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A B S T R A C T

The Autographa californica multiple nucleopolyhedrovirus (AcMNPV)-based Bac-to-Bac® expression system
consists of a bacmid and five pFastBac™ donor transfer vectors. It has been widely used for eukaryotic gene
expression in insect cells to elucidate gene function in biotechnology laboratories. The pFastBac™ vectors contain
a 50 bp AcMNPV polyhedrin (polh) promoter and a 127 bp SV40 polyadenylation (pA) signal for cloning a gene
of interest into the bacmid, resulting in unsolved lower gene expression levels than the wild type (wt) AcMNPV
in insect cells. Therefore, the purpose of this research is to understand why the Bac-to-Bac system produces lower
gene expression levels. Here, we determined that bacmids transposed with pFastBac™ vectors produced 3–4 fold
lower levels of certain proteins than the wt AcMNPV. We found that an 80 bp cis element 147 bp upstream of the
50 bp polh promoter and a 134 bp polh pA signal are required in pFastBac™ to achieve bacmid protein expression
levels equivalent to wt AcMNPV in High Five insect cells. Therefore, researchers currently using pFastBac™
vectors for protein expression can transfer their genes of interest into the improved vectors in this report to
elevate protein expression yields in insect cells to reduce protein production costs.

1. Introduction

Insect-specific baculoviruses in the family Baculoviridae have cir-
cular, double-stranded, DNA genomes in the range of 88–180 kb
(Herniou et al., 2012). Baculovirus research focuses on molecular and
genetic studies, protein display as well as eukaryotic gene expression
(Grabherr and Ernst, 2010; Passarelli and Miller, 1993; Rodems and
Friesen, 1993; Smith et al., 1983). Of all the baculoviruses, Autographa
californica multiple nucleopolyhedrovirus (AcMNPV) is the most stu-
died, and it is the foundation of the baculovirus expression vector
system (BEVS) (Hopkins et al., 2010). AcMNPV is preferred because it
has the propensity to replicate efficiently in IPLB-Sf21-AE (Sf21), Sf9
(cloned from Sf21) and BTI-Tn-5B1-4 (High Five™) insect cells and can
produce a high concentration or titer of budded virus (BV) (Cheng
et al., 2013; Granados et al., 1994; Summers and Smith, 1987).

AcMNPV cell infection is accompanied by high levels of expression
of a virus-encoded protein called polyhedrin, which forms large para-
crystalline particles of 0.5–15 μm in diameter in the nuclei during late

phase infection (Tanada and Haya, 1993). Production of these particles,
formally known as polyhedra, requires large amounts of polyhedrin
protein. This high level of protein is generated from a huge pool of
mRNA produced under a very strong polyhedrin (polh) promoter. High-
level polh promoter-mediated transcription requires 19 late expression
factors (lef), one very late expression factor-1 (VLF-1), and a multi-
functional protein (FP25K) (Cheng et al., 2013; Lu and Miller, 1995).
Due to the high protein expression level mediated by the polh promoter
in insect cells, AcMNPV has been used commercially to produce pro-
phylactic vaccines, such as Cervarix® to fight against cervical cancer
caused by human papillomavirus (HPV) and FluBlok® to reduce influ-
enza virus infection in humans (Cox and Hashimoto, 2011; Harper,
2009).

The most widely used AcMNPV polh promoter-based BEVS in the
biotech industry and research laboratories is the Bac-to-Bac system®,
constructed in the late 1990’s and marketed by Invitrogen (Carlsbad,
CA) (Luckow et al., 1993). The Bac-to-Bac system® involves site-specific
transposition between a clonal copy of the AcMNPV genome (bacmid)
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and a pFastBac™ donor plasmid to produce recombinant bacmid DNA in
DH10Bac™ Escherichia coli cells with the aid of a helper plasmid. The
helper plasmid expresses a transposase to transfer the gene of interest
from the pFastBac™ donor plasmid to a specific site within the bacmid
in vivo. The Bac-to-Bac® system eliminates the lengthy (up to 6 months)
plaque-purification step required by the conventional homologous re-
combination method to produce the recombinant virus (Kitts et al.,
1990; Smith et al., 1983). Due to the ease with which foreign genes can
be cloned into the AcMNPV bacmid, the Bac-to-Bac™ system along with
its five pFastBac vectors (pFastBac1, pFastBac Dual, and pFastBacHT-a,
−b, −c) have become a powerhouse second only to the E. coli ex-
pression system for eukaryotic protein structure studies, as shown in the
worldwide Protein Data Bank (Gabanyi and Berman, 2015).

It was reported that the Bac-to-Bac® system expresses lower protein
yields than the conventional BEVS (Gomez-Sebastian et al., 2014).
However, the elements at the polh locus that regulate protein expression
yields are unknown to date. Therefore, the aim of this project is to
identify these elements to improve protein production yields in insect
cells.

In this report, we show that certain protein expression levels using
the Bac-to-Bac® system are not as high as the wild type (wt) AcMNPV in
certain insect cell lines. The donor plasmid vectors such as pFastBac™1
and pFastBac™ Dual lack an 80 bp cis DNA element and contain a
127 bp SV40 polyadenylation (pA) signal. When the 80 bp cis DNA
element was inserted upstream of the 50 bp polh promoter and the SV40
pA was replaced with an AcMNPV polh pA signal in pFastBac™1 and
pFastBac™Dual, certain protein expression levels equaled that of the wt
AcMNPV in High Five cells using the Bac-to-Bac® system.

2. Materials and methods

2.1. Cell lines, viruses and plasmids

Insect cell lines used in this project included High Five, Sf21 and Sf9
cells, all obtained from Invitrogen. The wild type (wt) virus used in this
study was AcP3, a plaque-purified AcMNPV E2 strain originally re-
ceived from Dr. Max Summers of Texas A &M University (Cheng et al.,
2013). Plasmids and bacterial strains used were pFastBac™1, pFast-
Bac™Dual, and the host bacterial strain DH10Bac, obtained from the
Bac-to-Bac® system kit (Invitrogen).

2.2. Modification of pFastBac™1 to produce improved donor transfer vector
pFastBac-M1

Although the exact reason for the poorer protein expression yield of
the Bac-to-Bac® system compared to the wt AcMNPV was unknown, we
first amplified a 1.5 kb DNA fragment by PCR using a forward primer
AcPolh-F-XbaI and reverse primer AcPolh-R-XhoI and cloned it into the
pGEM-T Easy vector (Promega, Madison WI) to produce pGEM-PolhE
(Table 1). This 1.5 kb fragment contained the polh ORF with 319 bp of
DNA sequence upstream of the polh ORF start codon ATG. The 319 DNA
sequence included the 50 bp polh promoter and additional upstream
sequences. The 1.5 kb fragment also included the polh downstream
untranslated region (UTR) containing a 472 bp polh polyadenylation
signal (pA) between nucleotides (ntd) 739–1211 (Figs. 1 A1 and 2 ).

To evaluate the effect of this 1.5 kb fragment on polyhedrin protein
expression using the Bac-to-Bac® system, the 1.5 kb fragment from
pGEM-PolhE was retrieved with restriction endonucleases (REN) XbaI
and XhoI (NEB, Ipswich, MA) and inserted into these sites in
pFastBac™1 to generate a clone (pAcBac-PolhE) (Fig. 1B; Fig. 2).
Competent DH10Bac cells were transformed with pAcBac-PolhE and
recombinant bacmid clones were screened and selected using X-gal and
IPTG on antibiotic plates, following conditions recommended by In-
vitrogen. One confirmed recombinant bacmid with the 1.5 kb polh
fragment was used to transfect High Five cells to generate AcBac-PolhE
budded virus (BV).

The AcBac-PolhE construct had two polh promoters; one from the
parental pFastBac1 vector and one from the upstream sequences of the
1.5 kb DNA fragment (Fig. 2). Also, AcBac-PolhE had two pAs; the SV40
pA from the pFastBac1 vector and the polh pA from the 1.5 kb DNA
fragment (Fig. 2). To delineate the functionality of the 1.5 kb insert in
AcBac-PolhE, the vector polh promoter and SV40 pA of pAcBac-PolhE
were deleted. The vector polh promoter was deleted by digestion of
pAcBac-PolhE with BstZ17I and XbaI, followed by Klenow enzyme
treatment and self-ligation with T4 DNA ligase (NEB) to generate the
plasmid pAcBac-PolhED. The SV40 pA was deleted by digestion of
pAcBac-PolhED with XhoI and AvrII, followed by Klenow enzyme
treatment and self-ligation with T4 DNA ligase to generate plasmid
pAcBac-PolhED-XX. To use the unique HindIII site of the donor vector
for cloning genes, the HindIII site in the UTR of polh was mutated from
AAGCTT to AAGCTA by site-directed mutagenesis using the primer pair
Hind-F and Hind-R (Table 1) and the QuikChange II Site–Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). This resulted
in the generation of the plasmid pAcBac-PolhED-XXH (Fig. 2), which
was necessary for the subsequent steps of engineering pFastBac1-M1.

Inverse PCR was used to produce pFastBac-M1. A pair of primers
(Polh-F1-HindIII and Polh-R-BamH1) using pAcBac-PolhED-XXH DNA
as a template and the high fidelity pfu enzyme (Agilent Technologies)
produced a linear DNA fragment that was digested with HindIII and
BamHI (Table 1). The digested linear DNA fragment was then ligated
with T4 DNA ligase into the multiple cloning site (MCS) fragment re-
trieved from pFastBac™1 digested with HindIII and BamH1, thus pro-
ducing pFastBac-M1 (Fig. 1B).

To determine if all the upstream sequences of the polh promoter
were required for the improved protein expression yield of pFastBac-
M1, four reverse primers (Promoter-R1, −R2, −R3 and −R4, Table 1)
were designed to map the 240 bp region upstream of the promoter
(Fig. 1A2; Table 1). Each of the four reverse primers was paired with
primer promoter-F in inverse PCR, in order to delete a defined length of
DNA sequence in the 240 bp region immediately upstream of the polh
promoter, using pAcBac-PolhED-XXH DNA as a template with the pfu
DNA polymerase. The promoter-F and promoter-R3 reaction ultimately
produced the clone pAcBac-MR3-Polh, which was missing 144 bp (ntd
−240 to −96, Fig. 1A3) of the 240 bp upstream region but maintained
the rest of the plasmid sequences, including an 80 bp DNA sequence
upstream of the 50 bp polh promoter and the polh pA (Fig. 2). Compe-
tent DH10Bac™ cells were transformed with pAcBac-MR3-Polh DNA to
generate AcBac-MR3-Polh. This bacmid DNA was transfected into High
Five cells to produce BV for infection of High Five cells, which were

Table 1
A list of primers used in this study.

Primer names Primer sequences (restriction enzyme sites underlined)

AcPolh-F-XbaI 5′-tctagagcatagtacgcagcttcttc-3′
AcPolh-R-XhoI 5′-ctcgagtaacacgcccgatgttaaa–3′
AcPolh-F-EcoRI 5′-gaattcatgccggattattcatacc-3′
Hind-F 5′-ataaagctaggacatatttaacatcgggcgtgttag-3′
Hind-R 5′-atgtcctagctttatttaacgtgtttacgtcgagtc-3′
Polh-F1-HindIII 5′ −cccaagcttcttgtagcagcaatctag-3′
Polh-R-BamH1 5′-cggatccaatatttataggtttttttattacaaaactg-3′
Promoter-R1 5′- gttaatccggtgctgc-3′
Promoter-R2 5′-aaaagggaggtgaactg-3′
Promoter-R3 5′- gtctcattacaatggctg-3′
Promoter-R4 5′-ctatatattgatagacatttccag-5′
promoter-F 5′-gatatcatggagataattaaaatg −3′
CisF1 5′-gtagcatagtacgcagcttctt-3′
Polh-R-BamH1 5′-cccggatccaatatttataggtttttttattacaaaactg-3′
Ac-Polh-F-EcoRI 5′-gaattcatgccggattattcatacc-3′
Ac-Polh-R-XbaI 5′ −tctagattaatacgccggaccag-3
HPV16 L1-F1-XbaI 5′-tctagaatggaggtgacttttatttacatc-3′
HPV16 L1-R1-HindIII 5′-aagcttttacagcttacgttttttgcg-3′
AcpolhF 5′-cccagatctatgccggattattcatac-3′
AcpolhR1 5′-ggggtcgacgataacggcacctaaat-3′
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used to compare polyhedra production with AcP3.

2.3. Generation of additional donor plasmid vectors

To generate pFastBac-cisF1, a pair of primers (CisF1 and Polh-R-
BamH1) and pAcBac-MR3-Polh DNA as the template were used to
amplify a 136 bp (ntd +2 to −319, Fig. 1A3) fragment that contained
the 80 bp cis element and the polh promoter, with the ATG sequence of
the polh ORF mutated to ATT (in Polh-R-BamH1) (Table 1). This PCR
product was agarose gel purified and cloned into the SnaBI and BamHI
sites of pFastBac™1 to generate the pFastBac-cisF1 donor plasmid
vector (Fig. 1B). Ultimately, this vector had an 80 bp cis element up-
stream of the polh promoter and SV40 pA.

To generate pFastBac-M2, a fragment containing the 80 bp cis ele-
ment and the polh promoter was retrieved by digestion of pFastBac-
cisF1 with SnaBI and BamHI. This fragment was then inserted into the
SnaBI and BamHI sites of pFastBac-M1, thus producing pFastBac-M2
(Fig. 1B). pFastBac-M2 contained the 80 bp cis element upstream of the

polh promoter and polh pA (Fig. 1B).
To generate pFastBac-M3, the extended polh upstream fragment

(224 bp plus polh promoter) from pFastBac-M1 was retrieved by di-
gestion with SnaBI and BamHI, and inserted between the SnaBI and
BamHI sites of pFastBac™1, thus producing pFastBac-M3 (Fig. 1B).
pFastBac-M3 had an 224 bp extended sequence upstream of the polh
promoter and SV40 pA (Fig. 1B).

To generate pFastBac-M5, pFastBac™1 and pFastBac-M1 were se-
parately cleaved by a double-digestion with BamHI and EcoRV, and the
digested DNA fragments were separated by agarose gel electrophoresis.
The fragment containing the 50 bp polh promoter and Tn7R from
pFastBac™1 and the fragment containing the polh pA and Tn7L were
both gel-extracted and ligated by T4 DNA ligase for transformation to
produce pFastBac-M5 (Fig. 1B).

2.4. Modification of a dual expression vector, pFastBac Dual

To improve this dual vector, the AcMNPV polh pA sequence was first

Fig. 1. Manipulation of the polyhedrin (polh) locus of AcMNPV for improved donor plasmid vector construction (not drawn to scale). A, The polh locus and flanking regions. 1, Schematic
of the polh gene and the flanking regions containing the 80 bp cis element, the 50 bp AcMNPV polh promoter and the polh polyadenylation signal (polh pA). 2, Deletion of the upstream
sequences of the 50 bp AcMNPV polh promoter in inverse PCR. 3, Fusion of the 80 bp cis element with the 50 bp AcMNPV polh promoter. B, A list of donor plasmid vectors derived from
pFastBac1. pFastBac1 is the commercial vector that served as the source for construction of the different donor plasmid vectors developed in this study. E, extended sequences. Cis, cis
element. C. Comparison of commercial dual vector pFastBac-Dual with improved dual expression vectors. E, extended sequences. Cis, cis element.
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cloned into pFastBac Dual. This was achieved by a digestion of
pFastBac-M2 and pFastBac Dual separately with HindIII and EcoRV.
The DNA fragments were separated by agarose gel electrophoresis. The
3374 bp HindIII/EcoRV fragment that contained the polh pA sequence
and the 1774 bp HindIII/EcoRV fragment that contained the MCS and
the p10 promoter were gel purified and ligated for the production of
pFastBac-Dual-M1 (Fig. 1C).

To insert the 80 bp cis element into pFastBac-Dual-M1, the plasmid
pFastBac-M2 was digested with SnaBI and BamHI, and pFastBac-Dual-
M1 was digested with BstZ17I and BamHI, followed by agarose gel
electrophoresis. The 201 bp fragment containing the 80 bp cis element
and the 50 bp polh promoter from the pFastBac-M2 digestion, plus the
larger fragment from the pFastBac-Dual-M1 digestion, were gel purified
and ligated for the production of pFastBac-Dual-M2 (Fig. 1C). To fur-
ther confirm the significance of the 80 bp cis element in enhancing the
50 bp polh promoter activity, the 224 bp polh upstream fragment in
pFastBac-M1 was retrieved by a digestion of SnaBI and BamHI and li-
gated into the BstZ17I and BamHI sites of pFastBac-Dual-M1 by T4 DNA
ligase (NEB) to produce pFastBac-Dual-M3 (Fig. 1C).

2.5. Cytoplasmic particle purification and identification

High Five cells at 5 × 105 cells per 35 mm tissue culture dish were
infected with AcP3, AcBac-PolhE, AcBac-PolhED or AcSDP33-35 at an
MOI of 1. At day 3 post-infection (P.I.) or when cytoplasmic particles
appeared, the medium was removed and 1% SDS was added to lyse the
cells. The lysates were filtered with a Whatman Nuclepore Track-Etch
membrane (pore size 8 μm). Particles retained on the membrane were
washed with TE in 1.5 ml microcentrifuge tubes. An aliquot from each
infection was examined under a microscope for the purity of cyto-
plasmic particles. To determine the nature of these cytoplasmic parti-
cles, the purified particles were first solubilized by treatment with
0.1 M Na2CO3 (pH 10.5) (Cheng et al., 1998). The concentrations of the
solubilized proteins were determined by a Bradford protein assay kit
(Bio-Rad) following recommended procedures. About 50 μg of

solubilized particle proteins from each virus infection was analyzed on
12% SDS-PAGE. A duplicate gel was used to transfer proteins to a
Protran nitrocellulose membrane (Scheicher & Schuell, Keene, N.H.) for
antibody detection. An anti- polyhedrin polyclonal antibody of Chor-
istoneura fumiferana MNPV was provided by Dr. Basil Arif of the Great
Lake Forestry Center, Canada and was used at 1:10000 to bind to
proteins on the blot. Following the primary polyhedrin antibody
binding, the blot was incubated with horseradish peroxidase (HRP)-
linked anti-rabbit IgG at 1:1000 (Cell Signaling, Danvers, MA). Anti-
body binding was visualized using HRP color development Reagent
(Bio-Rad, Hercules, CA) in a western blot analysis.

2.6. Protein expression assay

For polyhedrin protein expression comparisons between different
viral constructs, the ORF of AcMNPV polh was amplified using a pair of
oligo primers (Ac-Polh-F-EcoRI and Ac-Pol-R-XbaI, Table 1) with Taq
and cloned into pGEM-T Easy (Promega). After sequencing confirma-
tion, the polh ORF was digested with EcoRI and XbaI to clone into
commercial pFastBac™1 and the improved donor vectors in order to
construct pAcBac1-Polh, pAcBac-M1-Polh, pAcBac-cisF1-Polh, pAcBac-
M2-Polh, pAcBac-M3-Polh, and pAcBac-M5-Polh (Fig. 2). To generate
viruses for polh expression comparison, competent DH10Bac cells were
transformed with plasmid DNA from these constructed vectors to pro-
duce recombinant bacmids, following the procedures recommended by
Invitrogen. High Five cells were transfected with recombinant bacmids
by the polyethylenimine (PEI) method to produce BVs of AcBac-Polh,
AcBac-M1-Polh, AcBac-cisF1-Polh, AcBac-M2-Polh, AcBac-M3-Polh and
AcBac-M5-Polh (Ogay et al., 2006). High Five cells were infected with
AcP3, AcBac-PolhE, AcBac-PolhED at an MOI of 1 in triplicate. At day
4 P.I., infected cells were photographed and the media were removed
and replaced with 1 ml of 1% SDS to lyse the cells and release poly-
hedra by rocking for 30 min at room temperature (23 °C). Polyhedra
yields were enumerated by taking images of polyhedra and counted
using the OpenCFU program (Geissmann, 2013). Due to the size dif-
ferences of polyhedra from the various viral infections, the purified
polyhedra from each infection were solubilized in 0.1 M Na2CO3 (pH
10.5) (Cheng et al., 1998). Bovine serum albumen (BSA) of known
concentration (NEB) was serially diluted with 0.1 M Na2CO3 (pH 10.5).
A Bio-Rad protein assay dye reagent concentrate system was used to
construct the standard curve and estimate the protein yield of solubi-
lized polyhedra for statistical comparison.

To support polh expression differences between AcBac-Polh and
AcBac-M2-Polh in High Five cells, the green fluorescent protein (GFP)
gene was used for the comparison. The GFP gene was retrieved from
pBlueGFP by double digestion of BamHI/XhoI and cloned between the
BamHI and XhoI sites of pFastBac-M2 to generate pAcBac-M2-GFP
(Fig. 2) (Cheng et al., 2001). Ultimately, AcBac-M2-GFP virus was
generated in High Five cells using the Bac-To-Bac system following
procedures recommended by Invitrogen. To compare GFP expression
yields between the two vectors, AcBacGFP from Cheng et al. and AcBac-
M2-GFP were used to infect High Five cells in triplicate as described
above (Fig. 2) (Cheng et al., 2013). At day 4 P.I., GFP expression yields
from High Five cells infected with the two viruses were estimated using
a FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices,
Sunnyvale, CA). GFP expression differences were analyzed using Excel
(Microsoft).

In addition to the use of polyhedrin and GFP for protein expression
comparison between different donor plasmid vectors, an HPV16 major
capsid protein L1 was used to quantify protein expression levels of the
donor vectors developed in this project. The L1 gene was amplified
using a pair of primers (HPV16 L1-F1-XbaI and HPV16 L1-R1-HindIII;
Table 1) with plasmid pML2D, which contains a copy of HPV16 L1
(Durst et al., 1983), as the template in PCR. The PCR product was
cloned into the pGEM-T Easy vector (Promega) and confirmed by se-
quencing. The L1 gene was retrieved by digestion with XbaI and HindIII

Fig. 2. A list of transfer donor vecctors that were used for the production of the viruses.
PPH, polyhedrin gene promoter. PPHv, polyhedrin gene promoter of the vector. Polh,
polyhedrin gene. Polh pA, polyhedrin gene polyadenylation signal sequence. SV40 pA,
SV40 polyadenylation signal sequence. E, extended sequences. Cis, cis element. L1,
HPV16 L1 major capsid protein gene. GFP, green fluorescent protein gene.
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(NEB) and ligated into the XbaI/HindIII sites of pFastBac™1 and
pFastBac-M2 to produce pAcBac1-L1 and pAcBac-M2-L1, respectively,
for transformation of DH10Bac cells (Fig. 2). The resulting recombinant
bacmid AcBac-L1 and AcBac-M2-L1 DNAs were transfected into High
Five cells as described above and BV was harvested for subsequent in-
fection. High Five cells in 6-well plates were infected in triplicate with
various viruses constructed for L1 expression at an MOI of 1 (O'Reilly
et al., 1992). High Five cells infected with AcBacGFP lacking L1 were
used as a negative control (Cheng et al., 2013). At 72 h P.I., cells were
harvested and lysed in a radioimmunoprecipitation assay buffer (RIPA;
25 mM Tris–HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deox-
ycholate, 0.1% SDS) and sonicated for SDS-PAGE. Equal amounts of
proteins in the lysates (100 μg) were loaded on two identical acryla-
mide gels for protein separation. Proteins on the gel were then trans-
ferred to nitrocellulose membranes. One blot was probed with a mouse
anti-HPV16 L1 monoclonal antibody (BD Pharmingen, San Jose, CA) for
L1 expression yield comparison and the other blot was probed with a
Naegleria gruberi alpha-tubulin monoclonal antibody (Developmental
Studies Hybridoma Bank, University of Iowa) for protein loading nor-
malization. A goat anti-mouse horseradish peroxidase (HRP) con-
jugated secondary antibody (Bio-Rad) was used to bind to the primary
antibodies (L1 and tubulin) for color development. The blots were
photographed, the L1 and tubulin signals were quantified by densito-
metry using ImageJ, and results were statistically tested using the T-test
of Excel (Microsoft) (Schneider et al., 2012).

2.7. Transcriptional analysis

To understand whether protein expression differences of these
vectors are correlated with gene transcription, polh mRNA levels be-
tween AcBac-Polh and AcBac-M2-Polh were compared. High Five cells
were infected separately with AcBac-Polh and AcBac-M2-Polh at an
MOI of 5 in triplicate (Fig. 2). At day 4 P.I., infected cells were har-
vested and total RNA extracted using Tri Reagent (Molecular Research
Center, Cincinnati, OH) following the protocol recommended by the
reagent provider. Total RNA (1 μg) from each isolation was digested
with RQ1 RNase-Free DNase (Promega) to remove DNA contamination
following the protocol recommended by the enzyme provider. The
DNA-free RNA was used for cDNA synthesis using primers oligo dT and
28S-R with a DyNAmo cDNA synthesis kit (NEB) (Xue et al., 2010).
cDNA was used as the template in polh mRNA level comparison be-
tween AcBac-Polh and AcBac-M2-Polh normalized to the housekeeping
28S gene. The 28S-F and 28S-R primer pair was used for 28S and Ac-
polhF and AcpolhR1 primer pair for polh in separate reactions in the
same run for real-time qPCR analysis using a Bio-Rad iCycler iQ system
according to Xue and Cheng with the modification only at the annealing
temperature that was changed to 64.5 °C (Xue and Cheng, 2010). The
inverse of the threshold cycle (Ct) between polh mRNA levels of AcBac-
Polh and AcBac-M2-Polh relative to 28S Ct was statistically analyzed by
the T-test of Excel (Microsoft).

Fig. 3. Comparison of polyhedrin protein expression
in High Five insect cells infected with the wild type
AcMNPV and pFastBac1-based bacmid. A, B, C and
D, Phase contrast microscopy of polyhedra in High
Five cells infected with wt AcMNPV (AcP3), AcBac-
Polh derived from pFastBac1, AcBac-PolhE con-
taining an extend polh gene fragment in AcMNPV-
based bacmid and AcBac-PolhED with vector polh
promoter detected, respectively. Arrows point to
cytoplasmic crystal formation. E and F, comparison
of cytoplasmic crystals (an enlargement of a cell in
D) in High Five cells infected with AcBac-PolhED and
AcSDP32-35 having a mutated nuclear localization
signal in the polh gene. G and H, identification of
cytoplasmic crystals by SDS-PAGE and western blot
with an anti-polyhedrin antibody, respectively. NC,
negative control. I and J, Quantitative comparison of
the production of polyhedra (I) and polyhedrin pro-
tein (J) in High Five cells infected with different
viruses that contain polh expressed as means ±
standard error of the mean. Means were calculated
from three independent cell infections.The means
with the same letter had no significant difference at
p = 0.05.
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3. Results

3.1. Cloning of a polh fragment into pFastBac™1 yielded polyhedrin protein
expression levels similar to wt AcMNPV levels

To understand why protein expression levels of the Bac-to-Bac®

system are lower than in wt AcMNPV (AcP3) (Cheng et al., 2013), a
1.5 kb polh fragment was cloned into pFastBac™1 (Invitrogen) to pro-
duce pAcBac-PolhE for bacmid virus, AcBac-PolhE generation (Fig. 2).
This 1.5 kb polh fragment included the polh open reading frame (ORF)
in addition to 319 bp (ntd +1 to −319) upstream and 473 bp (ntd
+738 to +1211) downstream sequences (Fig. 1A1). At the same time,
a DNA fragment containing only the polh ORF was cloned into
pFastBac™1 to produce pAcBac-Polh for the generation f a bacmid virus,
AcBac-Polh (Figs. Fig. 1A1, 2 and 2). Infection of High Five cells with
AcP3, AcBac-PolhE, and AcBac-Polh resulted in no apparent difference
between the production of polyhedra in AcP3 and AcBac-PolhE infected
samples, while AcBac-Polh infection had clearly reduced levels of
polyhedra (Fig. 3A–C).

In addition, some High Five cells infected with AcP3 and AcBac-
PolhE generated cube-shaped cytoplasmic particles in the size range of
2–12 μm in diameter (Fig. 3A, C). These particles appeared indis-
tinguishable from the cytoplasmic polyhedra formed by polyhedrin
lacking the nuclear localization signal (NLS), which are produced by
AcSDP32-35 infection in High Five cells (Fig. 3A, C, E, F) (Jarvis et al.,
1991). Unlike what was observed in the AcBac-PolhE cell infection,
High Five cells infected with AcBac-Polh did not produce these cyto-
plasmic particles (Fig. 3B). When the particles from AcP3, AcBacPolhE,
and AcSDP32-35 infected High Five cells were purified by filtration and
analyzed by SDS-PAGE, they all showed similar mobility, suggesting
they may be composed of the polyhedrin protein (Fig. 3G). These large
cytoplasmic particles were specifically recognized by an anti-poly-
hedrin antibody in a western blot analysis, and thus confirmed to be
composed of polyhedrin (Fig. 3H). Sf21 and Sf9 cells infected with ei-
ther AcP3 or AcBac-PolhE did not produce these cytoplasmic polyhedra
(data not shown), suggesting that High Five cells could support higher
polyhedrin expression than either Sf21 or Sf9 cells. Phenotypic varia-
tion among the polyhedra produced during High Five infection with the
different viral constructs was informative but not quantifiable.

To provide quantitative insight, the levels of polyhedra produced
during infection with the different virus constructs were determined.
When High Five cells were infected with AcP3, AcBac-PolhE, and
AcBac-Polh, no differences in the number of polyhedra produced were
detected between AcP3 and AcBac-PolhE; however, the number of
AcBac-Polh polyhedra recovered was about 3-fold less than in the other
infections (Fig. 3I). Since polyhedra from the three virus infections were
different in sizes (Fig. 3A–C), the polyhedra from each viral infection
were solubilized (Cheng et al., 1998) and the polyhedrin protein yields
were estimated by the Bradford method. As with the number of poly-
hedra, the polyhedrin protein yields were similar between AcP3 and
AcBac-PolhE, and both had about 3-fold more than AcBac-Polh (Fig. 3I,
J). Collectively, these data suggest that DNA sequences present in
pFastBac-PolhE but missing from pFastBac™1 and from the polh ORF
can provide higher polyhedrin production using the Bac-to-Bac® system
in High Five cells.

3.2. PFastBac-PolhE exhibited polyhedrin protein expression levels similar
to AcP3 even after deletion of the vector polh promoter

In the donor plasmid pFastBac-PolhE there are two copies of the
polh promoter, one from pFastBac™1 (vector polh promoter) and the
other from the upstream region of the polh ORF in the DNA fragment
that was inserted into the multiple cloning site (MCS) (Figs. 1 A1, 2 and
2). One hypothesis for similar polyhedrin yields between AcP3 and
AcBac-PolhE could be that more polh mRNA was transcribed from the
two polh promoters in AcBac-PolhE, thus leading to more polyhedrin

protein production. To test this hypothesis, the vector polh promoter
was deleted from pAcBac-PolhE to generate another donor plasmid,
pAcBac-PolhED, and subsequently the bacmid virus construct AcBac-
PolhED (Fig. 2). Infection of High Five cells with either AcBac-PolhED
or AcBac-PolhE yielded similar polyhedrin protein levels with many
polyhedra per cell (MP phenotype), as seen in Fig. 3C, D. The produc-
tion of polyhedra by AcBac-PolhED was also comparable to that of
AcP3; both AcBac-PolhED and AcP3 showed cytoplasmic polyhedra
during infection (Fig. 3A, C–E). Taken together, these data confirm that
additional sequences upstream of the 50 bp polh promoter of
pFastBac™1 are needed to achieve higher polyhedrin expression levels
using the Bac-to-Bac® system in High Five cells.

3.3. Improved donor vector pFastBac-M1 showed enhanced protein
expression levels

Since AcBac-PolhED, which has the extended polh promoter up-
stream sequences and polh pA, produced similar polyhedrin protein
levels to AcP3 (Fig. 3I, J), we constructed our first improved donor
plasmid vector by using inverse PCR to generate pFastBac-M1 (Fig. 1B).
This donor vector has a DNA fragment with the extended upstream
sequences (E), the 50 bp polh promoter, an MCS, and a polh pA fragment
(Fig. 1B). We then cloned the polh ORF into pFastBac-M1 and generated
the AcBac-M1-Polh virus (Fig. 2). Infection of High Five cells with
AcBac-M1-Polh resulted in the same MP phenotype seen with AcP3,
along with the production of cytoplasmic polyhedra (Fig. 4A). Com-
parison of polyhedra yields between High Five cells infected with either
AcBac-M1-Polh or AcP3 showed no difference, and both generated
about 3-fold more polyhedra than AcBac-Polh (Fig. 4B). However, the
DNA elements in pFastBac-M1 responsible for elevated polyhedra pro-
duction in High Five cells remained unknown.

3.4. An 80 bp cis element upstream of the polh promoter elevated protein
expression yields

To understand why AcBac-PolhED and AcBac-M1-Polh were able to
produce more polyhedrin than AcBac-Polh, inverse PCR was used in an
attempt to map the 227 bp region upstream of the EcoRV site of the polh
promoter in pFastBac-PolhED (Fig. 1A2, Table 1). Inverse PCR with the
promoter-F forward primer paired with promoter-R1, −R2 or −R4
reverse primers did not yield any useful clones. However, inverse PCR
using the promoter-F/promoter-R3 primer pair produced an un-
expected 144 bp deletion in the middle of the 227 bp polh upstream
region, thus producing donor plasmid vector pAcBac-MR3-Polh (Fig. 2),
This vector, containing an 80 bp sequence upstream of the 50 bp polh
promoter, the polh ORF, and polh pA sequences, was used to generate
the bacmid virus AcBac-MR3-Polh via the Bac-to-Bac® system. Infection
of High Five cells with AcBac-MR3-Polh showed MP and cytoplasmic
polyhedra similar to those of AcP3, AcBac-PolhED and AcBac-M1-Polh
(Figs. 3 D and 4 A).

3.5. SV40 pA in pFastBac™1 contributed to lower protein expression levels

Since the 80 bp cis element of AcBac-MR3-Polh was able to improve
the polh promoter-mediated polyhedrin protein expression levels to
match AcP3, AcBac-PolhED and AcBac-M1-Polh (Fig. 3; Fig. 4A, B), we
wanted to investigate whether insertion of this 80 bp cis element up-
stream of the polh promoter of pFastBac™1 could enhance polh ex-
pression. To test this hypothesis, the 50 bp polh promoter of pFastBac™1
was replaced with the DNA fragment containing the 80 bp cis element
and 50 bp polh promoter from pFastBac-MR3-Polh, but the SV40 pA
fragment was retained, to generate donor plasmid vector pFastBac-
cisF1 (Fig. 1A2). The polh ORF was cloned into pFastBac-cisF1 to gen-
erate pAcBac-cisF1-Polh for the production of the bacmid virus AcBac-
cisF1-Polh. Infection of High Five cells with AcBac-cisF1-Polh showed
lower polyhedra production compared to that of AcBac-MR3-Polh
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(Fig. 4A, B). These data suggest that the SV40 pA signal reduced the
production of polyhedra.

To confirm this observation, the polh ORF was cloned into pFastBac-
M3, which contained the 227 bp sequences upstream of the polh pro-
moter but had the SV40 pA signal, and ultimately the bacmid virus
AcBac-M3-Polh was generated (Fig. 2). Infection of High Five cells with
AcBac-M3-Polh resulted in polyhedra production lower than AcBac-M1-
Polh (Fig. 4A, B). Thus, both donor plasmid vectors confirmed that the
SV40 pA signal reduces polyhedra production. These data also suggest
that in order to improve expression levels, this SV40 pA signal should
be replaced with an AcMNPV viral pA, or more specifically the polh pA,
since AcBac-M1-Polh contained the polh pA signal.

3.6. Polyhedrin pA was required in donor plasmid vectors for higher protein
expression

To test if polh pA could help donor plasmid vectors such as
pFastBac™1, pFastBac-cisF1 and pFastBac-M3 produce more polyhedrin
protein, the SV40 pA sequence in pFastBac™1 and pFastBac-cisF1 was
replaced by polh pA to generate pFastBac-M5 and pFastBac-M2, re-
spectively (Fig. 1B). Subsequently, the polh ORF was cloned into
pFastBac-M2 and pFastBac-M5 to generate pAcBac-M2-Polh and
pAcBac-M5-Polh for the production of the bacmids AcBac-M2-Polh and
AcBac-M5-Polh (Fig. 2). Infection of High Five cells with either AcBac-
M2-Polh or AcBac-M5-Polh yielded levels of polyhedra similar to
AcBac-M1-Polh and AcP3, which were all higher than AcBac-Polh,
AcBac-cisF1-Polh and AcBac-M3-Polh (Fig. 4A, B). However, AcBac-

M2-Polh resulted in the highest level of polyhedra production among
the viruses containing the polh pA signal (Fig. 4A, B).

To support the polh expression data that indicated pFastBac-M2 is
the best donor vector developed in this study for higher protein ex-
pression, the HPV16 L1 genes was cloned into the commercial
pFastBac™1 and improved pFastBac-M2 vectors to generate pAcBac-L1
and pAcBac-M2-L1 for the production of AcBac-L1 and AcBac-M2-L1
bacmid viruses, respectively (Fig. 2). Similar to the higher expression
level of AcBac-M2-Polh relative to AcBac-Polh, High Five cells infected
with AcBac-M2-L1 also showed about 4-fold more L1 expression than
AcBac-L1 (Figs. 4 A, B and 5 A, B ). Furthermore, the GFP expression
level of AcBac-M2-GFP showed 3-fold higher than AcBacGFP in High
Five cells (Fig. 4D).

3.7. AcBac-Polh produced more polh mRNA than acBac-M2-Polh in high
five cells

Since all the pFastBac-M2-derived viruses (AcBac-M2-Polh, AcBac-
M2-L1 and AcBac-M2-GFP) showed 3–4 fold more protein production
than the viruses derived from the standard commercial vector
pFactBac1 (AcBac-Polh, AcBac-L1 and AcBacGFP) in High Five cells
(Fig. 4A, B, D, Fig. 5A, B), we wondered if this observation was cor-
related with the mRNA levels. When polh mRNA levels of AcBac-Polh
and AcBac-M2-Polh were compared by real-time qPCR, polh mRNA
from AcBac-Polh showered about 1-fold higher than that from AcBac-
M2-Polh in High Five cells (Fig. 4C).

Fig. 4. Comparison of protein production in High Five cells infected with bacmids transposed with different donor plasmid vectors. A, Phase contrast microscopy of High Five cells
infected with different viruses derived from vectors presented in Fig. 1B, AcBac-MR3-Polh is an intermediate vector for AcBac-cisF1-Polh production (not shown in Fig. 1B). Both AcBac-
MR3-Polh and AcBac-cisF1-Polh have the 80 bp cis element, but AcBac-MR3-Polh has polh pA whereas AcBac-cisF1-Polh has SV40 pA. Arrows point to cytoplasmic polyhedrin crystals.
Scale bar = 10 μm. B, Quantitative comparison of the production of polyhedra in High Five cells infected with different viruses. C. Comparion of polh mRNA levels between AcBac-Polh
and AcBac-M2-Polh in High Five cells. High Five cells were infected with AcBac-Polh and AcBac-M2-Polh. Total RNA were isolated from infected cells for transcription level comparion of
polh mRNA by real-time qPCR. Ct, threshold cycle. D. Comparion of GFP expression between AcBacGFP and AcBac-M2-GFP in High Five cells. All experiments were conducted in
triplicates. Error bar, the standard error of the mean. Means with the same letter had no significant difference at p = 0.05.
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3.8. PFastBac™-Dual vector required the 80 bp cis element and polh pA for
higher polyhedrin expression

Improved pFastBac™1-based donor plasmid vectors such as
pFastBac-M1 and pFastBac-M2 all have the 80 bp cis element and polh
pA in addition to the 50 bp polh promoter (Fig. 1B). Whether these
elements were also required in the pFastBac™ Dual vector for improved
protein expression in High Five cells remained unknown. To test the
effect of these elements, the polh ORF was inserted into the commercial
pFastBac™ Dual and the newly generated pFastBac-Dual-M1, pFastBac-
Dual-M2 and pFastBac-Dual-M3 vectors for bacmid production of
AcBac-Dual-Polh, AcBac-Dual-M1-Polh, AcBac-Dual-M2-Polh and
AcBac-Dual-M3-Polh, respectively (Fig. 1C). The levels of polyhedra
produced from AcBac-Dual-Polh and AcBacBac-Dual-M1-Polh infec-
tions were lower than those from AcBacBac-Dual-M2-Polh and Ac-
BacBac-Dual-M3-Polh (Fig. 6A, B). Moreover, AcBac-Dual-M1-Polh
produced 2-fold more polyhedra than AcBac-Dual-Polh and AcBacBac-
Dual-M2-Polh, and AcBacBac-Dual-M3-Polh yielded 3-fold more than
AcBac-Dual-Polh (Fig. 6A, B). Since pFastBac-Dual-M2 and pFastBac-
M2 are similar in that they both contain the 80 bp cis element and polh
pA, the improved polh expression using pFastBac-Dual-M2 supports the
findings that these elements are required for high protein expression in
pFastBac-M2. Similar polh expression levels between AcBac-Dual-M3-
Polh and AcBac-Dual-M2-Polh further support the finding that the
80 bp cis element and polh pA are the only additions to the donor
plasmid vectors required to elevate protein yields in the Bac-to-Bac®
expression system (Fig. 6A, B).

4. Discussion

In this report, we identified an 80 bp cis element 147 bp upstream of
the 50 bp polh promoter of AcMNPV and the polh pA that are required
for the commercial pFastBac™ vectors to transpose certain genes into
the bacmid to achieve expression levels to that of the wt AcMNPV in
High Five insect cells. This sequence was discovered when the first
baculovirus genome was sequenced, but not yet characterized (Ayres

et al., 1994). Therefore, this 80 bp cis element and the polh pA can be
used to modify many baculovirus expression vectors to improve protein
expression levels in High Five insect cells.

Among all the BEVSs developed since the 1980’s, the emergence of
the Bac-to-Bac® system represented a key milestone for biotechnology
and eukaryotic protein expression because this system has overcome a
major drawback of the conventional BEVSs, the requirement for several
rounds of plaque assay to obtain a purified recombinant virus (Jarvis,
2009; Luckow et al., 1993). Instead, the Bac-to-Bac® system uses E. coli
for recombination, isolation of pure colonies, and extraction of bacmid
DNA for cell transfection, to produce pure recombinant virus for protein
expression in 7–10 days (Luckow et al., 1993). However, donor plasmid
vectors with the polh promoter are needed to recombine the gene of
interest into the bacmid in E. coli cells.

The polh promoter used in the donor plasmid vectors is one of the
strongest baculovirus promoters during insect cell infection (Adang and
Miller, 1982). The 50 bp AcMNPV polh promoter was mapped by linker-
scan mutations in the polh promoter region of the AcMNPV genome
(Ooi et al., 1989). Following this discovery, the 50 bp polh promoter has
been inserted into multiple donor plasmid vectors, such as the popular
pFastBac™1 plasmid vector studied in this project, to recombine the
gene of interest into the bacmid. It is apparent why previous polh
promoter mapping did not find this 80 bp cis element, since the map-
ping was directed downstream toward the polh mRNA transcription
start site TAAG (Ooi et al., 1989), whereas the 80 bp cis element is
147 bp upstream of the polh promoter (Fig. 1A1, 2).

Initially we deemed this 80 bp DNA element to be an enhancer, but
later decided it is instead a cis element because there is another copy of
the sequence in the non-essential ORF 603, which is separated from the
polh promoter by a 3.2 kb DNA plasmid sequence in the recombinant
bacmid (Gearing and Possee, 1990; Luckow et al., 1993). A previous
study discovered a 2555 bp AcMNPV sequence upstream of polh that
includes ORF 603, lef2, ORF5 and ORF4, and that enhances the pro-
moter activity of cytomegalovirus (CMV), heat shock 70 from Droso-
phila, and p35 of baculovirus (Lo et al., 2002). In addition, another
study reported that over expression of IE1 and IE0 as well as a

Fig. 5. Comparison of HPV16 L1 protein expression levels in High Five
cells infected with AcBac-L1 and AcBac-M2-L1. High Five cells were in-
fected separately with AcBac-L1 and AcBac-M2-L1 in triplicate. At day
3 P.I. infected cells were harvested for L1 expression analysis. Equal
amounts of protein (100 μg) were loaded to each lane in SDS-PAGE. A,
Western blotting analysis of L1 protein expression levels in High Five cells
infected with AcBac-L1 derived from pFastBac1 or AcBac-M2-L1 derived
from pFastBac-M2. AcBacGFP was used as a negative control. B,
Quantitative comparison of L1 expression. Western blotting signals for A
in triplicate were quantified by densitometry. Error bars, the standard
error of the mean. Means with the same letter had no significant difference
at p = 0.05.

Fig. 6. Improved pFastBac-Dual vectors and com-
parison of the production of polyhedra in High Five
cells infected with bacmids derived from the various
dual vectors. High Five cells were infected separately
with different viruses in triplicate. At day 3 P.I. data
were collected from infected cells. A, Phase contrast
microscopy of High Five cells infected with different
viruses derived from the dual vectors expressing
AcMNPV polh. Scale bar = 10 μm. C, Quantitative
comparison of the production of polyhedra in High
Five cells infected with different viruses. Polyhedra
were extracted from infected cells for enumeration.
Means with the same letter had no significant dif-
ference at p = 0.05.
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homologous repeated transcription enhancer sequence of AcMNPV
enhances polh promoter activity (Gomez-Sebastian et al., 2014). How-
ever, these elements are either much larger than the 80 bp cis DNA
sequence or the factors are different from what we discovered in this
report. Furthermore, this 80 bp cis element is different from another
293 bp enhancer-like element located 1 kb upstream of the ATG site of
polh that was reportedly able to enhance the polh promoter activity of
Bombyx mori NPV (Acharya and Gopinathan, 2001).

Although the 80 bp cis element enhanced the polh promoter of
pFastBac™1 to allow the bacmid to produce higher levels of protein, it is
uncertain whether the entire 80 bp sequence is needed for enhanced
protein expression. In addition, adding this cis element alone did not
allow the bacmid to produce more polyhedrin protein; instead, the
optimized enhancement was observed only in combination with the
polh pA signal (Figs. 4–6). This suggests that the downstream SV40 pA
plays a negative role by reducing protein expression levels.

The rationale for inserting SV40 pA into the early donor plasmid
vectors was to facilitate transcription termination and mRNA poly-
adenylation, thereby improving mRNA stability for anticipated higher
protein expression (Westwood et al., 1993). It was observed that a gene
expression cassette with SV40 pA expressed less reporter protein than
one with the p10 3′UTR (van Oers et al., 1999). Furthermore, it has
been argued that additional pA signal sequences should not be added to
baculovirus expression vectors (O'Reilly et al., 1992). Our data in this
report showed that AcBac-Polh that has SV40 pA displayed more polh
mRNA levels than AcBac-M2-Polh that has polh pA (Fig. 4C). This result
is supported by our early study that SV40 pA increases mRNA levels but
reduces protein expression levels (Salem et al., 2015). It is unclear why
the levels of polh expression regulated by the SV40 pA sequence and
polh promoter were lower than with the polh pA (Fig. 4, 6). One may
speculate that since SV40 pA is foreign to AcMNPV and High Five cells,
there might be small RNA, micro RNA or protein(s) from the virus or
the host cells that interact with SV40 pA to negatively regulate protein
synthesis.

Previously, High Five cells showed higher protein expression yields
than Sf9 cells infected with recombinant AcMNPV (Wilde et al., 2014).
It is unknown why cytoplasmic polyhedra were produced in High Five
cells infected with AcP3, AcBac-PolhE, AcBac-PolhED, AcBac-M1-Polh
and AcBac-M2-Polh but not in Sf21 and Sf9 cells, supporting the finding
of higher protein expression in High Five cells than in Sf9 cells (Fig. 3
and 4) (Wilde et al., 2014). It is possible that the larger cell size of High
Five that is about twice the sizes of Sf9 and Sf21 enables High Five cells
to synthesize more proteins (Cheng et al., 2013). It is also possible that
polyhedrin crystallization in the cytoplasm reflects the higher level of
cytoplasmic polyhedrin (much higher than that needed for crystal-
lization), allowing it to crystalize prior to transport to the nucleus.

5. Conclusions

Since the pFastBac-M2 and pFastBac-Dual-M2 vectors have the same
MCS as commercial pFastBac™1 and pFastBac™ Dual, researchers who
are using these vectors for protein expression can simply transfer their
genes of interest into the improved pFastBac-M2 and pFastBac-Dual-M2
vectors to achieve higher protein expression yields and reduce protein
production costs. All other baculovirus vectors using the 50 bp polh
promoter and SV40 pA can also be modified to include the 80 bp cis
element and to replace SV40 pA with the polh pA fragment for im-
proved protein expression yields in High Five cells.
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