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ABSTRACT

Baculovirus DNAs are synthesized and inserted into preformed capsids to form nucleocapsids at a site in the infected cell nu-
cleus, termed the virogenic stroma. Nucleocapsid assembly of Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) requires the major capsid protein VP39 and nine minor capsid proteins, including VP1054. However, how VP1054
participates in nucleocapsid assembly remains elusive. In this study, the VP1054-encoding gene (ac54) was deleted to generate
the ac54-knockout AcMNPV (vAc54KO). In vAc54KO-transfected cells, nucleocapsid assembly was disrupted, leading to the
formation of abnormally elongated capsid structures. Interestingly, unlike cells transfected with AcMNPV mutants lacking other
minor capsid proteins, in which capsid structures were distributed within the virogenic stroma, ac54 ablation resulted in a dis-
tinctive location of capsid structures and VP39 at the periphery of the nucleus. The altered distribution pattern of capsid struc-
tures was also observed in cells transfected with AcMNPV lacking BV/ODV-C42 or in cytochalasin D-treated AcMNPV-infected
cells. BV/ODV-C42, along with PP78/83, has been shown to promote nuclear filamentous actin (F-actin) formation, which is
another requisite for nucleocapsid assembly. Immunofluorescence using phalloidin indicated that the formation and distribu-
tion of nuclear F-actin were not affected by ac54 deletion. However, immunoelectron microscopy revealed that BV/ODV-C42,
PP78/83, and 38K failed to integrate into capsid structures in the absence of VP1054, and immunoprecipitation further demon-
strated that in transient expression assays, VP1054 interacted with BV/ODV-C42 and VP80 but not VP39. Our findings suggest
that VP1054 plays an important role in the transport of capsid proteins to the nucleocapsid assembly site prior to the process of
nucleocapsid assembly.

IMPORTANCE

Baculoviruses are large DNA viruses whose replication occurs within the host nucleus. The localization of capsids into the capsid
assembly site requires virus-induced nuclear F-actin; the inhibition of nuclear F-actin formation results in the retention of cap-
sid structures at the periphery of the nucleus. In this paper, we note that the minor capsid protein VP1054 is essential for the
localization of capsid structures, the major capsid protein VP39, and the minor capsid protein 38K into the capsid assembly site.
Moreover, VP1054 is crucial for correct targeting of the nuclear F-actin factors BV/ODV-C42 and PP78/83 for capsid matura-
tion. However, the formation and distribution of nuclear F-actin are not affected by the lack of VP1054. We further reveal that
VP1054 interacts with BV/ODV-C42 and a capsid transport-related protein, VP80. Taken together, our findings suggest that
VP1054 plays a unique role in the pathway(s) for transport of capsid proteins.

The family Baculoviridae includes a diverse group of insect-spe-
cific viruses that contain circular double-stranded DNA

within a rod-shaped protein capsid enclosed by a lipid envelope
(1, 2). Two forms of virions (budded virions [BV] and occlusion-
derived virions [ODV]) are generated during the baculovirus life
cycle; the main difference between them is the origin and consti-
tution of their lipid envelopes (3, 4). During the early phase of
infection, nucleocapsids assembled in the host cell nucleus are
transported to the cytoplasm and bud into the extracellular envi-
ronment to form BVs. BVs are required for spread among cells
and tissues (5). During the late phase of infection, nucleocapsids
are enclosed by virus-induced intranuclear membranes to form
ODVs, which are subsequently embedded in the paracrystalline
protein matrix to generate occlusion bodies (OBs). Due to the
protection of the outer protein shell, OBs are durable and easily
disseminated in nature and therefore are responsible for horizon-
tal infections among insect hosts (3, 6, 7).

Baculovirus DNA replication occurs in a specific subnuclear
region of the host cells, called the virogenic stroma (VS). The VS

grows until it gradually occupies most of the nucleus and margin-
alizes the host chromatin (8). The VS is composed of a homoge-
nous fibrillar electron-dense mat and electron-lucent intrastro-
mal spaces (9). Capsids grow from the edge of the stromal mat.
New viral DNA is synthesized within the electron-dense mat and
subsequently packaged into capsids to form nucleocapsids (8–10).

A baculovirus nucleocapsid consists of an apical cap, a cylin-
drical sheath, and a basal structure (8). The capsid sheath appears
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to form on the basal structure, and the apical cap structure is
thought to mediate the incorporation of nucleoprotein into the
preassembled capsid sheath (8). Although the mechanism of nu-
cleocapsid assembly utilized by baculoviruses is poorly under-
stood, an increasing number of components of the nucleocapsid
have been identified. Autographa californica multiple nucleopoly-
hedrovirus (AcMNPV) is the most intensively studied baculovi-
rus. In addition to the major capsid protein VP39 (11, 12),
AcMNPV nucleocapsids contain several minor components (6,
13), such as the following: P6.9, a protamine-like protein that is
responsible for the condensation of viral DNA to form the nucleo-
capsid core (14–16); PK-1, a virus-encoded protein kinase that is
required for the hyperphosphorylation of P6.9, which facilitates
the release of viral DNA from the nucleocapsid (17); and 38K,
Ac53, VP91 (encoded by ac83), and VLF-1, which are also classi-
fied as minor capsid proteins although their exact functions are
poorly understood (18–21). Single deletion of the genes encoding
each of the six minor capsid proteins mentioned above results in
the failure of nucleocapsid assembly and the distribution of ab-
normally long electron-lucent tubular structures at the electron-
dense edges of the stroma, indicating that the packaging of DNA
and nucleoproteins into capsids is interrupted (16, 18–22).

Previous studies have suggested that nuclear filamentous actin
(F-actin) provides a scaffold to position capsids for proper assem-
bly and DNA packaging (23). Treatment with cytochalasin D
(CD), which is capable of binding specifically to the growing end
of the actin filament, was found to prevent proper nucleocapsid
assembly in AcMNPV-infected nuclei (24, 25). Long, electron-
lucent, tubular capsid precursors were observed to locate always at
the periphery of the nucleus (25), suggesting that the transport of
VP39 to the VS was blocked by CD treatment; therefore, excess
VP39 proteins accumulated to form the tubular structures.

F-actin is primarily distributed in the cytoplasm. Nuclear F-ac-
tin formation in AcMNPV-infected cells requires that three key
elements (globular actin [G-actin], nucleation promoting factor
[NPF], and the actin-related protein 2/3 complex [Arp2/3]) are
relocated from the cytoplasm into the nucleus for actin polymer-
ization (26). Both PP78/83 and BV/ODV-C42 (encoded by ac101)
are located at the basal end of the nucleocapsid (27). PP78/83 is a
WASP (Wiskott-Aldrich syndrome protein family)-like protein
(28). When activated by PP78/83 and other related activators of
actin nucleation, Arp2/3 initiates G-actin polymerization into F-
actin in the nucleus (29, 30). Of note, the entry of PP78/83 into the
nucleus is mediated by the nuclear localization signal of BV/ODV-
C42 (31). Deletion of the BV/ODV-C42-encoding gene in AcMNPV
prevents nucleocapsid assembly and results in the aggregation of
tubular capsid precursors at the periphery of the nucleus (30).

VP1054 is a capsid-associated protein that is conserved in all
sequenced baculoviruses (4, 32, 33). VP1054 is encoded by the
ac54 gene in AcMNPV (34), and one single base pair mutation in
ac54 is sufficient to prohibit the production of infectious BV at a
nonpermissive temperature, suggesting that ac54 plays a crucial
role in the viral life cycle (32). VP1054 is able to interact with
GGN-rich nucleic acid sequences, similar to PUR� family pro-
teins (33). An AcMNPV strain with a deletion of ac54 lacked the
ability to initiate nucleocapsid assembly and infectious BV prop-
agation although viral DNA replication was unaffected (33).
Moreover, the interaction between VP1054 and 38K has been
identified via coimmunoprecipitation, indicating the interplay
between VP1054 and capsid proteins (35). However, the precise

mechanism of how VP1054 mediates the nucleocapsid assembly is
not clear yet.

In the present study, an ac54-knockout AcMNPV (vAc54KO)
mutant was constructed via ET homologous recombination. ET
recombination is a DNA engineering method based on homolo-
gous recombination mediated by phage proteins RecE/RecT (36)
or Red�/�/� (37). Nucleocapsid assembly was abrogated in mu-
tant-transfected cells, which was in accordance with former re-
ports (32, 33). However, we observed that the abnormally long
tubular capsid precursors containing VP39 were localized at the
periphery of the nucleus instead of within the VS, a distribution
pattern that was similar to that in AcMNPV-infected cells treated
with CD (38) as well as in cells transfected with an ac101-null
mutant (30). We demonstrated that neither capsid structures nor
VP39 was present within the VS, suggesting that VP1054 was re-
quired for the transport of VP39 into the VS. Even though F-actin
polymerization was not affected, loss of ac54 drastically affected
the localization of BV/ODV-C42, PP78/83, and 38K to the capsid
structures. Furthermore, immunoprecipitation assay showed that
in transient expression assays, VP1054 was able to interact with
the capsid proteins BV/ODV-C42 and VP80 but not VP39. Our
findings suggest that VP1054 plays an important role in the trans-
port of VP39 to the baculovirus nucleocapsid assembly site and in
the integration of some minor capsid proteins into the capsid
structures.

MATERIALS AND METHODS
Construction of an ac54-knockout virus. In this study, the bacmid
bMON14272, which contains an AcMNPV genome (39), was used to
generate an ac54-knockout AcMNPV (bAc54KO) through ET homolo-
gous recombination in Escherichia coli as previously described (18). A
558-bp highly conserved region of the ac54 open reading frame (ORF)
(AcMNPV nucleotides [nt] 45552 to 46109) was replaced with a chloram-
phenicol resistance (Cmr) gene cassette; the 5=-end 330-bp region and the
3=-end 210-bp region of the ac54 ORF were preserved to avoid any effects
on the transcription of neighboring genes. Briefly, we designed two long
primers (ac54-CmF and ac54-CmR) that contained the left and right
flanking sequences of the deletion region, respectively, and the sequences
to amplify the Cmr gene cassette (primers used in this study are listed in
Table 1). Then, a linear 1,177-bp fragment was generated by PCR using
the plasmid pKOV-kanF, which contained the Cmr gene cassette (40) as
the template. Homologous recombination between the Cmr gene cassette
and the deletion region was performed as previously described (18). The
replacement was confirmed by PCR and sequencing, and the resulting
bacmid was designated bAc54KO.

Because a mini-attTn7 site has been integrated into the AcMNPV polh
locus in bMON14272, foreign genes can be easily inserted therein via
site-specific transposition (39). Thus, by transforming pFB1-PH-GFP
(where GFP is green fluorescent protein) (41) into competent DH10B
cells that contained bAc54KO and the helper plasmid pMON7124 as pre-
viously described (18), an AcMNPV polyhedrin (polh) gene for restoration
and a green fluorescent protein (gfp) gene for observation were inserted
into the mini-attTn7 site of bAc54KO. The resulting AcMNPV ac54 dele-
tion mutant was named vAc54KO.

To demonstrate that any defective phenotype for vAc54KO was attrib-
utable to the ac54 deletion and not to effects exerted on the transcription
of neighboring genes, a repair bacmid, vAc54:2HA (where HA is hemag-
glutinin) was constructed by ectopically inserting the ac54 ORF into the
mini-attTn7 site of vAc54KO as follows. A 1,451-bp fragment containing
the promoter and the ORF of ac54 tagged with two HA epitopes at its C
terminus was PCR amplified using the primers REPac54US and
REPac54DS. The PCR product was cloned into the XbaI/PstI-digested
plasmid pFast-Bac1 (Invitrogen Life Technologies) to obtain pFB-
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pac54HA. A simian virus 40 (SV40) poly(A) signal was added by PCR
amplification using pFB-pac54HA as the template and the primers
REPac54US and SV40DS. The product was digested with XbaI/SacI and
subcloned into pFB1-PH-GFP (41) to generate the donor plasmid pFB1-
54REP-PH-GFP. Site-specific transposition was performed as described
above. Similarly, a wild-type AcMNPV (vAcWT) was also constructed by
inserting the polh and gfp genes into the mini-attTn7 site of bMON14272.

Analysis of viral propagation. The Spodoptera frugiperda cell strain
Sf9 was cultured in TMM-FH medium (Invitrogen Life Technologies)
supplemented with 10% fetal bovine serum (Invitrogen Life Technolo-
gies), 100 �g/ml penicillin, and 30 �g/ml streptomycin at 27°C. To ana-
lyze the effects of the ac54 deletion, Sf9 cells (1 � 106) were transfected
with 2 �g of vAc54KO, vAc54:2HA, or vAcWT DNA using Cellfectin II
reagent (Invitrogen Life Technologies). After the culture was incubated
for 5 h, the transfection buffer was replaced with TMM-FH medium, and
the time point was designated 0 h posttransfection (p.t.). The superna-
tants were collected at different time points, and the BV titers were deter-
mined by a 50% tissue culture infective dose (TCID50) endpoint dilution
assay as previously described (42). For infection, Sf9 cells were infected
with BVs harvested from transfections at a multiplicity of infection of 5
TCID50s/cell.

Analysis of viral DNA synthesis by qPCR. Quantitative PCR (qPCR)
was performed to investigate viral DNA replication. Sf9 cells (1 � 106)
were transfected in triplicate with 1 �g of 38K-null recombinant AcMNPV
(v38KKO), ie1-null recombinant AcMNPV (vIE1KO), or vAc54KO bac-
mid DNA and collected at different time points. Total DNA from each
sample was extracted using a Universal Genomic DNA Extraction kit
(TaKaRa) and resuspended in 50 �l of sterile water. To eliminate input
bacmid DNA, 1 �g of DNA was digested with 20 units of the DpnI restric-
tion enzyme (NEB) overnight in a 40-�l reaction volume. qPCR was per-
formed using Hot Start PCR master mix III (Chaoshi-Bio) and primers
targeting a 100-bp region of the gp41 gene under conditions described
previously (43).

Immunofluorescence. Sf9 cells (5 � 105) were seeded into 35-mm
glass-bottom culture dishes (MatTek) and incubated at 27°C for 12 h,
followed by transfection with 2 �g of bacmid DNA. Cells were processed
for immunofluorescence microscopy as previously described at different

time points (44). Mouse monoclonal antibody targeting actin (1:200;
Abmart), antiserum against IE1 (1:100; obtained from L. A. Guarino,
Texas A&M University), and rabbit polyclonal antisera (1:100) against
VP39 (45), PP78/83 (31), BV/ODV-C42 (30), and 38K (35) were used as
primary antibodies. Alexa Fluor 555-conjugated donkey anti-mouse an-
tibody (1:400; Invitrogen/Molecular Probes) and Alexa Fluor 647-conju-
gated goat anti-rabbit antibody (1:400; Invitrogen/Molecular Probes)
were used as secondary antibodies. Prior to observation, the cells were
stained with Hoechst 33342 (Invitrogen/Molecular Probes) and/or phal-
loidin-fluorescein isothiocyanate (FITC) (Beyotime Biotechnology) and
washed four times with 1� phosphate-buffered saline (PBS). Cells were
visualized with a Zeiss LSM 7 Duo NLO laser scanning confocal micro-
scope (Carl Zeiss, Germany).

Electron microscopy. For electron microscopy, 1 � 106 Sf9 cells were
transfected with 1 �g of bacmid DNA or infected with BVs at a multiplic-
ity of infection of 5 TCID50s/cell. At different time points posttransfection
or postinfection (p.i.), the cells were collected with a cell scraper and
pelleted at 3,000 � g for 5 min. The cells were fixed, dehydrated, embed-
ded, sectioned, and stained as previously described (18). For immuno-
electron microscopy, Sf9 cells were transfected with bacmid DNA and
labeled with bromodeoxyuridine (BrdU) (1:100; Invitrogen) at 12 h p.t.
Then, the cells were harvested at 72 h p.t. and fixed in 100 mM PBS
containing 1% (vol/vol) glutaraldehyde and 3% paraformaldehyde (pH
7.2) for 2 h at 4°C. The cells were subsequently dehydrated and embedded
as previously described (18). Ultrathin sections were collected on Form-
var-coated nickel grids and immunostained with primary antibodies in-
cluding anti-BrdU (Abmart), anti-38K (35), anti-P6.9 (16), anti-BV/
ODV-C42 (30), anti-PP78/83 (31), and anti-VP39 (45) (1:100). Then,
colloidal gold particles (10 nm) coated with goat anti-mouse IgG were
introduced as secondary antibodies (1:50; Sigma). The ultrathin sections
were observed with a JEM-100CX/II transmission electron microscope at
an accelerating voltage of 80 kV.

Generation of transient expression plasmids. Plasmids transiently
expressing BV/ODV-C42, VP80, VP39, or VP1054 were constructed for
immunoprecipitation assays. Briefly, the ORFs of ac101, vp80, and vp39
with a Kozak consensus sequence at the 5= ends and FLAG-coding se-
quence at the 3= ends were PCR amplified from bMON14272 and cloned

TABLE 1 List of primers used in this paper

Primer Sequencea

Restriction
enzyme

ac54-CmF 5= -GATCAAGCCGAGGCGAGAAAAACAATTCTCAACGCCGACAGCGTGTACGAGTGCATGT
TAATTAGACCAATTCGTACGTAAAATACCTGTGACGGAAGA

ac54-CmR 5=-ATCCGCCGCCGGTTTCTGATTGGCGCGCGATTAACTCGCTGTATCGTTTGTACTTG
TTGGGATTTCGAACCCACTTTGCTAAACCAGCAATAGACATAA

CmUS 5=-TAAAATACCTGTGACGGAAGA
CmDS 5=-TAAACCAGCAATAGACATAA
ac54US 5=-ATGTGTTCGACCAAGAAACC
ac54DS 5=- CTACACGTTGTGTGCGTGCA
REPac54US 5=-TCTAGAGAGATCCCTTTAATCGTGT XbaI
REPac54DS 5=-CTGCAGCTAAGCGTAATCTGGAACATCGTATGGGTAAGCGTAATCTGGAACATCGTATG

GGTACACGTTGTGTGCGTGCAGAC
PstI

SV40DS 5=-GAGCTCGATCCAGACATGATAAGATA SacI
ac54US-T.E. 5=-GGATCCGAGATCCCTTTAATCGTGT BamHI
ac54DS-T.E. 5=-GATATCCACGTTGTGTGCGTGCAG EcoRV
ac54HAUS-T.E. 5=-GGATCCGCCACCATGTGTTCGACCAAGAAACCG BamHI
ac54HADS-T.E. 5=-GATATCTTAGGCGTAGTCGGGCACGTCGTAGGGGTACACGTTGTGTGCGTGCAGACCAA EcoRV
c42US-T.E. 5=-GGATCCATGGCCACCAGCGCTATCGCGTTGTAT BamHI
c42DS-T.E. 5=-CTCGAGTCACTTATCGTCGTCATCCTTGTAATC ATATTTTTTACGCTTTGC XhoI
vp39 US-T.E. 5=-GGATCCATGGCCACCGCGCTAGTGCCCGTGGGT BamHI
vp39 DS-T.E. 5=-CTCGAGTCACTTATCGTCGTCATCCTTGTAATC GACGGCTATTCCTCCACC XhoI
vp80 US-T.E. 5=-GGATCCATGGCCACCAACGATTCCAATTCTCTG BamHI
vp80 DS-T.E. 5=-CTCGAGTCACTTATCGTCGTCATCCTTGTAATC TATAACATTGTAGTTTGC XhoI
a Underlining indicates sequence complementary to the chloramphenicol resistance gene; boldface indicates restriction enzyme sites.

VP1054 Mediates Entry of Capsid Proteins into the VS

April 2016 Volume 90 Number 8 jvi.asm.org 4117Journal of Virology

http://jvi.asm.org


into the transient expression vector pIB/V5-His (Invitrogen). The prim-
ers c42US-T.E. and c42DS-T.E. were used to amplify the coding sequence
of ac101, the primers vp80US-T.E. and vp80DS-T.E. were used for vp80,
and the primers vp39US-T.E. and vp39DS-T.E. were used for vp39. The
constructed plasmids were named pIB-BV/ODV-C42:FLAG, pIB-VP80:
FLAG, and pIB-VP39:FLAG, respectively. Similarly, primer pairs ac54US-
T.E./ac54DS-T.E. and ac54:HAUS-T.E./ac54:HADS-T.E. were used to
PCR amplify the ac54 ORF from bMON14272; the PCR products were
then cloned into pIB-GFP (referred to as pIB-nGFP in the manuscript)
(20) and pIB/V5-His (Invitrogen), respectively. The constructed plasmids
were named pIB-nGFP-VP1054 and pIB-VP1054:HA.

Immunoprecipitation. In the immunoprecipitation assays with anti-
FLAG, Sf9 cells (6 � 106) were cotransfected with 18 �g of pIB-BV/ODV-
C42:FLAG, pIB-VP80:FLAG, or pIB-VP39:FLAG combined with 6 �g of
pIB-nGFP-VP1054. To achieve a higher transfection efficiency, a second
cotransfection as described above was performed in the same batch of Sf9
cells at 18 h after the first transfection. Cells were harvested at 36 h after the
second transfection. After one wash in PBS, cells were lysed in 1% NP-40
buffer supplemented with 2 �g/ml of complete EDTA-free protease in-
hibitor cocktail (Roche) and then incubated on a rotary table. After sam-
ples were rotated for 1.5 h, the lysates were centrifuged at 13,000 � g for 15
min at 4°C. The extract was harvested and precleared by the addition of 30
�l of a 50% slurry of protein A/G-agarose beads (Abmart), followed by
incubation at 4°C for 1.5 h on a rotary table. The supernatant was trans-
ferred to a fresh 1.5-ml Eppendorf tube and mixed with 20 �l of protein
A/G-agarose beads (50% slurry) conjugated to an anti-FLAG antibody
(Abmart). After samples were rotated at 4°C for 12 h, the beads were
collected by centrifugation at 1,000 � g for 15 min at 4°C, washed four
times with 1 ml of 1% NP-40 buffer, and boiled in 25 �l of 2� PBS for 10
min. The dissolved immunoprecipitates and the input cell lysates were
analyzed by Western blotting with mouse monoclonal anti-FLAG (1:
2,000; Abmart) or rabbit polyclonal anti-GFP (1:2,000; Abmart) anti-
body. For negative controls, pIB-nGFP was cotransfected with pIB-BV/
ODV-C42:FLAG or pIB-VP80:FLAG into Sf9 cells. In the immuno-
precipitation assay of VP1054 and VP39, cells cotransfected with pIB-
nGFP-VP1054 and pIB-BV/ODV-C42 were used as positive controls.

In the reciprocal pulldown experiments, Sf9 cells (6 � 106) were
cotransfected with 9 �g of pIB-BV/ODV-C42:FLAG, pIB-VP80:FLAG, or
pIB-VP39:FLAG combined with 9 �g of pIB-VP1054:HA. The proce-
dures were the same as described above except that protein A/G-agarose
beads were conjugated to an anti-HA antibody (Covance). Western blot-
ting was performed with mouse monoclonal anti-FLAG (1:2,000;
Abmart) or anti-HA (1:2000; Covance) antibody. For negative controls,
pIB/V5:His was cotransfected with pIB-BV/ODV-C42:FLAG, pIB-VP80:
FLAG, or pIB-VP39:FLAG into Sf9 cells.

RESULTS
Capsid structures cannot localize to the VS following ac54 dele-
tion. To investigate the role of VP1054 in nucleocapsid assembly,
an AcMNPV ac54 deletion mutant (vAc54KO) was generated via
ET recombination in E. coli (Fig. 1A). To demonstrate that any
defective phenotype resulting from vAc54KO was attributable to
the ac54 deletion, an ac54-repaired bacmid (vAc54:2HA) and a
wild-type AcMNPV (vAcWT) were constructed as positive con-
trols (Fig. 1A). An AcMNPV polh gene for restoration and a gfp
gene for better observation were inserted into the mini-attTn7 site
of each of the recombinant viruses described above (Fig. 1A).

Sf9 cells were transfected with vAc54KO, vAc54:2HA, or
vAcWT bacmid DNA. As shown in Fig. 1B, at 24 h p.t., similar
amounts of fluorescent cells were observed in the three groups,
indicating comparable transfection efficiencies. At 72 h p.t., in
vAc54KO-transfected cells no obvious increase in fluorescent cell
numbers was observed compared to the level at 24 h p.t., whereas
typical, well-spread infections were observed in vAc54:2HA- and

vAcWT-transfected cells, suggesting that viral propagation was
inhibited by ac54 deletion. Analysis of viral propagation further
determined that no infectious BVs were produced in cells trans-
fected with vAc54KO, whereas the vAc54:2HA- and vAcWT-
transfected cells showed similar capabilities in the generation of
infectious BVs (Fig. 1C). qPCR was then performed to investigate
if the deletion of ac54 affects viral DNA synthesis. Loss of the 38K
gene of AcMNPV led to a defect in BV production but had no
influence on viral DNA synthesis (18); thus a 38K-null recombi-
nant AcMNPV (v38KKO) (18) was used as a positive control. On
the other hand, the baculovirus transactivator IE1 was shown to be
essential for DNA replication (46, 47); thus, an ie1-null recombi-
nant AcMNPV (vIE1KO) (48) was used as a negative control. As
shown in Fig. 1D, the viral DNA replication levels of vAc54KO-
transfected cells and v38KKO-transfected cells were comparable;
in the negative control, as expected, viral DNA replication was not
triggered in vIE1KO-transfected cells. Therefore, the qPCR results
demonstrated that deletion of ac54 did not affect the synthesis of
viral DNA.

By using electron microscopy, a defect in the generation of
nucleocapsids was identified in the nuclei of vAc54KO-trans-
fected cells at 24 h p.t., whereas the formation of VS was not
influenced (Fig. 2A). A large quantity of anomalous electron-
dense bodies was observed at the edge of the electron-dense mats
(Fig. 2B), and abnormally long electron-lucent tubules were
found in the ring zone (RZ) (Fig. 2C). The RZ is the peristroma
area where nucleocapsids are enveloped to form ODVs (49). On
the other hand, in wild-type AcMNPV-infected Sf9 cells, nucleo-
capsids with DNA content were observed in the electron-lucent
space of the VS (Fig. 2D), and formed ODVs were observed in the
RZ (Fig. 2E) at 24 h p.i. The composition of the electron-dense
bodies and the electron-lucent tubules in vAc54KO-transfected
cells was further investigated by immunoelectron microscopy. At
12 h p.t., BrdU was added to the culture medium. Antibodies
against BrdU, P6.9, and VP39 were used as the primary antibodies,
respectively, and colloidal gold particles coated with protein A
were used as the secondary antibody. It was shown that both BrdU
and P6.9 were detected in the electron-dense bodies and the elec-
tron-dense mat of the VS (Fig. 2F and G, respectively), indicating
the colocalization of P6.9 with the newly synthesized viral DNA in
vAc54KO-transfected cells. The anti-VP39 antibody showed that
VP39 specifically located to the abnormally long electron-lucent
tubules that accumulated in the RZ, indicating that the electron-
lucent tubules were capsid structures (Fig. 2H). Taking these ob-
servations together, the vAc54KO phenotype described above is
consistent with previous reports of ac54 mutants (32, 33).

Similarly, the cessation of nucleocapsid assembly can also be
induced by individual deletion of other AcMNPV genes, such as
38K, ac53, ac83, p6.9, and pk-1, as indicated by the presence of
empty capsid structures. However, the capsid structures resulting
from loss of the aforementioned genes were located not only in the
RZ but also in the VS (interspace of the electron-dense mats) (16,
18–20, 22), whereas in vAc54KO-transfected cells, no capsid
structures were observed in the VS (Fig. 2B). The different distri-
bution patterns of capsid structures suggest that capsid structures
cannot localize to the VS following ac54 deletion.

ac54 deletion blocks the entry of VP39 into the VS. On the
basis of the finding that capsid structures containing VP39 are
distinctively located in the RZ but not the VS, immunofluores-
cence assays were subsequently performed to investigate whether
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the ac54 deletion affected the entry of VP39 monomers into the
VS. The ac54-repaired recombinant virus vAc54:2HA was previ-
ously demonstrated to be comparable to the wild-type AcMNPV
(vAcWT) in analyses of both viral propagation (Fig. 1B and C) and
electron microscopy (50); thus, vAc54:2HA was used as a positive
control. On the other hand, the 38K deletion did not affect the
localization of the capsid structures in the VS (18); thus, a 38K
deletion mutant (here, v38KKO) (see reference 18 for details,
where this mutant is designated vAc38K-KO-PH-GFP) was also used
as a control. Sf9 cells were transfected with vAc54KO, vAc54:2HA,
or v38KKO bacmid DNA and labeled with VP39 antiserum at 36 h
p.t. The transfected cells were also immunostained with antiserum
against IE1 to visualize the VS (51). VP39 localized only in the RZ
of the vAc54KO-transfected cells, and no signals were detected
within the VS (Fig. 3A). In contrast, VP39 was associated with the
VS and RZ in vAc54:2HA-transfected cells (Fig. 3B), indicating

the incorporation of VP39 into the maturing nucleocapsids in the
VS and the existence of VP39 in the mature nucleocapsids in the
RZ. In v38KKO-transfected cells, VP39 was predominantly local-
ized within the RZ, indicating that the long tubules were incorpo-
rated with VP39 in the RZ. VP39 was also detected within the VS,
appearing as long belts (Fig. 3C), similar to the observed long
tubules in electron microscopy results described previously (18).
These results clearly indicate that the entry of VP39 into the VS
was blocked by the deletion of ac54.

ac54 deletion does not affect the formation of nuclear F-actin
and its localization. It has been demonstrated that baculovirus
nucleocapsid assembly is an F-actin-dependent process as AcMNPV-
infected Sf9 cells treated with CD resulted in a failure of nucleo-
capsid assembly (38). Therefore, we hypothesized that the com-
promised transport of VP39 from the RZ to VS might be
associated with the dysfunction of actin. To verify this hypothesis,

FIG 1 Characterization of the ac54-knockout bacmid. (A) Strategy for the construction of the recombinant viruses vAc54KO, vAc54:2HA, and vAcWT. (B) Sf9
cells were transfected with vAc54KO, vAc54:2HA, and vAcWT bacmid DNA and observed at 72 h p.t. (C) Virus growth curves. The supernatants of transfected
cells were harvested at different time points, and viral titers were determined by TCID50 endpoint dilution assays. Each data point represents the average titer of
three independent biological repeats; error bars indicate standard deviations. (D) Real-time PCR analysis of viral DNA synthesis in Sf9 cells. Total DNA was
extracted from Sf9 cells transfected with vAc54KO, vIE1KO, or v38KKO bacmid DNA at indicated time points, further digested with the restriction enzyme DpnI
to eliminate input bacmid DNA, and quantified by real-time PCR. Data are shown as mean values � standard deviations.
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the distribution of actin in vAc54KO-transfected cells was inves-
tigated using immunofluorescence assays. As shown in Fig. 4A,
actin was observed either throughout the nucleus or with a high
concentration in the RZ in vAc54KO-transfected cells. The distri-
bution patterns of actin were similar to those observed in vAc54:
2HA- or v38KKO-transfected cells, suggesting that deletion of ei-
ther ac54 or 38K exerted no effect on the localization of actin.

Phalloidin-FITC was applied as a specific dye for F-actin. Phal-
loidin is a well-established F-actin probe that binds only to fila-
ments more than seven monomers long (52). As shown in Fig. 4B,
phalloidin-stainable nuclear F-actin localized mostly in the RZ
and was occasionally distributed throughout the nucleus in
AcMNPV-infected Sf9 cells. This result is in agreement with a

previous report concerning AcMNPV-induced F-actin (53). Sim-
ilarly, nuclear F-actin was observed in bMON14272-, bAc54KO-,
and b38KKO-transfected cells. In cells transfected with the negative
control bPP78/83KO (17), F-actin was distributed mostly near the
plasma membrane, indicating the actin-rich cortex; no nuclear F-ac-
tin was found in the negative-control or mock-infected cells. These
data demonstrated that, in contrast to PP78/83, which is crucial for
the genesis of nuclear F-actin, ac54 and 38K are dispensable for the
formation and distribution of nuclear F-actin.

ac54 deletion results in the failure of PP78/83, BV/ODV-C42,
and 38K to integrate into capsid structures and affects the trans-
port of 38K into the VS. The distributions of minor capsid pro-
teins PP78/83, BV/ODV-C42, and 38K were further investigated

FIG 2 Electron micrographs of Sf9 cells transfected with vAc54KO or infected with wt AcMNPV. (A) Nucleus of a vAc54KO-transfected Sf9 cell at 24 h p.t. No
capsid structures (with or without DNA content) exist in the VS. Black arrowheads indicate normal-appearing nucleocapsids in the RZ. (B) Partial view of the
VS magnified from the cell shown in panel A, showing a large quantity of abnormal electron-dense bodies (indicated with white arrows) at the edge of the
electron-dense mats. (C) Magnified view from panel A. Abnormally long, electron-lucent tubules can be found in the RZ. (D and E) Partial view of an Sf9 cell
infected with wt AcMNPV at 24 h p.i. Nucleocapsids with DNA content are found in the VS (D), and ODVs are found in the RZ (E). Black arrowheads indicate
normal nucleocapsids. (F to H) Immunoelectron microscopy analysis of vAc54KO-transfected Sf9 cells at 72 h p.t. (cells were labeled with BrdU at 12 h p.t.).
Antiserum against BrdU (F), P6.9 (G), or VP39 (H) was used as the primary antibody. VS, virogenic stroma; RZ, ring zone; Nu, nucleus; nm, nuclear membrane.
Scale bars, 2 �m (A) and 500 nm (B to H).
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using immunofluorescence and immunoelectron microscopy. Sf9
cells were transfected with vAc54KO, vAc54:2HA, or v38KKO
bacmid DNA, followed by the labeling of the anti-PP78/83 and
-IE1 antisera as well as Hoechst 33342 staining to visualize the
DNA. As shown in Fig. 5A, no significant differences were de-
tected in the distributions of PP78/83 among cells transfected with
the aforementioned viruses, wherein PP78/83 localized in both
the VS and RZ. Within the VS, PP78/83 and the viral DNA gener-
ally exhibited complementary distribution patterns, suggesting
that PP78/83 was present within the interspace of the electron-
dense mats where nucleocapsid matures. Analogously, the distri-
bution of BV/ODV-C42 was similar to that of PP78/83, albeit it
appeared to localize mainly within the RZ (Fig. 5B). Notably,
substantial differences in the distribution of 38K were observed
in vAc54KO- and vAc54:2HA-transfected cells: 38K was pres-
ent in the VS of the vAc54:2HA-transfected cells, whereas no
obvious 38K was found in the VS of the vAc54KO-transfected
cells (Fig. 5C).

To obtain a higher-resolution view of the distribution of the
target proteins, we next carried out immunoelectron microscopy.
Sf9 cells were transfected with vAc54KO and vAcWT bacmid

DNA, and antisera against PP78/83, BV/ODV-C42, and 38K were
used as primary antibodies. In the vAcWT-infected cells, the three
proteins localized specifically to the nucleocapsids within the VS
and the RZ (Fig. 6 D to F), which was consistent with the results of
previous studies (27, 35, 54). However, PP78/83 was found to
distribute nonspecifically in the nuclei in vAc54KO-transfected
Sf9 cells (Fig. 6A), and BV/ODV-C42 and 38K primarily localized
to the microvesicles but not capsid structures within the RZ (Fig.
6B and C). Together these observations indicate that ac54 deletion
results in a failure in integrating minor capsid proteins PP78/83,
BV/ODV-C42, and 38K into capsid structures and affects the
transport of 38K into the VS.

VP1054 interacts with BV/ODV-C42 and VP80. The changes
in the distributions of VP39, PP78/83, BV/ODV-C42, and 38K

FIG 3 Subcellular localization of the major capsid protein VP39. Sf9 cells were
transfected with vAc54KO (A), vAc54:2HA (B), or v38KKO (C) bacmid DNA.
Transfected cells were fixed at 36 h p.t. and incubated with antisera against
VP39 (rabbit) and IE-1 (mouse) as the primary antibody mixture. The primary
antibodies were visualized with Alexa Fluor 555-conjugated goat anti-rabbit
(VP39; red) and Alexa Fluor 647-conjugated donkey anti-mouse (IE1; green)
antibodies. Hoechst 33342 was used to visualize DNA-rich regions of the nu-
cleus (blue).

FIG 4 Subcellular localization of total actin and F-actin in Sf9 cells transfected
with different recombinant viruses. (A) Total actin localization. Sf9 cells were
transfected with vAc54KO, vAc54:2HA, or v38KKO bacmid DNA. At 36 h p.t.,
the cells were fixed, incubated with an anti-�-actin antibody and visualized
with Alexa Fluor 647-conjugated donkey anti-mouse antibody (red). Hoechst
33342 was used to visualize DNA-rich regions of the nucleus (blue). (B) F-ac-
tin localization. Sf9 cells were infected with AcMNPV or transfected with
bAc54KO, bMON14272 (indicated as WT in the figure), b38KKO, or bPP78/
83KO bacmid DNA. At 36 h p.i. or 48 h p.t., cells were fixed and stained with
both phalloidin-FITC (red) and Hoechst 33342 (blue).
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upon ac54 deletion implied possible protein-protein interactions
between VP1054 and these capsid proteins. Since the interaction
between 38K and VP1054 has been demonstrated previously (35)
and since PP78/83 does not locate in the nucleus without BV/
ODV-C42 (31), in the present study we investigated primarily
whether VP1054 interacts with BV/ODV-C42 or VP39. In addi-
tion, VP80 is a nuclear F-actin-related capsid protein that is re-
quired for transport of mature nucleocapsids (55), and both VP80
and VP1054 were proved to interact with 38K (35). So we also
investigated whether VP1054 interacts with VP80. The expression
vectors pIB-nGFP-VP1054, pIB-VP39:FLAG, pIB-BV/ODV-C42:
FLAG, and pIB-VP80:FLAG were generated, and pIB-nGFP-
VP1054 was cotransfected with each FLAG-tagged expression
plasmid into Sf9 cells. Cells were harvested at 36 h p.t. and sub-
jected to immunoprecipitation with anti-FLAG. For negative con-
trols, pIB-nGFP was cotransfected with pIB-BV/ODV-C42:FLAG
or pIB-VP80:FLAG into Sf9 cells. As shown in Fig. 7A, nGFP-
VP1054 and BV/ODV-C42:FLAG were detected in the lysates of
the cotransfected cells (input lane). Both nGFP-VP1054 and BV/
ODV-C42:FLAG were detected in immunocomplexes precipi-
tated by the anti-FLAG beads (Fig. 7A, IP lane), indicating that

nGFP-VP1054 was coimmunoprecipitated with BV/ODV-C42:
FLAG. In the negative control, although nGFP and BV/ODV-C42:
FLAG were both detected in the cell lysates (Fig. 7A, input lane),
nGFP was not coimmunoprecipitated with BV/ODV-C42:FLAG
(IP lane). These results indicated that in the transient expression
assay, VP1054 interacts with BV/ODV-C42. Similarly, as shown in
Fig. 7B, nGFP-VP1054, but not nGFP, was coimmunoprecipi-
tated with VP80:FLAG (IP lane), suggesting that VP1054 also in-
teracts with VP80. To determine whether VP1054 interacts with
VP39, cells were cotransfected with pIB-nGFP-VP1054 and pIB-
nGFP-VP39. Cells cotransfected with pIB-nGFP-VP1054 and
pIB-BV/ODV-C42:FLAG were applied as a positive control. As
shown in Fig. 7C, nGFP-VP1054 was coimmunoprecipitated with
BV/ODV-C42:FLAG but not with VP39:FLAG, suggesting that
VP1054 does not interact with VP39 in this transient expression
assay. To confirm the immunoprecipitation results, reciprocal
pulldown assays were subsequently carried out with anti-HA. A
transient expression plasmid, pIB-VP1054:HA, was generated and
cotransfected with pIB-VP80:FLAG, pIB-BV/ODV-C42:FLAG, or
pIB-VP39:FLAG into Sf9 cells. As shown in Fig. 7D and E, both
VP80:FLAG and BV/ODV-C42:FLAG were detected in the immu-

FIG 5 Subcellular localization of the minor capsid proteins PP78/83, BV/ODV-C42 (C42), and 38K, as indicated. Sf9 cells were transfected with vAc54KO,
vAc54:2HA, or v38KKO bacmid DNA and fixed at 36 h p.t. (A) Transfected cells were incubated with antisera against PP78/83 (rabbit) and IE-1 (mouse) as the
primary antibody mixture. The primary antibodies were visualized with Alexa Fluor 555-conjugated goat anti-rabbit (PP78/83; red) and Alexa Fluor 647-
conjugated donkey anti-mouse (IE1; green) antibodies. (B) Transfected cells were incubated with antiserum against BV/ODV-C42 and visualized with Alexa
Fluor 555-conjugated goat anti-rabbit (red). (C) vAc54KO- or vAc54:2HA-transfected cells were incubated with antiserum against 38K and visualized with Alexa
Fluor 555-conjugated goat anti-rabbit (red). Hoechst 33342 was used to visualize DNA-rich regions of the nucleus (blue).
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nocomplexes (IP lanes), indicating that they were both coimmu-
noprecipitated with VP1054:HA. However, the results in Fig. 7F
show that VP39 was not coimmunoprecipitated with VP1054:HA.
For negative controls, Sf9 cells were cotransfected with pIB/V5-
His (Invitrogen) and the corresponding FLAG-tagged plasmid;
none of the three FLAG-tagged proteins was detected in the im-
munocomplexes (Fig. 7D to F, IP lanes), indicating that they were
not coimmunoprecipitated with anti-HA. To sum up, the immu-
noprecipitation results suggested that VP1054 interacts with VP80
and BV/ODV-C42.

DISCUSSION

VP1054 is a minor capsid protein of AcMNPV (32) (33), and its
homologs have been identified in all fully sequenced baculovirus
genomes (4). VP1054 is crucial for AcMNPV nucleocapsid assem-
bly because either deletion of ac54 (the VP1054-encoding gene) or
a single nucleotide substitution that alters the proline at position
286 to a serine results in a massive decrease in the formation of
nucleocapsids and a total loss of infective progeny virions (32, 33).
The importance of ac54 in nucleocapsid assembly has been pro-
posed to be related to its DNA binding activity because VP1054 is
an acquired PUR� that specifically binds to the GGN repeats on
single-stranded DNA and RNA (33). PUR� has been strongly
conserved throughout evolution and has multiple functions, such
as the initiation of DNA replication and regulation of transcrip-
tion and the cell cycle (56). Moreover, in an in vitro analysis, the
conserved residues (VP1054 R152, Y154, and D156) of the PUR�

domain of VP1054 are crucial for the interaction between VP1054
and the GGN-rich region of AcMNPV pp78/83 (ac9) (33).

In this study, the ac54-knockout mutant vAc54KO was gener-
ated to explore the role of VP1054 in the AcMNPV life cycle.
Consistent with previous reports, the deletion of ac54 resulted in
an inability to initiate cell-to-cell infection but did not affect the
replication of viral DNA. In addition, abnormal electron-dense
bodies were found in the VS, and empty capsid structures were
found in the RZ in cells transfected with vAc54KO, indicating that
ablation of ac54 disrupted the normal assembly of nucleocapsids.
In addition to ac54, some other AcMNPV genes (i.e., 38K, ac53,
ac83, pk-1, and p6.9) have also been implicated in nucleocapsid
assembly, and their individual deletion results in the cessation of
assembly and the appearance of empty capsid structures in both
the RZ and VS (16–20, 22). However, in the present study, neither
capsid structures nor VP39 was observed inside the VS in Sf9 cells
transfected with vAc54KO, implying a special role of VP1054 in
the baculovirus life cycle besides nucleocapsid assembly.

Actin polymerization can be induced by diverse pathogens to
facilitate the infection of host cells (28). In the AcMNPV life cycle,
virus-induced F-actin is essential for nucleocapsid assembly and
viral replication (57). Shortly after the entry of a nucleocapsid in
the cytoplasm, transient actin cables are formed toward the nu-
cleus and help transport the nucleocapsid through the cytoplasm
and into the nucleus. Nucleocapsids nucleate actin polymeriza-
tion both in vitro and in vivo, possibly through the action of the
two actin-binding proteins VP39 and PP78/83 (23). During the

FIG 6 Immunoelectron microscopy analysis of Sf9 cells transfected with vAc54KO or vAcWT bacmid DNA at 72 h p.t. using antisera against different
nucleocapsid structural proteins. For the experiments shown in panels A to C, Sf9 cells were transfected with vAc54KO bacmid DNA. (A) Antiserum against
PP78/83 was used as the primary antibody. The entire nucleus was equally stained with gold particles. (B) Antiserum against BV/ODV-C42 was used as the
primary antibody. A minimum BV/ODV-C42 signal is visible in the VS; in the RZ, gold particles specifically colocalize with microvesicles but not with capsid
structures. (C) Antiserum against 38K was used as the primary antibody. 38K mainly colocalizes with microvesicles; only a background level of gold particles was
observed in the VS or on capsid structures. For the experiments shown in panels D to F, Sf9 cells were transfected with vAcWT. Signals for PP78/83 (D),
BV/ODV-C42 (E), and 38K (F) specifically localize to the nucleocapsids. Arrowheads, gold particles; Nu, nucleus; nm, nuclear membrane; mv, microvesicles; C,
capsid structures. Scale bars, 500 nm (A to C) and 200 nm (D to F).
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later phase of viral infection, G-actin and the Arp2/3 complex are
recruited into the nucleus, and a dynamic microfilament network
is formed (23) (28). BV/ODV-C42 and PP78/83 have been dem-
onstrated to be essential for this process because deletion of either
BV/ODV-C42 or PP78/83 disrupts the formation of microfila-
ments in the nucleus (28, 30). Deletion of ac101 did not affect viral
DNA replication and the entry of VP39 into the nucleus. However,
elongated tubular structures composed of VP39 were observed in
parallel and adjoined to the nuclear membrane and could not be
transported into the VS (30). Treatment with CD or latrunculin A
results in a similar phenomenon; thus, the formation of actin fil-
aments is considered to be crucial for the morphogenesis of prog-
eny virions and especially for nucleocapsid assembly (25, 57, 58).
Immunofluorescence assays showed that the distributions of nu-
clear F-actin, BV/ODV-C42, and PP78/83 were not affected by
ac54 deletion, whereas the distribution of 38K was changed by the
deletion of ac54 in a pattern similar to the change in VP39. How-
ever, by using immunoelectron microscopy, we found that the
subcellular distributions of BV/ODV-C42 and PP78/83 were also
affected by the deletion of ac54. In vAcWT-infected cells, BV/
ODV-C42 and PP78/83 located specifically to the basal ends of the
assembled nucleocapsids and showed almost no distribution
around the vesicles in the RZ. In contrast, in the vAc54KO-trans-
fected cells, neither BV/ODV-C42 nor PP78/83 was specifically
attached to the capsid structures. BV/ODV-C42 was localized
mainly in the microvesicles in the RZ, similar to 38K, whereas
PP78/83 was equally distributed in the nucleus. The alterations in
the distribution of these capsid proteins imply that ac54 deletion
may affect the integration of BV/ODV-C42, PP78/83, and 38K
into the capsid structures. Because BV/ODV-C42 and PP78/83 are
essential for nuclear F-actin formation, ac54 deletion may affect
the connection between capsid structures and the virus-induced
cytoskeleton, thereby preventing the capsid structures and VP39

from entering the VS. Moreover, although nuclear F-actin was
observed in vAc54KO-transfected cells, we cannot rule out the
possibility that ac54 deletion exerted a minor influence on nuclear
F-actin that could not be detected by phalloidin staining.

Taken together, our findings suggest that VP1054 plays an im-
portant role in the transport of capsid proteins to the baculovirus
nucleocapsid assembly site, which is prior to the nucleocapsid
assembly process. VP1054 is also responsible for the integration of
BV/ODV-C42, PP78/83, and 38K into the capsid structures, im-
plying that VP1054 is responsible for the maturation of capsids.
Studies to further characterize the transport pathway(s) of bacu-
lovirus capsid proteins and to elucidate the details of nucleocapsid
assembly are under way.
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