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Abstract

During infection of insect cells with Autographa californica nucleopolyhedrovirus (AcMNPV), the very late protein P10 forms large
fibrillar structures in the cytoplasm and nuclei of infected cells. In this study we have used confocal microscopy in association with a novel
P10 antiserum to localise and study P10 in virus-infected cells. P10 was shown to be a component of tubular-like structures that spiralled
throughout the cytoplasm and nucleus of AcMNPV-infected cells. These structures were observed to colocalise partly with cortical
microtubules. When microtubules were depolymerised with the drug nocodazole, P10 tubules failed to form and the protein appeared
concentrated in cytoplasmic foci. For the first time, we provide direct evidence using both antibody pulldown and yeast two-hybrid
experiments for the interaction of P10 with host-cell tubulin. It is suggested that this interaction may be a critical factor in AcMNPV-induced
cell lysis.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

Many baculoviruses, mainly nucleopolyhedroviruses
(NPVs), encode a small, very late gene product known as
p10 (Kuzio et al., 1984; Ayres et al., 1994; van Oers et al.,
1999; Fielding and Davison, 2000; Razuck et al., 2002). The
p10 gene from Autographa californica nucleopolyhedrovi-
rus (AcMNPV), the prototype baculovirus, encodes a pro-
tein with a predicted molecular mass of approximately 10
kDa (Ayres et al., 1994). It is synthesised in high levels and
forms fibrillar structures in the nucleus and the cytoplasm of
AcMNPV-infected cells (Croizier et al., 1987; Quant-Rus-
sell et al., 1987; van der Wilk et al., 1987; van Oers et al.,
1994). To date, P10 has not been assigned a precise func-
tion.

Previous analyses of the amino acid sequence of
AcMNPV P10 revealed a coiled-coil domain at the N-
terminus of the protein (van Oers et al., 1994; Wilson et al.,

1995; van Oers and Vlak, 1997). This part on P10 was
shown to be responsible for the self-aggregation of P10
monomers in AcMNPV-infected cells (van Oers et al.,
1994; Alaoui-Ismaili and Richardson, 1996). Adjacent to
the coiled-coil domain, a proline-rich region has also been
identified. This region is conserved among the P10 proteins
yet its function is not clear. The carboxy-terminus of P10
consists of basic amino acids and is thought to be involved
in the formation of fibrillar structures. The lysine-rich do-
main on this sequence was initially thought to be a nuclear
localisation signal, as it was similar to that identified in
polyhedrin (Jarvis et al., 1991); however, P10 partial dele-
tion mutants lacking this basic sequence could still be lo-
calised in the nucleus of infected cells (van Oers et al.,
1994). The sequence between the proline- rich domain and
the basic carboxy-terminus of P10 is highly variable among
the P10 proteins (van Oers and Vlak, 1997).

The function of P10 is not known, although it has been
suggested that it may be required for the integrity of occlu-
sion bodies, as well as in AcMNPV-induced cell lysis. In
virus-infected cells structures called electron-dense spacers

* Corresponding author. Fax: �44-1865-483242.
E-mail address: laking@brookes.ac.uk (L.A. King).

R

Available online at www.sciencedirect.com

Virology 317 (2003) 308–320 www.elsevier.com/locate/yviro

0042-6822/$ – see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2003.08.035

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82562817?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


have also been associated with P10. These structures are
often observed to surround the polyhedra and this observa-
tion led to the suggestion that P10 may be involved in the
proper formation of polyhedra (Williams et al., 1989). The
same study demonstrated that insertion/deletion P10 mutant
viruses produced loose polyhedron envelopes, which made
the occlusion bodies labile under physical stress. More
significantly, cells infected with some of these viruses failed
to lyse, which led to the second suggestion on the function
of P10 as an inducer of cell lysis.

In an earlier study, a monoclonal antiserum raised
against the P10 protein from Orgyia pseudotsugata
nucleopolyhedrovirus (OpMNPV) was shown to recognise
cytoskeletal elements, which were subsequently identified
as microtubules, suggesting a relationship between the two
(Quant-Russell et al., 1987). More recently, the work by
Cheley et al. (1992) provided evidence that artificially phos-
phorylated P10 has microtubule-associated protein (MAP)
properties. However, no study to date has established a
direct relationship between the P10 and host-cell microtu-
bules, or discovered how such a relationship may contribute
to the putative functions of P10.

In this study our aims were to examine the previously
predicted relationship between P10 and components of the
host cell cytoskeleton, specifically microtubules, using con-
focal laser scanning microscopy (CLSM) together with a
novel anti-P10 specific antiserum. These experiments indi-
cated a close association between P10 and microtubules.
This relationship was further investigated by immunopre-
cipitation and yeast two-hybrid analyses to provide the first
direct evidence that the P10 protein from AcMNPV is a
virus-encoded microtubule-associated protein. We suggest
that this interaction between P10 and microtubules may be
involved in a cytoskeleton-induced cell lysis and nuclear
disintegration.

Results

Specificity of the novel antiserum for the P10 protein
from AcMNPV

To test the specificity of the new antiserum for the P10
protein from AcMNPV, protein samples were analysed using
Western blots. Protein extracts from noninfected, mock-in-
fected, AcMNPV-infected (12–72 hpi), or Ac�p10-infected
(48 hpi) cells were separated on SDS–polyacrylamide gels
(Fig. 1a). The Ac�p10 virus, lacking the entire p10 coding
region, was constructed (Fig. 1b) as a negative control for the
antiserum. Protein gels were stained with Coomassie Brilliant
blue or they were used for protein transfer onto a nitrocellulose
membrane (Fig. 1a). On the Western blot, P10 protein was
only detected in the lanes corresponding to the samples from
AcMNPV, but not in the Ac�p10 sample. The bands were
specific for P10 and no cross-reactivity was observed with
other virus- or host-related proteins.

Immunodetection of P10 in virus-infected cells

The specificity of the P10 antiserum was tested in
noninfected and AcMNPV-infected Sf9 cells (24 –72
hpi). Ac�p10-infected cells at 72 hpi were also treated
with the P10 antiserum and provided a negative control.
After staining with the primary antiserum, the samples
were labelled with a FITC-conjugated secondary anti-
serum. In noninfected cells there was no staining with the
P10 antiserum, and background fluorescence was mini-
mal (Fig. 2a). By 24 hpi, P10 fibrillar structures began to
form in the cytoplasm of AcMNPV-infected cells (Fig.
2b). At 48 hpi, a thick sheath of P10 was observed just
inside the plasma membrane and a matrix of P10 was
formed in the nucleus (Fig. 2c). This was observed in
approximately 70 – 80% of the infected cells, according
to the plane the image was obtained from. Nuclear stain-
ing was defined by propidium iodide staining (data not
shown). At 72 hpi, the cytoplasmic sheath of P10 had
become fragmented, particularly in regions where there
were signs of plasma membrane disruption (arrowed, Fig.
2d). Examination of the Ac�p10-infected cells showed
that, as expected, P10 was not detected in these cells;
however, counterstaining with propidium iodide outlined
polyhedra in the infected nuclei (Fig. 2e).

Three-dimensional reconstructions of AcMNPV-infected
cells

To examine the distribution of the P10 structures inside
whole cells, 3D reconstructions of AcMNPV-infected cells
were made. Infected cells at 48 hpi were visualised with
confocal microscopy (Fig. 3). Optical sectioning of these
cells was carried out to create a Z-stack. Initially, it seemed
that these structures were solid, ribbon-like formations, as
seen in a stereo projection (Fig. 3a). Closer observations
using 3D projections revealed that P10 was forming tubules
and their spatial distribution in virus-infected cells was
consistent in all the cells examined (Fig. 3b).

To eliminate the possibility of immunostaining artifacts,
the P10 tubular structures were examined by optical sec-
tioning (Fig. 3c). Using the principle of data collection for
Z-stacks, serial images spanning the cell were collected. An
image (z-axis) from the medial part of the cell was used as
the reference point for optical sections along the two per-
pendicular axes (x- and y-). The distribution of the fluores-
cence from these structures in each individual plane pro-
vided evidence of a tubule morphology. The tubular
structures observed with confocal microscopy were directly
comparable in size to the fibrillar P10 structures previously
observed in electron micrographs of virus-infected cells
(van Oers et al., 1994). The diameter of these structures, in
cross-section, has been estimated at 1–2 �m in their mature,
fully developed form.
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Fig. 1. (a)(i). Coomassie blue stained SDS–PAGE. Proteins from total cell extracts were analysed on 12% protein gels. Lanes: 1, Protein standards (New
England Biolabs); 2, noninfected cells (NI); 3, mock-infected cells (MI); 4, Ac�p10-infected cells at 48 hpi (�p10); 5–8, AcMNPV-infected cells at 12 (5),
24 (6), 48 (7), and 72 hpi (8). (ii) Western blot analysis of identical samples and gel loading order as in (i). The blot was probed with guinea pig P10
anti-peptide antiserum (1:500) and developed with Alkaline Phosphatase secondary serum. (b) Position of the p10 gene on the AcMNPV genome. The gene
spans the HindIII Q and P fragments of the AcMNPV genome. To create the Ac�p10 knockout virus, a transfer plasmid was designed, which encoded
sequences identical to the upstream and downstream sequences flanking the p10 coding region, without the p10 gene. The flanking sequences were cloned
between BamHI and XhoI sites on a pBluescript vector.
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Subcellular localisation of P10

AcMNPV-infected cells were stained for P10 and la-
belled with a FITC-conjugated secondary serum and coun-
terstained with propidium iodide to determine the subcellu-
lar localisation of P10. In noninfected Sf9 cells, there was
no P10 staining, and propidium iodide staining of the nu-
clear DNA revealed an intact nucleus (Fig. 4a). Staining of
AcMNPV-infected cells suggested that the P10 tubular
structures originated from the cytoplasmic side of the
plasma membrane and extended to the cell’s nucleus over
time (24–72 hpi, Figs. 4b–d). The P10 structures were
visible from 24 hpi (Fig. 4b). At this time point during
infection, the P10 polymers were viewed largely in the
cytoplasm, although some were detected in the nucleus. By
48 hpi (Fig. 4c), the P10 tubular structures intensified and
became larger and were present in the nuclei, although they
were still visible in the cytoplasm. During the final stages of
infection (72 hpi; Fig. 4d), a thick sheath of P10 was
observed underneath both the plasma membrane and the

nuclear envelope, together with dense tubular structures in
the nuclei of virus-infected cells.

P10. and F-actin

The well-defined distribution of P10 underneath the
plasma and nuclear membranes suggested a close associa-
tion with host cytoskeletal elements. To test this hypothesis,
dual staining experiments were carried out to detect any
relationship between P10 and host-cell cytoskeletal ele-
ments. Costaining of P10 together with F-actin was carried
out in nonfixed, permeabilised cells, but did not suggest any
obvious interaction between the two. The purpose for using
nonfixed cells was to preserve F-actin, as fixation was
shown to interfere with the preservation of actin filaments.
The distribution of F-actin in noninfected cells was ob-
served using Alexa 488 phalloidin, and propidium iodide
counterstain outlined the area of the nucleus. The cells were
stained with the P10 antiserum and probed with an anti-
guinea pig Texas red secondary serum. In noninfected cells,

Fig. 2. Immunostaining of fixed Sf9 cells infected with AcMNPV. P10 was identified using a novel P10 antipeptide antiserum (1:250), and labelled with
FITC-conjugated secondary antisera. (a) Noninfected Sf9 cells; (b) 24 hpi; (c) 48 hpi; (d) 72 hpi; and (e) Ac�p10-infected cells, counterstained with
propidium iodide. Disruption of the P10 sheath at 72 hpi (d) is arrowed. Scale bar: 5 �m.
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Fig. 3. P10 localisation in AcMNPV-infected Sf9 cells. (a) Stereo projection of a fixed AcMNPV-infected Sf9 cell, 48 hpi. (b) Three-dimensional
reconstruction of a Sf9 cell infected with AcMNPV and fixed at 48 hpi. (c) Optical sectioning of an infected cell at 48 hpi and visualisation of the x, y, and
z planes. In each image the cells were stained using the P10 antipeptide antiserum, as described in Fig. 2. Scale bar: 5 �m.

312 A.L. Patmanidi et al. / Virology 317 (2003) 308–320



313A.L. Patmanidi et al. / Virology 317 (2003) 308–320



F-actin formed stress fibres and was associated with filipo-
dian extensions (Fig. 5a). In virus-infected cells at 24 and 48
hpi (Figs. 5b and c, respectively), F-actin staining was
punctuate in appearance and less abundant than in non-
infected cells, but did not colocalise with the P10 tubular
structures late in infection.

P10 and microtubules

Immunofluorescence studies on the P10 protein from
OpMNPV showed that a monoclonal antiserum developed
against P10 also recognised microtubules (Quant-Russell et
al., 1987), suggesting that there may be an interaction be-
tween P10 and microtubules. The microtubules in nonin-
fected Sf9 cells extended from the perinuclear region to the
cytoplasmic periphery (Fig. 6a). In cells infected with wild-
type AcMNPV, microtubules progressively retracted under-
neath the plasma membrane from early time points after
infection (Fig. 6b), and formed bundles, which persisted
until the final stages of infection (Figs. 6c–d; 48 and 72 hpi,
respectively). In dual-labelling experiments, P10-antibody
complexes were probed with a FITC-conjugated secondary
serum, whereas �-tubulin was labelled with a Texas red
anti-rat serum (Figs. 6e–g). A close relationship between
P10 and �-tubulin was observed from as early as 18 hpi
(data not shown). At 24 hpi, P10 cables were observed in
the cytoplasm, close to cortical microtubules, which by this
time in infection had retracted underneath the plasma mem-
brane (Fig. 6e). During the later stages of infection (48 and
72 hpi; Figs. 6f–g, respectively), the P10 structures found in
the cytoplasm were also in close proximity to cortical mi-
crotubules. At the very late stages of infection microtubule
bundles were observed, and these were partly colocalising
with the P10 tubular structures as indicated by the yellow
colouration (Fig. 6h).

The relationship between P10 and �-tubulin was ob-
served in cells treated with the microtubule-depolymerising
agent nocodazole (Fig. 6i). The drug was titrated in Sf 9
cells and was found to be most effective at a concentration
of 25 �M. This was the concentration that induced complete
depolymerisation of microtubules within 4 h of treatment,
and with the least cell mortality (�30%). A negative control
of virus-infected cells treated with DMSO, the diluent of
nocodazole, was also included (Fig. 6j). CLSM images of

dual-labelled cells showed that in nocodazole-treated cells,
the microtubules were depolymerised and there was no
pattern in their cytoplasmic distribution. Patches of P10
could be detected in the cytoplasm of virus-infected cells,
but no tubular structures were ever observed. Control of
cells treated with DMSO, the diluent of nocodazole, did not
show altered morphology of the microtubules, or the P10
tubular structures (data not shown). This provided evidence
that polymerised microtubules were required for the forma-
tion of P10 tubules.

In Sf9 cells infected with the Ac�p10 virus, the distri-
bution of the microtubules was different than the pattern
observed in AcMNPV-infected cells. In cells infected with
Ac�p10 virus, the microtubules did not form bundles at 72
hpi, as occurs during infection of the cells with AcMNPV
(Fig. 6k), but formed arrays throughout the cytoplasm
(Fig. 6l).

Protein–protein interactions using
coimmunoprecipitations and yeast two-hybrid assays

Further to the CLSM evidence demonstrating an inter-
action between P10 and microtubules, immunoprecipitation
experiments were carried out to detect protein–protein in-
teractions between P10 and �-tubulin.

Total cellular protein from Sf9 cells infected with
AcMNPV or the Ac�p10 virus was allowed to form immu-
nocomplexes with either anti-P10 or anti-�-tubulin antibod-
ies. These immunocomplexes were captured on columns
and the retained antigens were washed thoroughly from
nonspecific cell debris and proteins. The retained antigens
were eluted from the columns and subjected to separation
on SDS–polyacrylamide gels. The proteins were transferred
onto nitrocellulose membranes and probed with either anti-
P10 or anti-�-tubulin antibodies.

The immunocomplexes created using the P10-specific
antibodies were shown to contain P10 and �-tubulin by
immunobloting with the P10- (Fig. 7a) and tubulin-specific
sera (Fig. 7b). Similarly, the anti-�-tubulin antiserum im-
munocomplexes were also analysed and tested positively
for the presence of P10 (Fig. 7c) and �-tubulin (Fig. 7d).

The results of the immunoprecipitations suggested protein–
protein interactions between P10 and �-tubulin and these find-
ings were further supported by yeast two-hybrid analyses. The

Fig. 4. Immunofluorescence staining of AcMNPV-infected Sf9 cells. (a) Propidium iodide staining of noninfected cells (red). (b–d) AcMNPV-infected cells
at (b) 24 hpi; (c) 48 hpi; and (d) 72 hpi. Cells were stained with propidium iodide for nuclear DNA (red) and P10 was identified with P10 antiserum and
labelled with FITC-conjugated secondary serum (green). Scale bar: 5 �m.
Fig. 5. Co-staining for P10 and F-actin. (a) Noninfected Sf9 cells stained with Alexa 488 phalloidin for F-actin (green), and propidium iodide for nuclear
DNA (red). (b–c) AcMNPV-infected cells at 24 hpi (b) and 48 hpi (c) probed for F-actin (green) and P10 (red). P10 was labelled with TRITC-conjugated
secondary serum. Scale bar: 5 �m.
Fig. 6. Dual staining for microtubules (red) and P10 (green). (a) Microtubules in noninfected Sf9 cells; (b–d) microtubules in AcMNPV-infected Sf9 cells at 24 hpi
(b), 48 hpi (c), and 72 hpi (d); (e–g) AcMNPV-infected cells at 24 hpi (e), 48 hpi (f), and 72 hpi (g) stained for P10 (green) and microtubules (red). Yellow-orange
appears at the points of colocalisation; (h) Sf9 cells treated with nocodazole and stained for P10 (green) and microtubules (red). The points of colocalisation appear
yellow; (i) ventral image of a virus-infected cell stained for P10 (green) and �-tubulin (red); (j) ventral image of an AcMNPV-infected cell at 72 hpi stained for
�-tubulin (red), and (k) ventral image of an Ac�p10-infected cell at 72 hpi stained for �-tubulin (red) and P10 (green). Scale bar: 5 �m.
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p10 gene from AcMNPV and a human �-tubulin gene were
cloned in both pBridge and pGAD-T7 vectors. These vectors
were used pairwise to transform competent S. cerevisiae
AH109 cells. The transformants were allowed to grow on low-,
medium-, and high-stringency media. Although some false
positives occurred in colonies grown on low- and medium-
stringency media, none were detected in high-stringency media
(Table 1). The colonies for the paired pBridge/p10 and pGAD-
T7/p10 (and vice versa), pBridge/p10 and pGAD-T7/�-tubu-
lin, and pBridge/�-tubulin and pGAD-T7/p10 appeared blue.
The presence of positive transformants on the high-stringency
medium indicated that the interactions between P10 and P10
(used as positive control), but also between P10 and �-tubulin,
were strong.

The putative microtubule-binding domain on P10

Further to the prediction by van Oers and Vlak (1997) for
a putative microtubule-binding domain on the basic part of
P10, the primary amino acid sequence of the AcMNPV P10

protein was analysed using algorithmic modules available
on the worldwide web (www.expasy.ch). The carboxy-ter-
minal amino acids of the protein had a theoretical isoelectric
point at 9.31, demonstrating the alkaline profile of the C-
terminus. Furthermore, the amino acid composition of the
C-terminus revealed that, with the exception of valine, the
content of the last 44 amino acids was significantly rich in
lysine, proline, and glycine (Table 2), which is characteristic
of “conventional” microtubule-associated proteins (Aizawa
et al., 1989; Tokuraku et al., 1999).

Discussion

The present study reports on the involvement of host-cell
microtubules in the formation of P10 tubular structures.
This work benefited from the production of a very specific
antiserum against an antigenic peptide, identical to the car-
boxy-terminus of the P10 protein from AcMNPV. Unlike
other sera used in previous research that were reported to

Fig. 7. Coimmunoprecipitation of P10 and �-tubulin. (a–b) Western blot analysis of immunoprecipitates formed using P10 antiserum in whole-cell extracts
(a, blotted with the P10 antiserum; b, blotted with anti-�-tubulin antiserum). (c–d) Western blot analysis of immunoprecipitates formed using the �-tubulin
antiserum (c, blotted with P10 antiserum; and d, with �-tubulin antiserum). Lanes: (1) noninfected cells (NI); (2) Ac�p10-infected cells at 72 hpi (�P10);
(3–5) AcMNPV-infected cells at 24 hpi (3), 48 hpi (4), and 72 hpi (5).

Table 1
Pairwise transformations for yeast two-hybrid analyses

Carrier DNA
(Herring testes DNA)

pBridge
vector only

pGAD-T7
vector only

pBridge/
�-tubulin

pBridge/p10

Carrier DNA (Herring testes DNA) � � � � �
pBridge vector only � � � � �
pGAD-T7 vector only � � � � �
pGAD-T7/�-tubulin � � � � ���
pGAD-T7/p10 � � � �� ���

�, colonies on low stringency media; ��, colonies on medium stringency media; ���, colonies on high stringency media.
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cross-react with other host- or virus-related proteins (Quant-
Russel et al., 1987), this antiserum was specific for the P10
protein, which was most useful for immunostaining of P10
in virus-infected cells. In addition, to act as a negative
control in all experiments, we produced a modified
AcMNPV in which the entire p10 coding region had been
deleted. CLSM examination of AcMNPV-infected cells re-
vealed that P10 formed fibrous-like structures extending
from the cytoplasm to the nucleus. By 48 hpi a thick sheath
of P10 was evident beneath the plasma membrane and at the
very late stages this sheath was shown to fragment, con-
comitant with what appeared to be plasma membrane dis-
ruption and cellular lysis. Three-dimensional visualisations
of fluorescently labelled P10 in AcMNPV-infected cells
revealed that the protein appeared to polymerise to form
tubular structures, which extended throughout the cell pe-
riphery. These structures were consistent with previously
published electron micrographs of P10 in virus-infected
cells (Williams et al., 1989; van Oers et al., 1994).

The definition of the P10 tubules suggested that a cy-
toskeletal element served as a scaffold. The distribution of
F-actin and microtubules were examined carefully in virus-
infected Sf9 cells. Staining for F-actin appeared punctuate
but did not correlate with P10 staining. Using an antibody
against �-tubulin, this component of the cytoskeleton was
visualised initially in noninfected Sf9 cells and the pattern
of distribution of the microtubules was observed to be very
similar to that observed in mammalian cells, in which the
microtubules originate from the perinuclear region and ex-
tend to the cellular periphery (Vorobjev et al., 1997). During
the course of virus infection, the microtubules were ob-
served to rearrange and form a lining underneath the plasma
membrane, inducing rounding of infected cells in agreement
with the results of Volkman and Zaal (1990). This lining
persisted throughout the infection, as well as the bundles of
cortical microtubules that formed as early as 24 hpi. This
observation confirmed the results of Williams et al. (1989),
who also described polymerised microtubules until the very
late stages of infection.

Although the function of the P10 tubular structures was
not obvious at this stage, it was clear that their formation
was dependent on the presence of intact microtubules. This
was further supported by treatment of virus-infected cells
with the microtubule-disrupting agent nocodazole (Hol-
linshead et al., 2001; Blajeski et al., 2002). Prior to use with
virus-infected cells, Nocodazole was titrated, and the con-

centration used in Sf9 cells (25 �M) was shown to depo-
lymerise microtubules in approximately 4 h, and without
high cell mortality rates. Observation of nocodazole-treated
cells showed that the microtubules depolymerised com-
pletely, and the tubular structures of P10 disappeared, al-
though P10 could still be detected in cytoplasmic pools.
Similarly, bundling of microtubules during AcMNPV infec-
tion seemed to be dependent on the presence of P10. During
infection with the Ac�p10 virus, microtubules were de-
tected in the cytoplasm of infected cells; however, no bun-
dling could be observed, nor a specific pattern for distribu-
tion of microtubules underneath the plasma membrane.

On the association of P10 with microtubules, it was
demonstrated that MAP properties could be observed upon
artificial phosphorylation of P10 (Cheley et al., 1992). We
have shown with both visual and biochemical evidence that
P10 does not require artificial phosphorylation to associate
with microtubules. However, it is not known yet how P10
interacts with tubulin, and phosphorylation of the viral
polypeptide by an intracellular, or even another virus-en-
coded protein, cannot be ruled out (Cheley et al., 1992), as
phosphorylation is a predominant event for associations
between conventional MAPs and microtubules. For exam-
ple, the phosphorylated form of the microtubule-associated
protein 1B (MAP 1B) is thought to bind microtubules more
effectively than the nonphosphorylated form (Diaz-Nido et
al., 1988; Goold et al., 1999).

Initial primary sequence analysis and motif prediction
searches did not reveal any obvious microtubule-binding
sequences on P10. More detailed analyses did show, how-
ever, that the last 44 amino acids of the carboxy-terminus
give that region of P10 a basic profile, with a theoretical
isoelectric point of 9.31. This is characteristic of microtu-
bule-binding domains found on many MAPs, which exhibit
isoelectric point values between 9 and 11 (Melki et al.,
1991; Nguyen and Fasold, 1991). With the exception of
valine, the carboxy-terminus of P10 is also enriched in the
amino acids proline, lysine, and glycine, common to MAPs.
This basic profile seems to be present in other P10 proteins
encoded by both nucleopolyhedroviruses and granulovi-
ruses (Table 2). In contrast, FALPE from the Amsacta
moorei entomopoxvirus does not seem to have a basic
domain. Generally, MAPs are believed to interact with MTs
by means of an ionic interaction between their basic micro-
tubule-binding domains and the acidic C-terminus of tubu-
lin.

Table 2
Amino acid composition of conventional MAPs and P10s

Protein Theoretical pl Valine (%) Lysine (%) Proline (%) Glycine (%)

Conventional MAPs 9–11 6–25 11–46 3–17 0–22
AcMNPV P10 9.31 2.3 13.6 6.8 4.6
SeMNPV P10 11 0 31 6 6
CfMNPV P10 9.86 9.68 9.68 12.90 6.45
CfGV P10 10.50 9.52 19.05 14.29 0
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Site-directed mutagenesis is currently being employed to
define and characterise the microtubule-binding site on P10.
In addition the interactions between P10 and other host- and
virus-encoded proteins are being examined. Taking into
consideration that other microtubule-associated proteins are
large molecules ranging between 48.5 kDa, e.g., the full-
length Tau protein (Goedert and Jakes, 1990), and approx-
imately 350 kDa, e.g., MAP 1A (Cravchik et al., 1994), then
the small P10 is a unique molecule and may represent a
novel group of virus-encoded MAPs.

Materials and methods

Cell line and viruses

The Spodoptera frugiperda (fall armyworm) Sf9 cell line
was grown at 28°C in SF90011 serum-free medium (In-
vitrogen Ltd., UK). Passage 3 AcMNPV Clone 6 virus was
propagated and amplified to high titre inoculum (1 � 108

PFU/ml) using standard methods (King and Possee, 1992).
A modified AcMNPV virus, which lacked the whole p10
coding region, was also used. The p10-knockout virus,
designated Ac�p10, was produced by cotransfecting insect
cells with linear virus DNA from AcUW1 (Weyer et al.,
1990) and a transfer vector that included PCR-amplified
ORFs (p26 and p74, respectively) flanking p10. The primers
p26-Forward-BamHI (GCG GGA TCC GCA TTG GAG
CTC CAA TTT TTG CCG GC) and p26-Reverse (CAA
TTG ATT TGT TAT TTT AAA AAC GAT TCA TGA
TTG TAA ATA AAA TGA TAT TTA CAG TAT AG), and
p74-Forward (T CAT GAA TCG TTT TTA AAA TAA
CAA ATC AAT TG(CTA TAC TGT AAA TAT CAT TTT
ATT TAC AA) and p74-Reverse-XhoI (GCG CTC GAG
CGG AAA TGG TCG AAA CGG TCG ATG AC) were
used to amplify 450 bp regions of the ORFs flanking the p10
coding region. The restriction enzyme recognition sites are
highlighted with bold characters and underlined. The two
PCR products were used as template DNA in a second
round of amplification to fuse the two flanking sequences by
cross-over PCR using the primers p26-Forward-BamHI and
p74-Reverse-XhoI. The resulting product of the second am-
plification was inserted into pBC-SK(�) between the
unique BamHI and XhoI sites on the plasmid to produce the
vector pAc�p10 (as detailed in Fig. 1). Ac�p10 was am-
plified to high titre stocks (1 � 108 PFU/ml) and was
propagated as described above.

Chemicals

Nocodazole (CN Biosciences, UK, Cat. No. 487928),
supplied as 10 mg aliquots, was dissolved in 1 ml dimethyl
sulphoxide (DMSO, Sigma-Aldrich, USA). The drug was
titrated in noninfected Sf9 cells and the working concentra-
tion was determined as the amount of drug required to
depolymerise microtubules in 4 h and with mortality �30%.

3-Maleimidobenzoic acid N-hydroxysuccinimide ester
(MBS, Sigma-Aldrich) was dissolved in distilled water to
produce a stock of 10 mM.

Antibodies

A rat polyclonal serum to �-tubulin (Cat. No. MCA77G)
was purchased from Serotec (UK) and was used at a dilution
of 1:150 in PBS–2% BSA for immunostaining, or 1:300 in
PBST/5% dried milk for Western blot analyses. For im-
munoprecipitations, 100 �g of antibody was used for anti-
body–antigen complexes.

A specific peptide was produced identical to the last 16
amino acids at the carboxy-terminus of P10 from AcMNPV.
The sequence was NH2-CFELDSDARRGKRSSK-COOH
and was synthesised and HPLC-purified at the Centre for
Proteins and Peptides, Oxford Brookes University. The pu-
rified peptide was used to immunise guinea pigs. Sera from
the first and second booster were analysed for specificity to
P10. The serum was used for immunostaining of cells at a
dilution of 1:250 in PBS–2% BSA and 1:500 in Western
blot analyses.

Western blot analysis

Twenty-milliliter shaker cultures of Sf9 cells at a density
of 2 � 106 were infected with AcMNPV C6 at a multiplicity
of 10 PFU/cell. Two-milliliter samples were collected at 12,
24, 48, and 72 hpi. The cells were pelleted by centrifugation
and washed twice with sterile PBS before being resus-
pended in 80 �l PBS and 20 �l 6� denaturing protein gel
loading buffer. The supernatants were treated with Strata-
clean resin (Stratagene Ltd., USA) for collection of proteins
from the culture media. Proteins from both these fractions
were separated on 0.1% sodium dodecyl sulphate (SDS)–
15% polyacrylamide gels and transferred onto nitrocellulose
membranes (Sambrook et al., 1982). The membranes were
blocked in PBST buffer (PBS–0.1% Tween 20) containing
5% dried milk and probed with either anti-P10 serum (1:
500) or anti-�-tubulin serum (1:300). Anti-guinea pig alka-
line phosphatase conjugate secondary serum (Sigma-
Aldrich, USA) was used for the P10 blots (1:10,000) and
anti-rat alkaline phosphatase conjugate serum (1:10,000)
(Sigma-Aldrich, USA) was used for the tubulin blots. The
blots were developed using NBT (nitro blue tetrazolium,
Cat. No. N6639, Sigma-Aldrich, UK) and BCIP (5-bromo-
4-chloro-3-indoyl phosphate, Cat. No. B6149, Sigma-
Aldrich, UK) (Sambrook et al., 1982).

Immunoprecipitations

Immunoprecipitations were carried out using the Seize �
Protein A Immunoprecipitation Kit (Cat. No. 45215, Pierce
Chemical Co., USA). In brief, 20-ml cultures of Sf9 cells (2
� 106 cells/ml) were infected with either AcMNPV C6 or
Ac�p10 virus at a multiplicity of 10 PFU/cell. The cells
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were harvested at 24, 48, and 72 hpi by centrifugation and
lysed using buffer NTEP (50 mM Tris–HCl, pH 7.9, 150
mM NaCl; 5 mM EDTA, 0.5% v/v Nonidet P-40) as de-
scribed by King and Possee (1992). Resin slurry (0.4 ml)
containing Protein A agarose (ImmunoPure Plus Immobil-
ised Protein A) was equilibrated and washed according to
kit instructions. The required antibody (100 �g) was immo-
bilised on the resin, using the cross-linking agent disuccin-
imidyl suberate (DSS) included in the kit. The protein ex-
tracts were added onto the antibody-containing columns and
were incubated at 4°C with overnight rotating. The mixes
were then sedimented in the column and crude material was
washed away with the Quenching buffer provided. The
remaining antigen was dissociated from the antibody, using
the provided elution buffer (ImmunoPure Elution buffer).
The elution process was repeated three more times and the
fractions were examined by SDS–PAGE and Western blot
analysis.

Yeast two-hybrid analyses

Protein–protein interactions were assayed using the
MATCHMAKER Two-Hybrid System 3 (Becton–Dickin-
son Clontech, Ltd., USA). The p10 coding sequence was
cloned into pBridge, which contained the GAL4-binding
domain (BD), and pGAD-T7 that encoded the GAL4-acti-
vation domain (AD). Similarly, a human �-tubulin gene
(GenBank Accession No. AF081484) was cloned into the
same vectors.

Freshly grown AH109 yeast was made competent using
the lithium acetate method (Schiestl and Gietz, 1989; Hill et
al., 1991; Gietz et al., 1992). The yeast was transformed
with Herring testes carrier DNA (Sigma-Aldrich, UK) or
plasmids only, to provide negative controls. Pairwise trans-
formations of the plasmids containing the �-tubulin or the
p10 genes were carried out together with carrier DNA to
determine protein–protein interactions. The transformants
were plated out on low- (Synthetic Dropout (SD), -Leu,
-Trp), medium- (SD, -His, -Leu, -Trp), and high- (SD, -Ade,
-His, -Leu, -Trp, X-Gal) stringency media. Protein–protein
interactions were determined by growth of yeast colonies on
these media. To confirm the presence of both genes in these
colonies, total DNA was extracted from yeast by boiling
cells at 100°C for 15 min and used as template in PCR
reactions together with the specific primers for p10 and
�-tubulin.

Immunofluorescence staining

Sterile coverslips (13 mm, No 0, Agar Scientific, me-
dium) were seeded in the dishes (1 � 106 cells/dish) and left
to attach. The culture media were removed and the cells
were infected with AcMNPV, or Ac�p10 virus inoculum
(10 PFU/cell). Following incubation at 28°C, cells at 24, 48,
and 72 hpi were treated with 100 �g/ml RNAse A for 30
min at 37°C and subsequently fixed with 4% paraformalde-

hyde in 0.1 M PIPES, pH 6.9, 0.010 M EGTA, 0.010 M
MgCl2 (PEM) buffer for 45 min, before being permeabilised
with 0.01% Triton X-100 in PBS/2% BSA (10 min, at room
temperature). The staining procedure was carried out as
described previously (Thomas et al., 1998). A final incuba-
tion with 3 �g/ml propidium jodide for 2 min was necessary
for staining of nuclear DNA.

For visualisation of F-actin, noninfected and AcMNPV-
infected cells were treated with 0.01 M MBS in PEM buffer,
containing 0.1% Triton X-100. As preliminary studies had
indicated that fixation did not produce consistent results for
F-actin staining (data not shown), all the studies for F-actin
were carried out in nonfixed cells (Collings et al., 2001).
Immunostaining for P10 was carried out using the method
described earlier and F-actin was stained with Alexa 488-
conjugated phalloidin (Molecular Probes, USA).

Confocal microscopy

All immunostained samples were examined using a Zeiss
510 Confocal laser scanning microscope (LSM). Data ac-
quisition was carried out using �100 immersion oil lens,
with a numerical aperture of 1.25 and an optical zoom of 2.
Detection of green (FITC) and red (Texas red) fluoro-
chromes was achieved using narrow band filter sets and
three laser lines: argon 488 nm, and helium/neon 543 and
633 nm. Data were collected using the multi tracking facil-
ity on the microscope to avoid cross-talk. For three-dimen-
sional reconstructions and stereo projections, optical sec-
tioning of 200 nm (section thickness) was carried out using
Zeiss software. This consisted of pictures of parallel planes
through the cell, 310 nm apart from each other (a typical
Z-stack of reconstructed Sf9 cells was approximately 20 �m
in depth and included 63 images). All measurements, in-
cluding cell-depth calculations and scale bars, were calcu-
lated using the Zeiss LSM 510 software.

Image processing

Confocal microscopic images were exported to Windows
directories as TIFF (Tagged Image Format File) files from
the Zeiss 510 Image Browser. These images were converted
into JPEG (Joint Photographic Experts Group) files in
Adobe Photoshop 6.0. Serial images were also converted
into JPEG files before imported into Adobe Premiere 6.0 to
be compiled into AVI (Audio Video Interleave) animation
files, at a speed of three frames per second.
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