAACGGTGGATGTGATTG
CTCCGCTTCCTGTTCTCTTT
CGAGCACGCGAAATTGTATTAT
GCTTTCTGCGTAATCTCCTTTG
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Table 3.2. Transfection efficiency determination in WT and me53 KO bacmid transfected
cells, expressed as % cells showing green fluorescence.

WT (%)
18 hpt
24 hpt
5.42
3.56
3.09
3.26
3.77
3.21
Average
3.72+0.87

me53 KO (%)
18 hpt
24 hpt

4.55
4.10
5.05
4.27
4.23
3.91

3.43
3.17
3.29
3.37
3.27
3.21

4.00
4.37
3.32
4.25
3.10
3.18

4.35+0.40

3.30+0.10

3.71+0.57
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Trasfection variation ratio (WT/KO)
18 hpt
24 hpt

1.13+0.24

1.17+0.22

β-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are not stable in
baculovirus infected cells at the RNA level, the less variable reference 28S rRNA was
chosen for data normalization (Glare et al., 2002; Xue et al., 2010; Zhong & Simons, 1999).
This was to account for RNA extraction efficiency between samples. Using qRT-PCR, the
relative transcript levels of each selected viral gene were quantified in nine replicates (three
biological repeats × three technical repeats) and normalized relative to that of 28S rRNA in
me53 KO and WT bacmid transfected cells. The relative transcript levels of each gene in
WT bacmid was compared to that in the me53 KO bacmid, and data was expressed as
WT/KO fold change. In addition, to compensate for the initial transfection variation
between WT and me53 KO bacmid transfected cells, the fold change was then normalized
to the WT/KO transfection variation ratio. A fold change of 1.0 indicates no difference in
levels of transcripts between the two bacmids. A fold change above 1.0 is considered as
higher level of transcripts in the presence of me53, while a fold change below 1.0 shows a
lower level of transcripts in the presence of me53. Significant difference in the results
between the two groups me53 KO and WT was evaluated by t test. Most of the relative
gene transcript levels between the me53 KO and WT bacmids were statistically different at
P＜0.05 or lower. Further analysis was carried out to evaluate how much the gene transcript
levels increased in the presence of me53 relative to the me53 knockout bacmid and how
much influence me53 has on transcript levels for other viral genes. In a second approach,
instead of using a host gene for normalization, all data were normalized to a baculovirus
immediate early gene ie-1. This was chosen since the transcription level of ie-1 is normally
consistent throughout infection. The fold change for each viral gene between WT and me53
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KO bacmids were calculated by the 2-△△CT method to minimize errors between WT and
me53 KO replicates (Livak & Schmittgen., 2001).

Essential genes with the most increased transcript levels
Since me53 localizes in the nucleus and greatly compromises BV production if deleted, one
nuclear function of me53 might be to regulate the transcription of viral genes important for
virus production. To this end, viral genes associated with BV and ODV production, in
particular viral nucleocapsid assembly and egress, were selected. The relative transcript
levels of viral genes essential for nucleocapsid assembly and egress in the nucleus increased
the most in the presence of me53 at both 18 and 24 hpt, including p78/83 encoding the
capsid basal structural protein, vp39 encoding major capsid protein, ac53 and vlf-1 that are
required for nucleocapsid assembly, and vp80 that is essential for virus egress from the
virogenic stroma in the nucleus.

The gene with the maximum increase in relative transcript levels was ac53 at both 18 and
24 hpt. Taking ac53 as one example for data analysis, the relative transcript levels of ac53
based on the Cp values were normalized to 28S rRNA and transfection variation ratio
(WT/KO). The mean Cp values for ac53 in WT and me53 KO bacmids at 18 hpt were
24.57+0.12 and 26.72+0.07, respectively. The mean Cp values for 28S rRNA in WT and
me53 KO bacmids at 18 hpt were 9.95+0.02 and 9.70+0.02, respectively. Thus, the relative
transcript level of ac53 normalized to 28S rRNA was 3.99×10-5+3.29×10-6 in WT bacmid
and 7.50×10-6+2.90×10-7 in me53 KO bacmid at 18 hpt. The increase of ac53 transcript
levels in the presence of me53 was 5.3+0.50 fold. In addition, the initial transfection
variation of WT/KO ratio was 1.13 at 18 hpt. When transfection variation was taken into
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account, the increase in relative transcript levels of ac53 at 18 hpt was 4.7+0.45 fold. In the
same approach, the increase of ac53 at 24 hpt was 6.0+0.90 fold normalized to 28S rRNA
and transfection variation (Table 3.3). In the second approach, when using viral gene ie-1
as reference, the mean Cp values for ac53 in WT and me53 KO bacmids at 18 hpt were
24.57+0.12 and 26.72+0.07, respectively. The mean Cp values for ie-1 in WT and me53
KO bacmids at 18 hpt were 24.42+0.15 and 24.80+0.05, respectively. Thus, the increase of
ac53 transcript levels in the presence of me53 was calculated in the 2-△△CT method as
3.4+0.22 fold at 18 hpt. The increase of ac53 normalized to ie-1 was calculated in the same
approach as 4.1+0.47 fold at 24 hpt (Table 3.3). The transcript levels for these genes
between WT and me53 KO bacmids were statistically different at P＜0.01.

For other genes encoding major capsid structural proteins, nucleocapsid assembly and
egress proteins, the increase of transcript levels for p78/83, vp39, vlf-1 and vp80 normalized
to 28S rRNA and transfection variation ratio (WT/KO) were from 2.4 to 4.1 fold in the
presence of me53 (Table 3.4). Again, the transcript levels for these genes between WT and
me53 KO bacmids were statistically different at P＜0.01 at both 18 and 24 hpt. The same
trend of increased transcript levels for these genes at both 18 and 24 hpt was confirmed
using ie-1 as the reference. The increase for p78/83, vp39, vlf-1, ac53 and vp80 relative to
ie-1 were from 1.7 to 3.0 fold (Table 3.4). This suggested that the increase in transcript
levels for these viral essential genes are at both the early phase (18 hpt) when viral DNA
replication begins and late phase (24 hpt) when mature virus assembly and egress has
begun.

73

Table 3.3. Increase of ac53 transcript levels normalized to 28S rRNA or ie-1 at 18 and 24
hpt (calculated as fold change in the WT/KO ratio).

WT 18 hpt
(average)
KO 18 hpt
(average)
WT 24 hpt
(average)
KO 24 hpt
(average)

WT 18 hpt
(average)
KO 18 hpt
(average)
WT 24 hpt
(average)
KO 24 hpt
(average)

ac53 Cp

28S rRNA Cp

Relative transcript
levels normalized to
28S rRNA

24.57+0.12

9.95+0.02

3.99×10-5+3.29×10-6

Fold change (WT/KO) normalized
transfection variation ratio
3.99×10-5/7.50×10-6/1.13=4.7+0.45

-6

-7

26.72+0.07

9.70+0.02

7.50×10 +2.90×10

24.25+0.10

9.53+0.03

3.71×10-5+2.54×10-6

26.71+0.15

9.19+0.04

5.36×10-6+5.97×10-7

ac53 Cp

ie-1 Cp

24.57+0.12

24.42+0.15

26.72+0.07

24.80+0.05

24.25+0.10

23.62+0.05

26.71+0.15

24.06+0.12

3.71×10-5/5.36×10-6/1.17=6.0+0.90

-△△CT

Fold change (WT/KO) normalized to ie-1 (2

2-((24.57-24.42)-(26.72-24.80))=3.4+0.22

2-((24.25-23.62)-(26.71-24.06))=4.1+0.47
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)

The same approaches to determine fold change of p78/83, vp39, vlf-1, ac53 and vp80 in
transcript levels in the presence of me53 (WT) compared to its absence (me53 KO) as
described above were used for all other viral genes analyzed. A summary is provided in
Table 3.4.

Genes encoding transcription factors
Three viral early genes pe38, ie-1 and pp31/39k that transactivate viral early and late gene
expression were selected and analyzed. Although the relative transcript levels of pe38, ie-1
and pp31/39k between WT and me53 KO bacmids were statistically different, the increase
in WT bacmid was less than 1.5 fold compared to that in me53 KO bacmid (28S rRNA as
reference) (Table 3.4). The relative transcript level of pe38 at 18 hpt was increased by 1.4
fold, while the levels decreased to 0.6 fold at 24 hpt. For ie-1, the relative transcript levels
were increased by only 1.4 fold at 18 hpt and 1.5 fold at 24 hpt. For pp31/39k, the relative
transcript level was only slightly increased by 1.3 fold at 18 hpt and was decreased to 0.5
fold at 24 hpt (Fig. 3.1). Similarly, when using ie-1 as the reference, the transcript levels of
pe38 and pp31/39k were not increased at 18 hpt, and were decresed to 0.4 fold at 24 hpt
(Table 3.4). These results suggested that me53 does have effects on the transcription of
other viral transcription factor genes, albeit at less than 1.5 fold increase or even decreased
at 0.5 to 0.6 fold.

Genes encoding viral RNA polymerase complex
Baculovirus late and very late gene transcription relies on its own viral RNA polymerase
complex. Thus, genes lef-4, lef-8 and lef-9 encoding viral RNA polymerase were also
selected and analyzed. The relative transcript levels of lef-4, lef-8 and lef-9 in WT bacmid
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were higher and statistically different from that of me53 KO bacmid (28S rRNA as the
reference) (Table 3.4). At 18 hpt, transcript levels of lef-8 and lef-9 increased by 2 fold,
while the increase of lef-4 was only 1.5 fold (Fig. 3.1). At 24 hpt, the increase in transcript
levels of lef-4, lef-8 and lef-9 was only less than 2 fold (1.2 fold, 1.4 fold, 1.6 fold,
respectively) in the presence of me53. The same trend of expression of lef-4, lef-8 and lef-9
were confirmed using ie-1 as the reference (Table 3.4). These revealed that me53 somewhat
increases the transcription of viral RNA polymerase complex genes, but only marginally.

Genes encoding nucleocapsid structural, assembly and egress proteins
The essential genes selected that are required for virus production can be sub-divided into
three catagories: p6.9, vp39, p78/83 that encode nucleocapsid structural proteins, vp1054,
49k, 38k, odv-ec27, bv-odv-c42, ac109, vlf-1, ac53 for nucleocapsid assembly, and exon0
and vp80 for nucleocapsid egress. The increase of transcript levels of these genes in WT
bacmid were statistically different from that of me53 KO bacmid, but the increase varied
between 0.7 to 6.0 fold (28S rRNA as reference) (Table 3.4). The transcript levels of
vp1054 were only slightly increased at 18 hpt at 1.6 fold and decreased to 0.7 fold at 24 hpt
(Table 3.4). The transcript levels of 49k, 38k, odv-ec27 and exon0 were highly increased
(between 2.2 to 3.2 fold) only at 18 hpt but not at 24 hpt (between 0.7 to 1.6 fold) (Fig. 3.2).
This revealed that the transcript levels of these viral late genes were influenced in the
presence of me53, and transcription was affected in mainly the early phase (18 hpt) before
mature virus assembly and egress. In contrast, the transcript levels of p6.9, vp39, p78/83,
ac53, vlf-1, bv-odv-c42, ac109 and vp80 were all highly increased from 2.5 to 4.7 fold at 18
hpt and continued to be highly increased from 2.1 to 6.0 fold at 24 hpt (28S rRNA as
reference) (Fig. 3.3 and Table 3.4).
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The same trend was detected by using ie-1 as the reference. Transcript levels of 49k, 38k,
odv-ec27 and exon0 were highly increased only at 18 hpt, while transcript levels of p6.9,
vp39, p78/83, ac53, vlf-1, bv-odv-c42, ac109 and vp80 were highly increased at both18 hpt
and 24 hpt (Table 3.4). The increase of transcript levels of these viral late genes was
affected by me53 in both the early phase (18 hpt) before mature virus assembly and egress
and the late phase (24 hpt) when virus assembly and egress has already begun.

Genes encoding BV envelope proteins
The increase of relative transcript levels of viral genes gp64, odv-e18, ac124, pep and ac73
that encode BV envelope proteins between WT and me53 KO bacmids were statistically
different, and the increase was between 1.0 to 4.0 fold (28S rRNA as reference) (Table 3.4).
The relative transcript levels of gp64, odv-e18, ac124, pep and ac73 increased by 1.5, 2.9,
2.9, 3.3 and 4.0 fold at 18 hpt, respectively, and were 2.0, 1.0, 2.2, 2.5 and 3.0 fold
increased at 24 hpt, respectively. Interestingly, the increase of transcript levels of gp64 that
encodes major envelope protein GP64 was only about 2 fold. The transcript levels of
odv-e18 were highly increased only at 18 hpt, but not at 24 hpt (Fig. 3.2). Similarly, the
relative transcript levels of gp64, odv-e18, ac124, pep and ac73 were increased by 1.1, 2.1,
2.1, 2.4 and 2.9 fold at 18 hpt, respectively, and were 1.4, 0.7, 1.5, 1.7 and 2.0 fold higher
at 24 hpt, respectively (Table 3.4). These indicated that me53 affects the transcription of
viral genes for BV envelopes, but the relative transcript levels of some of the genes were
variable at different times.
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Figure 3.1. Relative transcript levels of transactivator genes pe38, ie-1 and pp31/39k, and the
genes encoding viral RNA polymerase complex lef-4, lef-8 and lef-9 were measured by
qRT-PCR and normalized to 28S rRNA and transfection variation in WT and me53 KO
bacmids at 18 hpt and 24 hpt, respectively. Bar represents standard deviation.
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Figure 3.2. Relative transcript levels of viral late genes 49k, exon0, odv-e18, odv-ec27 and
38k were measured by qRT-PCR and normalized to 28S rRNA and transfection variation in
WT and me53 KO bacmids at 18 hpt and 24 hpt, respectively. Bar represents standard
deviation.
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Figure 3.3. Relative transcript levels of viral late genes p78/83, vp39, vlf-1, ac109, vp80 and
ac53 were measured by qRT-PCR and normalized to 28S rRNA and transfection variation in
WT and me53 KO bacmids at 18 hpt and 24 hpt, respectively. Bar represents standard
deviation.
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Genes encoding ODV envelope proteins
The relative transcript levels of viral genes odv-e56, bv-odv-e26, odv-e25 that encode ODV
envelope proteins between WT and me53 KO bacmids were higher and statistically
different, and the increase was between 1.9 to 3.8 fold (28S rRNA as reference) (Table 3.4).
The relative transcript levels of odv-e56, bv-odv-e26, odv-e25 were increased by 3.3, 2.5
and 3.8 fold, respectively at 18 hpt, and were also higher by 1.9, 3.1 and 2.6 fold,
respectively at 24 hpt. When using ie-1 as reference, odv-e56, bv-odv-e26, odv-e25 in
transcript levels relative to ie-1 were similarly increased at 2.4, 1.8 and 2.7 fold at 18 hpt,
respectively, and 1.3, 2.1 and 1.8 fold at 24 hpt, respectively (Table 3.4). It appeared that
me53 also has a major effect on the transcription of viral genes for ODV envelopes.

Genes encoding non-essential proteins for virus production
Although chiA, v-cath, iap2 are non-essential for virus production, the relative transcript
levels of chiA, v-cath and iap2 were highly increased in the presence of me53. The
transcript levels between WT and me53 KO bacmids were significantly different, and the
increase in WT bacmid compared to that in me53 KO bacmid was between 2.6 to 4.2 fold
(Table 3.4). The relative transcript levels of chiA increased 2.6 fold at 18 hpt and 2.4 fold at
24 hpt. The relative transcript level of v-cath at 18 hpt increased 4.2 fold and 3.1 fold at 24
hpt. For iap2, the relative transcript level also increased 4.2 fold at 18 hpt and 3.2 fold at 24
hpt. Similarly, in the presence of me53, the transcript levels of these non-essential genes
were also highly increased at both 18 hpt and 24 hpt by using ie-1 as reference (Table 3.4).
These suggested that besides increasing transcription of viral essential genes, me53 also has
effects on the expression of viral non-essential genes.
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Table 3.4. Relative viral gene transcript levels normalized to 28S rRNA or ie-1 at both 18
hpt and 24 hpt, respectively (calculated as fold change in the WT/KO ratio).
Viral gene

Function

Fold change WT/KO
18 hpt
24 hpt
28S rRNA
(reference)

Immediate early transcription factors
pe38
Transactivates
viral
gene 1.4+0.07
(orf-153)
expression, important but
non-essential
for
virus
production
ie-1
Transactivate viral early gene 1.4+0.11
(orf-147)
expression, essential for viral
DNA replication and virus
production
pp31/39k
BV associated, non-essential, 1.3+0.03
(orf-36)
late gene transcription factor
Genes encoding viral RNA polymerase complex
lef-4
One subunit of viral RNA 1.5+0.60
(orf-90)
polymerase complex, essential
for viral late gene expression
lef-8
One subunit of viral RNA 2.0+0.09
(orf-50)
polymerase complex, required
for viral late gene expression
lef-9
One subunit of viral RNA 2.0+0.54
(orf-62)
polymerase complex, required
for viral late gene expression
Genes encoding nucleocapsid structural proteins
p6.9
BV and ODV associated, 3.4+0.20
(orf-100)
essential, DNA-binding protein
vp39
BV and ODV associated, 3.7+0.16
(orf-89)
essential, major capsid protein
p78/83
essential, required for capsid 2.5+0.46
(orf-9)
basal structure and actin
polymerization
Genes essential for nucleocapsid assembly
vp1054
BV and ODV associated, 1.6+0.10
(orf-54)
essential for nucleocapsid
assembly
49k
BV and ODV associated, 2.2+0.06
(orf-142)
essential for nucleocapsid
morphogenesis
38k
BV and ODV associated, 3.2+0.60
(orf-98)
essential for nucleocapsid
formation
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ie-1
(reference)

28S rRNA
(reference)

ie-1
(reference)

1.0+0.05

0.6+0.08

0.4+0.06

1

1.5+0.11

1

1.0+0.08

0.5+0.02

0.4+0.02

1.1+0.35

1.2+0.15

0.8+0.09

1.5+0.13

1.4+0.23

0.9+0.19

1.5+0.47

1.6+0.60

1.1+0.45

2.5+0.30

2.1+0.07

1.5+0.07

2.7+0.26

2.4+0.12

1.7+0.11

1.8+0.43

3.7+0.80

2.5+0.48

1.2+0.08

0.7+0.04

0.5+0.04

1.6+0.14

0.7+0.06

0.4+0.04

2.3+0.52

1.6+0.60

1.1+0.48

odv-ec27
(orf-144)

BV and ODV associated,
essential for nucleocapsid
morphogenesis
bv-odv-c42 BV and ODV associated,
(orf-101)
essential for nucleocapsid
morphogenesis
ac109
BV and ODV associated,
(orf-109)
essential for virus production
vlf-1
BV and ODV associated,
(orf-77)
required for nucleocapsid
assembly
ac53
BV associated, essential for
(orf-53)
nucleocapsid assembly
Genes essential for nucleocapsid egress
exon0
BV and ODV associated, non
(orf-141)
essential for nucleocapsid
egress
vp80
BV and ODV associated,
(orf-104)
essential for nucleocapsid
egress
Genes encoding BV envelope proteins
gp64
BV associated, major envelope
(orf-128)
protein, essential for BV
production
odv-e18
BV and ODV associated,
(orf-143)
essential for BV production
ac124
BV associated
(orf-124)
pep
BV associated
(orf-131)
ac73
BV associated
(orf-73)
Genes encoding ODV envelope proteins
odv-e56
BV and ODV associated, ODV
(orf-148)
envelope formation
bv-odv-e26 BV and ODV associated,
(orf-16)
associated to viral envelopes
odv-e25
BV and ODV associated,
(orf-94)
associated to ODV envelope
Genes encoding non-essential proteins
chiA
BV associated, required for
(orf-126)
host liquefaction
v-cath
BV associated, required for
(orf-127)
host liquefaction
iap2
BV associated, non-essential
(orf-71)

3.2+0.14

2.4+0.16

1.1+0.09

0.7+0.06

3.6+0.08

2.6+0.20

2.3+0.23

1.6+0.16

4.4+0.27

3.2+0.24

2.8+0.17

1.9+0.10

4.1+0.10

3.0+0.24

2.7+0.17

1.8+0.11

4.7+0.45

3.4+0.22

6.0+0.90

4.1+0.47

2.6+0.06

2.0+0.14

1.0+0.12

0.7+0.07

3.8+0.40

2.7+0.36

3.9+0.89

2.7+0.77

1.5+0.04

1.1+0.07

2.0+0.70

1.4+0.50

2.9+0.12

2.1+0.18

1.0+0.07

0.7+0.04

2.9+0.04

2.1+0.16

2.2+0.12

1.5+0.05

3.3+0.10

2.4+0.18

2.5+0.17

1.7+0.11

4.0+0.10

2.9+0.26

3.0+0.14

2.0+0.10

3.3+0.21

2.4+0.20

1.9+0.20

1.3+0.11

2.5+0.18

1.8+0.20

3.1+0.31

2.1+0.30

3.8+0.07

2.7+0.19

2.6+0.11

1.8+0.16

2.6+0.06

1.9+0.13

2.4+0.17

1.7+0.15

4.2+0.19

3.0+0.30

3.1+0.27

2.1+0.25

4.2+0.09

3.1+0.25

3.2+0.22

2.2+0.18
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Discussion
The conserved lepidopteran baculovirus protein ME53, is expressed both early and late
during infection. The deletion of me53 resulted in a significant decrease in virus production
(de Jong et al., 2009). As a nuclear protein with a C4 zinc finger domain, one possible
nuclear function of ME53 is to regulate transcription of viral genes, including genes
essential for virus assembly and egress. Delayed or altered levels of transcription of viral
genes due to me53 could then further influence the level of virus production. Transcript
levels presumably reflect the levels of gene regulation. To determine if me53 has an effect
on transcriptional regulation, viral genes required for viral nucleocapsid assembly and
budded virus production were selected for transcript level measurement in the presence or
absence of me53. Since other viral immediate early genes (such as ie-1, pe38 and pp31/39k)
and late genes (such as lef-8 and lef-9) are also able to regulate the transcription of viral
genes, these genes were also selected for transcript level measurement as well.

The data from the qRT-PCR assay revealed that me53 affects the transcription of both viral
early and late genes, including the late genes essential for virus production. By using 28S
rRNA as reference, it was shown that me53 influenced the expression of viral immediate
early genes (ie-1, pe38 and pp31/39k) and genes encoding viral RNA polymerase subunits
(lef-4, lef-8 and lef-9). However, the transcriptional up-regulation of the transcription
factors and RNA polymerase complex genes were not as high as that of most of the late
genes in the presence of me53. For the 21 viral late genes selected, which are essential for
virus production, the expression of most of them was up-regulated in the presence of me53.
Seven of them, including 38k and odv-ec27, were highly up-regulated only at 18 hpt when
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viral DNA replication begins. However, they are not highly up-regulated by 24 hpt when
BVs had begun to be produced. For the other fourteen genes, such as vp39 and ac53, their
expression was up-regulated at both 18 hpt and 24 hpt. Thus the presence of me53 appears
to selectively up-regulate the expression of viral late genes in different phases. The most
up-regulated genes at both 18 hpt and 24 hpt are the ones required for viral nucleocapsid
assembly and egress, such as ac53 and vp80. Besides essential viral genes, the expression
of some viral non-essential genes at least in vitro, such as chiA, v-cath and iap2, were also
up-regulated in the presence of me53. The same trend for gene expression was confirmed
when using ie-1 as reference. In addition, most of the highly up-regulated genes were late
genes expressed under their native late promoters with a typical RTAAG motif.

Since the transcription of both viral early and late genes was up-regulated in the presence of
me53, some of which are also transcription factors that regulate viral gene expression, there
are at least three possible ways that ME53 might regulate viral late gene expression. The
first is that ME53 directly up-regulates the expression of other viral immediate early genes
and late genes for the viral RNA polymerase complex. These gene products can then
subsequently increase viral late gene expression. In this scenario, the up-regulation by me53
on viral late gene transcription would be indirect. The second is that although other viral
immediate early genes and late genes for the viral RNA polymerase complex are
up-regulated by ME53, ME53 might also up-regulate viral late gene expression directly.
The third possibility is that ME53 up-regulates the expression of both viral immediate early
genes and late genes for the viral RNA polymerase complex, and also directly up-regulates
viral late gene expression. In this scenario, the influence on viral late gene expression from
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me53 would be both direct and indirect. Since the transcription of early genes were
up-regulated by only 2 fold or less, while the up-regulation of most of the late genes was
much higher than 2 fold, it is more likely that the up-regulation of late genes is affected by
me53 directly and somewhat indirectly as in the third scenario. Similar to me53, the
baculovirus early gene pp31 is not essential for viral DNA replication, but compromises
virus production when deleted. PP31 was demonstrated to regulate the transcription of
other viral genes. In the absence of PP31, transcript levels of 99 out of 149 viral genes were
decreased at 12 hpi and 18 hpi, and the genes that showed the most dramatic decrease are
late genes such as 38k and p6.9 (Yamagishi et al., 2007). This suggests that besides the well
studied transactivators such as IE-1, baculovirus late gene expression might also be directly
regulated by other early gene products, such as ME53 or PP31.

The expression of the late genes that were continually and mostly up-regulated are the ones
encoding viral structural proteins P6.9, major capsid protein VP39, basal structure protein
P78/83, nucleocapsid assembly protein AC53 and VLF-1, and nucleocapsid egress protein
VP80. VP39 and P6.9 are essential structural proteins for nucleocapsid formation (Thiem &
Miller, 1989; Wilson & Price, 1988). P78/83, a phosphorylated protein located at the basal
structure of the nucleocapsid, is also related to nuclear actin assembly (Goley et al., 2006).
Both AC53 and VLF-1 are essential for nucleocapsid assembly, and deletion of either gene
inhibits mature nucleocapsid formation (Liu et al., 2008; Vanarsdall et al., 2006). VP80
interacts with actin, and is essential for nucleocapsid egress from the virogenic stroma in the
nucleus (Marek et al., 2011). Thus lack of me53 would greatly compromise BV production if
ME53 functions as a transcription factor to up-regulate the expression of such viral late genes
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necessary for nucleocapsid assembly and egress. The absence of me53 may lower the
expression levels of the late proteins, thus delaying the normal viral nucleocapsid assembly
and egress. For example, in the absence of me53, there is a 3-4 fold decrease in the
transcript level of vp39 or p78/83. This would lower the expression level of VP39 or
P78/83. In this case, less capsid structural protein VP39 or P78/83 would be available for
nucleocapsid assembly. Similarly, there is an approximate 4 fold decrease in the expression
level of VP80 in the absence of me53, so less VP80 is available for actin mediated
nucleocapsid egress from the nucleus. Since fewer mature nucleocapsids would be expected
to be produced and moved from the nucleus to the cell membrane for budding, this would
further decrease the final BV yield.

On the other hand, however, the decrease in late gene transcript levels could also be due to
a delay of viral DNA replication instead of the effects from ME53. Previous study showed
that deletion of me53 significantly decreased BV production, but not viral DNA replication
(de Jong et al., 2009). However, the viral DNA replication curve was only carried out until
24 hpt. No DNA replication was measured beyond this timepoint. If viral DNA replication
was delayed after 24 hpt, it would thus delay viral late transcription. This in turn could
result in lower levels of viral transcripts for ME53 knockout bacmid at the same time as
WT bacmid. To determine if the decrease in viral transcript levels is due to the effects of
ME53, a DNA replication curve from early to late timepoints (0 to 96 hpt) should be
performed to see if there is a possible delay in viral genomic DNA replication.
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Chapter IV: Preliminary identification of ME53 potential
binding partners using HA/V5 epitope tagged AcMNPV ME53

Introduction
As a conserved immediate early gene found in all lepidopteran baculoviruses, Autographa
californica multiple nucleopolyhedrovirus (AcMNPV) me53 starts to be transcribed 0.5
hours post-infection (hpi) by host RNA polymerase II, and continues to be expressed until
the late phase (Knebel-Morsdorf et al., 1993). Although not needed for DNA replication,
ME53 is found in the nucleocapsid fraction, and the deletion of me53 from AcMNPV
resulted in a 10,000 fold decrease in budded virus (BV) production (de Jong et al., 2009). In
addition, that ME53 co-localizes with the viral major envelope protein GP64 at distinct foci
on the plasma membrane during the late phase suggests that ME53 and GP64 may interact
with each other at putative budding sites during infection (de Jong et al., 2011).

Immunoprecipitation (IP) assay is commonly conducted to determine the potential binding
partners to a protein. Both HA (Terpe, 2003) and V5 tags (Southern et al., 1991) are
commonly used as epitope tags since they often do not affect protein function. These
epitope tags have also been used for sensitive detection of tagged proteins in Western blot
(Vasilenko et al., 2010). In this study, the HA or V5 epitope tag was fused to me53 to
generate recombinant bacmids for IP assay. To eliminate the possibility that the epitope tag
disrupts the natural conformation and function of ME53 protein, HA and V5 tags were
selected to fuse to ME53 at either its N-terminus or C-terminus. The effects on virus
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production were monitored. The IP result from V5 tagged ME53 was compared to the IP
result from HA tagged ME53 to see if they show consistent IP protein profiles. By
conducting both HA IP using anti-HA antibody and V5 IP using anti-V5 antibody, potential
binding partners of ME53 during infection were identified.

Materials and methods
HA or V5-tagged ME53 recombinant bacmid construction
For HA-tagged ME53, N-terminal fused recombinant bacmid AcHA:ME53 and C-terminal
fused recombinant bacmid AcME53:HA were constructed. The HA tag was designed into
the primers to amplify AcMNPV me53 from the wildtype virus with KOD Hot start DNA
polymerase. Two donor plasmids pFACT-HA:me53 and pFACT-me53:HA that were
previously constructed (de Jong, 2010) where the HA epitope tag was already fused to
me53 were used. For V5-tagged ME53, N-terminal fused recombinant bacmid AcV5:ME53
was constructed. The V5 tag was designed into the primers to amplify AcMNPV me53
from the wildtype virus with V5 tag fused at the me53 N-terminus. Restriction sites EcoR1
and BamH1 (in italics) were introduced at the N and C-terminus of me53 in the primers
V5:me53-F:GGATCCATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTC
TACGAACCGTTTTTTTCGAGAGAA

and

V5:me53-R:

GAATTCTTAGACATTGTTATTTACAATAT. The PCR product was then ligated into
pGEM-T vector (Promega) for sequencing. Following confirmation of cloning accuracy by
sequencing, pGEM-T plasmid containing the V5:me53 clone was then digested with Fast
Digest EcoRI and BamHI (Fermentas) at 37°C for 1 hour. The product after gel
electrophoresis was then ligated into the EcoRI and BamHI digested vector pBluescript
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KS+. To express the me53 under its native promoter, the me53 promoter was amplified
from

AcMNPV

bacmid

using

the

following

primers

me53pro-F:

GAGCTCAGCGTGTGCGCCGGAGCACA (SacI site in italics) and me53pro-R:
TCTAGATGTAACTGTTAGTTAGCACT (XbaI site in italics) and sub-cloned into
pBluescript KS+ between SacI and XbaI, upstream of V5:me53. The SV40 polyadenylation
signal

was

amplified

from

plasmid

GATATCGATCATAATCAGCCATACCA

pFACT

(EcoRV

site

with
in

primers

italics)

and

sv40-F:
sv40-R:

CTCGAGGATCCAGACATGATAAGATA (XhoI site in italics) and was then sub-cloned
downstream of V5:me53 between EcoRV and XhoI to terminate me53 transcription. The
insert of promoter-V5:me53-SV40 was then sub-cloned into the pFACT-GFP donor
plasmid between SacI and XhoI. The donor plasmid with the insert was named
pFACT-V5:me53. For recombinant virus construction, both the donor plasmids
(pFACT-HA:me53, pFACT- me53:HA, pFACT-V5:me53) and the AcMNPV me53
knockout bacmid contain an atta-Tn7 transposition site for homologous recombination. The
transposition

of

promoter-HA:me53-SV40,

promoter-me53:HA-SV40

or

promoter-V5:me53-SV40 into the me53 knockout bacmid was performed in competent
DH10B E. coli cells containing the AcMNPV me53 knockout bacmid and the helper
plasmid that encodes a transposase to facilitate homologous recombination (Fig. 4.1). A
volume of 5 μl of the donor plasmid DNA was added into 80 μl of the DH10B E. coli
competent cells. The mixture was incubated for 30 minutes on ice, and then heat shocked
for 90 seconds at 42°C. After the heat shock transformation, the cells were recovered in LB
media for 4 hours, and then plated on an LB plate containing kanamycin, gentamycin,
chloramphenicol, tetracycline and EZ-Gal (BioShop) for blue/white colony selection.
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White colonies were selected as positive recombinant constructs AcHA:ME53,
AcME53:HA or AcV5:ME53, and were incubated in LB medium with gentamycin,
kanamycin, chloramphenicol and tetracycline overnight for bacmid DNA extraction. The
sequences of constructs were confirmed by sequencing.

Bacmid DNA extraction
After overnight incubation in 1.5 ml LB medium, E. coli DH10B cells containing
recombinant bacmid DNA AcHA:ME53, AcME53:HA or AcV5:ME53 were centrifuged in
a 1.5 ml Eppendorf tube at 12,000 rpm to collect the cells. A volume of 300 μl solution I
(15 mM Tris-HCl and 10 mM EDTA) with RNase A (100 μg/ml) was added to the cell
pellet to re-suspend the cells, and 300 μl solution II (0.2 N NaOH and 1% SDS) was then
added and inverted several times gently in the 1.5 ml tube. The sample was incubated at
room temperature for 5 minutes for the cells to lyse. Solution III (3 M potassium acetate)
was then added at 300 μl and the tube was inverted several times gently until a white
precipitate formed. The mixture was centrifuged for 10 min at 12,000 rpm and the
supernatant was harvested and transferred to a new 1.5 ml tube. The sample was then
incubated with 0.7 volume of isopropanol on ice for 10 min to precipitate the bacmid DNA.
The tube was then centrifuged at 12,000 rpm for 10 minutes. The supernatant was discarded
and the bacmid DNA formed a thin layer at the bottom of the tube. To wash the bacmid
DNA, 70% ethanol was added to the tube and the tube was centrifuged at 12,000 rpm for 5
min. The supernatant was discarded and the bacmid DNA pellet was air dried for 5 min and
then dissolved in 30 μl of water for the following experiment.
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Transfection
The concentration of the bacmid DNA of AcHA:ME53, AcME53:HA or AcV5:ME53 was
determined by using NanoDrop ND-1000 prior to transfection. For transfection, Sf21 cells
were seeded at 1×106 cells/plate in 35 mm plates overnight. Cells were then transfected with
5 μg of the bacmid DNA by using 8 μl Cellfectin II from Invitrogen according to the
manufacturer’s protocol. After incubation for 5 h, the medium was removed from the plate
and replaced with fresh Grace’s medium.

Virus amplification and titration
Supernatant was collected 7 day post-transfection as a P0 virus stock. A volume of 10 ml of
Sf21 cells were seeded at a density of 1×106 cells /ml in a T75 (75 cm3) flask for the first
round of virus amplification. A volume of 100 μl P0 virus stock of AcHA:ME53,
AcME53:HA or AcV5:ME53 was added to a T75 flask, and 7 days post-infection, the
supernatant containing the BVs was collected as a P1 virus stock. A second round of virus
amplification was then carried out to obtain a virus stock with a higher titer. A volume of
100 μl P1 virus stock was added to a fresh T75 flask containing the monolayer of Sf21 cells,
and the supernatant containing the BVs of AcHA:ME53, AcME53:HA or AcV5:ME53 was
collected as a P2 virus stock 7 days post-infection. End-point dilution (100 to 10-9) was used
to determine the virus titer for the P2 virus stock (O’Reilly et al., 1994). Plates were scored
according to the presence of occlusion bodies.

Immunoprecipitation
For immunoprecipitation, 15 of ml Sf21 cells were seeded in a 15 cm plate at a density of
1×106 cells /ml and were infected with P2 virus stock of AcHA:ME53, AcME53:HA or
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AcV5:ME53 at a multiplicity of infection (MOI) of 10, respectively. The infected cells
were harvested at 24 hpi and pelleted at 4,000 x g for 5 min. The cell pellet was then
resuspended in 1% NP-40 lysis buffer (10 mM Tris-Cl pH 7.9, 10 mM NaCl, 5 mM MgCl2, 1
mM DTT, 1% v/v NP-40) and incubated for 20 minutes on ice. After incubation, cell lysate
was centrifuged at 4,000 x g for 10 min. A volume of 10% of the cell lysate was removed
as the total soluble input for Western blotting. The rest of the cell lysate was mixed with
anti-HA or anti-V5 monoclonal (mouse) antibody (Pierce) for overnight incubation. After
incubation, Protein G Sepharose beads (GE Healthcare) were added to the mixture and the
cell lysate was incubated at 4°C overnight. The beads were then pelleted at 4,000 x g for 1
min, washed with 0.25% NP-40 lysis buffer and centrifuged at 4,000 x g for 1 min. The
wash was repeated four times, and 200 μl elution buffer was added to the bead sample and
centrifuged at 4,000 x g for 1 min to collect the final IP product. The IP sample was then
heated in 1X SDS loading buffer at 95°C for 10 min for Western blot.

Western blot
Protein samples from HA or V5 IP were separated in 12% SDS-PAGE gels for 2 h at 150V
and transferred to polyvinylidene diflouride (PVDF) membrane for 1 h at 100V. The
BLUeye prestained protein ladder (FroggaBio) was used to determine the molecular weight
of each band. The PVDF membrane was then blocked with 5% skim milk blocking solution
for 30 min and then washed with 1X Tris-buffered saline with Tween 20 (TBST) for 10
minutes. For viral protein GP64 and VP39 detection, anti-GP64 (from Dr. Gary Blissard’s
lab) and anti-VP39 (from Dr. Rob Kotin’s lab) primary mouse monoclonal antibody was
added at 1:2,000 dilutions in TBST and incubated overnight at 4°C. The membrane was
then washed 4 times, 10 minutes each with TBST. Rabbit anti mouse secondary antibody
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IgG conjugated with horseradish peroxidase (HRP) (Fisher Scientific) was added at
1:10,000 dilution in TBST and incubated for 1 h. For viral protein EXON0 detection,
primary rabbit polyclonal antibody from Dr. David Theilmann’s lab from Agriculture
Agri-Food Canada (AAFC) was added at 1:2,500 dilutions in TBST and incubated
overnight at 4°C. After 4 washes with TBST, goat anti rabbit secondary antibody IgG
conjugated with horseradish peroxidase (HRP) (Fisher Scientific) was added at 1:10,000
dilution in TBST and incubated for 1 h. The blot was then washed for 10 min each time for
4 times with TBST. Super signal West Pico chemiluminescent substrate (Pierce) was
applied to the blot to detect the target proteins in Western blot.

Results
HA or V5 tagged recombinant bacmid construction and virus amplification
Recombinant bacmids AcHA:ME53, AcME53:HA or AcV5:ME53 expressing ME53 fused
with either HA or V5 epitope tag were successfully generated as decribed in Materials and
Methods (Fig. 4.1). The bacmid DNA was transfected into Sf21 cells, and supernatant
containing the BVs was harvested and two rounds of virus amplification were carried out.
Similar to the wildtype (WT) virus infected cells at 5 days post-infection, typical cytopathic
effects (CPE) such as occlusion bodies (OBs) were also easily observed in most of the cells
infected with the HA-tagged (HA:ME53 or ME53:HA) or V5-tagged (V5:ME53) viruses
(Fig 4.2). This suggested that the fusion of HA or V5 epitope tag to ME53 did not disrupt
the conformation of ME53 or interfere with its normal function. Similarly, earlier studies
using the me53 repair virus showed the same typical CPE (de Jong et al., 2009).
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Figure 4.1 Schematic of HA or V5 tagged ME53 recombinant bacmids using AcMNPV
me53 knockout bacmid. The HA epitope tag (pink rectangle) was fused to either the
N-terminus or the C-terminus of ME53 for HA IP; the V5 epitope tag (green rectangle) was
fused to the N-terminus of ME53 for V5 IP. The me53 native promoter (blue arrow) and
sv40 polyadenylation signal polyA (grey arrow) were used for all ME53 constructs.
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Figure 4.2 OBs production in Sf21 cells infected with WT virus and recombinant viruses
AcHA:ME53, AcME53:HA or AcV5:ME53. CPE was observed by 10X light microscopy.
Unlike mock infection of Sf21 (mock), OBs were observed in WT, HA:ME53, ME53:HA
or V5:ME53 virus infected Sf21 cells at 5 days post-infection. Arrow points to Sf21 cells
with OBs.
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HA or V5 immunoprecipitation assay
To confirm that ME53 with the epitope tag can be expressed and detected by Western blot
after IP, a preliminary Western blot was carried out after ME53:HA IP using anti-HA
antibody. Three controls were used to eliminate the possibility of non-specific binding of
other cellular and viral proteins to the antibody or the beads. A mock control represents
cells with no virus infection. WT IP control is the IP using wildtype virus infected cells.
Since no epitope tag was fused to ME53 in the wildtype virus, no ME53 or its binding
partners should be pulled down after WT IP. The third control is the beads IP control,
which used the recombinant virus infected cells for the IP, but no primary antibody was
added to the mixture of proteins and beads during the IP. Although ME53 was tagged with
HA, since no anti-HA antibody was added to pull down ME53:HA, there should be no
ME53 or binding partners being pulled down either.

IP of ME53:HA infected cells used anti-HA antibody to pull down ME53:HA. No obvious
band was detected in the mock control or the WT control (Fig. 4.3), indicating that no
cellular or viral proteins bind to the anti-HA antibody non-specifically. No band was
detected in the beads control either (Fig. 4.3), which indicated that no proteins bind to the
beads non-specifically, and would not give rise to false positive results for the IP. A distinct
band at about 55 kDa was found in both the total soluble input and ME53:HA IP product,
which showed that ME53 with the HA epitope tag (ME53:HA) was expressed and was
specifically recognized and pulled down by the anti-HA antibody and ProteinG-beads (Fig.
4.3).
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Figure 4.3 Western blot for ME53:HA detection after ME53:HA IP. Mouse anti-HA
monoclonal primary antibody and rabbit anti mouse secondary antibody were used to detect
ME53:HA in mock control, total soluble input, IP products for ME53:HA, WT IP control
and beads IP control. A distinct band at 55 kDa was detected only in the total soluble input
and ME53:HA IP product.
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Western blot after HA or V5 IP
GP64 detection after HA or V5 IP
Since ME53 co-localizes and forms foci with viral envelope protein GP64, it is possible
that GP64 may interact with ME53 to promote virus budding. To determine if GP64 might
bind to ME53 for such co-localization, anti-GP64 primary antibody was used in the
Western blot to detect GP64 after HA or V5 IP. A distinct band was detected at 64 kDa for
the total soluble input, indicating that GP64 was in the virus infected sample prior to IP.
Following IP using anti-HA antibody to pull down HA:ME53, GP64 was detected in the IP
product. No GP64 band was detected in the mock control, WT IP control or the beads IP
control as expected (Fig 4.4). The IP was repeated using anti-V5 antibody to pull down
V5:ME53. GP64 was detected in the IP product as well, indicating that GP64 binds to
ME53, and was specifically pulled down with V5:ME53 (Fig 4.4). This result is consistent
with the HA:ME53 IP, and therefore indicates that GP64 binds to ME53 either directly or
in a complex. Interestingly, for IP using anti-HA antibody to pull down ME53:HA, where
the HA tag is at the C-terminus, no GP64 band was detected in the IP product, suggesting
that GP64 might not bind to this form of tagged ME53 (Fig 4.4).

VP39 detection after HA or V5 IP
ME53 is also involved in virus production and localizes to the mature virus nucleocapsid.
The primary protein of viral nucleocapsid is the viral major capsid protein VP39 (Thiem &
Miller, 1989). Consequently, after HA or V5 IP, anti-VP39 primary antibody was used in
Western blot for VP39 detection. No bands were detected in the mock control, WT IP
control or the beads IP control as expected. A distinct band at 39 kDa was detected for the
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Figure 4.4 Western blot for GP64 detection after HA or V5 IP. Mouse anti-GP64
monoclonal primary antibody and rabbit anti mouse secondary antibody were used to detect
GP64 in mock control, total soluble input, IP products for HA or V5 IP, WT IP control and
beads IP control. A distinct band at 64 kDa was detected in total soluble input, HA:ME53
IP product and V5:ME53 IP product. No band representing GP64 was detected in
ME53:HA IP product.
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total soluble input, suggesting that VP39 was in the virus infected sample prior to IP. For
the IP using anti-HA antibody to pull down ME53:HA, a faint band representing VP39 was
detected at 39 kDa in the IP product (Fig. 4.5). This result indicates that VP39 interacts
directly or indirectly with ME53:HA. However, when the HA tag was fused to the
N-terminus of ME53, after the IP using anti-HA antibody to pull down HA:ME53, no
VP39 band was detected in the IP product (Fig. 4.5). Similarly, when the V5 tag was fused
to the N-terminus of ME53, after the IP using anti-V5 antibody to pull down V5:ME53,
VP39 band was inconsistently detected at 39 kDa in the IP product (Fig. 4.5). These
indicated that VP39 was either not bound to ME53 with epitope tag fused to the N-terminus,
or the interaction between this form of tagged ME53 and VP39 was compromised by the
epitope tags.

EXON0 detection after HA or V5 IP
Another viral late protein EXON0, at the approximate size of 30 kDa, also localizes to the
nucleus and at the same time forms foci at the cell membrane like ME53 (Fang et al., 2007).
IP was therefore performed to determine if ME53 interacts with EXON0. Following the IP,
no bands were detected in the WT IP control or the beads IP control as expected. Western
blot for Exon0 detection showed a prominent band (*) at about 30 kDa, which is the
expected size for Exon0. However, this band was also seen in the mock control and total
soluble input, as well as both HA and V5 IP products (Fig. 4.6). This was unexpected since
no virus was present in the mock control. To test if the secondary antibody was problematic
and bound to a certain 30 kDa protein non-specifically, Western blot with the same samples
was carried out and only the secondary antibody was added. In the absence of the primary
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Figure 4.5 Western blot for VP39 detection after HA or V5 IP. Mouse anti-VP39
monoclonal primary antibody and rabbit anti mouse secondary antibody were used to detect
VP39 in mock control, total soluble input, IP products for HA or V5 IP, WT IP control and
beads IP control. A band at 39 kDa was detected in all the total soluble input and the
ME53:HA IP product, and was inconsistently detected in V5:ME53 IP product. VP39 was
not detected in HA:ME53 IP product.
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antibody, no bands were detected (data not shown). This means that the secondary antibody
does not give rise to spurious results. To make sure the mock control was not contaminated,
for example with a low MOI virus infection, another AcMNPV permissive cell line TnHi5
was used as a second mock control. A band at about 30 kDa was detected for both the Sf21
and TnHi5 mock infected controls. Thus, it is more likely that the protein detected is a
cellular protein that binds to the anti-EXON0 primary antibody in Western blots. To
confirm this possibility, a mock IP control, which used the mock lysate in an IP assay, was
included as another control. No band was shown in the mock IP product, indicating that this
band is indeed a cellular protein pulled down in an ME53 dependent manner (data not
shown).

For the detection of EXON0, besides the prominent cellular band (*), there was no other
band detected in the total soluble input and IP using anti-V5 antibody to pull down
V5:ME53, suggesting that EXON0 is not a potential binding partner of ME53. However, in
both IP using anti-HA antibody to pull down HA:ME53 and IP using anti-HA antibody to
pull down ME53:HA, a faint band (arrow) right above the 30 kDa cellular band (*) was
detected in the IP products. This band (arrow) was considered to be the EXON0 since it
was observed only in total soluble input and HA:ME53 or ME53:HA IP product but not in
mock control (Fig. 4.6). However, with the interference of the cellular protein that binds to
anti-EXON0 antibody non-specifically, it is actually hard to determine if EXON0 was
indeed present because of this prominent cellular band in the mock control.
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Figure 4.6 Western blot for EXON0 detection after HA or V5 IP. Rabbit anti-EXON0
polyclonal primary antibody and goat anti rabbit secondary antibody were used to detect
EXON0 in mock control, total soluble input, IP products for HA or V5 IP, WT IP control
and beads IP control. In addition to a prominent band at 30 kDa (*) which may represent a
cellular protein non-specifically binds to anti-EXON0 antibody, a faint slower migrating
band (arrow) right above 30 kDa, which is the expected size for EXON0, was detected in
the total soluble input, HA:ME53 IP and ME53:HA IP products. However, it was not
detected in V5:ME53 IP product.
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Discussion
To study protein-protein interactions between baculovirus ME53 and other viral or host
proteins, recombinant bacmids of HA or V5 epitope tagged ME53 were generated. Epitope
tags were used since no anti-ME53 primary antibody is available to detect ME53 directly.
To rule out the possibility that these epitope tags affect the function of ME53, CPE in cells
infected with viruses AcHA:ME53, AcV5:ME53 or AcME53:HA was monitored. OBs
were clearly observed 5 days post-infection within the recombinant virus infected cells,
which suggests that the recombinant viruses are capable of expressing functional ME53 and
the virus production is similar to the wildtype virus. Thus, the addition of the HA or V5
epitope tag did not seem to disrupt the natural function of ME53. Virus production and
Western blots detecting ME53 demonstrated that ME53 fused with the epitope tag was
successfully expressed and did not inhibit virus replication or spread. So the tags should not
influence binding of partner proteins and could be used for both the HA and V5 IP.

GP64 was pulled down in both the HA:ME53 IP and V5:ME53 IP. This suggested a
potential interaction between ME53 and GP64. Unfortunately, ME53:HA IP, where the HA
tag was fused to the C-terminus of ME53, did not pull down GP64. One possibility is that
the ME53 binding site to GP64 may be at the C-terminus of ME53, and the HA tag fused at
the C-terminus of ME53 somehow compromised the binding of GP64 to ME53. The
addition of the HA tag to ME53 C-terminus might either change the entire ME53
conformation, the C-terminus ME53 conformation, or otherwise blocks GP64 binding to
ME53. Only the N-terminal tags that did not block the binding site allow the interaction
between ME53 and GP64 to be detected. Since ME53 and GP64 interaction was detected
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by IP, the co-localization of ME53 and GP64 at distinct foci at the cell membrane may be
due to stable, rather than transient interactions between ME53 and GP64, which is similar
to some herpesvirus proteins. Herpesvirus tegument proteins, such as tegument protein
UL16 and glycoprotein C that lie between the nucleocapsid and the envelope, are involved
in viral egress and glycoprotein rearrangement and interact with the surface glycoprotein
directly to facilitate virus production (Meckes & Wills, 2008). Similarly, ME53 at the
plasma membrane interacting with GP64 may facilitate envelopment of the nucleocapsids
and budding of mature virus particles for release from the cells.

VP39 was pulled down in the ME53:HA IP, which also suggested a potential interaction
between ME53 and VP39. The ME53:HA IP showed a band representing VP39 in the IP
product. The V5:ME53 IP also pulled down VP39 but the pull down was not consistent.
Similarly to GP64, one possibility for the inconsistent pull down with anti-V5 antibody is
that the VP39 binding site is at the N-terminus of ME53, and the epitope tag fused to the
N-terminus might change the ME53 conformation and compromise the interaction between
VP39 and ME53. Another possibility is that the interaction between ME53 and VP39 is
transient, so the weak interaction was inconsistently detected in the IP. Since ME53 and
VP39 interaction was detected by IP, it is possible that viral nuclear protein VP39 acts as a
chaperone protein to facilitate ME53 nuclear translocation. When VP39 was deleted,
previous studies revealed that ME53 still translocated to the nucleus, albeit at a much lower
intensity (de Jong et al., 2011). This indicates that VP39 might be one of the chaperone
proteins, but there are other viral or host chaperone proteins to facilitate ME53 nuclear
translocation as well.
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EXON0, which can both translocate to the nucleus and form foci at the cell plasma
membrane similar to ME53 (Fang et al., 2007), was also considered to have interaction
with ME53 based on their similar localizations. A faint band at about 30 kDa (arrow),
which is the expected size of EXON0, was detected in both the total soluble input and IP
products. However, there was another prominent cellular band (*) at a similar size right
below the EXON0 band unexpectedly detected in the mock control and total soluble input
and IP products. The cellular protein was pulled down in an ME53 dependent manner and
was bound to the anti-EXON0 antibody non-specifically. After the IP, a faint band (arrow)
that migrates at a slightly higher molecular weight than the unknown cellular band can be
seen in the Western blot, and this band could be the EXON0. This indicated that ME53 and
EXON0 might also have a potential interaction. However, identification of this unknown
protein needs to be conducted before drawing any further conclusions. Characterization of
the other proteins from IP should be completed. To further elucidate the interaction
between ME53 and its potential binding partners, silver staining of the protein gel could be
used to identify the proteins in the IP product followed by mass spectrometry of individual
bands. Identification of EXON0 cannot be confirmed until the cellular contaminating
protein is eliminated. Identification of the cellular band and the slightly slower migrating
EXON0 band can be carried out using mass spectrometry as well.

In conclusion, evidence from HA and V5 IP suggests that ME53 interacts with viral
envelope protein GP64 and viral capsid protein VP39, but its association with viral late
nuclear protein EXON0 during infection was inconclusive. These data may be critical to
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explain how ME53 translocates to the nucleus since VP39 is an important viral nuclear
protein that might act as a chaperone protein. This might be similar to the interaction
between LEF-3 and P143 (Helicase) in AcMNPV. Viral nuclear protein LEF-3 has a
bipartite NLS to enter the nucleus. P143 (Helicase), although without a NLS, was transported
to the nucleus when it binds to LEF-3 that acts as a chaperone protein to facilitate P143
nuclear translocation (Au et al., 2009; Wu & Carstens, 1998). It may also be critical to
understand the function of ME53 in facilitating the process of BV egress if any. To confirm
the interaction between ME53 and GP64 or VP39, further research using reciprocal
experiments needs to be carried out, such as using GP64 IP to pulldown GP64 and its
binding partners or using VP39 IP to pulldown VP39 and its binding partners. In addition,
further research needs to be done to strictly determine if the interactions between ME53 and
its potential binding partners are direct or not, such as yeast two hybrid assay (Osman, 2004)
and bimolecular fluorescence complementation (BiFC) (Hodgson et al., 2011). A model of
how ME53 translocates to the nucleus or contributes to viral egress can not be proposed
until such specific interactions are confirmed.
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Chapter V: General discussion and future directions
Compared with other baculovirus immediate early genes, such as ie0, ie1, ie2 and pe38 that
have fundamental roles in virus production, much is still unknown about me53. Previous
studies showed that me53 is transcribed by 0.5 hpi, and continues to very late times
post-infection (Knebel-Morsdorf et al., 1993; de Jong et al., 2009). The deletion of me53
causes a reduction in BV production, but does not affect viral DNA replication. ME53 is a
component on the nucleocapsids of both BVs and ODVs, suggesting that it might function as
a structural protein (de Jong et al., 2009). Intracellular localization of ME53 revealed that
ME53 is primarily cytoplasmic at early times post-infection, and is predominantly nuclear at
later times post-infection. ME53 also aggregates at the plasma membrane and forms distinct
foci with the major envelope fusion protein GP64. The co-localization of the GP64 and
ME53 at the foci indicates that the foci may represent potential virus budding sites (de Jong
et al., 2011). Given that ME53 localizes to the nucleus later in infection, the objectives in this
thesis were to determine how ME53 translocates to the nucleus and what function ME53 has
in the nucleus in virus-infected cells. Since ME53 contains a putative zinc-finger domain at
its C-terminus, translocates to the nucleus and greatly affects the virus yield, I hypothesized
that ME53 acts as a transcription factor in the nucleus and is involved directly or indirectly in
virus assembly and egress during infection.

Without a reported nuclear localization signal (NLS), ME53 is found to translocate to the
nucleus only late in infection. The ME53 nuclear translocation sequence (NTS) within
amino acids 109-137 was mapped by a series of ME53 truncations, internal deletions and
peptides fused with either HA or GFP tag. This NTS is also within one of the most conserved
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regions that exist in ME53 homologues for both alpha- and betabaculoviruses, whose
function was unknown prior to this study. This region contains several conserved sites that
are either acidic or basic amino acids, and forms a predicted alpha helix (113-136), which
may contribute to forming a domain capable of binding to chaperone proteins to facilitate
ME53 nuclear localization. With high conservation and ability to form secondary structures,
ME53s among different baculovirus groups may also be conserved in its evolutionary
function. Since changing some of the individual charged amino acids within the NTS did not
reduce the nuclear translocation, it suggests that besides these specific charged amino acids,
other amino acids within the NTS may be more important to the function of this region. The
entire NTS region might give ME53 the potential to form a folded domain that is able to bind
to other viral or cellular chaperone proteins to facilitate the nuclear transport. That ME53 is
detectable on the nucleocapsids of both BVs and ODVs indicates that ME53 might act as a
structural or scaffolding protein, and one of its nuclear functions might be in participating in
viral nucleocapsid assembly.

It is highly possible that ME53 plays multiple roles during virus infection. Since ME53 has a
C4 zinc finger domain at its C-terminus which is thought to be relevant to transcriptional
regulation, and the zinc finger domain is highly conserved across both the alpha- and
betabaculoviruses, it is likely that ME53 is also involved in transcription regulation in virus
production. To determine if one of the nuclear functions of ME53 is to transcriptionally
regulate the expression of other viral genes, qRT-PCR assay was performed to identify the
effect of me53 on transcriptional regulation on selected viral early and late genes. The data
supports the hypothesis that me53 affects the expression of both viral early and late genes, in
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particular the late genes necessary for viral nucleocapsid assembly and egress. Once me53 is
deleted, the expression of other late genes that are directly involved in virus production
would be reduced. Thus the virus yield would be also reduced. On the other hand, since the
deletion of me53 still yielded a low level of BVs, me53 may also have effects on host gene
expression and ODV morphogenesis, which was not determined in this study. To this end,
transcriptome analysis using RNA sequencing (RNA-Seq) should be applied to both me53
knockout bacmid transfected cells and wildtype bacmid transfected cells to evaluate the
regulation of me53 on transcription of both the viral and cellular genes. In addition, me53
may also play a role in tissue or insect specificity, which would not be detectable in cell lines.
To determine if there is an effect in insects, the transcriptional regulation studies of me53
should be carried out in vivo.

Moreover, as a viral nuclear protein and potential structural protein, the interactions between
ME53 and three other viral proteins were determined by immunoprecipitation (IP) assay.
ME53 potential binding partners were identified, some of which might act as the chaperone
proteins that facilitate its nuclear translocation or plasma co-localization with GP64. The HA
or V5 epitope tag was fused to ME53 in AcMNPV bacmid for HA IP or V5 IP, respectively.
The IP data suggested that ME53 interacts with both GP64 and VP39, as first indicated in
GP64 co-localization data (de Jong et al., 2011). The IP data also supports the hypothesis
that ME53 may utilize viral nuclear proteins, such as VP39, as a chaperone protein to enter
the nucleus. ME53 may also act as a structural protein in virus assembly and interact with
GP64 at potential budding sites to facilitate virus budding at the plasma membrane. The
evidence here suggests at least two distinct viral proteins GP64 and VP39 that are likely
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interacting with ME53. Firstly, the association of ME53 with viral envelope protein GP64 is
consistent with their co-localization and foci formation at the plasma membrane. It still needs
to be confirmed in reciprocal GP64 IP by using anti-GP64 antibody to pulldown GP64 and
co-immunoprecipitate ME53. The evidence presented in this study does not identify if their
interaction is direct or not. However, previous studies (de Jong, 2010) do not support a direct
interaction between GP64 and ME53, because GP64 and ME53 do not form foci when only
these two proteins are expressed in uninfected cells. Nevertheless, a third viral protein might
be bound to ME53 and GP64 for foci formation. Secondly, viral nuclear protein VP39 was
associated with ME53 and appears to be a possible chaperone protein to transport ME53 to
the nucleus in virus infected cells. It also needs to be confirmed in reciprocal VP39 IP by
using anti-VP39 antibody to pulldown VP39 and co-immunoprecipitate ME53. Furthermore,
since there might be other viral or host cellular chaperone proteins to bind to ME53,
characterization of the other proteins pulled down after the IP should be completed by
silver staining of the protein gel, and mass spectrometry should be explored to identify the
proteins in individual bands. In particular, for another viral nuclear protein EXON0, the
interaction between ME53 and EXON0 cannot be confirmed until the identity of the
cellular protein that reacts with anti-Exon0 antibody is defined by mass spectrometry.
Different permissive cell lines could also be used to eliminate this cellular band. Moreover,
even though GP64 and VP39 were identified as ME53 binding partners in this study, there
is no evidence to show whether the interactions between them are direct or indirect in a
complex. Yeast two hybrid assay and bimolecular fluorescence complementation (BiFC)
could be used to more definitively evaluate the interactions between ME53 and its binding
partners.
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