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The Lymantria dispar multinucleocapsid nuclear polyhedrosis virus (LdMNPV) gene encoding vPK has been
cloned and sequenced. LdMNPV vPK shows a 24% amino acid identity to the catalytic domains of the
eucaryotic protein kinases nPKC from rabbits, HSPKCE from humans, APLPKCB from Aplysia californica,
and dPKC98F from Drosophila melanogaster, and homology to several other protein kinases from yeasts, mice,
and bovines. The homology suggests that vPK is a serine/threonine protein kinase as defined by Hanks et al.
(S. K. Hanks, A. M. Quinn, and T. Hunter, Science 241:42-52, 1988). Temporal expression studies indicate that
vPK is expressed throughout the infection cycle beginning at 4 h postinfection, first as a delayed-early gene and
subsequently as a late gene. Sequence analysis and primer extension reactions confirm the presence of distinct
early and late transcription initiation regions. Expression of vPK with a rabbit reticulocyte system generated
a 31-kDa protein, which is in close agreement with the predicted size of 32 kDa from the amino acid sequence.
Phosphorylation activity of in vitro-expressed vPK was demonstrated by using calf thymus histones.

The Lymantria dispar multinucleocapsid nuclear polyhedro-
sis virus (LdMNPV) is a double-stranded DNA virus that is
pathogenic to the gypsy moth (L. dispar). The gypsy moth, an
insect nonindigenous to the United States, feeds on over 300
species of trees and shrubs and is a serious defoliating pest in
northeastern forests. The life cycle of LdMNPV is similar to
that of other baculoviruses in that it has two morphologically
distinct forms: a nonoccluded budding virus that infects cells
within the same larva and an occluded form or polyhedron that
enables transmission from one larva to another (for a review,
see reference 4).

Baculovirus genes are temporally regulated and can be
divided into four categories based on the time of expression
(for a review, see reference 10). Early genes are those that
precede viral DNA replication and are further divided into two
groups: immediate early and delayed early. Both immediate-
and delayed-early genes are expressed from host RNA poly-
merase II and have promoters that resemble typical eucaryotic
promoters (11, 18), although delayed-early genes may require
other viral proteins as enhancers of transcription. Recently, it
has been suggested that there should be only one category of
early genes, as Autographa californica multinucleocapsid nu-
clear polyhedrosis virus (AcMNPV) immediate- and delayed-
early gene transcription can be efficiently initiated with nonin-
fected Spodoptera frugiperda (Sf9) nuclear extracts (12). The
levels of transcription are increased when AcMNPV-infected
Sf9 nuclear extracts are used. Therefore, the previous distinc-
tion between immediate- and delayed-early gene transcription
may be due to different levels of promoter activity and
transactivation by viral proteins. Late genes are transcribed by
a virus-induced at-amanitin-resistant polymerase (11, 59) which
recognizes the specific late promoter sequence NTAAG,
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where N is usually an A (15, 25, 41). Late and very late gene
expression occurs concomitant with DNA replication (21) and
includes viral genes required for nucleocapsid and polyhedron
formation.

Reversible phosphorylation of proteins is a common mech-
anism in eucaryotes for regulation of cellular processes, includ-
ing gene transcription and cell division (for a review, see
reference 19). Protein kinases have been identified in vaccinia
virus (24), Sendai virus (42), Semliki Forest virus (52), Sindbis
virus (52), and RNA tumor viruses (17). Many of these
enzymes are virally encoded, including protein kinases from
herpes simplex virus (8), cytomegalovirus (51), and African
swine fever virus (ASFV) (3). Several host and viral proteins
are phosphorylated following infection with baculoviruses (22,
30, 60). Protein kinase activity has also been found to be
associated with occluded and extracellular forms of AcMNPV
(31) and with purified capsids of the Plodia interpunctella
granulosis virus (57). In P. interpunctella granulosis virus, the
protein kinase is thought to phosphorylate nucleocapsid pro-
teins, enabling the release of viral DNA from the capsids (58).
A novel protein kinase that is induced in Bombyx mori cells
after infection with B. mori multinucleocapsid nuclear polyhe-
drosis virus has recently been identified (61). It is not known
whether the gene for this protein kinase is located on the viral
or host genome.

In this paper, we report the cloning and characterization of
the protein kinase gene, vPK, of LdMNPV. vPK exhibits
approximately a 24% amino acid identity to the catalytic
domains of the eucaryotic protein kinases nPKC from rabbits
(33), HSPKCE from humans (2), APLPKCB from Aplysia
californica (32), and dPKC98F from Drosophila melanogaster
(46). Expression of the vPK gene in vitro generated a 31-kDa
protein, which was in close agreement with the 32-kDa protein
predicted from the amino acid sequence. The in vitro-gener-
ated vPK exhibited protein kinase activity with histones serving
as a substrate. Northern (RNA) analysis reveals that vPK is
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initially expressed as a delayed-early gene but late in the
infection cycle is expressed as a late gene.

MATERLALS AND METHODS

Cells and virus. L. dispar 652Y cells (13) were grown as
monolayers in Goodwin's IPL-52B medium supplemented with
6.25 mM glutamine and 10% fetal bovine serum. Cell cultures
were inoculated with LdMNPV clonal isolate 5-6 (49) at a
multiplicity of infection of 10. Virus was removed after a 1-h
adsorption period and replaced with fresh medium.
RNA isolation and Northern blot analysis. Infected L. dispar

652Y cells were harvested at various times postinfection (p.i.).
Cytoplasmic RNA was isolated as described by Friesen and
Miller (9). For inhibitor studies, cells were treated with cyclo-
heximide at 100 jig/mI for 0.5 h prior to virus adsorption or
aphidicolin at 5 ,ug/ml after adsorption. Inhibitors were main-
tained in the medium throughout the time course. RNA was
separated on 1.2% agarose-formaldehyde gels and transferred
to nitrocellulose. Northern blots were performed as described
by Mahmoudi and Lin (28). Probes were radiolabelled with a
nick translation kit from Bethesda Research Laboratories and
[cx-32P]dCTP from NEN.

Construction of a Xgtll cDNA library. A cDNA library was
constructed by using the Riboclone cDNA Synthesis System
from Promega. Poly(A) RNA was isolated and purified from
L. dispar cells infected with LdMNPV at 7 h p.i. First-strand
synthesis was accomplished with avian myeloblastosis virus
reverse transcriptase by using a poly(T) primer with an adapter
containing a unique NotI site. After second-strand synthesis
of the cDNA, EcoRI linkers were ligated to the ends. The
cDNAs were then cloned into Xgtl1 after digestion with
EcoRI-NotI.

Viral DNA isolation and Southern blot analysis. Nonoc-
cluded virus from plaque-purified LdMNPV isolate 5-6 was
isolated from infected 652Y cells and used as a source of
genomic DNA for Southern blot analysis. Medium was de-
canted from the cells, and cellular debris was removed by
centrifugation at 550 x g for 10 min. Virus was pelleted by
centrifugation at 104,000 x g for 45 min at 4°C. The pellet was
resuspended in 0.1 x TE (1 mM Tris, 0.1 mM EDTA [pH 8.0])
at 4°C overnight. One volume of 2 x DNA extraction buffer
(20 mM Tris [pH 7.5], 120 mM NaCl, 20 mM EDTA [pH 8.0],
2% sodium dodecyl sulfate [SDS], and 40 ,ug of proteinase K
per ml) was added, and the solution was incubated for 1 h at
50°C. The solution was adjusted to 1% Sarkosyl and incubated
for an additional hour at 50°C. Viral DNA was extracted with
1 volume of Tris-buffered phenol and 2 volumes of chloroform-
isoamyl alcohol (24:1) and then precipitated with the addition
of 2 volumes of ethanol. Viral DNA was digested with restric-
tion endonucleases and fractionated on Tris-borate-EDTA-
0.8% agarose gels. Southern blot analysis was performed on
nitrocellulose with probes generated as described above.

Sequencing. The vPK sequence was obtained on both
strands by the dideoxynucleotide method of Sanger et al. (44).
M13 vectors were used to generate single-stranded DNA
templates and then sequenced with the Sequenase kit from
U.S. Biochemicals. Specific primers for sequencing were syn-
thesized on an Applied Biosystems 381A DNA Synthesizer.
Sequence from plasmids was obtained with the fmole DNA
Sequencing System from Promega by using protocols supplied
with the kit. [_x-35S]dATP was supplied from NEN. Sequence
analysis was done by using MacVector from IBI.
Primer extension mapping of early and late transcripts.

Primer extension reactions were performed by the method of
Crawford and Miller (6). RNA was isolated from L. dispar cells

infected with LdMNPV clonal isolate 5-6 at 6 and 48 h p.i. An
18-base primer that is complementary to the sequence shown
in Fig. 3 (positions 320 to 339) was used in the reactions after
being end labelled with [y-32P]dATP from NEN. The primer
was extended by using Moloney murine leukemia virus reverse
transcriptase. Primer extension products were fractionated on
6% polyacrylamide-8 M urea gels and visualized by autora-
diography.

In vitro transcription and translation of vPK. The 1.2-kb
PstI-HindIII fragment was subcloned into plasmid pT7/T3s18
from Bethesda Research Laboratories. The resulting plasmid,
pPH1.2, has vPK under control of the T7 promoter. vPK was
expressed from pPH1.2 by using the TNT Coupled Reticulo-
cyte Lysate System and T7 RNA polymerase from Promega by
using directions provided with the kit. The expressed protein
was labelled by the addition of [35S]Met obtained from NEN.
Reaction products were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) and autoradiography.

Determination of protein kinase activity of vPK. Kinase
activity was determined by using TNT-expressed vPK without
the addition of any labelled amino acid. Phosphorylation
assays were conducted as described previously (3) with only
minor changes as detailed below. Briefly, the kinase reactions
were performed in a 20-,lI volume of a mixture of 50 mM Tris
(pH 7.5), 5 mM dithiothreitol, 5 mM dATP, 1 jiCi of [_-32p]
dATP, and 10 ,ug of protein substrate. The reactions were
initiated by the addition of 10 ,ul of TNT extract, and the
mixtures were incubated at 30°C. The reactions were stopped
after 10 and 30 min by addition of 20 .l1 of 2 x SDS sample
application buffer (125 mM Tris [pH 6.8], 4% SDS, 40%
glycerol, I M 3-mercaptoethanol, 0.002% bromophenol blue)
and analyzed by SDS-PAGE and autoradiography.

Nucleotide sequence accession number. The nucleotide se-
quence of the LdMNPV vPK gene has been deposited in
GenBank under accession no. M04322.

RESULTS

Temporal analysis of vPK. A Xgtl 1 cDNA library was
constructed by using RNA isolated at 7 h p.i. from L. dispar
652Y cells infected with clonal isolate 5-6. Since early viral
transcripts had previously been mapped between 11 and 18 kb
(6.7 to 11 map units) on the viral genome (49), the 5.1-kb
EcoRV-I fragment was used as a probe to screen the 7-h
cDNA library. Two A-cDNA clones (X5-2 and X5-6) which
hybridized to this probe were identified and purified. The
lengths of the cDNA inserts were determined by digestion of
the phage DNA with NotI-EcoRI. Phage X5-2 contained an
insert approximately 880 bp in length, and X5-6 contained an
insert that was approximately 750 bp (data not shown). The
cDNA inserts were gel purified from both phages and used as
probes on Northern blots to identify the sizes of the transcripts
being expressed. Both cDNAs hybridized to the same 950-bp
transcript (Fig. 1). This gene was later designated vPK on the
basis of homology to other protein kinases (see below). vPK is
first expressed at 4 h p.i. and continues to be expressed
throughout infection. The vPK cDNA clones also hybridized to
larger transcripts (1.6, 2.1, and 3.3 kb) expressed at 48 and 72
h p.i., indicating that at least part of the vPK gene is present on
overlapping transcripts. These types of transcripts are com-
monly found in other baculoviruses (26). It has been suggested
that overlapping transcripts can be used as a means of viral
gene regulation (29).
Genomic mapping and sequencing of vPK. vPK was localized

to the 4.1-kb PstI fragment located at approximately 9.8 to 13.9
kb (6.0 to 8.5 map units) on the viral genome by Southern blot
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FIG. 1. Expression analysis of the LdMNPV vPK gene. L. dispar
652Y cells were infected with 10 50% tissue culture infective dose units
of LdMNPV isolate 5-6 per cell. At the times indicated above the lanes
the cells were harvested, and cytoplasmic RNA was isolated. The RNA
was separated by agarose-formaldehyde gel electrophoresis, blotted,
and probed with a 32P-labelled vPKcDNA clone. Uninfected cells were
used as a control (lane C). Lane M contains size standards. The lengths
of the vPK gene transcripts are indicated at the right.
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analysis using the vPK cDNA insert from X5-6 (data not
shown). Further mapping determined that the entire gene was
present on a 1.2-kb PstI-HindIII fragment (Fig. 2A) covering
the region from 9.8 to 11.0 kb (6.0 to 6.7 map units) on the
genome. This fragment was subcloned into plasmid pT7/T318
from Bethesda Research Laboratories to generate pPH1.2,
which has vPK under control of the T7 promoter. The nearly
intact vPK cDNA (from X5-2) and the partial cDNA clone
lacking the 5' region of the vPK gene (from X5-6) were used as
probes for Southern blotting to determine the direction of
transcription of vPK (data not shown). These data indicated
that vPK is translated from left to right with respect to the viral
genome.
The restriction map of the 1.2-kb PstI-HindIII fragment is

shown in Fig. 2A. Specific subclones of this fragment were
generated in M13 vectors and then used to determine the
nucleotide sequence of the fragment. The sequencing strategy
used is outlined in Fig. 2B. Computer analysis of the 1.2-kb
Pstl-HindIII fragment revealed several open reading frames
(ORFs) that may encode proteins, with the largest ORF (867
bp) being in frame 2 (Fig. 2C).

Characteristics of the nucleotide sequence. The nucleotide
sequence of the 1,247-bp PstI-HindIII fragment and the pre-
dicted amino acid sequence ofvPK are presented in Fig. 3. vPK
begins at position 287 and ends at position 1109. This gene
would encode a 274-amino-acid protein with a predicted
molecular mass of 32 kDa.
Approximately 183 bp upstream of the vPK start codon is a

region with the sequence AACGTGAC (position 104). This
sequence is similar to the CGT motif, with the consensus
sequence A(A/T)CGTGTR (where R is a purine residue), that
has been identified upstream of many early genes in AcMNPV
(7). In addition, there are two identical 13-bp direct repeats
upstream of vPK beginning at nucleotide positions 39 and 171.
These repeats are composed entirely of GC residues with the
core sequence GCGCG. GC-rich repeats with this core se-
quence were identified upstream of early genes in AcMNPV
and may function as enhancers of viral transcription (7).
Although there is no consensus early promoter sequence

FIG. 2. Genomic location of LdMNPV vPK, sequencing strategy,
and ORF analysis. (A) BglII restriction map of the LdMNPV viral
genome (39). The enlarged map indicates the 1.2-kb PstI-HindIII
fragment that encodes vPK at 9.8 to 11.0 kb (6.0 to 6.7 map units) on
the genome. The relevant restriction sites used in subcloning and
sequencing are indicated. (B) Sequencing strategy. The arrows below
the map indicate sequences obtained from specific subclones and from
oligonucleotide primers. (C) ORF analysis of this fragment in all six
reading frames: 1, 2, and 3, from the coding strand of DNA; 4, 5, and
6, from the noncoding strand. The black boxes indicate ORFs that are
at least 25 amino acids in length and which begin with an ATG start
codon as determined by using the MacVector program from IBI. The
shaded box indicates the ORF encoding LdMNPV vPK (frame 2).

(TATA box) that can be identified upstream of vPK, the
AT-rich regions at positions 140 (ATTATC) and 241
(AAATAA) might serve as an early promoter and drive
expression of vPK at early stages of viral infection. The
ATTATC sequence at position 140 is similar to the sequence
(ATTATG) that has been identified as a possible promoter
sequence in the CG30 gene of AcMNPV (53). The AT-rich
region at position 241 also has the consensus late promoter
sequence ATAAG (41) which may drive expression of vPK
during the late phase of viral replication. It is possible that this
late promoter is also acting as a TATA box because of the
presence of the other early gene elements not present in
AcMNPV. Alternatively, expression of vPK may not require a
TATA-like promoter. Close examination of the early start site
sequence (CTCATTGC) reveals similarity to transcriptional
start sites in D. melanogaster, with the consensus sequence
NTCAGTYN, that do not appear to require TATA boxes (20).
Downstream of vPK at position 1110 is a consensus polyade-
nylation site, AATAAA.

Characteristics of the protein sequence. The predicted
amino acid sequence of vPK was compared with other se-

quences in GenBank at the National Center for Biotechnology
Information by using the BLAST network service (1). vPK
shows homology to the catalytic domains of protein kinases
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Pst I
1 CTGC AGT CGC CGT ATC CTC GGC GAG TCG TCG CTA CGC ACG GGC GCG

47 GCG GCG GCG CAC ACC CGA TTG AM AAT CTC AAC AGG TCG ACG GTT

92 TCG CGC AGA TCG AAC GTG AGC ACG CCG GGC GAC TCG ACC GCC GAG

137 GTC ATT ATC TTG TCT ATC AGC CAT TGC GCG CTC GCG GGC GCG GCG

182 GCC GCG ACC

227 TAG GCT TCG

272 TAC GAC TTG MC

317 TTT CAC AAA GAG
F H K E

362 GGC AAG TTC GGC
G K F G

407 MG TCC TTC TTC
K S F F

452 ATC GAG CCG TTC
I E P F

497 CTC AGA CTC TTC
L R L F

542 GTA ATG GAC TAC
V M D Y

587 ACA GAG CCC CGG
T E P R

632 CAG CTC ATA GAC
0 L I D

677 CAC MC GAC GTC
H N D V

722 CAG ATC TAC GTG
a I Y V

767 CCC TCC ACG TTC
P S T F

812 ATA MC AM CAC
I N K H

857 GGC GTG CTG CTC
G V L L

902 CTC GAC CAG GAC
L D 0 D

947 CAG ATA CAG CTC

Q I Q L
992 TTC CTA GAA GAG

F L E E
1037 TAC AGA GCC CAC

Y R A H
1082 MG AGT ATT GTT

K S I V

TCC GAC ACG AGC CGC AGC GCC TCG TCG CGG GGA GGG

TTG TGA ATFA7AG1 TTA CTT TCG GGC TCA TTG CCC GCG

ATA ATG GAC GCG CTG ATC GGG GAC TTT GCG GAT
M D A L I G D F A D

TGC AGC GCG CGC ACC GCG CTC CAC CTC GTC MC
C S A R T A L H L V N

AAG GTG TCC GTG TGG AAA CAC GGA CCG ACT CM
K V S V W K H G P T Q

TAC AAG CGA ATC GAG CAC AAA CAC TTC MT GCC

Y K R I E H K H F N A

GTG CAC CAC CTG ATG MG TTC MC AAA TAT TTT
V H H L M K F N K Y F

TAC TCG TTG CAT TCG CTG CGC GAA CAC TTA CTA
Y S L H S L R E H L L

ATT CCC GAC GGG GAC CTG TTC GAC CTG ATG CM
I P D G D L F D L M Q

CTG CGG GAG CCA GAG ATA TCC TTG ATC GCC TAC
L R E P E I S L I A Y

GCC CTG CM GCC CTG CAC AAA CAC MC GTG GTG
A L Q A L H K H N V V
AAG CTG GAG MC GTG CTG TAC AGG CGG TTC GAG
K L E N V L Y R R F E

TGC GAC TAC GGG CTG TGC AAG ATC GCC GGT TCG
C D Y G L C K I A G S

GAG GGC
E G

GCC GCG
A A
TAC GM
Y E

GAG AGC
E S

GAC GTG
D V
TTT ATT
F I

AGT TAT
S Y

CAT TGG
H W

ACG GTG GAC TAC TTC TCG CCG GAG AAG
T V D Y F S P E K

GCC GTG CAC TTC GAC TGG TGG GCC GTG
A V H F D W W A V

ATA TCC ACC GGC AAA CAC CCC TTC AAG
I S T G K H P F K

CTG GAC GTG GAG ACC CTG CAC AAG CGG

L D V E T L H K R

ACC TTT CCC GCC GAC TTT GAC AAC CCC

T F P A D F D N P
TGT TTT CTG TTG GGC TAT TGC TAC GAC

C F L L G Y C Y D

GAG GTC ATT CM MG MC ACC TAC TGG
E V I Q K N T Y W

AAG CAA CGA 1A TAA TTT AAA AAT
K Q R

1127 ATA TAT AGT GTI TTA TTA TTT AM TM CM CCA AGG GGT GAG GIT

1172 MA AAA AAT MC MC CAA CGG TGA GGT TAM MT ATA TTT ATT
Hind III

1217 GCA TGC GGT TAA CM TAG ATT CAT ACA AGC TT

FIG. 3. Nucleotide sequence of the 1.2-kb PstI-HindIII fragment
and the predicted amino acid sequence of vPK. Early gene elements
that have been identified in AcMNPV are indicated with a single (GC
motif) or double (CGT motif) underline. The late promoter sequence
at position 241 and the polyadenylation site at position 1110 are boxed.
Transcriptional start sites are indicated with single arrows for early
start sites or double arrows for late start sites. The position of the
poly(A) tail is indicated with a asterisk.

from a variety of organisms, including nPKC from rabbits (33),
HSPKCE from humans (2), APLPKCB from Aplysia califor-
nica (32), and dPKC98F from D. melanogaster (46). vPK and
the protein kinases shown are approximately 24% identical
over the entire length of vPK (Fig. 4). There is approximately
44% amino acid similarity between vPK and the protein
kinases (nPKC, 45%; HSPKCE, 45%; APLPKCB, 43%; and
dPKC98F, 43%) when conservative residue changes are taken
into consideration. The vPK homology extends only over the
catalytic domains of the eucaryotic protein kinases. The other
protein kinases are much longer than vPK, since they also have
an N-terminal regulatory domain that is absent in vPK.
Homologous subdomains found in all protein kinase cata-

lytic domains (16) are indicated in Fig. 4, including the consen-
sus ATP-binding site (G-X-G-X-X-G-X-V-X14-K, where X is
any amino acid) found in region I (56). The first glycine in the
LdMNPV vPK ATP-binding site is replaced with a valine
residue. Most protein kinases are highly conserved in this
region, although there are exceptions. In casein kinase 11 (45)
and Nim-1 (43), the third glycine residue is replaced by a
serine. Another protein kinase, Mikl (27), has the first, second,
and third glycine residues replaced with histidine, serine, and
serine, respectively. A protein kinase that is encoded by ASFV
has recently been identified. Although the ATP-binding site in
the ASFV protein kinase is missing two of the conserved
glycine residues (the first glycine is replaced by glutamate, and
the third is replaced with asparagine), the enzyme could still
phosphorylate calf thymus histone protein in vitro (3).
vPK was found to contain protein kinase subdomains II

through XI as defined by Hanks et al. (16). Region II con-
tained the invariant lysine residue (at position 46) which is
essential for protein kinase activity (5). Regions III and IV are
defined by an invariant glutamic acid and an isoleucine,
leucine, or valine, respectively. vPK contains a glutamic acid at
position 57 and a leucine residue at position 73. The area of
vPK between residues 86 and 95 shows homology to region V,
which exhibits heterogeneity among kinase proteins. vPK
contains a valine, methionine, tyrosine, and aspartic acid at
positions 86, 87, 89, and 95, respectively, that are present in
numerous protein kinases. Regions VI and VII are highly
conserved among all protein kinases. The consensus sequences
for regions VI and VII are D-V/I/L-X-X-X-N-V/I/L and
V/I/L-X-D-F-G, respectively. Serine/threonine protein kinases
can be identified with the consensus sequence D-L-K-P-E-N in
region VI. vPK contains residues D-V-K-L-E-N-V at positions
133 to 140 in region VI, indicating that it is a serine/threonine
kinase. vPK region VII has the consensus sequence with the
exception of a tyrosine in place of the phenylalanine at position
152 (V-X-D-Y-G). The amino acid sequence G-T-X-X-Y-X-
S-P-E at positions 166 to 174 in vPK is in close agreement with
the region VIII consensus sequence, G-T/S/P-X-X-Y-X-AIP/
S-P/L-E, which also indicates a serine/threonine protein ki-
nase. The region IX consensus sequence of D-X-W/Y/F-A/S-
X-G-V/I/L is well conserved at positions 186 to 192 (D-X-W-
A-X-G-V) in vPK. Region X, a heterogeneous area of
approximately 20 residues, generally begins approximately 15
residues from the highly conserved V/I/L residue in region IX
and often with an aspartic acid residue. An aspartic acid is
located 15 residues from the conserved valine in vPK and is
followed by the sequence Q-X-E-X-L-X-X-X-X-L, which is
present in several protein kinases. Typically, region XI is
located approximately 20 to 52 residues from region X and
contains an I/V/L/N/C residue followed by a highly conserved
arginine 11 positions down. vPK contains an isoleucine and
arginine at positions 241 and 252, respectively, which matches
the placement of these residues in the region XI consensus
sequence (Fig. 4). In addition, vPK contains all six highly
conserved regions identified in herpesvirus protein kinases (5),
which correspond to regions I, II, III, VII, VIII, and IX defined
by Hanks et al. (16).
Mapping of 5' and 3' ends of the vPK transcript. Temporal

analysis indicated that vPK was expressed throughout the
infection cycle of the virus. To determine whether transcription
of vPK was initiated at the same regions at both early and late
times, primer extension reactions were carried out with RNA
from either 6 or 48 h p.i. to map the 5' ends of the vPK
transcripts. The 6-h primer extension reaction demonstrated
that there are two start sites for early gene expression 25 and
26 bp upstream of the vPK start codon (Fig. 5A). At a later
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274 aa

249 1 736 aa

24 748 aa

23 | 743 aa

I% I 634 aa

LdINPVvPK N DALIGD F A D F H K E C S AR T AL H L V NG K FGKV S VW KH
RABBIT PK (399) K RLGLD E F N F I K V L G K G S F G K V N L A EL
HUIM PK (401) K R L G L D E F N F I K V L G K G S F G K V N L A E L
APLYSIA PK (396) S RISLH D F N F I K V L G K G S F G K V L AEK
FLY PK (296) G K C SLLDF NFIK V L G KG S F G K V L AEK

LINPV PK G P TQ KSF FY K R I EH K H F N AI- - - - - - - - E PFVHH L N K F NK
RAB ITPK K G KDEVYAV K V L K K D V I LQ DDDVDC T M T - K R I L A L ARK H P
HLUAN PK K G KDEVYAV K V K K D V I LQ DDDVDC T NT E K R I L A L ARKHP
APLYSIA PK K G TDEVY A I K V L K KDVI I Q D DDVECT NT E K R I L A L S AKHP
FLY PK K G TDEIY A I K V L K KD AI I Q D D D VDCT NTEKR I L AL A A NHP

ItI

LdNNPV PK Y F L R L FYSLHSLR E H L L V N D Y I P D G D L F D L O T E P R L R E P
RABBIT PK Y L TO LYCCFO TKD R L F F V N E Y V N G G D L N FQII O R SRKFDEP

HUMAN PK Y L T
Q
LYCCF

Q
TK D R L F F V E Y V N G G D L F OI OQ R SRKFDEP

APLYSIA PK F L T A LHSSFO TK E R L F F V
N

E Y V N G G D L
M

F
Q

I Q R
A
R K F D E P

FLY PK F L T L HSCFQTPDRLFFV E Y V N G G D L
M

F O QK RRFE S

IV V

Ld4NPVvPK E I S L I AY Q L I D ALQA LHKHNVVHNDVKLENVLYRRFE
O I Y

RABBIT PK R SR F Y AA E V T SAL NFLHa HGV I Y R D L KLD N I L L D A E G HCK
HMAN PK R S R F Y AA E VTS AL NFLH O H G V I YRD L K LIDNILL D A E GHCK
APLYSIA PK R A R F Y AAEVTL AL NF L H R H G I I Y R D L K LD|N I LL D A E G H C K
FLY PK R A A F Y AA E V T L ALa FLHTHGVIYRDLKLDNI LL D QEGHCK

VI

Ld4NPV VPK V CDYGLCK- - - I A G S P STFEGTVDYF SPEKI NKHA A VH
RABBT PK L A D FG NC K|E G I L NGVTTTTF|C|GTPDYlIAPE| LQ ELEYGPS
HUNAN PK L A D FG NC K|E GIL N G V T T T T F|C|GT|P|DYII APEII L 0 E L E Y GPS

APLYSIA PK I A D FGMNC K|E G
N

T E
N

KLT 0QTF|C|GTPDY I AP E!I L O E L K YD
A
S

FLY PK L ADFGNCKE G I G LTTTFCGTPDYIAPEILKE EYG S

VII
II I

VII I

Ld4NPV vPK FD W WAVGVLLYEI STGKHPFKLDQ DESLDVE TLHKRQ I QL
RABBIT PK V|D W WA LG V L|M|YENN AGQO P|P F|E ADN E D D|LF E S I LIHID -

- - - -

HUAN PK V|D W WA LGVL NY E| N A G Q PIP FIE A D NED DILF E S I LIHID -
- - - -

APLYSIA PK V|D W WA|LG V L|M|YENNA|G|Q P|P FIE ADN E D DILF E S I L HID -
- - - -

FLY PK V|D WWALG NYENNA GQPPFEADNEDELFDS I MNHD - -

IX x

Ld4NPV VPK

DUVTF EZIDDF D N P F L E E F I C F L L G Y C Y DYURA S Y E V I Q K N T Y
RABBIT PK D V|L YP|-V L S K E AV S I L K F T K N P H K|RL G C V Q N G E D A
HNUAN PK DV|L YP- V

W
L S K E

A
V S I L K

A
F

M
T K N P H K|RL G C V

A
SQ N G E D

A

APLYSIA PK DV|L YP|-V W L S K E A V S I L K G F N T K N P A K|RL G C V T TQ G C E K A
FLY PK DVL YP-V WL S R E AV S I L K G F L T K N P EQRL G C T G D E N E I R K

LdKNPVVPK WK S IV HW KQ R
RABBIT PK IK O HP FF K E I - D W V L L E Q K K I K P P F K (685)
HLIAN PK IK G HP FF K E I - D WV L L E Q K K I K P P F K (697)

APLYSIA PK IL V HP FF H E K I D W E A L E Q R K V K P P F K (682)
FLY PK - - - H P FF A K L - D W K E L E K R N I K P P F R (578)

FIG. 4. Alignment of homologous protein kinases. Alignment was performed by using the GenBank BLASTP program (1). (A) Shaded boxes

show the relative positions of the homologous protein kinase catalytic domains. Numbers within the shaded boxes indicate the percent amino acid

identity between LdMNPV vPK and the corresponding protein kinase. The length of the protein kinases in amino acids is indicated to the right.

(B) Amino acid alignment of LdMNPV vPK with rabbit (Oryctolagus cuniculus) (33), human (H. sapiens) (2), sea slug (Aplysia californica) (32),

and fly (D. melanogaster) (46) protein kinases (PK). Boxed amino acids show identical residues within the five protein kinases. The numbers in

parentheses indicate the amino acid positions of the start and end of the catalytic domains within the protein kinases. Regions of homology that

are conserved in all protein kinase catalytic domains are designated with roman numerals (16). Region I is the ATP-binding site with the consensus

sequence G-X-G-X-X-G-X-V-X,4-K. Regions III and XI are present at the underlined amino acids.
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time (48 h), there are multiple transcriptional start sites (40,
42, 43, 45, and 48 bp upstream of the vPK start codon) detected
within the ATAAG late promoter sequence (Fig. 5A).
The 3' end of the vPK transcripts was determined by

sequencing the X5-6 cDNA insert in pBluescript by using M13
reverse primer (Fig. 5B). The poly(A) tail begins at nucleotide
position 1129 (Fig. 3), 13 bp downstream of the AATAAA
polyadenylation sequence. The sizes of the transcripts pre-
dicted from the DNA sequence by using the early and late
transcription start sites [not including the poly(A) tail] are
approximately 876 bp (early) and 898 bp (late). Since poly(A)
tails can be up to approximately 60 bp in length, the predicted
size of the vPK transcripts is in close agreement with the
950-bp vPK transcript seen in the temporal expression exper-
iments.
Temporal expression of vPK in the presence of DNA and

protein synthesis inhibitors. Since vPK was expressed through-
out the entire infective cycle of the virus, starting at 4 h p.i.
throughout 72 h p.i., it was necessary to determine whether the
vPK gene is an immediate-early, delayed-early, or late gene.
RNA was isolated from 652Y cells infected with clonal isolate
5-6 in the presence or absence of DNA or protein synthesis
inhibitors (37). Aphidicolin inhibits host and viral DNA repli-
cation and can therefore be used to distinguish between early
and late genes. Late gene expression initiates after the onset of
DNA replication, which occurs at approximately 20 h p.i. in
LdMNPV (40). Cycloheximide is an inhibitor of cytoplasmic
protein synthesis that can be used to determine whether a gene
should be classified as a delayed-early or immediate-early
gene, since delayed-early genes require other viral proteins to
be expressed at high levels. The 0.95-kb vPK transcript was
detected at 12 and 24 h p.i. from cells that were infected in the
presence of aphidicolin, implying that initially vPK is expressed
as an early gene (Fig. 6). At later times (>48 h p.i.), there is no
transcript detected in the presence of aphidicolin, indicating
that vPK is now being expressed from a late promoter, which is
not active when aphidicolin is present. The lack of the vPK
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transcript at 12 h p.i. in the presence of cycloheximide indicates
that vPK is a delayed-early gene.

In vitro transcription and translation of vPK. To determine
whether the ORF designated vPK encoded a protein, pPH1.2
was used to express the gene by using a rabbit reticulocyte
transcription and translation kit from Bethesda Research
Laboratories. A band with an apparent molecular mass of 31
kDa is seen after SDS-PAGE and autoradiography (Fig. 7).
The size of the vPK protein is predicted to be 32 kDa from the
nucleotide sequence. No radiolabelled band is detected from
parent plasmid pT7/T3al8.

Protein kinase activity of vPK. To determine whether vPK
encoded a functional protein kinase, extracts from the rabbit
reticulocyte transcription and translation reactions were tested
for the ability to phosphorylate substrates in an in vitro protein
kinase assay (Fig. 8). The extracts expressing vPK from plasmid
pPH1.2 could specifically phosphorylate histone H2A (lanes 4
and 10), which is not phosphorylated in extracts containing
control plasmid pT7/T3cx18 (lanes 1 and 7). Extracts containing
pT7/T3o18 could phosphorylate both histone H2B (lanes 1 and
7) and glycogen phosphorylase b (lanes 3 and 9) but could not
phosphorylate reduced carboxamidomethylated and maley-
lated lysozyme (lanes 2 and 8) or the other histone proteins
(lanes 1 and 7). This phosphorylation is due to endogenous
protein kinase activity within the rabbit reticulocyte lysate.
This kinase activity has been observed when other proteins,
such as the adenovirus EIA protein, have been expressed in
similar systems (38).

DISCUSSION

We report in this paper the cloning and characterization of
the LdMNPV gene vPK, the first baculovirus-encoded protein
kinase gene to be identified. LdMNPV vPK exhibits approxi-
mately 24% amino acid identity to the catalytic subunits of the
protein kinase C gene nPKC of rabbits (33), the protein kinase
C gene dPKC98F of D. melanogaster (46), the Homo sapiens

B

GAT C

I=

.obo,

G A
AA
TT

TC

G A
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A}A T T
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FIG. 5. Determination of 5' and 3' ends of the vPK transcripts. (A) Primer extension analysis of vPK RNAs isolated at 6 and 48 h p.i. Total
RNA (40 [Lg) was incubated with an end-labelled 18-bp primer that is complementary to the vPK nucleotide sequence at positions 320 to 339 (Fig.
3). After extension of the primer with Moloney murine leukemia virus reverse transcriptase, the extension products were fractionated by PAGE
and visualized by autoradiography. The sequencing ladder was generated with the same primer. (B) Sequencing analysis of the 3' end of the vPK
cDNA from X5-6. The cDNA was cloned into pBluescript after digestion with NotI-EcoRI and sequenced by using M13 reverse primer.
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FIG. 6. Temporal analysis of vPK transcripts in
inhibitors of DNA and protein synthesis. L. dispar
infected with isolate 5-6, and total RNA was isola
indicated. As a control, the first lane for each time po
in the absence of any inhibitors. Aphidicolin, an inh
viral DNA synthesis, was added after the 1-h adsorpti
A at a final concentration of 5 ,ug/ml. Cycloheximid
cytoplasmic protein synthesis, was added 0.5 h p

adsorption period in lanes C at a final concentration (

inhibitors were maintained in the medium throughou
The length of the vPK transcripts is indicated at the

protein kinase C epsilon gene (2), and the s

kinase gene APLPKCB from Aplysia californic
In addition, vPK exhibited significant homol
number of protein kinases such as those from y

(55), and bovines (48) (the probability of signi
matches ranged from 3.5e- 5 to 1.6e- 15, as del

_ N

40.0 -

31.0 -

21.5

FIG. 7. SDS-PAGE analysis after induction of v.

of the T7 promoter. Autoradiogram of vPK expr(
reticulocyte transcription and translation system a
[35S]Met. Lane 1, control plasmid pT7/T3cx18; lane 2
ing vPK. Molecular mass standards are indicate
kilodaltons.

J. VIROL.

BLAST program [1] from the National Center for Biotechnol-
ogy Information). Hanks et al. have identified 11 regions that
are conserved among many protein kinases (16). Sequence
analysis of vPK revealed the presence of all 11 regions (Fig. 4).
Although vPK has been shown to phosphorylate histone

H2A (Fig. 8) in an in vitro phosphorylation assay, the role in
3.3 the virus life cycle has not been determined. Protein phosphor-

ylation is a common means of regulation of many cellular
processes, including gene transcription, control of metabolic

z pathways, cell division, and membrane transport (for a review,
2 e see reference 19). Protein kinase activity has been found to be

r14 associated with the virions of many RNA and DNA viruses of
mammals, and several, such as herpes simplex virus (8),
cytomegalovirus (51), and ASFV (3), have been found to be

1.6 virally encoded. Recently, Zemskov et al. identified a novel
protein kinase that was induced upon infection of B. mori with

- 0.95 B. mori multinucleocapsid polyhedrosis virus, although it has
not been determined whether this protein kinase is encoded by
that virus (61). Several recent reports have implied that protein
phosphorylation may also play a role in baculovirus infection
or replication (23, 47). Many proteins are phosphorylated after
infection with baculoviruses (22, 30, 60). Protein kinase activity
is also associated with the occluded and extracellular forms of
AcMNPV (31) and may be involved in the release of the DNA
from the nucleocapsid in P. interpunctella granulosis virus (58).

Protein kinases are typically composed of regulatory and

the presence of catalytic subunits which can be encoded by the same or
652Y cells were different genes (for a review, see reference 50). Examples of

ited at the times protein kinases in which the catalytic and regulatory subunits
int contains RNA are encoded by different genes can be found in mice (55),
ibitor of host and bovines (48), yeasts (54), and ASFV (3). Binding of a signal to
on period in lanes the regulatory subunit activates the protein kinase. Without
le, an inhibitor of the regulatory subunit, the protein kinase is always activated.
rior to the virus Since vPK has only the catalytic subunit, it is possible that there
of 100 ,ug/ml. The is a virus-encoded regulatory subunit to moderate its activity.
It the time course. Alternatively, if vPK is involved in phosphorylating nucleocap-right. sid proteins to release DNA, there may not be any need for

regulation, as the DNA may be released immediately upon
entering the cell.

ea slug protein A computer search of known protein sequences in GenBank

oa (32) (Fig. 4). also revealed that vPK shows 40% identity to the AcMNPV
logy to a large ORF9 protein (35), which appears to be a truncated protein
feasts (54), mice kinase. However, recent results reported by Reilly and
ficance of these Guarino suggest that an entire protein kinase gene is present in
termined by the AcMNPV (36). The genomic locations of LdMNPV vPK and

AcMNPV ORF9 are similar. Both genes are located approxi-
mately 2 kb downstream of the polyhedrin genes in both of the
baculoviruses. Despite this similarity, examination of the DNA
sequence in these regions reveals several differences between
the two viruses. The ORF8 gene that is immediately upstream
of ORF9 (on the opposite strand of DNA) in AcMNPV does
not appear to be present upstream of LdMNPV vPK, at least
not within the 290 bp sequenced. Furthermore, unlike LdM
NPV, there are no early gene elements that can be identified
upstream of AcMNPV ORF9, although there is a late pro-
moter. It has not been determined whether ORF9 is expressed
as an early or late gene in AcMNPV. It is possible that genomic
rearrangements that positioned early gene elements in close
proximity to the vPK gene occurred, thus enabling the late
promoter to function as an early promoter in LdMNPV (or

PK under control alternatively removing the early gene elements in AcMNPV).
essed in a rabbit Sequence examination of the region downstream of AcMNPV
ind labelled with ORF9 (from 190 to 271 bp) revealed a sequence exhibiting a

', pPH1.2 express- nucleotide identity ranging from 67 to 85% with the AcMNPV
d to the left in homologous repeats. This homologous repeat region is not

present in the DNA that was sequenced downstream of the
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FIG. 8. In vitro phosphorylation of protein kinase substrates. Protein substrates (10 ,ug) were incubated with rabbit reticulocyte extracts
containing plasmid pPH1.2 expressing vPK (lanes 4 to 6 and 10 to 12) or control plasmid pT7/T3oxl8 (lanes I to 3 and 7 to 9). The reactions were
carried out at 30°C for 10 or 30 min (lanes 1 to 6 and 7 to 12, respectively), and the products were analyzed by SDS-PAGE. Molecular weight (MW)
standards and histones were run on the same gel and stained with Coomassie brilliant blue. The locations of the standards in kilodaltons and the
locations of the histones (HI, H3, H2A, H2B, and H4) and glycogen phosphorylase b (GP) are indicated to the left. Protein substrates tested were
calf thymus histones (lanes 1, 4, 7, and 10), reduced carboxamidomethylated and maleylated lysozyme (lanes 2, 5, 8, and 11), and glycogen
phosphorylase b (lanes 3, 6, 9, and 12).

LdMNPV vPK. The homologous repeat regions function both
as transcriptional enhancers (14) and as DNA replication
origins in AcMNPV (34).
The role of the protein kinase encoded by the vPK gene is

not presently understood. Earlier studies have identified pro-
tein kinase activity associated with nonoccluded and occluded
virions of AcMNPV (31) and with viral capsids of P. interpunc-
tella granulosis virus (57). In addition, a protein tyrosine/
serine-threonine phosphatase gene has been identified in
AcMNPV (23, 47). These results suggest a regulatory and/or
functional role for vPK during viral replication. Studies are in
progress to ascertain the functional role of vPK.
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