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ABSTRACT

Many viruses utilize viral or cellular chromatin machinery for efficient infection. Baculoviruses encode a conserved protamine-
like protein, P6.9. This protein plays essential roles in various viral physiological processes during infection. However, the mech-
anism by which P6.9 regulates transcription remains unknown. In this study, 7 phosphorylated species of P6.9 were resolved in
Sf9 cells infected with the baculovirus type species Autographa californica multiple nucleopolyhedrovirus (AcMNPV). Mass
spectrometry identified 22 phosphorylation and 10 methylation sites but no acetylation sites in P6.9. Immunofluorescence dem-
onstrated that the P6.9 and virus-encoded serine/threonine kinase PK1 exhibited similar distribution patterns in infected cells,
and coimmunoprecipitation confirmed the interaction between them. Upon pk1 deletion, nucleocapsid assembly and polyhe-
dron formation were interrupted and the transcription of viral very late genes was downregulated. Interestingly, we found that
the 3 most phosphorylated P6.9 species vanished from Sf9 cells transfected with the pk1 deletion mutant, suggesting that PK1 is
involved in the hyperphosphorylation of P6.9. Mass spectrometry suggested that the phosphorylation of the 7 Ser/Thr and 5 Arg
residues in P6.9 was PK1 dependent. Replacement of the 7 Ser/Thr residues with Ala resulted in a P6.9 phosphorylation pattern
similar to that of the pkI deletion mutant. Importantly, the decreases in the transcription level of viral very late genes and viral
infectivity were consistent. Our findings reveal that P6.9 hyperphosphorylation is a precondition for the maximal hyperexpres-
sion of baculovirus very late genes and provide the first experimental insights into the function of the baculovirus protamine-
like protein and the related protein kinase in epigenetics.

IMPORTANCE

Diverse posttranslational modifications (PTMs) of histones constitute a code that creates binding platforms that recruit
transcription factors to regulate gene expression. Many viruses also utilize host- or virus-induced chromatin machinery to
promote efficient infections. Baculoviruses encode a protamine-like protein, P6.9, which is required for a variety of pro-
cesses in the infection cycle. Currently, P6.9’s PTM sites and its regulating factors remain unknown. Here, we found that
P6.9 could be categorized as unphosphorylated, hypophosphorylated, and hyperphosphorylated species and that a virus-
encoded serine/threonine kinase, PK1, was essential for P6.9 hyperphosphorylation. Abundant PTM sites on P6.9 were
identified, among which 7 Ser/Thr phosphorylated sites were PK1 dependent. Mutation of these Ser/Thr sites reduced very
late viral gene transcription and viral infectivity, indicating that the PK1-mediated P6.9 hyperphosphorylation contributes
to viral proliferation. These data suggest that a code exists in the sophisticated PTM of viral protamine-like proteins and
participates in viral gene transcription.

I n eukaryotic cells, genomic DNA is packaged into nucleosomes,
the structural unit of chromatin, by wrapping the DNA around
histone octamers (1). A diverse array of posttranslational modifi-
cations (PTMs) takes place on the tail domains of histones, in-
cluding acetylation, methylation, phosphorylation, ubiquitina-
tion, and ADP-ribosylation. Because the tail domains protrude
from the surface of the chromatin and provide binding sites for
other protein factors, the presence of single or combinations of
PTMs constitutes a code that enables histones to serve as highly
selective binding platforms for the association of specific tran-
scription regulatory proteins that determine the transcriptional
state of genes (2). Protamines, which may have evolved from H1-
like histones (3), are a diverse family of small arginine-rich pro-
teins that are synthesized in late-stage spermatids of many animals
and plants. Because of their high Arg content, positively charged
protamines can replace histones and form stable complexes with
negatively charged DNA to condense the spermatid genome into a
genetically inactive state during spermatogenesis (3). Protamines
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also carry various PTMs that may be involved in extensive cellular,
epigenetic, and chromatin changes (4).

Many viral pathogens, such as simian virus 40, adenovirus, and
white spot syndrome virus, utilize these basic DNA-binding pro-
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teins (histones or protamines) to maintain their genomes in viral
chromatin and/or package their genomes into nucleocapsids
(5-7). The PTM changes in the histone may be involved in the
process of viral infection (8). Baculoviruses are a group of large
DNA viruses that specifically infect insects and play a major role in
the control of natural populations of holometabolic insects, in-
cluding the orders Lepidoptera, Hymenoptera, and Diptera (9). Au-
tographa californica multiple nucleopolyhedrovirus (AcMNPV),
the type species of baculovirus, encodes a protamine-like protein
named P6.9 (10). The P6.9 orthologs appear to be conserved in all
baculovirus genomes, suggesting a pivotal role for P6.9 in the virus
life cycle. Like other protamines, P6.9 has two structural features.
The first is a series of small DNA-anchoring domains containing
three or more Arg or Lys residues per domain; these positively
charged residues can neutralize and bind the phosphodiester
backbone of DNA. The second is the presence of multiple Ser and
Thr residues (10 Ser and 7 Thr residues in the 55-amino-acid
AcMNPV P6.9) that are thought to function as phosphorylation
sites (11); phosphorylation can weaken the P6.9-DNA interaction
by neutralizing part of the positive charges of P6.9 (12). Consis-
tent with its structural features, P6.9 can be phosphorylated, and
its phosphorylation cycle is important for the condensation of the
viral genome into preassembled capsids and the release of viral
DNA from the nucleocapsids (13).

In addition to viral DNA packaging and release, P6.9 is associ-
ated with chromatin dynamics and gene transcription (14, 15).
Similar to the function of protamine during sperm development
in humans, viral DNA first utilizes host histones or nucleosomes
to form a chromatin-like structure during the early infection
stages, and then, in the late infection stages, P6.9 replaces the his-
tone and becomes a component of an electron-dense, chromatin-
like structure named the virogenic stroma (VS) (14). The VSis the
site for AcCMNPV gene transcription, DNA replication, DNA
packaging, and nucleocapsid assembly (16). Interestingly, in con-
trast to the function of protamines as a general transcriptional
suppressor through the condensation of DNA, P6.9 promotes vi-
ral gene transcription during the late stage of ACMNPV infection
(15).

The gene expression of baculoviruses is regulated mainly at the
transcriptional level, resulting in the sequential expression of the
immediate-early, early, late, and very late genes (17). The imme-
diate-early and early viral genes are transcribed by the host RNA
polymerase II, whereas the late and very late genes are transcribed
by a virus-encoded RNA polymerase (18). During the very late
stage of ACMNPV infection, the very late genes (18 to 76 h postin-
fection [p.i.]), polyhedrin (polh) and p10, are hyperexpressed; at
48 h p.i,, the transcripts compose approximately 24% and 7.5% of
the total cellular RNA, respectively (19). The very late proteins are
associated with the occlusion of the virions. During the very late
stage, newly assembled nucleocapsids are retained in the nuclei
and are enveloped to form occlusion-derived virions (ODVs).
Subsequently, ODVs are occluded by the major matrix protein,
polyhedrin (POLH), to form occlusion bodies (OBs). P10 forms
fibrillar structures and appears to be required for the proper as-
sembly of the polyhedron envelope (20). The embedded ODVs are
highly stable under most normal environmental conditions and
can remain infectious for several years (21). This allows the use of
baculoviruses as viral biopesticides for the control of agricultural
and forest pests (22). Additionally, baculoviruses have been ex-
ploited as expression vectors since 1983 due to their characteristic
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of very late gene hyperexpression (23), and many thousands of
recombinant proteins have been produced successfully using this
mainstream technology (24). However, the molecular mechanism
of very late gene hyperexpression in baculoviruses has not been
completely elucidated.

Protein kinase 1 (PK1) is a virus-encoded serine/threonine ki-
nase. P6.9 is predicted to be a substrate of PK1, because PK1 can
phosphorylate histones and protamine in vitro (25-27). PK1 is
involved in the transcription of the baculovirus very late genes
(28). Deleting pkI results in the failure of nucleocapsid assembly
and occlusion body formation (27). However, the interrelation-
ship between PK1 and the phosphorylation of P6.9 has not been
elucidated.

In this paper, we identified 7 phosphorylated species and 1
unphosphorylated species of P6.9 in AcMNPV-infected cells
using acetic acid-urea polyacrylamide gel electrophoresis
(AU-PAGE). Using mass spectrometry, we found that P6.9 has at
least 13 Ser/Thr phosphorylation sites, 9 Arg phosphorylation
sites, and 10 methylation sites and that each P6.9 species consists
of several isoforms. By analyzing a constructed pkl deletion mu-
tant, we found that PK1 is involved in the hyperphosphorylation
of P6.9 that is responsible for the 3 most phosphorylated P6.9
species in AcMNPV-infected cells. The phosphorylation of 7 Ser/
Thr residues in P6.9 is dependent on PK1. Moreover, replacement
of the 7 Ser/Thr residues with Ala residues dramatically reduces
the transcription of the very late viral genes and viral infectivity.
This study is the first to show that the protamine-like protein
encoded by the viruses is subjected to PTMs and that sophisticated
PTMs can be regulated by a viral kinase.

MATERIALS AND METHODS

Cells and viruses. The Sf9 insect cell line, clonal isolate 9 from IPLB-
S£21-AE cells that were derived from the fall armyworm Spodoptera fru-
giperda (29), was cultured at 27°C in TNM-FH medium supplemented
with 10% fetal bovine serum, 100 pg/ml penicillin, and 30 wg/ml strep-
tomycin. The pseudo-wild-type ACMNPV vAcWT was described in our
previous study (30). The BV titers were determined using a 50% tissue
culture infective dose (TCIDs,) endpoint dilution assay in Sf9 cells (31).

Construction of viruses and plasmids. The bacmid bMON14272 (In-
vitrogen), which contains the genome of AcMNPV (strain E2) (32), was
used to generate a pkI-null virus by homologous recombination in Esch-
erichia coli as previously described (30). In AcMNPV, the genes pp78/83
and pkI overlap and are reverse transcribed, with the pp78/83 transcrip-
tion start site located at nucleotide (nt) 431 of the pk1 open reading frame
(ORF) (19, 33). Thus, to generate a complete pkl knockout virus and to
avoid any impact on pp78/83 expression, a 1,575-bp region containing
part of the pp78/83 and pkI coding regions of bMON14272 (nt 5,936 to
7,510) was replaced with a 1,038-bp chloramphenicol resistance (CmR)
gene cassette, and then a copy of pp78/83 was inserted into the mini-
attTn7 site via site-specific Tn7 transposition (34). A brief description
follows.

The CmR gene cassette was PCR amplified from pUC18-Cm (30) with
primer pair CmRU/CmRD (all PCR primers are listed in Table 1) and
cloned into pUC18 (TaKaRa) to generate pUC18-CmR. Two homolo-
gous fragments flanking the deletion region were PCR amplified from
bMON14272 using primer pairs pp78/83-U/pp78/83-D and pkl-U/
pk1-D. The products were cloned successively into pUC18-CmR to gen-
erate pUC18-US-CmR-DS, and this plasmid was digested to obtain a
linear fragment that contained the CmR gene flanked by the two homol-
ogous regions. The linear fragment was electrotransformed into DH10Bac
(Invitrogen), resulting in the replacement of the target deletion region of
bMON14272 with the CmR gene cassette via Red/ET homologous recom-
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TABLE 1 Primer sequences used in this study

Primer Sequence

CmRU 5'-CCCGGGCCCTTTCGTCTTCGAATAAATACC-3’

CmRD 5'-TCTAGATAAACCAGCAATAGACATAAGCG-3’

pp78/83-U 5'-GAGCTCTTAAGCGCTAGATTCTGTGCGTT-3'

pp78/83-D 5'-CCCGGGGAATTAAAATCGGGCACAGTTAGA-3’

pkl-U 5'-TCTAGAAACATACAAGTTGCTAACCGGC-3’

pkl-D 5'-CTGCAGGGTTATTAAAGATTTTGGTAGACAATGT-3'

R-pp78/83-U 5'-GAGCTCCGTTCGAACAGTTCATCGATC-3’

R-pp78/83-D 5'-CTGCAGCTAAAATACTCCAACGTGCCG-3'

pk1(M)Ft 5'-TTCGTCATTGCCACCACAAATGCTACGCTGCAAACGCTGG-3'

pk1(M)Fs 5'-AATGCTACGCTGCAAACGCTGG-3’

pk1(M)Rt 5'-TCGTAGATATGAATCTGTACAATGTGGTGGCAATGACGAA-3’

pk1(M)Rs 5'-TCGTAGATATGAATCTGTACAA-3’

pk1-FLAG-D 5 -CATTTTTACTTATCGTCGTCATCCTTGTAATCCGACAAAAACTCATGTTTTATAATTTGTTTGT-3’
FLAG-pkl-U 5'-GATTACAAGGATGACGACGATAAGTAAAAATGCCACTTGTTTTACGAGTAGAATTC-3'
R-pp78/83-pkl-D 5'-CTGCAGCTGCAGCATGCACATAGTATGTCGGATAAA-3'

ppk1-FLAG-U 5'-GGATCCGCCACCATGGCCACCACAAATGCTACGCTGC-3'

ppkl-FLAG-D 5'-CTCGAGCTTATCGTCGTCATCCTTGTAATCCTTATCGTCGTCATCCTTGTAATC-3’
p6.9-U 5'-GGATCCATGGTTTATCGTCGCCGTCGC-3’

p6.9-HA-D 5'-GGCGTAATCTGGGACGTCGTATGGGTAATAGTAGCGTGTTCTGTAA-3’
HA-p6.9-U 5'-GAACACGCTACTATTACCCATACGACGTCCCAGATTACGCCTACCCATACGACGTCCCAGATTACGCC-3’
p6.9-D 5'-CTCGAGTTAGGCGTAATCTGGGACGTCGTATGGGTA-3'

Pro-P6.9-U 5'-CGGAATTCACCCGCTCAGTCGGATGT-3’

Pro-P6.9-D 5'-CGAGCTCGTTTAAATTGTGTAATTTATGTAG-3’

q-polh-U 5'-TTAGGTGCCGTTATCAAGA-3'

q-polh-D 5'-GCCACTAGGTAGTTGTCT-3’

q-iel-U 5'-TGTGATAAACAACCCAACGA-3’

g-iel-D 5'-GTTAACGAGTTGACGCTTGC-3'

q-vp39-U 5'-TTGCGCAACGACTTTATACC-3'

q-vp39-D 5'-TAGACGGCTATTCCTCCACC-3’

q-lef6-U 5'-TAGATTCTCCTCGCTTGG-3'

q-lef6-D 5'- ATTTCGCCATCTTCTAAATT-3’

q-18s-U 5'-TACCGATTGAATGATTTAGTGAGG-3'

q-18s-D 5'-TACGGAAACCTTGTTACGACTTT-3’

q-gp41-U 5'-CGTAGTGGTAGTAATCGCCGC-3'

q-gp41-D 5'-AGTCGAGTCGCGTCGCTTT-3'

bination as previously described (30). The resulting bacmid was named
bpp78/83-pk1KO.

A 2,359-bp fragment containing the pp78/83 cassette was PCR ampli-
fied from bMON14272 using primers R-pp78/83-U and R-pp78/83-D
and then was cloned into pEASY-T3 (TransGen Biotech). Because the
fragment contains the partial coding region of pk1, the start codon of PK1
was mutated to ATT with primers pk1(M)Ft, pk1(M)Fs, pk1(M)Rt, and
pk1(M)Rs as previously described (35) to eliminate the expression of a
potentially functional PK1. The mutated pp78/83 cassette was cloned into
pEB1-PH-GFP to generate pFB1-pp78/83(M)-PH-GFP. pFB1-PH-GFP
was constructed by inserting a polh gene under the control of its native
promoter and an enhanced green fluorescent protein (egfp) gene under
the control of an AcMNPV immediate-early gene promoter into the
pFastBacl plasmid (Invitrogen) (36). Finally, the fragment pp78/83(M)-
PH-GFP was inserted into the mini-a##Tn7 site of bpp78/83-pk1KO via
site-specific transposition as previously described (30). The resulting pkI
deletion ACMNPV mutant was designated vPK1KO.

Similarly, a repair virus, vVPK1:FLAG, was generated by inserting the
gene cassettes of both pp78/83 and pkI into bpp78/83-pk1KO. The frag-
ment containing pp78/83 and pkl was amplified from bMON14272 by
overlap extension PCR with primers R-pp78/83-U, pk1-FLAG-D, FLAG-
pk1-U, and R-pp78/83-pkl-D and then cloned into pFB1-PH-GFP. To
facilitate PK1 detection, the pkl ORF was tagged with a FLAG-coding
sequence at its 3’ end in vPK1:FLAG.

Recombinant viruses containing mutations in the p6.9 gene was gen-
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erated by introducing modified forms of p6.9 into bP6.9KO (nt 86924 to
86971 deleted) (11). The p6.9 mutants with 7 residues (S10, S17, T18, 41,
$43, T45, and S49) mutated to Ala were generated by total gene synthesis
technology and then cloned into plasmid pJWF (Beijing Genomics Insti-
tute). The P6.9 native promoter was PCR amplified from bMON14272 by
primers Pro-P6.9-U/Pro-P6.9-D and inserted into pUC18-SV40 (37) to
generate pUC-Pro-SV40. The p6.9 mutant was cloned into pUC-Pro-
SV40 to generate pUC-Pro-P6.9:7M. Pro-P6.9:7M was digested from the
plasmid described above and inserted into pFB1-PH-GFP to generate the
final plasmid, pFB1-P6.9:7M-PG. pFB1-P6.9:7M-PG then was trans-
formed into bP6.9KO to generate the P6.9 mutation recombinant virus
vP6.9:7M. A series of P6.9 mutation viruses (vPK1:1M) were constructed
as described for vP6.9:7M, in which each of the 7 PK1-dependent Ser/Thr
phosphorylation sites was separately mutated to Ala.

To determine whether PK1 interacts with P6.9 in the absence of viral
infection, the transient expression plasmids pIB-PK1:FLAG and pIB-
P6.9:3HA were constructed as follows. The pkI ORF with a FLAG coding
sequence at its 3" end was PCR amplified from bMON14272 with primers
ppk1-FLAG-U and ppk1-FLAG-D. The p6.9 ORF with a 3X hemaggluti-
nin (HA) coding sequence atits 3’ end was amplified from vP6.9:-HA (11)
by overlap extension PCR with primers p6.9-U, p6.9-HA-D, HA-p6.9-U,
and p6.9-D. The two products then were cloned into the transient expres-
sion vector pIB/V5-His (Invitrogen), generating pIB-PK1:FLAG and pIB-
P6.9:3HA, respectively.

All of the constructs were verified by PCR analysis and Sanger se-
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quencing. Bacmid DNAs and plasmids were isolated with the Large-Con-
struct kit (Qiagen) and the E.Z.N.A. plasmid minikit I (Omega), respec-
tively, and quantified by determining the optical density.

AU-PAGE and immunoblotting. To separate the different phosphor-
ylated species of P6.9, AU-15% PAGE (width, 16 cm; height, 20 cm) was
performed as previously described (11). After electrophoresis, the pro-
teins were transferred onto a 0.22-pm nitrocellulose membrane (What-
man) in 0.7% glacial acetic acid transfer buffer (38). The membrane was
immunoblotted with an anti-P6.9 antibody (1:1,000) (11). A donkey anti-
rabbit horseradish peroxidase (HRP)-conjugated antibody (1:5,000; Am-
ersham Biosciences) was used as the secondary antibody.

Mass spectrometry. P6.9 species were separated by AU-15% PAGE as
described above. After Coomassie brilliant blue staining and excision
from the gel, each species was digested with chymotrypsin (final concen-
tration, 0.05 pg/pl; Na-p-tosyl-L-lysine chloromethyl ketone treated,
mass spectrometry [MS] grade; Thermo Scientific) in 100 mM Tris-HCl
(pH 8.0) and 10 mM CaCl, overnight at 37°C. The in-gel digestion pro-
cedure was performed mainly as previously described (39), although the
reduction and alkylation steps were skipped. A total of 10 wl of the di-
gested aliquots was loaded onto a precolumn and then analyzed via an
analytical column (EASY-Spray column; 15 cm by 75 pm; C,g; 3 um)
using nano-liquid chromatography (LC) (Thermo Scientific EASY-nLC
1000 system). The nano-LC flow rate was 300 nl/min. The gradient used
was the following (solvent A, 0.1% formic acid; solvent B, 0.1% formic
acid, acetonitrile): 0 min, 98% A and 2% B; 2 min, 95% A and 5% B; 32
min, 65% A and 35% B; 35 min, 2% A and 98% B; 40 min, 2% A and
98% B.

A hybrid linear ion trap-Orbitrap mass spectrometer (LTQ Orbitrap
Elite; Thermo Scientific) with a Nanospray Flex ion source was coupled to
the outlet of the nano-LC. The fractions eluted from the nano-LC were
infused into the electrospray source. Electrospray ionization was per-
formed at optimal conditions of 1.8 kV and 250°C source temperature. All
spectra were obtained in the positive-ion mode. Full-scan MS was re-
corded with a resolution 0of 60,000 (at #/z400), and the precursor ion scan
was recorded over the 11/z range of 350 to 1,800. The top 10 precursor ions
from the full-scan MS were fragmented by collision-induced dissociation
(CID) and electron-transfer dissociation (ETD) in turn prior to collection
of the MS/MS data. A database search was performed with Proteome
Discoverer 1.3 (Thermo Scientific) using the SEQUEST program (40)
with the amino acid sequence of AcMNPV P6.9. The search parameters
included the following: chymotrypsin enzyme specificity, allowing for two
missed cleavage sites; dynamic modification of S/T/R phosphorylation
(79.966 Da), S/T acetylation (42.047 Da), and R mono-/dimethylation
(14.016/28.031 Da); precursor ion mass tolerance, =10 ppm; fragment
ion mass tolerance, =1.2 Da; ETD, *0.7 Da; and false discovery rate
(FDR) of all peptide and protein identifications, 1% to 5%. To evaluate
the accuracy of phosphorylation site localizations, the phosphoRS algo-
rithm was employed (41). For each phosphorylation site, pRS probabili-
ties above 75% indicated that the site actually was phosphorylated. Other
PTM sites were confirmed by manual validation.

Time course analysis of PK1 expression. Sf9 cells (1 X 10°) were
infected with vPK1:FLAG at a multiplicity of infection (MOI) of 5
TCIDs/cell. At the indicated time points p.i., the cells were washed with
phosphate-buffered saline (PBS; 135 mM NaCl, 4.7 mM KCl, 10 mM
Na,HPO,, and 2 mM NaH,PO,, pH 7.4) and collected by centrifugation
at 3,000 X g for 10 min at 4°C. Immunoblotting was performed as de-
scribed elsewhere (42). A mouse monoclonal anti-FLAG antibody (1:
2,000; Abmart) was used as the primary antibody to detect PK1.

Transfection. Sf9 cells (1 X 10°) were seeded in a 35-mm dish and
allowed to adhere for 2 h. One microgram of bacmid DNA or 2 pg of
plasmid DNA was mixed with 2 i Cellfectin II reagent (Invitrogen) ac-
cording to the manufacturer’s protocol. The DNA-lipid mixture was in-
cubated at room temperature for 1 h and then added to the cells. After 5 h,
the DNA-lipid mixture was replaced with fresh medium. Time zero was
defined as the time when the fresh medium was added.
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Immunofluorescence. Sf9 cells (5 X 10°) were infected with vPK1:
FLAG atan MOI of 5 TCID/cell or transfected with 2 g bacmid DNA of
vPK1:FLAG or vPK1KO. At different time points p.i. or p.t., the cells were
processed for confocal laser scanning microscopy as previously described
(43). The mouse monoclonal anti-FLAG antibody (1:200) and the rabbit
polyclonal anti-P6.9 antibody (1:200) (11) were used as the primary an-
tibodies in combination. An Alexa Fluor 555-conjugated donkey anti-
mouse antibody (1:200; Invitrogen/Molecular Probes) and an Alexa Fluor
647-conjugated goat anti-rabbit antibody (1:200; Invitrogen/Molecular
Probes) were used as the secondary antibodies. Prior to observation, the
cells were stained with Hoechst 33342 (Invitrogen) and washed with PBS.
The labeled cells were visualized with a Zeiss 7 Duo NLO laser scanning
confocal microscope (Carl Zeiss; Germany).

Immunoprecipitation. Sf9 cells (1 X 107) were infected with vPK1:
FLAG at an MOI of 5 TCIDg/cell or cotransfected twice with 9 pg of
pIB-PK1:FLAG and 9 g of pIB-P6.9:3HA. At 48 h p.i./p.t., the cells were
harvested, washed with PBS, and lysed in radioimmunoprecipitation as-
say (RIPA) buffer (25 mM Tris-HCI [pH 7.6], 150 mM NaCl, 1% NP-40,
1% sodium deoxycholate, and 0.1% SDS; Thermo Scientific) supple-
mented with 2 pg/ml cOmplete EDTA-free protease inhibitor cocktail
(Roche). Immunoprecipitation was performed as previously described
(44), and the immunocomplexes were resolved by SDS-15% PAGE. Im-
munoblotting was performed with the mouse monoclonal anti-FLAG an-
tibody or the rabbit polyclonal anti-P6.9 antibody. Sf9 cells infected with
VACWT (MOI of 5 TCID;/cell) and cells cotransfected with pIB-V5/His
and pIB-P6.9:3HA were used as negative controls.

Flow cytometry. Sf9 cells were transfected with the bacmid of
vPK1KO or vPK1:FLAG. At 48 h p.t., the transfected cells were washed
once with PBS, harvested, and resuspended in PBS. The transfected cells
were selected using flow cytometry (MoFlo XDP; Beckman Coulter,
United States) based on green fluorescent protein (GFP) fluorescence.
GFP fluorescence was excited at 488 nm, and emission was measured with
a 530-nm/540-nm band pass filter. Mock-transfected cells served as a
negative control for autofluorescence.

qPCR. Sf9 cells (1 X 10°) were transfected with 1 g of bacmid DNA
and harvested at 24 h p.t. Total DNA was isolated using a Universal
Genomic DNA extraction kit (TaKaRa) and digested with 20 U of Dpnl
(New England BioLabs) at 37°C. Viral DNA replication was determined
by real-time quantitative PCR (qPCR) as previously described (45) with
primers for the gp41 gene in the AcMNPV genome. The number of viral
DNA genome copies in each sample was calculated by using a standard
curve generated from a dilution series of VAcCWT DNA.

RNA extraction and qRT-PCR. Sf9 cells (1 X 10°) were transfected
with 1 pg bacmid DNA of vP6.9:7M, vP6.9:1M, vP6.9KO, or vP6.9:-HA.
Total RNA isolation and cDNA synthesis were performed as previously
described (37). Quantitative reverse transcription-PCR (qRT-PCR) was
performed using TransStart Green gPCR SuperMix (TransGen Biotech)
according to the manufacturer’s protocol. Five genes (iel, lef6 vp39, polh,
and p10) were chosen to investigate the transcriptional levels. The gPCR
data of viral genes were normalized to host 18S rRNA (15), and the relative
expression of genes was calculated using the 2247 method (46).

Purification and fractionation of BVs and ODVs. Sf9 cells were in-
fected with vPK1:FLAG. BVs and ODVs were purified and fractionated
into envelope and nucleocapsid fractions as previously described (43).
Immunoblotting was performed with the mouse monoclonal anti-FLAG
antibody, a monoclonal anti-GP64 AcC6 antibody (1:3,000; eBioscience),
arabbit polyclonal anti-Ac MNPV ODV-E25 antibody (1:2,000) (47), ora
polyclonal anti-AcMNPV VP39 antibody (1:1,000) (48). A donkey anti-
rabbit HRP-conjugated antibody (1:10,000; Amersham Biosciences) or a
goat anti-mouse HRP-conjugated antibody (1:5,000; Pierce) was used as
the secondary antibody.

IEM. Sf9 cells (1 X 10°) were infected with vPK1:FLAG at an MOI of 5
TCID,/cell and prepared for immunoelectron microscopy (IEM) as pre-
viously described (44). Ultrathin sections were immunolabeled and
stained as previously described (49). Immunolabeling was performed
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FIG 1 PTM sites of P6.9. (A) Immunoblotting for P6.9 in vPK1:FLAG-infected cells. vPK1:FLAG-infected cells were harvested at 48 h p.i. P6.9 species were
separated by AU-PAGE into 8 rungs based on their charge states and detected by immunoblotting with the anti-P6.9 antibody. (B) The P6.9 species were stained
with Coomassie brilliant blue and numbered 0 for the unphosphorylated species (including the BV) and 1 to 7 for the phosphorylated species. (C) All of the
identified phosphorylation and methylation sites of P6.9 are indicated in a combined schematic. The phosphorylated residues are indicated by lowercase letters;
the methylated residues are indicated by capital letters. vVPK1:FLAG, vPK1:FLAG-infected cells; BV, BVs purified from the supernatants of vPK1:FLAG-infected

cells; S, serine; T, threonine; R, arginine.

with the mouse monoclonal anti-FLAG antibody (1:100) followed by in-
cubation with the secondary antibody, a goat anti-mouse IgG that was
conjugated to 10-nm gold particles (1:50; Sigma-Aldrich). The samples
were visualized with a JEOL JEM-1400 transmission electron microscope
(JEOL; Japan) at an accelerating voltage of 120 kV.

RESULTS
Identification of the P6.9 PTM sites. P6.9 is a small, arginine-rich,
highly positively charged protein. Approximately 6 to 8 phos-
phorylated P6.9 species in ACMNPV-infected cells can be resolved
as ladders using AU-PAGE (11, 50). AU-PAGE resolves P6.9 spe-
cies based on their charge. One phosphate group decreases the
positive charge of P6.9 by one; therefore, each slower-migrating
rung represents an increased phosphorylation occupancy. To
clarify the phosphorylation states of P6.9, we reexamined the
phosphorylated species in Sf9 cells infected with an ACMNPV con-
struct (VPK1:FLAG). The gene content of vPK1:FLAG is almost
identical to that of wild-type AcMNPV; however, its PK1 was
tagged with a FLAG tag at its C terminus (see details below). A
ladder composed of 8 species of P6.9 was observed in vPK1:FLAG-
infected cells (Fig. 1A). In contrast, only one P6.9 species was
detected in budded virions (BVs). BVs are formed via budding of
newly assembled nucleocapsids from the plasma membrane and
are highly infectious to most insect tissues during the early infec-
tion of baculoviruses (9). The P6.9 species in BVs is unphospho-
rylated (50). The P6.9 species in BVs had the same mobility as the
fastest P6.9 species in the vPK1:FLAG-infected cells, indicating
that the P6.9 species in the vPK1:FLAG-infected cells are com-
posed of 7 phosphorylated and 1 unphosphorylated species.
Although P6.9 is phosphorylated in AcMNPV-infected cells
(11, 50), the exact phosphorylation sites have not been deter-
mined. In the present study, the 8 P6.9 species separated by AU-
PAGE (no. 0 to 7; Fig. 1B) were analyzed by mass spectrometry
utilizing both CID and ETD fragmentation techniques to deter-
mine the phosphorylation sites.
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Mass spectrometry provided an unambiguous assignment of
the phosphorylation sites. Altogether, there were 13 phosphory-
lated Ser/Thr sites, among which 8 were Ser residues (S9, S10, S17,
S23, S24, S41, S43, and S49) and 5 were Thr residues (T11, T13,
T14, T45, and T18) (Fig. 1C; also see Table S1 in the supplemental
material). As expected, no phosphorylation site was detected in
the BV or no. 0 P6.9 species. By comparing the detected phosphor-
ylation sites of the P6.9 species (no. 1 to 7 in Fig. 1C), we found
that most of the phosphorylation sites were located at the P6.9 N
terminus. S9, T13, T14, S23, and S24 could be phosphorylated in
all 7 species. In contrast, S10 and T11 could be phosphorylated in
only 6 species (the exception was no. 1), and the phosphorylation
of S17 and T'18 was detected only in no. 7. Only 4 residues at the C
terminus (S41, S43, T45, and S49) were identified as phosphory-
lated. The S41 phosphorylation was identified only in no. 3 and
no. 5, the S43 phosphorylation was identified in no. 1 to 6, the T45
phosphorylation was observed only in no. 2 and no. 3, and the S49
phosphorylation was detected in no. 1 to 4.

In addition to the Ser/Thr phosphorylation sites, 9 Arg sites
(R6,R7,R8, R19, R21, R22, R42, R47, and R48) were phosphory-
lated. The phosphorylation of R7, R8, R22, and R42 was detected
in no. 1 to 6, and phosphorylated R21 was detected in no. 2 to 7,
excluding no. 4. However, the occurrence of R6, R19, R47, and
R48 phosphorylation was relatively low. Phosphorylated R6 was
detected only in no. 3 and no. 7, phosphorylated R19 in no. 7,
phosphorylated R47 in no. 2 to 4, and phosphorylated R48 in no.
1 to 4 and no. 6.

In addition to phosphorylation modifications, we also
searched the peptides for other PTMs that have been found in
protamines, such as acetylation and methylation (4). No acety-
lated sites were detected in any of the P6.9 species. In contrast, 10
methylated sites were identified, including R7, R8, R19, R20, R21,
R22, R28, R32, R34, and R38. R28 was monomethylated; R7, RS,
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FIG 2 PK1 interacts with P6.9. (A) Time course analysis of PK1 expression. Sf9 cells were mock infected or infected with vVPK1:FLAG. At the indicated time points
p-i., the cells were collected, resolved by SDS-15% PAGE, and analyzed by immunoblotting with a monoclonal anti-FLAG antibody. Mi, mock-infected cells. (B)
Colocalization of PK1 and P6.9. Sf9 cells were infected with vVPK1:FLAG. At the indicated time points p.i., the cells were probed with the anti-FLAG and anti-P6.9
antibody and then visualized using an Alexa Fluor 555-conjugated goat anti-mouse antibody (red) and an Alexa Fluor 647-conjugated donkey anti-rabbit
antibody (green). The merged lane (yellow) shows that PK1 colocalized with P6.9. Nuclear DNA was stained with Hoechst 33342 (blue). (C) Sf9 cells were
infected with vPK1:FLAG or vAcWT. At 48 h p.i,, the cells were collected and lysed for immunoprecipitation with protein A/G agarose beads conjugated with an
anti-FLAG antibody. The immunoblot was probed with anti-FLAG antibody to detect the expression and immunoprecipitation of PK1, and anti-P6.9 antibody
was used to detect the expression and coimmunoprecipitation of P6.9. vAcWT-infected cells were used as a negative control. Input, cell lysates; IP, immuno-
precipitation with protein A/G agarose beads conjugated with an anti-FLAG antibody. (D) Sf9 cells were cotransfected with pIB-PK1:FLAG and pIB-P6.9:3HA.
Cells cotransfected with pIB/V5-His and pIB-P6.9:3HA were used as negative controls. At 48 h p.t., immunoprecipitation assays were performed as described

above.

R19,R20, R34, and R38 were dimethylated; and R21, R22, and R32
represented both states.

Because the methylation of arginine residues does not alter the
charge of a protein (51), the different mobilities of P6.9 species in
AU-PAGE should result from phosphorylation. Thus, the phos-
phorylation levels of P6.9 are incremental because their mobilities
decrease from species no. 0 (and BV) to no. 7. Moreover, from the
mass spectrometry data, the number of identified phosphoryla-
tion sites in each species is larger than expected, which indicates
that there are multiple isoforms in each P6.9 species. For example,
it is reasonable to infer that only one phosphorylated group is
present in P6.9 species no. 1 (Fig. 1C), but 12 phosphorylation
sites were identified in this species. This implies that species no. 1
consists of a mixed spectrum representing 12 different mono-
phosphorylated isoforms. Similarly, each of the remaining P6.9
phosphorylated species also are a mixture of isoforms with the
same amount of phosphate groups in different combinations.
Moreover, if no phosphorylation isoforms exist, only one type of
this phosphorylated peptide should have been detected. However,
differentially phosphorylated peptides always were detected for
the same fragment of P6.9 in each species (see Table S1 in the
supplemental material). For example, for the fragment RRRRRSS
TGTTY (4 to 15 amino acids [aa]) in species no. 2, 7 differentially
phosphorylated peptides were detected, including RRRRrSSTG
TTY, RRRrrSSTGTTY, RRRRRsSTGTTY, RRRRRSstGTTY, RRR
RRssTGTTY, RRRRRSStGTTY, and RRRRRSSTGtTY (phos-
phorylation sites are indicated as lowercase letters). These data
further support the existence of multiple phosphorylation iso-
forms in each P6.9 species.

PK1 interacts with P6.9. As abundant phosphorylated Ser and
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Thr residues were detected in P6.9, and PK1, which is predicted to
be a serine/threonine kinase, has been found to be capable of
phosphorylating protamines in vitro (27), we inspected the poten-
tial association between P6.9 and PK1. Immunoblotting indicated
that PK1 first emerged at 18 h p.i. (Fig. 2A); therefore, immuno-
fluorescence was performed to characterize the distribution pat-
terns of PK1 and P6.9 from 18 to 48 h p.i. Sf9 cells infected with
vPK1:FLAG were incubated concurrently with an anti-FLAG an-
tibody and an anti-P6.9 antibody. Immunofluorescence showed
that PK1 localized at the nucleus at 18 h p.i. Most of the detected
PK1 formed a ring pattern in the ring zone, a peristromal region
enclosing the VS (52) (Fig. 2B). From 24 to 48 h p.i., PK1 accu-
mulated at the ring zone, and discrete foci with the presence of
PK1 also were observed in the VS. Importantly, P6.9 had a similar
distribution pattern during infection. Dye overlay of the green
(P6.9) and red (PK1) channels further demonstrated that P6.9
colocalized with PK1, as shown by the yellow channel in the over-
lay images (Fig. 2B).

The interaction between PK1 and P6.9 was further investigated
by an immunoprecipitation assay. vPK1:FLAG-infected cells were
harvested at 48 h p.i., and the cell lysates were subjected to immu-
noprecipitation with protein A/G agarose beads conjugated with
an anti-FLAG antibody. The presence of PK1 and P6.9 in the im-
munocomplexes was assessed by immunoblotting with the anti-
FLAG or anti-P6.9 antibody. vAcWT-infected cells were used as a
negative control. As shown in Fig. 2C, PK1 and P6.9 were detected
in the lysates of vPK1:FLAG-infected cells (lane Input). Both P6.9
and PK1 were detected in immunocomplexes precipitated by the
anti-FLAG beads (lane IP), indicating that P6.9 could be coimmu-
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noprecipitated with PK1. This result verifies that PK1 can interact
with P6.9 in AcCMNPV-infected cells.

In a transient-transfection assay, Sf9 cells were cotransfected
with pIB-PK1:FLAG and pIB-P6.9:3HA. At 48 h posttransfection
(p-t.), the cells were collected and subjected to immunoprecipita-
tion. P6.9 was copurified with PK1 (Fig. 2D), confirming the in-
teraction between PK1 and P6.9 and indicating that this interac-
tion was independent of any other viral factors.

P6.9 undergoes PK1-dependent hyperphosphorylation dur-
ing viral infection. To assess the potential involvement of PK1
in P6.9 phosphorylation, a pkl knockout recombinant virus
(VPK1KO) was constructed (Fig. 3A). Simultaneously, a pkl re-
pair virus named vPK1:FLAG also was generated, in which PK1
was tagged with a FLAG tag at its C terminus (Fig. 3A). The ex-
pression of pp78/83 in vPK1KO bacmid-transfected cells was con-
firmed by immunoblotting with a rabbit polyclonal anti-Pp78/83
antibody (53) (Fig. 3B). To determine the effect of pkI deletion on
viral replication, Sf9 cells were transfected with bacmids of
vPK1KO, vPK1:FLAG, or vAcWT. Deletion of pkl blocked the
production of both infectious BVs and polyhedra (Fig. 3C and D),
and electron microscopy observed that both nucleocapsid assem-
bly and ODV formation were interrupted (data not shown), con-
sistent with a previous study (27). Moreover, we also found that
pkI deletion specifically downregulated the expression of very late
genes and the expression of other viral genes remained unaffected
(data not shown), which also have been reported in previous stud-
ies (28, 54).

To investigate any effect of pkl deletion on P6.9 phosphoryla-
tion, the phosphorylation pattern of P6.9 was analyzed. At 48 h
p-t., equal numbers of vPK1KO and vPK1:FLAG bacmid-trans-
fected cells were obtained by flow cytometry sorting and subjected
to AU-PAGE and immunoblot analysis. Only 4 phosphorylated
species and the unphosphorylated species of P6.9 were observed in
the vPK1KO bacmid-transfected cells. The 3 slowest-migrating
rungs (arrows), which represent the 3 most phosphorylated P6.9
species in VPKI:FLAG bacmid-transfected cells, vanished from
the vPK1KO bacmid-transfected cells (Fig. 4A). This finding in-
dicates that P6.9 undergoes PK1-dependent hyperphosphoryla-
tion. Notably, the amount of the unphosphorylated P6.9 species
was significantly decreased in the vPK1KO bacmid-transfected
cells in some samples; however, this decrease did not always occur.

To further identify which residues are phosphorylated in a
PK1-dependent manner, the phosphorylation sites of the 5 P6.9
species in the vPK1KO bacmid-transfected cells were mapped by
mass spectrometry. Only 3 Ser residues (S9, S23, and S24), 3 Thr
residues (T11,T13,and T14), and 4 Arg residues (R7, R8,R21,and
R22) were phosphorylated in vPK1KO bacmid-transfected cells
(Fig. 4B); thus, there were significantly fewer phosphorylated res-
idues than in the vPK1:FLAG-infected cells. The lack of detectable
phosphorylation of the other 7 Ser/Thr sites (S10, S17, T18, S41,
S43, T45, and S49) and 5 Arg sites (R6, R19, R42, R47, and R48)
suggests that PK1 is required for their phosphorylation.

Five methylation sites (R21, R22, R37, R47, and R48) were
identified in P6.9 in vPK1KO bacmid-transfected cells, and all of
the modified Arg residues were dimethylated (Fig. 4B). Notably,
R37, R47, and R48 of P6.9 were methylated in vPK1KO bacmid-
transfected cells but were not methylated upon vPK1:FLAG infec-
tion. Similar to the results in vVPK1:FLAG-infected cells, no acety-
lation site was detected in vVPK1KO bacmid-transfected cells. Our
data indicate that the PTM patterns of P6.9 species were substan-
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tially changed following pkI deletion. Therefore, PK1 participates
in the regulation of P6.9 PTMs.

The PK1-dependent hyperphosphorylation of P6.9 is re-
quired for the hyperexpression of very late genes. To investigate
the role of the PK1-dependent hyperphosphorylation of P6.9 in
the virus life cycle, we constructed a recombinant AcMNPV
named vP6.9:7M, in which the 7 Ser/Thr residues of P6.9 men-
tioned above were mutated to Ala residues (Fig. 3A). By using
vP6.9:7M, we simulated the situation in which PK1 remained in-
tact and further investigated the phosphorylation state of P6.9.

The P6.9 phosphorylation pattern in vP6.9:7M first was ana-
lyzed with AU-PAGE and immunoblotting. The hyperphosphor-
ylated species of P6.9, which corresponded to species no. 5 to 7 in
vPK1:FLAG, were not detected in vP6.9:7M (Fig. 4C). This result
corroborated the absence of the hyperphosphorylated P6.9 species
in vPK1KO, suggesting that these PK1-dependent Ser/Thr phos-
phorylation sites play important roles in P6.9 hyperphosphoryla-
tion.

The infectivity of vP6.9:7M was severely impaired, as only a
small amount of infection spread was observed up to 96 h p.t. In
addition, the number of polyhedron-containing cells in vP6.9:7M
bacmid-transfected cells were significantly lower than that in
vP6.9:HA bacmid-transfected cells (Fig. 5A). The infectious BV
production of vP6.9:7M was reduced by 450-fold compared to
that of vP6.9:HA (Fig. 5B). The viral DNA replication in vP6.9:7M
bacmid-transfected cells was analyzed by qPCR, and vP6.9:HA
and vP6.9KO were used as controls. As shown in Fig. 5C, at 24 h
p.t., the amounts of the vP6.9:7M, vP6.9KO, and vP6.9HA
genomic DNA were comparable, indicating that neither the mu-
tation nor deletion of P6.9 affected viral DNA synthesis. qRT-PCR
then was performed to analyze the transcription kinetics of
AcMNPYV genes in vP6.9:7M, vP6.9KO, and vP6.9:HA. Five rep-
resentative viral genes, iel, lef6, vp39, polh, and p10, were selected.
iel and lef6 are immediate-early and early genes, respectively, that
are transcribed by the host RNA polymerase II. vp39is a late gene,
and polh and plI0 are very late genes; these three genes are tran-
scribed by a viral RNA polymerase (9). At 24 h p.t. the transcrip-
tion levels of 7el, lef6, and vp39 in vP6.9:7M were similar to those
in vP6.9:HA, whereas the transcription levels of polh and pI0 in
vP6.9:7M were reduced to 50% and 59% of that in vP6.9:HA (Fig.
5D). The transcription levels of polh and pI0 in cells transfected
with bacmid vP6.9KO or vP6.9:7M were comparable. Therefore,
our results indicate that the PK1-dependent hyperphosphoryla-
tion of P6.9 is important for viral infectivity and also is necessary
for the maximal hyperexpression of very late genes in ACMNPV.

To investigate whether the decreases in very late gene tran-
scription and the infectivity of vP6.9:7M resulted from a mutation
of a hallmark residue, a series of P6.9 mutant viruses was con-
structed. The 7 PK1-dependent Ser/Thr phosphorylation residues
were separately mutated to Ala residues to construct vP6.9:10A,
vP6.9:17A, vP6.9:18A, vP6.9:41A, vP6.9:43A, vP6.9:45A, and
vP6.9:49A (Fig. 3A). None of the P6.9 mutants exhibited any de-
crease in infectivity or level of transcripts of the very late genes
(data not shown). These results suggest that there is not a key
phosphorylation site among the 7 PK1-dependent Ser/Thr resi-
dues and that the hyperphosphorylation of P6.9 enhances very late
gene transcription and viral infectivity.

PK1 is a component of the nucleocapsid of BVs and ODVs.
Serine/threonine kinase activity has been detected in AcMNPV
virions (55). Moreover, the results described above showed that
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FIG 3 Construction of ACMNPV mutants. (A) Schematic diagram of the ACMNPV mutants used in this study. bpp78/83-pk1KO was constructed by replacing
a 1,575-bp fragment of pp78/83 and pkl in bMON14272 with a 1,038-bp CmR gene via Red/ET homologous recombination in Escherichia coli. The pp78/83-
pki-rescued virus (vPK1:FLAG) was constructed by transposing both gene cassettes of pp78/83 and pk1 tagged with a FLAG epitope as well as the polh and egfp
genes into the mini-attTn7 locus of bpp78/83-pk1KO. vPK1KO was generated by inserting only the pp78/83, polh, and egfp genes into bpp78/83-pk1KO. To
prevent the expression of a C-terminus-truncated pkl mutant in insect cells, the initiation codon (ATG) of pkI was mutated to ATT. vP6.9:HA contained a p6.9
OREF tagged with an HA epitope sequence as previously described (11). The 7 PK1-dependent Ser/Thr residues were replaced with Ala residues to construct vP6.9:7M.
A series of P6.9-mutation viruses (VPK1:1M) were constructed as described for vP6.9:7M, in which each of the 7 PK1-dependent Ser/Thr phosphorylation sites were
separately mutated to Ala. GenR, gentamicin resistance; CrmR, chloramphenicol resistance. (B) Sf9 cells were transfected with vPK1KO bacmid. At48 h p.t., the cells were
immunoblotted with a rabbit polyclonal anti-Pp78/83 antibody. Cells transfected with vGP64KO bacmid were used as a positive control. (C) Sf9 cells were transfected
with bacmids of vVAcWT, vPK1KO, or vPK1:FLAG. At the indicated time points p.t., the cells were observed with a fluorescence microscope or a light microscope. (D)
Sf9 cells were infected with VPK1:FLAG or vAcWT at an MOI of 5 TCID;,/cell or supernatants from vPK1KO bacmid-transfected cells at 96 h p.t. The supernatants were
harvested at the indicated time points p.i., and BV titers were determined using TCID;, assays. Each data point represents the average titer from three independent
infections. The error bars represent the standard deviations lg TCIDs,/ml, the logarithm of the TCID,,/ml value with base 10.
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FIG 4 Hyperphosphorylation of P6.9 is PK1 dependent. (A) At 48 h p.t., vPK1KO and vPK1:FLAG bacmid-transfected cells were purified using flow cytometry,
subjected to AU-PAGE, and then immunoblotted with the anti-P6.9 antibody. BV, BVs purified from the supernatants of vPK1:FLAG-infected cells. (B) The
patterns of PTM sites on P6.9 in vPK1KO bacmid-transfected cells. vVPK1KO bacmid-transfected cells were harvested at 48 h p.t. using flow cytometry and then
subjected to AU-PAGE and Coomassie brilliant blue staining. The unphosphorylated species (no. 0) and the phosphorylated species (no. 1 to 4) are indicated to
the right of the panel. The identified phosphorylation and methylation sites are shown in a combined schematic. The phosphorylated residues are indicated by
lowercase letters; the methylated residues are indicated by capital letters. (C) The phosphorylation pattern of vP6.9:7M. At48 h p.t., vP6.9:7M bacmid-transfected
cells were purified using flow cytometry, subjected to AU-PAGE, and then immunoblotted with the anti-P6.9 antibody.

the PK1-dependent hyperphosphorylation of P6.9 plays a pivotal
role in viral infectivity. Considering that P6.9 phosphorylation is a
prerequisite for the release of the viral genomes from the capsids
(13), we speculated that PK1 localizes on the nucleocapsids to
phosphorylate P6.9. To address this possibility, BVs and ODVs
from vPK1:FLAG-infected cells were purified, fractionated into
envelope and nucleocapsid fractions, and analyzed by immuno-
blotting. As expected, PK1 was detected in the nucleocapsid frac-
tions of both BVs and ODVs (Fig. 6A). As controls for different
structures of the virions, the major nucleocapsid protein VP39,
the BV envelope-specific protein GP64, and the BV/ODV enve-
lope protein ODV-E25 were detected in the expected fractions.
This result confirms that PK1 is a nucleocapsid-associated protein
and supports the long-speculated idea that nucleocapsid-associ-
ated PK1 phosphorylates P6.9 to increase the negative charge of
P6.9 and facilitate the release of viral DNA during the nucleocap-
sid uncoating process after a virion invades a host cell (13).
Immunoelectron microscopy (IEM) also was performed to
confirm the localization of PK1. Consistent with the virion frac-
tionation assays mentioned above, a considerable number of gold
particles (indicative of PK1) were detected in the processing nu-
cleocapsids in the VS (Fig. 6B, image a) and the nucleocapsids of
ODVs (Fig. 6B, image b). Gold particles also were observed at the
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edge of the electron-dense matte regions of the VS (Fig. 6B, image
¢), implying that PK1 incorporates into the nucleocapsids in this
area along with the viral genomes. Few gold particles were de-
tected in vVAcWT-infected cells using the anti-FLAG antibody, in-
dicating the specific adsorption of this antibody (data not shown).

DISCUSSION

The baculovirus core protein is a protamine-like protein, and its
gene has been found in all baculovirus genomes sequenced. Evi-
dence from prior studies suggest a model in which the core protein
is phosphorylated upon the entrance of baculovirus nucleocapsids
into the nucleus, resulting in the release of the viral genome and
the subsequent initiation of viral transcription and DNA replica-
tion (9). The core protein is dephosphorylated during nucleocap-
sid assembly, resulting in up to 100-fold condensation of the
newly synthesized DNA in the preassembled capsid sheath (13,
56). Interestingly, several studies have suggested that this protein
has diverse functions and is involved in not only the condensation
and release of the viral genomes but also host and viral chromatin
dynamics and viral gene transcription (14, 15). Its ortholog in the
baculovirus type species ACMNPV, which is named P6.9, has dif-
ferent phosphorylated states (11, 50). However, the sites of phos-
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FIG 5 Hyperphosphorylation of P6.9 regulates viral proliferation and transcription of very late genes. (A) Sf9 cells were transfected with 2 pg bacmid DNA of
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Error bars indicate standard deviations for three independent experiments. (D) qRT-PCR analysis of viral gene transcription. Sf9 cells (1 X 10°) were transfected
with 1 pg bacmid DNA of vP6.9:7M, vP6.9KO, or vP6.9:HA. At 24 h p.t., the indicated viral genes were measured by qRT-PCR. The transcription levels were
normalized to that of the host 18S rRNA transcripts and are shown as the percentages of the corresponding genes in the vP6.9:HA bacmid-transfected cells. Data

polh

were analyzed by Student’s ¢ test. *, P < 0.05; **, P < 0.01. Error bars indicate standard deviations from three independent experiments.

phorylation and the corresponding kinases have not been deter-
mined unambiguously.

Here, we characterized P6.9 PTMs using mass spectrometry. In
addition to the identification of abundant phosphorylated Ser/
Thr residues, we also found 9 phosphorylated Arg residues on
P6.9. The phosphorylation of Arg residues was not described in
AcMNPV P6.9 in Oppenheimer and Volkman’s study (50). This
contradiction may be due to the degradation of phosphoarginine
in an extremely low-pH environment (57), because in Oppen-
heimer and Volkman’s study a 6 M HCI solution was used to
hydrolyze P6.9 into single amino acids. A similar case also has
been reported in another study on VP12, the P6.9 ortholog in
Plodia interpunctella granulovirus (PiGV). In VP12, the phos-
phorylation of Arg residues could be detected by nuclear magnetic
resonance but not by phosphoamino acid analysis, in which the
protein was degraded in a low-pH solution (58).

In this report, we also found that the virus-encoded protein
kinase PK1 regulates the phosphorylation states of P6.9. Using
AU-PAGE, we found that the 3 most phosphorylated P6.9 species
in vPKI:FLAG bacmid-transfected cells were absent from
vPK1KO bacmid-transfected cells. By comparing the phosphory-
lated residues of P6.9 in vPK1:FLAG and vPK1KO bacmid-trans-
fected cells, we found 7 Ser/Thr residues (S10, S17, T18, S41, S43,
T45, and T49) and 5 Arg residues (R6, R19, R42, R47, and R48)
that were phosphorylated only in the vPK1:FLAG-infected cells

August 2015 Volume 89 Number 15

Journal of Virology

(Fig. 7), suggesting that the phosphorylation of these 12 residues is
PK1 dependent. From these results, we propose the following two
points. The first is that PK1 enhances the phosphorylation level in
the N terminus of P6.9. A total of 3 DNA-anchoring domains,
which typically contain 3 to 7 arginine residues, were predicted in
the N-terminal region of P6.9 (11). Thus, the hyperphosphoryla-
tion of P6.9, especially at its N terminus, may facilitate the disas-
sociation of viral DNA and P6.9, because the more negatively
charged phosphate groups that are added on P6.9, the more pos-
itive charges of P6.9 that are neutralized. Second, the phosphory-
lation sites located in the C terminus of P6.9 are PK1 dependent.
Seven residues (S41, R42, S43, T45, R47, R48, and S49) in the P6.9
C-terminal region were phosphorylated upon vPK1:FLAG infec-
tion but were not phosphorylated in vPK1KO bacmid-transfected
cells. Notably, the C terminus of P6.9 is important for ACMNPV
proliferation, because deletion of the 11 C-terminal amino acid
residues (aa 45 to 55) of P6.9 block BV production (59). PK1 may
phosphorylate the P6.9 C terminus either directly or indirectly.
There are 3 arginine-serine (RS) repeats in this region, and two Ser
and one Arg residue among them were phosphorylated (Fig. 7).
The RS repeats in protamines are potential phosphorylation tar-
gets of SR protein-specific kinase 1 (60) and topoisomerase I (61).
Therefore, it is possible that the C-terminal phosphorylation of
P6.9 is carried out by other cellular kinases, which are in turn
regulated by PK1.
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FIG 6 PK1 is a nucleocapsid component of both virions. (A) BVs and ODVs
were purified from the supernatants and the pellets of vPK1:FLAG-infected
cells, respectively, and fractionated into envelope (E) and nucleocapsid (NC)
fractions. Immunoblotting was performed with anti-FLAG antibody to detect
PK1, anti-ODV-E25 antibody to detect the BV/ODV envelope protein
ODV-E25, anti-VP39 antibody to detect the major capsid protein VP39, and
anti-GP64 antibody to detect the BV envelope-specific protein GP64. (B) Im-
munoelectron microscopy showing the distribution of PK1 in vPK1:FLAG-
infected cells. At 60 h p.i., the cells were fixed, dehydrated, embedded in LR
white resin, and processed for immunogold labeling with a mouse monoclonal
anti-FLAG antibody. Shown are processing nucleocapsids in the VS (a), nu-
cleocapsids of the mature ODVs (b), edge of the electron-dense matte regions
of the VS (c). Open triangles point to the specific locations of 10-nm gold
particles.

Our results indicate that P6.9 hyperphosphorylation is a pre-
condition for the maximal hyperexpression of baculovirus very
late genes. This may result from the recruitment of transcription
factors and/or the alteration of viral chromatin by hyperphos-
phorylated P6.9. The recruitment of some transcription factors

0 0

requires multiple PTMs on histones. For example, the methyl-
ation of Lys4 and Lys9 in histone H3 and the methylation of Lys20
in histone H4 help to maintain active marks by allowing the bind-
ing of BRAHMA, the enzyme of the remodeling dSSWI/SNF com-
plex (62). Due to its role as a basic DNA-binding protein, hyper-
phosphorylated P6.9 may adopt a similar strategy, in which some
combinations of the abundant phosphorylation sites and even the
methylation sites may help provide unique binding surfaces for
transcription factors. In contrast, the DNA binding ability of P6.9
is reduced to approximately 50% upon phosphorylation (12).
Thus, the addition of abundant phosphate groups may weaken the
P6.9-DNA interaction by neutralizing part of the positive charges
of P6.9. Hyperphosphorylation also may interrupt the potential
interaction between P6.9 regions within the monomers, because
PTMs regulate protein conformation as well as protein-protein
interactions, and the phosphorylation of protamine has been sug-
gested to disturb intraprotamine and interprotamine interactions
(63, 64). Hence, the highly compact DNA-P6.9 complex may be
further relaxed upon P6.9 hyperphosphorylation, making the cor-
responding genomic regions more accessible for the very late gene
transcription complex. The findings that PK1 can bind to the pro-
moter of polh and that PK1 is a component of the very late gene
transcription complex (65) may help further explain the specific-
ity of this PK1-dependent transcription promotion. Notably, an-
other viral protein, protein kinase-interacting protein (PKIP), can
stimulate the kinase activity of PK1 (66) and is specifically re-
quired for very late gene expression, including POLH and P10
(67). These observations suggest that there is a PKIP-PK1-P6.9-
POLH/P10 signaling pathway that specifically enables the hyper-
expression of very late genes in baculoviruses.

Additionally, we did not detect phosphorylation and methyl-
ation on the same residue concurrently. If PK1 is involved in the
determination of some residues between methylation and phos-
phorylation, one possible mechanism is that the PTM status of
these residues is determined by PK1 phosphorylation on nearby
Ser/Thr residues. Previous research showed that modification on
one residue of histone can determine the PTMs of a nearby resi-
due. For example, in mammalian histone H3, the phosphoryla-
tion of Ser10 results in the inhibition of Lys9 methylation, but it is
synergistically coupled with Lys9 and/or Lys14 acetylation during
hormonal stimulation and mitogenesis (68). PK1 may adopt a
similar regulatory manner to indirectly choose between methyl-
ation and phosphorylation of specific residues. We found that the
residues which have the potential to be methylated and phosphor-
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FIG 7 Schematic of PTM sites identified in P6.9. Asterisks represent the phosphorylation sites. Circles represent the mono-/dimethylation sites. The rectangle

outlines the RS repeats.
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ylated (R7, R8, R19, R21, and R22) are located within the DNA-
anchoring domains. Thus, we speculate that the different modifi-
cations of these residues is involved in the subtle regulation of the
binding between P6.9 and the DNA molecule.

Based on our mass spectrometry data, we found that each P6.9
species consists of multiple isoforms with different combinations
of phosphate groups. Combined, the various charged species and
phosphorylation at different sites could produce as many as
13,922 distinct phosphorylated P6.9 isoforms. However, the ac-
tual number of the phosphorylated isoforms may be far less than
that, because there are composition preferences in the phosphor-
ylation of some residues. For instance, the phosphorylation of S10
was always accompanied by the phosphorylation of S9 or T11 (see
Table S1 in the supplemental material). Phosphorylation at differ-
ent sites might be associated with different roles for a protein. For
example, the phosphorylation of residue T11 in the mammalian
histone H3 results in the enhanced recruitment of the GCN his-
tone acetyltransferase to the cyclin B1 promoter to acetylate resi-
dues K9 and K14; in contrast, the phosphorylation of residues S10
and S28 is associated with chromatin decondensation for tran-
scriptional activation in interphase (69). There are a large number
of phosphorylated isoforms of P6.9, implying that P6.9 could be
involved in a diversity of processes regulated by phosphorylation.
It would be interesting to investigate whether the different permu-
tations of phosphate groups are related to different biological pro-
cesses.

In this study, we were not able to precisely characterize each
single isoform of P6.9. However, on the basis of their different
phosphorylation levels, we can briefly classify the P6.9 species into
atleast 3 groups, including the unphosphorylated species found in
BVs and infected cells, the hypophosphorylated species that may
be phosphorylated by host kinases, and the hyperphosphorylated
species that are PK1 dependent. According to existing data, these 3
groups of P6.9 may perform distinct functions. (i) Newly synthe-
sized viral DNA has to be condensed up to 100-fold during nu-
cleocapsid assembly (56). Thus, the unphosphorylated P6.9 (Fig.
1B, no. 0 and BV in AU-PAGE) should be associated with the
encapsidation of viral DNA into procapsids. (ii) According to our
observations, as long as the hypophosphorylated P6.9 species exist
(Fig. 4B and C, no. 1 to 4 in AU-PAGE), the expression of most of
the viral genes is not affected (vPK1KO and vP6.9:7M bacmid-
transfected cells). However, when the hypophosphorylated P6.9
species are absent (vP6.9KO bacmid-transfected cells) during the
late infection phase, there is a general downregulation of most of
the viral genes. These findings suggest that the hypophosphory-
lated P6.9 species have broad transcription-promotion effects on
viral genes, although the functional mechanism of the hypophos-
phorylated P6.9 species remains to be determined. (iii) As de-
scribed above, the hyperphosphorylated P6.9 species (Fig. 1B, no.
5 to 7 in AU-PAGE) facilitate very late gene hyperexpression and
may help release the viral genome upon virus invasion. Thus, the
existence of various P6.9 species and their multiple functions re-
flect how the virus can sufficiently utilize a protamine or prot-
amine-like protein in each phase of its life cycle. Future studies
also should focus on the function of methylation, which may play
roles in the replication of baculoviruses.

In summary, our experiments provide novel insights into the
regulation of P6.9 PTMs and examine the relationship between
the PTM patterns of the viral protamine-like protein and a viral
serine/threonine kinase. These results provide valuable informa-
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tion for further explorations into the molecular mechanism by
which pathogen protamine-like protein PTMs regulate viral pro-
liferation and gene transcription. Furthermore, because we de-
tected various modification patterns in P6.9, future studies will
focus on the potential code and its function on viral protamine-
like proteins, which are rarely studied in virology.
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