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Activation of baculovirus late genes

A common feature of many viruses is the division of transcription into early and late categories. These divisions
may be further separated into immediate early, early, late and very late. The separation between early and late
transcription is always the onset of DNA replication. Despite this being a common feature of viruses, the
mechanism underlying the linkage of DNA replication to the activation of late gene transcription is unclear. Two
major features of newly replicated DNA may be involved in this process. Immediately after DNA replication
there may be a transient period when proteins are not bound to the DNA and this might expose late promoters
and facilitate their activation. In poxviruses, a set of transcriptional activators that facilitate the expression of late
genes are expressed from newly replicated (naked) DNA (1). In baculoviruses, the generation of DNA free of
proteins might facilitate the activation of late promoters until p6.9 or other DNA binding proteins accumulate to
such a level that all viral DNA is coated and transcription is inhibited. Another major feature of DNA in the
process of being replicated is the numerous nicks and RNA-DNA junctions generated by the synthesis of
Okazaki fragments during lagging strand synthesis. In viruses, e.g., T-4, it has been suggested that the unligated
junctions of Okazaki fragments may serve as transient enhancers of late transcription by acting as loading sites
for late gene activators that move along the DNA until late promoters are recognized (2). Once DNA replication
is completed, these loading sites for late gene activators might be eliminated by the removal of the RNA primers
and ligation of the lagging strand, thereby terminating late transcription. In baculoviruses, essential activators of
late gene transcription have not been identified in in vitro analyses, however, several additional factors have been
characterized in transient assays that may be essential for late transcription (see below).

Baculovirus late promoter elements

Initially, because the sequence of the ACMNPYV polyhedrin gene region revealed a conventional-appearing TATA
sequence upstream of the reading frame, it was suggested that baculovirus late genes were transcribed using a
conventional RNA polymerase II promoter (3). However, the OpMNPV polyhedrin gene lacked this sequence,
and the mapping of its mRNA start site indicated that it initiated at an ATAAG sequence. When several other
baculovirus late genes were sequenced (4-7), they were all found to have this sequence. This led to the proposal
that ATAAG was the baculovirus late promoter sequence and that mRNA initiated within this sequence (8).
Subsequently, this was demonstrated experimentally (9) and eventually it was determined that the core sequence
is normally ATAAG, GTAAG, or TTAAG, but that CTAAG is apparently not used. A survey of predicted
baculovirus promoter sequences was conducted on 26 baculovirus genomes (10) (see Chapter 5). The purpose of
this investigation was to determine whether baculovirus promoter elements could be correlated with their
position relative to the ATG translation initiation codons. They found a number of clear correlations. There was
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a strong correlation of TAAG sequences upstream of the ATG, particularly when combined with a TATA early
promoter, e.g., TATAAGG. These were about 7 times as frequent in the upstream location and reflect genes that
are transcribed by both the host RNA polymerase II and the baculovirus RNA polymerase and are expressed
both early and late in infection. TAAG sequences were almost 6 times more prevalent in the promoter
(upstream) region. Of the TAAG sequences, ATAAG and GTAAG sequences were most prevalent, followed by
TTAAG. In contrast, CTAAG, which does not appear to function as a late promoter element, was only slightly
more prevalent in the upstream promoter regions.

In comprehensive investigations using genome wide analyses, strand-specific RNAseq technology, and the
sequencing of 5> RACE PCR products (11), 218 transcriptional start sites (TSS) were mapped for 156 ACMNPV
orfs from infected Trichoplusia ni cells. The majority of the TSS (126) were located at consensus later promoter
motifs (with the sequence TAAG) upstream of 101 orfs, or about 65% of the AcMNPV orfs. In addition, 92 non
late promoter TSS were identified of which 89 were located immediately upstream of 77 predicted orfs, or about
half of the orfs. There were 21 orfs identified that had multiple late TSS and another 21 that had both early and
late T'SS.

Late TSS always initiated at the second nt of the TAAG late promoter element. About 13% of the orfs have more
than one late TSS. Although no additional consensus nt were identified near the TAAG sequence, they were
located in the context of an AT-rich sequence, with the 6-7 nt upstream and downstream of the TAAG being
about 75% AT, vs 59% for the genome as a whole. In addition, no other consensus nucleotides were identified
that were associated with the relative strength of the late promoters (11).

An implication of the novel promoter and mRNA start site of late and very late baculovirus genes is that their
transcripts would all begin with the sequence AAG (Figure 1). Whether this serves as a signal for selective
sorting or transport of these mRNAs remains to be determined.

Temporal gene expression

In the characterization of the transcriptome of AcCMNPYV infected T. ni cells, it was observed that at 6 hpi, the
majority of transcripts were from early genes and comprised about 3% of the total mRNA in the cell. The genes
expressed included some involved in DNA replication (lef-2 — the primase accessory factor, lef-3 — the SSB),
anti-apoptosis (p35), and gp64, the envelope fusion protein. Other abundantly expressed genes included dbp,
pp31(39K), and lef6. For genes that have both early and late promoters, such as gp64 and pp31, the late
promoters were expressed more highly than the early promoters at 6 hpi. This suggests that early promoter
activity might facilitate access to the late promoter by the viral RNA polymerase or enhance its activity in some
other manner. At 12 hpi, which corresponds to the beginning of DNA replication, the viral mRNA population
greatly expanded to comprise 38% of the total mRNA in the cells and likely reflects the amplification of the
templates and also the accessibility of the late promoter elements possibly due to their nascent synthesis. Several
transcripts encoding virion associated structures including p6.9, odv-ec27, odv-e18 were 2 — 3-fold higher in
concentration than other transcripts. By 24 hpi, polyhedrin and p10 were the most abundant mRNAs and by 48
hpi, they were up to 4-fold higher than the mRNA of the next highest group that included p6.9, odv-e18 and
odv-ec27. At this time polyhedrin and p10 mRNA comprised 24% and 7.5% of the total RNA of the cell,
respectively. Overall, genes that had conventional early promoters (TATAA and CAGT-like sequences) were
expressed highest at 6-12 hpi, whereas those with a later promoter element were expressed the highest at 12-18
hpi or later (11).

Insect virus RNA polymerases and occlusion body protein
hyperexpression

Baculoviruses encode a novel RNA polymerase composed of four subunits that transcribes late and very late
genes and that recognizes the unique promoter consensus sequence described above. It is not clear why a virus
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Figure 1. Comparison of late and very late gene transcription. Shown is: (a) late gene transcription; (b) a hypothetical mechanism for
the shutoff of late transcription; and (c and d) activation of very late gene transcription involving VLF-1 interacting with the burst
sequence (shown as a red rectangle). Late transcription initiates within the late promoter element. Therefore, all late messages likely
begin with the sequence AAG.

that replicates in the nucleus would encode its own RNA polymerase, since many such viruses depend on
exploiting the host enzyme for transcribing all their genes. The remarkable ability of baculoviruses to hyper
express very late genes might be considered the impetus for the evolution of a system that is independent of host
transcription. Although several families of cytoplasmic RNA and DNA viruses, such as the Poxviridae and
Reoviridae, encode their own RNA polymerases, most lineages of these viruses do not hyper express genes.
However, both these families have occluded genera, the cypoviruses and entomopox viruses respectively, that are
pathogenic for insects and express occlusion body proteins at very high levels reminiscent of baculovirus very
late genes, e.g., entomopox spheroidin, can comprise 30-40% of total protein (12). These viruses are able to
accomplish this utilizing RNA polymerases related to those of other members of their viral family that do not
hyper express genes, indicating that the evolution of the polymerase might not be specifically linked to its ability
to hyper express genes. However, the independence of transcription from the host cell RNA polymerase could
have facilitated the evolution of the extraordinary levels of gene expression of the polymerases of the occluded
viruses. In the case of baculoviruses, the independence from the host enzyme may have initially provided
regulatory advantages, such as independence from low levels of RNA transcription factors in nondividing cells.
This could have provided the enzymatic platform for the evolution of their ability to hyper express very late



4 Baculovirus Molecular Biology

genes involved in occlusion body formation. The combination of factors that likely influence high levels of
baculovirus gene expression is discussed in detail in Chapter 10.

The baculovirus RNA polymerase

Hints of the presence of a novel baculovirus RNA polymerase had been suggested by the observation that the
expression of baculovirus late genes was a-amanitin resistant (13, 14). Alpha-amanitin is a fungal toxin that
inhibits RNA polymerase II and hence mRNA synthesis at very low concentrations. The resistance to a-
amanitin, along with the observation that baculovirus late genes employed a novel late promoter element,
suggested that there was a distinct RNA polymerase involved in the expression of baculovirus late genes. Using a
transient assay system that was dependent upon transcription from a late promoter element to express a reporter
gene led to the identification of baculovirus genes that are involved in late gene transcription (15, 16). This assay
eventually implicated 19 genes in late transcription; however, since the assay was dependent upon DNA
replication, it included genes that were involved in that process. The DNA replication genes were identified using
a separate assay (see Chapter 5), and the genes involved in late transcription were inferred by subtracting the
replication genes. Subsequently, a protein complex of about 560 kDa was isolated that was able to support in
vitro transcription from late promoter-containing DNA templates. This complex includes late expression factors
(LEF) -4, -8, -9, and p47 with predicted molecular masses of 54, 102, 55 and 47 kDa, respectively. The combined
predicted molecular mass of these four proteins is about 260 kDa. Because they appear to be present in
equimolar amounts, it was suggested that the baculovirus RNA polymerase complex contains two molecules of
each peptide (17). The significance of this is unclear, as such a subunit composition has not been reported for
other RNA polymerases. Homologs of these gene products are present in all baculovirus genomes that have been
sequenced. Two of these subunits (LEF-8 and -9) have significant levels of similarity to the two largest subunits
found in bacterial and eukaryotic polymerases, respectively (Figure 2). These are called p and [’ subunits, but
they can vary greatly in size and consequently their size may be independent of their lineage.

LEF-9 is related to the large RNA polymerase subunits. LEF 9 contains a 7-amino acid motif (NTDCDGD)
similar to the Mg++ binding sequence (NADFDGD) found in the catalytic center in the large RNA polymerase
subunits of DNA-dependent RNA polymerases (18) (Figure 2). The D residues are critical components of the
sequences because they coordinate the binding of Mg++ that is necessary for the activity of the polymerase.
These three residues are conserved in all the orthologous large subunit sequences. ACMNPV LEF-9, at 516
amino acids, is much smaller than the other large RNA polymerase subunits, e.g., that of Drosophila is almost
1900 amino acids. Alignments indicate that LEF-9 is most closely related to the N-terminal 60% of the larger
orthologous subunits. However, the homology is very low and other domains found conserved in this subunit
from bacteria through eukaryotes and vaccinia virus (19) have not been reported in the baculovirus protein.

LEF-8 is related to the second largest RNA polymerase subunit. LEF-8 shows limited homology with the
second largest subunit of a number of other organisms at the conserved 13-amino acid sequence GDKXX(s/
g)RHG(q/n)KG(v/i/t). This homology is shown in Figure 2 and compared to the orthologous D. melanogaster
subunit and has been proposed to be part of the catalytic site (20, 21) (Figure 3).

P47, a unique subunit. The third subunit, P47, was originally identified as the site of a ts mutation that caused a
defect in late gene expression (22, 23). It has not been convincingly shown to be related to RNA polymerase
subunits from other organisms.

LEF-4 is an RNA capping enzyme. The 5' RNA cap is a novel feature of mRNAs from eukaryotic cells and
viruses that is not present in bacteria and archaea, because they lack the necessary enzymes for its synthesis. The
cap is added to the 5' end of mRNA and consists of a guanine nucleotide linked to the mRNA with a 5'to 5'
triphosphate linkage. The guanosine is methylated at the N-7 position by an enzyme called methyl transferase. It
can be further modified by an additional methylation of the 2' hydroxyl groups of the ribose sugars at the 5' end
of the mRNA (Figure 4). This results in the RNA resembling the 3' end of an RNA molecule -- the 5' carbon of
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the cap ribose is blocked whereas the 3' position is free. Capping involves an RNA 5' triphosphatase that removes
the terminal phosphate of the RNA, a guanylyl transferase to add the guanine, and two different methylases. The
first two activities are present in LEF-4 and are also present on a single protein located at the N- and C-termini,
respectively, in metazoans and plants. Although having similar activity, LEF-4 is unrelated to this category of
capping enzyme, but is a member of the metal dependent group of capping enzymes found in fungi and
protozoa (24). The enzymes that are involved in the two methylase reactions are not known, although AcMNPV
does encode a methyltransferase homolog (Ac69) that would be capable of carrying out the second methylase
reaction (see below).

The 5' cap structure is thought to have several major roles associated with mRNA function. These include: i)
nuclear export: it binds a protein that is recognized by the nuclear pore complex and is exported; ii) protection
from exoribonucleases: this can be important because the export process can take significant amounts of time
during which the RNA is subjected to exonuclease exposure; iii) promotion of translation: the cap serves to
recruit initiation factors, which in turn recruit ribosomes (25). Capping can also be involved in intron excision;
however, this may not be a major role in baculoviruses because of the limited amount of splicing that occurs.

Capping in eukaryotes involves an enzyme that associates with the highly repetitive carboxyl terminal domain
(CTD) of the B' subunit of RNA polymerase II. Because the baculovirus polymerase lacks a similar domain, it is
likely that it evolved to include the enzyme as part of the RNA polymerase complex. Similarly, vaccinia virus also
lacks a CTD on its ' subunit, and its capping enzyme is also associated with the RNA polymerase complex, and
capping occurs during transcription when the nascent RNA oligomer is about 30 nt long (26); however, it does
not appear to be an integral component of the polymerase enzyme.

Assuming that in vitro transcription reactions are free from exoribonuclease, it is not clear why LEF-4 is
required for transcription in vitro assays. These assays monitor RNA transcripts that would not need to be
capped in order to be detected. This suggests that LEF-4 may play a structural role in the organization of the
polymerase subunits or it may have some other function. Furthermore, inactivation of both the LEF-4 RNA
triphosphatase domain and the RNA triphosphatase encoded by Ac orfl did not affect the viability of a double
mutant virus. Therefore, if capping is required in cultured cells, these data suggest that a host enzyme can carry
out the triphosphatase reaction. In addition, the chemical composition of the baculovirus cap structure does not
appear to be identical to the conventional motif (27). However, variant cap structures have been described in at
least one other virus (28). Complicating an interpretation of the role of LEF-4 in capping is evidence indicating
that the 5' untranslated region of p10 mRNA facilitates translation in a cap independent manner (29). Since
commonly used internal ribosome entry sites are apparently not active in certain insect cell systems, the p10 5'
untranslated region has been used as a translational enhancer of uncapped mRNA in investigations employing
insect cells (30).

Baculovirus protein involved in RNA capping

Ac69, a methyltransferase (MTase). Ac69 encodes a methyltransferase and it is found in most Group I NPV,
about one-half the Group II NPV and in the NeseNPV genomes. Ac69 was found to stimulate late gene
transcription in a transient assay (31). The gene encodes a protein with RNA Cap (nucleoside-2-O)-
methyltransferase activity. ACMNPYV, with a null mutation of the gene, replicated normally in cell culture (32).
Similar results were observed for a knockout of the homolog (Bm57) in BmNPV (33). Therefore, it is not clear
whether a host gene can carry out this function or the viral gene may not be necessary for viral replication in cell
culture.

Ac38—a baculovirus decapping enzyme? Ac38 is an ADP-ribose pyrophosphatase (ADPRase), a member of
the subfamily of nudix pyrophosphatases. Purified Bm29 also showed ADPRase activity (34). Orthologs are
found in all lepidopteran NPV and GV genomes. Proteins of the nudix superfamily are common in all organisms
and have been reported in other viruses, including T4 bacteriophage, African swine fever virus (family :
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Figure 3. Relationships of RNA polymerase subunits. The large subunits, f’ and {3, in some archaea have undergone fission and are
present as either 3 or 4 components. The subunits are color-coded to indicate similar function. This figure is based on the data of (38,
42, 44, 83, 84). For description of baculovirus homology, see text.

Asfarviridae), and poxvirus. An AcCMNPV Ac38 deletion mutant was severely compromised and produced BV at
1% the level of wt (35). Vaccinia virus also encodes a nudix protein and it may be important in negatively
regulating gene expression by acting as a decapping enzyme (36) by removing the 7-methylguanosine
diphosphate. Deletion of the gene in vaccinia resulted in smaller plaques and lower virus yield (37), similar to
the Ac38-deleted AcMNPV.



Baculovirus late transcription 7

7-methylguanosine 5" end of mRNA

7-methylguanosine 5’ end of mRNA
f H H ! !
0 0
5
CHAB-®-®CH:
S
@ I C

CHs SRS )
5't05 ® CH>

triphosphate A
bridge
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The categories of RNA polymerases

There are four major lineages of RNA polymerases that appear to be unrelated. These include: i) RNA-dependent
RNA polymerases of RNA viruses, ii) the DNA-dependent RNA polymerases of some phage such as T7, iii)
primases that produce short RNA transcripts for priming DNA replication, and iv) the DNA-dependent RNA
polymerases of eubacteria, archaea, and eukaryotic cells. The DNA-dependent RNA polymerases of bacteria and
eukaryotes are highly conserved enzymes and are composed in most organisms of 5 to 15 subunits. Four of these
correspond to a, B, p' and w subunits of bacteria and form the conserved core, and orthologs are present in all
the cellular enzymes (Figure 3). The  and ' subunits interact with each other, and the active site is formed by
their interface [(38) and references therein]. The B' subunit contains a catalytic site and has three invariant
aspartate residues that interact with a Mg2+ ion and the a-phosphate of the NTP during polymerization (39).
Subunits related to the  and B' polypeptides are also encoded by the genomes of a number of families of large
DNA viruses that are pathogenic for eukaryotes (40). The a subunit is involved in the initiation of RNA
polymerase assembly and sequence specific protein-DNA interactions that result in promoter recognition, and is
also a target for transcriptional activation (41). Two identical a subunits are present in bacterial RNA polymerase
and four homologs of the o subunit are found in the polymerases of archaea and eukarya (Figure 3).
Surprisingly, a homolog of the a subunit has not been described for the vaccinia RNA polymerase (42).

In addition to the subunits that comprise the RNA polymerase, transcription of genes often requires other
additional factors. Bacterial RNA polymerases recognize specific promoter elements by interacting with sigma
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factors that specify transcription of specific categories of genes. However, transcription from the eukaryotic RNA
polymerases involves a variety of transcription factors, some of which are composed of multiple subunits.
Perhaps as a consequence of the size and complexity of eukaryotic polymerases, the promoters to which the
polymerases bind and the location of the transcription start sites are separated by 30 bases or more. Although
not as complex, the promoter and start site region of bacterial polymerases encompasses up to 35 bp. Finally, the
RNA polymerases of phage such as T7 are composed of a single subunit unrelated to those described above, and
have a compact polymerase binding RNA start site of about 20-bp (43). In contrast, as described above, both the
baculovirus RNA polymerase promoter and mRNA start site are very compact and located at TAAG sequences.

The relationship of baculovirus RNA polymerase to other RNA
polymerases

Although there is homology to the  and ' subunits of RNA polymerase, as summarized above, the degree of
relatedness is very limited making it difficult to determine the lineage of the baculovirus polymerase. In
addition, no other RNA polymerase appears to have a promoter similar in sequence to that of late baculovirus
genes (see above). The initiator sequences of RNA polymerase II (Chapter 4) are similar in that transcription
initiates at the promoter sequence. However, the extent of the interaction of the baculovirus RNA polymerase
with promoter sequences has not been determined, possibly because the complex is so unstable that it cannot be
footprinted using conventional techniques. Analysis of the RNA polymerase subunits of bacteria, archaea and
eukaryotes found that they almost all encode four subunits related to the bacterial p and ', a and w (38). The
RNA polymerase of the poxvirus, vaccinia, is similar to those of eukarya as it has a complex subunit composition
with at least eight subunits, seven of which appear to be orthologs of RNA polymerase II subunits 3 and ' plus
RPB 5, 6, 7, and 10 and the transcription factor SII (42, 44) (Figure 3). The baculovirus RNA polymerase is
distinct from these other major DNA dependent RNA polymerases in that it is composed of four subunits. Since
the catalytic cleft is located on the two largest peptides, and baculoviruses possess orthologs of these two
subunits, the basic enzyme core is retained. However, based on current analyses, the phylogenetic origin of the
baculovirus RNA polymerase is unclear.

In vitro transcription assays

It should be noted that much of the information regarding baculovirus RNA polymerase has been derived from
in vitro transcription assays (17, 45) and these systems involve the addition of DNA templates containing late
promoter elements. Since this DNA is purified and presumably protein free, it is not clear how well these systems
reflect late transcription in infected cells. Future analysis of transcription from templates complexed with
proteins may yield information on additional proteins involved in the activation of late transcription. In
addition, whereas the baculovirus RNA polymerase complex is limited to four proteins, a number of other
proteins are required for late transcription in transient assays (see below).

Termination and polyadenylation of early and late mRNAs

In the study of AcCMNPV transcripts in cultured T. ni cells (11), it was observed that most early and late orfs have
a single polyadenylation site (PAS) located 18-22 nt downstream of a consensus AAUAAA consensus sequence.
About 10% of the ORFs had multiple PAS. Also, a number of sets of tandem orfs oriented in the same direction
shared the same PAS such that their transcripts, although initiating at different locations, overlapped one or
more downstream transcripts, all of which terminated at the same location. For example, there are 7 sets of 5 or
more orfs that share a common PAS. The PAS are located in an AT rich region and the 40 nt surrounding the
PAS was 80% AT compared to the ACMNPV genome average of (59%). Whereas 3’ processing of early
transcripts is carried out by the host cell system resulting in polyadenylated transcripts, the situation with late
genes has been unclear. It was suggested that late genes transcribed using purified baculovirus RNA polymerase


https://www.ncbi.nlm.nih.gov/books/n/bacvir4ed/ch04/

Baculovirus late transcription 9

in a cell free system have 3ends formed by the presence of T-rich sequences that destabilize the late transcription
complex (46). However, in cultured cells, most (87%) of the transcripts reflected conventional 3’ processing by
the host cell downstream of an AAUAAA sequence (Figure 1) (11).

Very late gene expression

Very late factor 1 (VLF-1, Ac77). A novel feature of baculoviruses is their ability to express genes at high levels
very late in infection. This phenomenon has been exploited in the development of baculoviruses as expression
vectors. Two highly expressed very late genes have been characterized, polyhedrin and p10. Polyhedrin is the
occlusion body protein, whereas the role of p10 is not clear, although it appears to form fibrillar structures that
may be involved in the assembly of the polyhedron envelope during the maturation of polyhedra (47) (see
Chapter 2, Figure 2) and may influence the lysis of terminally infected nuclei (48). Because these genes appear to
be involved in polyhedron morphogenesis, which is a very late step in the baculovirus life cycle that occurs after
virions destined for occlusion have been assembled, it is likely that they are transcribed from DNA that does not
become packaged as virion genomes. Consequently, it remains accessible to the very late RNA polymerase
complex. Both polyhedrin and p10 genes contain an A/T-rich sequence downstream of a late promoter sequence
that is involved in their high level expression (49). This sequence was called the 'burst sequence' because it
caused a burst of transcription very late in infection. VLF-1 was originally identified because it influences the
hyperexpression of very late genes (50). Subsequently, it was found that VLF-1 interacts with the burst sequence
in gel shift assays (51) and the presence of this sequence stimulates the level of VLE-1. In vitro transcription
assays suggest that VLF-1 can stimulate very late transcription about 10-fold. In addition, when the burst
sequence is removed, the level of stimulation is reduced about fourfold (52) (Figure 1). Homologs of VLF-1 are
found in all sequenced baculovirus genomes, and they belong to a family of proteins that includes lambda
integrase. Integrases are a large group of site-specific DNA recombinases that catalyze DNA rearrangements and
are found in a variety of organisms including viruses where they are involved in the integration and excision of
viral genomes and decatenation of newly replicated chromosomes. Evidence suggests that VLF-1 may also be
involved in the processing or packaging of baculovirus genomes (see Chapter 5).

LEF-2 (Ac6) and PK-1 (Ac10). In addition to VLE-1, LEF-2 (Ac6) appears to be involved in very late
transcription. Although it is an essential replication gene where it apparently functions as a primase accessory
factor (see Chapter 5), LEF-2 mutants of ACMNPV have been characterized that appear to affect very late
transcription, indicating that it may have roles in both replication and transcription (53). In BmNPV, LEF-2 has
also been shown to activate late transcription (54) independent of its influence on DNA replication. It has been
suggested that Ac10, which encodes a serine/threonine kinase (called PK-1), also influences very late gene
expression. Orthologs of Ac10 are found in all lepidopteran baculovirus genomes. The inhibition of PK-1
expression by either a ts mutation (55) or by DNAzyme technology causes a reduction in the expression from the
polyhedrin promoter (56). PK-1 also may be associated with a very late transcription complex and be involved
in the phosphorylation of LEF-8 (57). PK1 of SpltNPV-I and AcMNPV may interact with the polyhedrin
promoter, suggesting that it might act as a very late gene transcription factor (58) (59).

Other genes involved in late transcription

With the removal of the six essential replication genes and the four genes encoding the late RNA polymerase
complex from the total of 19 genes that have been implicated in influencing late gene transcription (16), the roles
of nine genes are left unexplained. These genes are required for or stimulatory for late transcription in the
transient assay system.

P35, LEF-7, LEF-11, and IE2. P35 blocks apoptosis and therefore, by preserving the viability of cells, promotes
both viral DNA replication and late transcription. LEF-7 is stimulatory for DNA replication and deletion of lef-7
from the ACMNPV genome led to a major reduction in late gene expression and a 100-fold reduction in
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infectious virus production. It was suggested that LEF-7 is involved in the regulation of the host cell DNA
damage response (DDR) and diverts host DDR proteins from cellular chromatin, so that they can be exploited
for viral DNA replication (60) (see Chapter 5). LEF-11 was not identified as being involved in DNA replication
in the transient assay system, however a lef-11 knockout construct is defective in DNA synthesis (see Chapter 5).
IE-2 may influence late transcription because of its role in the activation of early transcription (see Chapter 4).
Therefore, LEF-7 and IE-2 could affect late gene transcription by influencing DNA replication. This leaves five
genes that may specifically influence late gene transcription. These are described below.

Lef-5 (Ac99), a possible ortholog of TFIIS. Orthologs of lef-5 are found in all baculoviruses and are also
present in nudiviruses (61). LEF-5 was originally identified as being required for transient late gene transcription
(62). It was demonstrated to interact with itself and to contain a domain similar to that of the RNA polymerase
IT elongation factor TFIIS (63). Subsequent investigations indicated that LEF-5, although highly stimulatory for
in vitro transcription, did not enable the baculovirus polymerase to transit pause sites, and it was concluded that
it functions as an initiation factor, rather than an elongation factor (64). Deletion is probably lethal as
interrupted mutants of this gene in BmNPV (Bm83) could not be isolated (65).

Lef-6 (Ac28), a possible mRNA export factor. Homologs of lef-6 are found in the genomes of all lepidopteran
NPVs and GVs. It was originally identified because it was required for transient transcription of late genes (66).
A bacmid deleted for lef-6 was infectious, but the infection was delayed and the titer was reduced to about 10%
of wt. The major effect appeared to be reflected in a delay in the onset of late transcription (67). LEF-6 is not
particularly well conserved. Although AcMNPV and LAMNPYV showed only 27% amino acid sequence identity,
using the HHpred program described above, both showed over 80% probability of encoding a region that is
related to the RNA binding domain of a factor called TAP that is involved in the export of mRNA out of nuclei
through their interaction with nuclear pore proteins (68, 69). If LEF-6 performs a similar function, it might
compensate for the nuclear transport pathway if it is compromised by the infection. It might also be essential for
the transport of the high levels of mRNA produced by very late genes. BmNPV LEF-6 is highly phosphorylated
during infection (70).

Lef-10 (Ac53a); a prion? This orf was named Ac53a because it was not identified in the original AcMNPV
genome sequence because it is a small orf encoding 78 aa and about half the coding region at the 3' end overlaps
the 5' region of Ac 54. Homologs of lef-10 are found in all Group I and most Group II NPV and GV genomes.
Lef-10 was originally identified because it was required for late gene expression (18). It is likely an essential gene
as an insertion mutant in the BmNPV homolog (Bm42a) could not be isolated (65). When linked to EGFP,
Lef-10 formed punctate spots (71). It has been reported that LEF10 behaves as a prion (72). The full-length
protein or its predicted prion-forming domain can functionally replace the prion domain of the prion, Sup35, of
yeast. A high multiplicity of infection can lead to conversion of LEF10 to an aggregated state that inhibits late
gene expression (71, 72).

Ac41 (Lef-12). Let-12 is found in about half the Group I and Group II NPV genomes sequenced. Although 18
genes were originally identified as being involved in transient expression from a late promoter (15), when a set of
these genes were individually cloned, they failed to support late transcription. Because of its close proximity to
Ac 40 (p47), Ac41 (lef-12) had not been identified in the initial screen. It was subsequently demonstrated to be
required for transient late gene transcription in S. frugiperda cells (16, 31), but not required for late transcription
in T. ni cells (16). Mutants with lef-12 interrupted by insertional mutagenesis or by mutation of the ATG
translation initiation codon were viable in both S. frugiperda and T. ni cells, although reduced yields of BV were
observed (20-40% of wt) in both cell lines, and the infection cycle appear to be slowed (73). It was suggested that
lef-12 may be functionally redundant in the AcMNPV genome, and therefore it is not essential for late
transcription when the rest of the virus genome is present (73). Analysis by Hhpred (74, 75) predicts that Lef-12
may be structurally related to TFIIA with a probability of about 70%. TFIIA is involved in transcriptional
initiation of RNA polymerase II (76).


https://www.ncbi.nlm.nih.gov/books/n/bacvir4ed/ch05/
https://www.ncbi.nlm.nih.gov/books/n/bacvir4ed/ch05/
https://www.ncbi.nlm.nih.gov/books/n/bacvir4ed/ch04/

Baculovirus late transcription 1

pp31 (39K -Ac36). Pp31 was originally identified because it contains an early promoter that is stimulated by
IE-1 (77). Homologs are present in all lepidopteran NPV and GV genomes. It is phosphorylated and localizes to
the virogenic stroma of infected cells, and is capable of binding to DNA, but is not a virion structural protein
(78). Purified PP31 binds to single-stranded and double-stranded DNA with equal affinities and inhibited
transcription in vitro (79). Phosphorylation of PP31 is a dynamic process (80). Several basic regions appeared to
be involved in nuclear localization, and one of these regions is involved in DNA binding (81). It was found to
stimulate late gene transcription in a transient transcription assay (15). Deletion of the pp31 homolog in
BmNPV (Bm27) resulted in virus that, although viable, showed a reduction in late gene transcription, a 100-fold
reduction in BV production, and improper formation of the virogenic stroma (65). Similar results were obtained
for an AcMNPV bacmid deleted for pp31, and it was observed that the deletion resulted in a significant decrease
of the transcription of several late genes (82). It is not clear whether this gene acts directly on late transcription
or may be a structural protein of the virogenic stroma and is required for the optimal organization of this
structure, thereby indirectly influencing late transcription.

How can baculoviruses express very late genes at such high levels?

There is no evidence that the baculovirus RNA polymerase has an intrinsic ability for high level gene expression.
In fact, it may not bind to the very late promoter region with high levels of tenacity as reflected in the fact that
the footprint of the polymerase on genomic DNA has never been reported despite an extensive effort by at least
one laboratory (Rohrmann, unpublished).

It is likely that high levels of gene expression are influenced by several features of baculovirus biology. These
include: i) the amplification of genes by DNA replication (see Chapter 5); ii) the shutoff of most late
transcription, possibly by DNA binding proteins that coat the DNA and thereby make RNA polymerase available
for very late transcription; iii) the efficiency of the late polymerase and VLF-1 in recognizing and initiating from
very late promoter elements; iv) the efficiency of LEF-4 in capping the mRNA (see Figure 4), and v) a possible
role for LEF-2 and PK-1. As mentioned above, the 5' untranslated region of p10 mRNA appears to be capable of
facilitating cap-independent translation, which may reduce the reliance of these transcripts on LEF-4 activity
(29). Other factors that might enhance translation of very late expressed mRNAs have not been identified. For a
detailed discussion of the factors influencing very late transcription, see Chapter 10.
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