








acrylamide gels and purified in a nondenatured state using
glutathione-agarose) were produced. Antibodies reacted with
whole-cell lysates that were collected throughout the time
course of infection detected a predominant band of 42 kDa
(relative molecular mass) (Fig. 3, lanes 1 to 9) that correlated
with the predicted molecular mass for orf101 (41.5 kDa). This
band was detected at low levels by 12 h p.i., increased by 18 h
p.i., and continued to accumulate through 72 h p.i. A second
band of a lower molecular mass (relative molecular mass, 30
kDa) was also detected during the time course, with the great-
est accumulation occurring late in infection (Fig. 3, lane 9).
The quantity of the lower-molecular-mass product varied when
different preparations of infected-cell lysates were analyzed,
always showing the greatest amount in cell lysates collected
after 48 h p.i. We do not know if this band represents alternate
initiation from an internal methionine, a degradation product,
or a modified but functional form.

The 42-kDa protein was present in both purified BV and
ODV (Fig. 3, lanes 10 and 11). The amount of the 30-kDa form
varied with the ODV preparation, while BV preparations con-
tained very small amounts, nearly undetectable in most prep-
arations (Fig. 3, lane 10). When ODV was fractionated into
envelope and nucleocapsid preparations, the 42-kDa protein
was detected only in the nucleocapsid fraction (Fig. 3, lanes 12
and 13), which was also true for BV (data not shown). The
purity of the viral fractionation was verified by using antibodies
to the marker proteins p39 (capsid), gp67 (BV-env), and

ODV-E66 (ODV-env) (data not shown). The product of
orf101 is named BV/ODV-C42 (C42), to reflect its relative
molecular mass (42 kDa) and localization in the nucleocapsids
of BV and ODV.

Western blot analysis demonstrated that C42 was abun-
dantly detected in infected cells at 24 h p.i. (Fig. 3). At 24 h p.i.,
confocal microscopy showed C42 to be predominantly located
within the DNA-rich virogenic stroma (Fig. 4, 24 h p.i., col-
umns 1 to 5, white arrow). Low levels of C42 were also de-
tected within the cytoplasm, with this labeling most visible in
the merged view and the three-dimensional reconstruction of
the Z sections (24 h p.i., columns 3 and 5, yellow arrow). By
48 h p.i., the general character of C42 localization was at the
edge of the virogenic stroma; however, C42 was also detected
in a more diffuse pattern throughout the nucleus (Fig. 4, 48 h
p.i., columns 1 to 5, arrow). By 72 h p.i., C42 was detected
throughout the nucleus with very little associated with the
virogenic stroma (Fig. 4, 72 h p.i., columns 1 to 5). The three-
dimensional reconstruction shows the overall representation of
the cellular localization of C42 at each time point (Fig. 4,
column 5).

Fine-structure localization of C42 (IEM) at 48 h p.i. de-
tected gold-labeled clusters of C42 at the periphery and clear
areas within the virogenic stroma (Fig. 5B, arrow), while less
label was detected in association with the virogenic stroma at
72 h p.i. (Fig. 5C, arrow). These data are consistent with ob-
servations generated using confocal microscopy. Gold-labeled

FIG. 4. Confocal analysis of C42 localization in infected Sf9 cells. Infected Sf9 cells were collected at 24, 48, and 72 h p.i. and reacted with
primary antibody to C42 (pAb 10910) and secondary antibody labeled with Alexa-488 IgG (Alexa-488; column 1). DNA was stained using DAPI
(column 2). The merged image includes Alexa-488 and DAPI (column 3), while the bright-field image shows the gross structure of the cell (column
4). Z-stack sections from representative cells are shown, and column 5 shows a single view of the three-dimensional reconstruction. The white arrow
indicates the location of the virogenic stroma, while the yellow arrow (24 h p.i., columns 3 and 4) shows the cytoplasmic label of C42.
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C42 was detected with nucleocapsids of ODV (Fig. 5D, arrow);
this label was easier to see when the ODV nucleocapsids were
grouped in the process of being occluded (Fig. 5E, arrow) or in
mature occlusions (Fig. 5F, arrows). The preimmune serum
control showed limited background cross-reactivity when
tested against infected cells (Fig. 5A).

C42 is present in a complex with p78/83 and EC27. orf101
(C42) was first drawn to our attention when a yeast two-hybrid
screen of infected-cell cDNA libraries (18 and 24 h p.i.), using
orf144 (EC27) as bait, identified eight interacting clones en-
coded by orf101 (noted in Fig. 1, arrows). In a similar screen,
when 1629K (p78/83) was used as bait to probe a 24 h-p.i. Sf9
cDNA library, this screen identified orf101 (C42) seven times.
Sequence analysis showed that all seven orf101 library clones
started at the first methionine. To confirm the yeast two-hybrid
predictions that C42:EC27 and C42:p78/83 interact directly to
form complexes, we needed a procedure that would (i) identify
protein interactions which occur prior to virus assembly and/or
(ii) remove assembled nucleocapsids and virus, while retaining
conditions that allow protein complexes to remain intact. For
this, we used blue native electrophoresis. This technique sep-
arates both acidic and basic protein complexes and provides a
tentative assignment of the complex’s molecular mass (17, 23,
24). We chose to use a 28-h-p.i. infected-cell sample because
EC27, C42, and p78/83 are present, and studies using other
viral structural proteins (ODV-E66, ODV-E25, and FP25K)

show that these proteins are being translated at their maximal
rate (20). Figure 6A gives a summary of sample preparation.
After infected cells were harvested, DNA was degraded
(DNase, sonication, and shear forces), and virus, nucleocapsids
(100,000 � g), and very large complexes (e.g., ribosomes,
400,000 � g [30]) were removed by sequential centrifugation.
All fractions were analyzed, and C42 was detected primarily in
the 400,000 � g soluble fraction (Fig. 6A, asterisk). The blue
native gel analysis of this fraction is shown in Fig. 6B. A
complex with an approximate molecular mass of 500 to 600
kDa which was immunoreactive with antibodies to C42 (lane
2), p78/83 (lane 4), and EC27 (lane 6) was detected. Addition-
ally, complexes showing positive interactions between C42 and
p78/83 were also detected at lower masses, with the most
prominent of these being at �180 kDa (lanes 2 and 4, circle).
This experiment was repeated three times with cell extracts
isolated from different infections, and the immunoreactive pro-
files were the same. To confirm the specificity of the interac-
tions detected by native gel electrophoresis, we performed
control antibody reactions with E66, FP25K, and E25, and
none of these antibodies were detected in complexes with
molecular masses corresponding to those shown in Fig. 6 (data
not shown). We note that the antibody to EC27 strongly reacts
to a cellular complex at approximately 140 kDa; however, we
do not know the significance of this observation.

FIG. 5. IEM analyses of C42 localization in infected Sf9 cells. Infected Sf9 cells were collected at 24, 48, and 72 h p.i. and processed for IEM.
Primary antibody was C42 (pAb 10910), and secondary antibody was anti-rabbit 30-nm-gold-labeled IgG. (A) Preimmune control serum (48 h p.i.).
(B and C) Labeling of virogenic stroma (48 h p.i. [B] and 72 h p.i. [C]). (D to F) Labeling of C42 at the nucleocapsid of ODV (48 h p.i.). Size
designations are in micrometers. Arrows show immunogold labeling of C42.
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DISCUSSION

Transcriptional analyses show that orf101 is a late gene with
maximal levels of transcripts accumulating at 24 h p.i. (Fig. 2).
This agrees with the data of Russell and Rohrmann (22) show-
ing that, during infection by OpMNPV, p40 (orf3, the gene
homologue to AcMNPV orf101) transcripts are detected at
24 h p.i., steady-state transcript levels decrease by 36 h p.i., and
transcription initiates from a conserved TAAG sequence. Our
study suggests that, if transcripts are made early during infec-
tion (CAGT), their steady-state levels are low and protein
accumulation is not detectable (Fig. 2 and 3). orf101 encodes a
protein with a relative molecular mass of 42 kDa that is a
component of both BV and ODV nucleocapsid (Fig. 2 and 3).
We have designated this gene product BV/ODV-C42 (C42).

C42 is conserved among baculoviruses and contains a clas-
sical nuclear localization sequence located at the C terminus
(Fig. 1). Consistent with the presence of this motif, C42 is
predominantly detected within the infected-cell nucleus. At
24 h p.i., C42 is associated with the virogenic stroma; by 48 h
p.i., it locates at the edge of the stroma; and at later time
points, it is located in a dispersed pattern throughout the
nucleus which is consistent with its incorporation into ODV
(Fig. 4). These observations were confirmed by IEM, which

shows the localization of C42 within the virogenic stroma and
the nucleocapsid of the virion (Fig. 5).

Yeast two-hybrid analysis, using orf144 as bait, identified
eight interacting clones containing truncated orf101 (C42). Se-
quence analysis showed that these corresponded to four inde-
pendent clones of orf101, and the details of these clones are
shown in Fig. 1. Yeast two-hybrid screens using 1629K (p78/83)
as bait also identified orf101 seven times, and sequence analysis
revealed that these represented the same clone, all containing
the methionine start codon for C42. To confirm that the inter-
actions predicted by yeast two-hybrid analysis reflected inter-
actions which occurred in vivo, blue native gel and Western
blot analysis was performed using fractions prepared from
infected cells (28 h p.i.). This analysis showed that C42 and
p78/83 (p78/83 is also a structural protein of baculovirus [18,
21]) comigrate, consistent with complex formation, and that
they are present in two complexes, a complex at 180 kDa and
a larger complex (approximately 500 to 600 kDa) that also
contains EC27.

The primary sequence of AcMNPV C42 contains the canon-
ical binding motif of the pocket proteins (LxCxE). Interaction
of viral proteins with pocket proteins (pRB, p130, and p107)
plays an essential role in viral infectivity of other viruses. Sim-

FIG. 6. Native gel electrophoresis. (A) Summary overview of purification protocol of 28-h-p.i. infected-cell extracts. (B) The samples of the
soluble fraction were separated using blue native electrophoresis, blotted onto a PVDF membrane, and probed with the indicated antibody. Arrows
point to a complex containing EC27, C42, and p78/83, while the circles show a complex containing only C42 and p78/83. U, uninfected-cell lysate;
I, infected-cell lysate. Approximate molecular masses are indicated on the left (kilodaltons).
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ian virus 40 T, human papillomavirus E7, and adenovirus E1A
(reviewed in reference 9) interact with pocket proteins to stim-
ulate activity of the transcription factor E2F. Indeed, muta-
tions within the pRB binding motif of the rubella virus gene
NSP90 decreased viral DNA replication to 	0.5%, while de-
letion of the motif was lethal (8). If such a mechanism is
utilized by baculoviruses, one might predict that the pocket
protein binding motif of C42 would be conserved among all
baculoviruses; however, genome sequences show that this is
not the case (Fig. 1). Thus, if C42 functionally interacts with
pocket proteins, it is possible that it also performs other func-
tions, that this function is host specific, or that other viruses
and/or viral genes encode proteins with analogous function.
Other examples of control of cell cycle and viral DNA repli-
cation by viruses include the coding of cellular cyclin homo-
logues. Human herpesvirus (k-cyclin [6]), herpesvirus saimiri
(v-cyclin [12]), murine gammaherpesvirus 68 (m-cyclin [29]),
and walleye fish dermal sarcoma retrovirus (16) all encode
cyclin-like proteins. The viral k- and v-cyclins complex with
cdk6, increase the resistance of cyclin-dependent kinases to
inhibitors, and enhance substrate range, and the viral cyclin-
cdk6 complex directly triggers the initiation of DNA synthesis
in isolated late-G1 nuclei (15).

It is possible that C42, EC27, and p78/83 together, or indi-
vidually, interact with cellular components to generate an S-
phase-like environment and stimulate in vivo DNA replication.
Like the putative interaction of EC27 with cellular cyclin ki-
nases, interaction of C42 with the pocket family of proteins
would be a good candidate for regulation of the cell cycle and
may play a direct role in viral DNA replication in vivo. Current
studies are focused on more fully understanding the nature and
function of the viral protein complexes containing EC27, C42,
and p78/83 and determining if C42 functionally interacts with
pocket proteins. Such interactions would strongly suggest that
AcMNPV presents proteins (as part of its structural composi-
tion) that interact with cellular regulatory proteins immedi-
ately upon infection. These interactions likely play a critical
role in regulating the cell cycle and enhancing viral infectivity.
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