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Abstract: The baculovirus P10 protein has always represented a mystery in the field of insect virology. Like the 

baculovirus polyhedrin protein it is expressed at high levels very late in infection. Homologues of the Autographa 

californica nucleopolyhedrovirus p10 gene are conserved in all Alphabaculoviruses and in other viruses of 

lepidopteran hosts yet is completely dispensable for virus replication and transmission. P10 is a microtubule 

interacting protein whose expression has been associated with the formation of a variety of complex and extensive 

cytoplasmic and nuclear structures. P10 has been associated with a number of roles during infection ranging from 

the formation of virus occlusion bodies, to affecting the rate of cellular and/or nuclear lysis during the final stages 

of the virus replication cycle. In this article we review recent work aimed at understanding the role of this 

enigmatic protein, putting them into context with recent advances in understanding of protein structure and 

function. We look back at a number of historical studies and observations, reanalysing their conclusions based on 

recent data and our own observations. The role of the P10 protein during baculovirus replication remains elusive, 

however, novel avenues of investigation have been identified that will, we are sure, eventually lead to an 

understanding of this protein. 
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For most viruses the replication cycle is characterised 

by a temporal cascade of virus-induced gene expres- 

sion. Immediate and delayed early genes alter the 

cellular environment and produce enzymes that allow 

the infected cell to replicate the viral genome. Late 

genes are expressed after viral genome replication and 

encode the structural proteins required for production 

of novel virion particles that spread infection to new 

host cells. Baculoviruses deviate from this pattern by 

encoding an additional very-late class of genes. This 

very-late phase of protein expression corresponds to a 

shut down of virus budding (and budded virion (BV) 

production), a retention of nucleocapsids in the nucleus 

and occlusion of these nucleocapsids into paracrystalline 

protein occlusion bodies (OB, also sometimes referred 

to as polyhedral inclusion/occlusion bodies). 

  The p10 gene is one of two baculovirus genes hyper- 

expressed very late [10-15 hours post-infection (hpi) 

onwards] during infection (50-52). The role of the 

other hyper-expressed very-late protein, polyhedrin 

(Polh), as the main component of the OB, in the 
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protection of virions from environmental damage and 

in the horizontal transmission of virus between hosts, 

has been extensively characterised and is very well 

understood (20). 

  After over three decades of research, however, the 

role of the p10 gene product remains a mystery. Most 

of the early research on P10 has been extensively 

reviewed by van Oers and Vlak (58) and we do not 

intend to reiterate their detailed description of early 

P10 work, particularly regarding analysis of p10 

promoter activity and transcription patterns. In this 

review we take a look back at some of the earlier 

studies relating to the function of the p10 gene product 

and attempt to reinterpret these results based on more 

recent work over the past decade.  We also explore 

whether a model for P10 function and its role in 

infection can be inferred from combining our experi- 

mental knowledge with an analysis of P10 sequence 

data taken from the ever increasing database of fully 

sequenced baculovirus genomes. 

 

P10 IS NON-ESSENTIAL FOR BACULOVIRUS 

REPLICATION 

  The P10 protein gets its name from the predicted 

mass of the protein expressed from the Autographa 

californica multicapsid nucleopolyhedrovirus (AcMNPV) 

p10 gene (33). Physical analysis of the expressed 

protein by SDS-PAGE, however, estimated its size at 

7.2 kDa (1), 7.5 kDa (60) and 8 kDa (50). It is 

generally accepted that expression of the P10 protein 

is non-essential for baculovirus infection, replication 

and spread and that disruption of the p10 open reading 

frame (orf) does not have a detrimental effect on 

infection either in cell culture or in a caterpillar host 

(15,59). 

P10 IS ASSOCIATED WITH SEVERAL 

INTRACELLULAR STRUCTURES DURING 

BACULOVIRUS INFECTION 

  Between the 1960s and 1980s a number of 

transmission electron microscopy (TEM) ultrastructural 

studies of baculovirus-infected cells were published, 

describing the intracellular and intranuclear changes 

that take place during infection. These studies went a 

long way to describing the process of virion occlusion 

into the large paracrystaline OBs. Summers and Arnott 

(54) were the first to describe the formation of a 

second distinct infection-associated structure in the 

nucleus and cytoplasm of Trichoplusia ni multicapsid 

nucleopolyhedrovirus (TnMNPV), -infected Trichoplusia 

ni (T. ni) caterpillars midgut cells, consisting of what 

they referred to as fibrous material. Similar structures 

were also observed in in vitro cultured T. ni cells 

infected with TnMNPV (41) and in vitro cultured 

Spodoptera frugiperda cells infected with S. frugiperda 

nucleopolyhedrovirus (SfNPV) (32) or AcMNPV (11). 

Examples of these structures in both nucleus and 

cytoplasm of infected cells is shown in figure 1A. 

These structures appeared to consist of parallel 

bundles of fibrous material (shown in a close up view 

in figure 1B) described as possessing a longitudinal 

periodicity of about 70 Å (54) and forming a mac- 

romolecular lattice pattern (14). These fibrous bundles 

showed an intimate association with OBs (Fig. 1C) at 

various stages of formation and with electron dense 

structures (Fig. 1D) called electron dense spacers (ES) 

(41), “membrane-like profiles” (54), or “cisternae” 

(26). In both associations the fibrous bundles were 

oriented perpendicularly to the surface of OBs and 

ESs. 

  Detailed TEM analyses of ES structures and the 
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surface of OBs revealed that the envelope that surrounds 

mature OBs was almost identical in structure to the ES 

membranes (See Fig. 1E and 1F ) (11, 26). There is 

some evidence suggesting fibrous material may condense 

at the OB periphery to form the polyhedral envelope 

(11). Whether ES structures are precursors of the 

polyhedral envelope or represent condensation of 

extraneous surplus fibrous material remains unclear. 

  Immunogold-labelling TEM studies indicated that 

P10 showed an association with fibrous structures (55), 

which was absent when P10 function was ‘knocked- 

out’ by disruption of the p10 orf (15, 59, 63). P10 has 

also been reported to associate with the ES and 

envelope structures surrounding the OBs (35, 59). P10 

association with OBs has also been observed by 

biochemical fractionation (59) but was often dismissed 

as a contaminant. A high level association of P10 with 

the surface of mature OBs upon their release from 

infected cells has been documented by immuno- 

fluorescence confocal microscopy (6). 

 

 
Fig. 1. Transmission electron microscopy ultrastructural studies of P10 associated structures. Ultrastructural studies of 

nucleopolyhedrovirus infected cells revealed Fibrous material forming extensive structures in the nucleus and the cytoplasm. Panel A 

(taken from ref. 59) shows a transmission electron micrograph of a Spodoptera frugiperda cell infected with AcMNPV 48 hpi. FS, 

Fibrous structure; N, nucleus; C, cytoplasm; P, polyhedral occlusion body; VS, virogenic stroma; SP, electron dense spacer. The 

insert shows the localisation of the nuclear envelope (blue) and the location of nuclear (red) and cytoplasmic (green) fibrous 

structures. Panel B (taken from ref. 11) shows a close up view of fibrous structures in AcMNPV infected Spodoptera frugiperda cells 

showing the lattice mesh structure of the fibres. Panel C (taken from ref. 54) shows a bundle of fibrous material (FM) along side a 

polyhedral occlusion body (P). Fibres can be seen intimately interacting with the surface of the occlusion body, lying perpendicular 

to its surface. Small fibres can also bee seen projecting from other facets of the OB. Panel D (taken from ref. 32) shows the intimate 

association of electron dense spacer structures with fibrous material. The interaction of fibrous material with ES structures is similar 

to the interaction seen with OBs. Panels E and F (taken from ref. 11) are a side by side structural comparison of electron dense spacer 

structures (E) and the polyhedral envelope (F) showing the similarity between the two.  Fibrous material (indicated by FM) can be 

seen projecting away from both of these structures. 
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  The role of P10 in the formation of the polyhedral 

envelope remains unclear. In one study, in which 

LacZ was fused to the amino-terminal 51 amino acids 

of P10, ES structures failed to form (59). Instead this 

fusion protein formed amorphous aggregates in the 

nucleus of infected cells. There are conflicting reports 

as to whether or not this mutant virus formed an intact 

polyhedral envelope (58, 59). Separate and independent 

studies utilising similar strategies to knock-out P10 

function, either by lacZ/P10 fusion (63) or phospho- 

transferase/P10 fusion (15), found that both ES 

structures and polyhedral envelope formed normally.  

The polyhedra of these mutant constructs did appear 

to be more fragile and possess a more loosely 

associated envelope (63). 

P10 from Orgyia psuedotsugata multiple nucleopoly- 

hedrovirus (OpMNPV) and from the closely related 

AcMNPV have both been described as forming cytop- 

lasmic filament-like structures from about 18 hpi 

onwards, which mature into a continuous network of 

thick rod-shaped or tubule structures (shown in detail 

in Fig.2) from 30-36 hpi onwards (6, 48). The P10 

filaments show a strong association with thickened 

bundles of cytoplasmic microtubules (Shown in 

yellow in Fig.2) (6, 61). Similar filament and tubule 

structures have been reported to be formed by the 

filament-associated late protein of entomopoxviruses 

(FALPE) but FALPE filaments did not show an 

association with host cell microtubules (2). Formation 

of P10 filaments does not require the expression of 

other baculovirus proteins (3, 17, 18) but requires 

intact host-cell microtubules (6, 46). P10 interaction 

with microtubules has been biochemically confirmed 

by yeast-2-hybrid and co-immunoprecipitation studies 

(46). P10-independent microtubule reorganisation occurs 

early in baculovirus infected cells, and eventually the 

microtubule network breaks down completely (61). 

P10 is required and sufficient for the late phase 

microtubule reorganisation into thick cables in infected 

cells and shows similar microtubule reorganisation 

properties in cells transiently expressing P10 (6). 

  Historically P10 research has focused on the 

potential role of the nuclear P10 FBs. Because of the 

very-late phase expression of P10 and the intimate 

association of P10-associated structures with OBs, it 

is easy to assume that P10 is intimately involved in 

the nuclear processes of OB formation and virus 

occlusion. 

  Some of the earliest ultrastructural studies describe 

cytoplasmic FB structures, which displayed slightly 

different packing and electron density properties and 

possessed a smaller cross sectional profile to nuclear 

FBs (54). Recent data suggest that cytoplasmic FBs 

show a higher level of P10 association than nuclear 

FBs (6). These cytoplasmic FBs possess a tubule-like 

staining pattern and form a complex perinuclear cage, 

sometimes seen to lie adjacent to a network of 

perinuclear microtubules (6, 54). Cytoplasmic FBs 

have also been described as associating with vesicles 

and ribosomes (54). Many of the cytoplasmic FB 

structures previously described by TEM probably 

represent cross-sections of the tubules, described by 

immunofluorescence, that project over the nucleus 

(Compare figure 1A insert and the 3D organisation of 

the perinuclear cage forming a dome over the cell 

shown in Fig. 2) It is often difficult to identify nuclear 

FBs by immunofluorescence without extensive digital 

enhancement of micrograph datasets, due to the low 

level of staining by anti-P10 antiserum, however, P10 

association with both nuclear FBs and maturing OBs 
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Fig. 2. Immunofluorescence confocal microscopy 3D recons- 
truction analysis of P10 structures. Side on (insert) and top 
down view of an AcMNPV infected TN-368 cell 48 hpi stained 
for P10 (green) and tubulin (red) (taken from ref. 6). P10 
filaments (which form in the cytoplasm from 18 hpi onwards) 
show a strong association with thickened bundles of microtu- 
bules (shown in yellow where the green and red signal 
colocalise). P10 tubules (which form perinuclearly from 30 hpi 
onwards) form a dome shaped cage around the nucleus (seen 
clearly in the side on view).  Scale bar indicates 20 μm. 
 

has been reported (6). It is clear from both past ultras- 

tructural studies and from these immunofluorescence 

studies that the nuclear FBs (sometimes called nuclear 

worms due to their distinctive staining pattern) display 

different structural properties compared to the 

cytoplasmic perinuclear FB tubules (Fig. 3). 

 

P10 IS EVOLUTIONARILY AND 

STRUCTURALLY CONSERVED 

  The past decade has seen an explosion in the 

number of published baculovirus genomes. The National 

Centre for Biotechnology Information (NCBI) Viral 

Genome Project reference sequence database (http:// 

www.ncbi.nlm.nih.gov/sites/entrez) currently contains 

27 Alphabaculovirus (Lepidopteran nucleopolyhed- 

roviruses (NPVs)) genomes, 8 Betabaculovirus (Lepi- 

dopteran granuloviruses (GVs)) genomes, 3 Gamma- 

 

Fig. 3. Nuclear P10 structures differ in structure from cytoplasmic P10 structures. Panel A: Enhanced view of the P10 staining signal 

in the nuclear region of an AcMNPV infected TN-368 cell 48 hpi imaged by confocal laser scanning microscopy. The signal 

corresponding to the intranuclear region was artificially enhanced and coloured purple (using Adobe Photoshop) to distinguish the 

intranuclear structures from the cytoplasmic structures coloured green. The signal enhancement revealed the presence of P10 

associated OBs and revealed the irregular shape and staining pattern of the nuclear P10 tubule, often referred to as a P10 “worm”.  

This image emphasises the structural differences between the nuclear and cytoplasmic (perinuclear) P10 associated structures.  

Scale bar indicates 5μm. Panel B: Transmission electron micrograph of AcMNPV infected Spodoptera frugiperda cell at 48 hpi 

provided by A Patmanidi (Oxford Brookes University) showing electron dense spacer structures extruding from ridges in the P10 

tubule (labeled P10). A polyhedral occlusion body has been labelled PH and the nuclear envelope is labelled NE. These ridges may 

correspond to those seen along the “worm” structure shown in panel A. 
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baculovirus (Hymenopteran NPVs) genomes and 1 

Deltabaculovirus (Dipteran NPV) genome. P10 homo- 

logues have been identified in all of the sequenced 

Alphabaculovirus genomes and in 2 of the sequenced 

betabaculovirus genomes. No P10 homologues have 

been identified in either the Gammabaculoviruses or 

the Deltabaculoviruses. The Entomopox P10 homo- 

logue, FALPE, identified in the genome of Amsacta 

moorei entomopoxvirus (AmEPV), a lepidopteran 

virus from the Poxviridae virus family (2), shares 

structural and functional features with baculovirus 

P10 ( 3). 

  Previous bioinformatic analysis of 9 different bacu- 

lovirus P10 gene sequences (58) revealed that bacu- 

lovirus P10 homologues share a relatively low level of 

sequence homology when compared to the polh gene. 

For example, OpMNPV and AcMNPV Polh and P10 

show 90% (65) and 41.8% (58) sequence identity 

respectively at the amino acid level. All P10 proteins 

were found to share a structural and organisational 

homology. Van Oers and Vlak divided the P10 protein 

up into three distinct regions based on amino acid 

composition and phenotypic analysis of carboxy 

terminal deletion mutants (56, 58). These included; an 

amino terminal coiled-coil domain (consisting of over 

two thirds of the protein sequence); a proline rich 

region; and a carboxy terminal basic (lysine, arginine 

and serine rich) region. Additionally they described a 

region of variable length and sequence linking the 

proline rich and basic regions. A recently published 

bioinformatics study that included 30 different P10 

homologues (including most of the ones identified in 

the sequenced genomes and several additional sequences 

available in the NCBI sequence database) found that 

this structural conservation held true across all bacu- 

lovirus P10 homologues (6). Based on this study we 

propose a slight alteration in the description of P10 

structural organisation. The proline rich domain, the 

variable domain and the carboxy-terminal basic domain 

are each too small to form separate structural domains. 

Instead P10 likely adopts a lollipop-like structure 

consisting of a stalk (the coiled-coil domain) and a 

globular domain possessing a proline rich region and a 

basic region (Fig. 4). The sequences corresponding to 

the globular domain show very low levels of similarity 

between homologues that are not closely related. We 

therefore define this entire domain as the variable 

domain. In most P10 homologues this domain consists 

solely of a proline region, containing predominantly 

negatively charged amino acids, followed by a carboxy 

terminal positively charged basic region. It is only the 

sequences closely related to AcMNPV that possess 

additional regions of positive charge and negative 

charge between the proline rich and carboxy-terminal 

regions (Fig. 5). 

  The high level of sequence similarity of the coiled- 

coil domain is concentrated within the amino-terminal 

13-14 amino acids (6). P10 sequences can be divided 

into two distinct types (type I and type II, shown in 

Fig. 6) corresponding to a phylogenetic split previously 

described in the Alphabaculoviruses (25, 29) based on 

the sequence of these amino-terminal amino acids. 

 

 
Fig. 4. Structural domains of P10. The structural organisation 
of P10 homologues is highly conserved. P10 consists of two 
structural domains; a coiled-coil domain with highly conserved 
amino-terminal 13-14 amino acids, and a variable domain 
containing a proline rich region and a positively charged basic 
region. In some P10 homologues these regions are separated by 
an additional basic and acidic region (see Fig. 5 below). 
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Fig. 5. Alignment of baculovirus P10 homologues showing conserved structural organisation. Sequence alignments of type I and type 

II baculovirus P10 sequences using the ClustalX software package (described in ref. 6) manually shaded using the GeneDoc software 

package to highlight conserved structural features that characterise P10 homologues. Negatively charged acidic residues (aspartate (D) 

and glutamate (E); X) and positively charged basic residues (lysine (K), arginine (R) and histidine (H); X) were shaded to show the 

charge distribution within P10 homologues. Proline residues (P) were shaded to highlight the proline rich regions in P10 homologues. 

Glycine residues, known to disrupt α-helix stability, were also shaded (G). Small hydrophobic residues (usually valine (V), leucine 

(L) or isoleucine (I) and in some cases methionine (M) or alanine (A)) that occupy positions a and d of the abcdefg heptad repeat 

motif were shaded to highlight the position and register of the heptad motifs (X; positions that define a 3 aa element (abc) of the 

heptad repeat, X; positions that define a 4 aa element (defg) of the heptad repeat). Positions a and d occupied by other residues were 

also shaded (X and X respectively). Alignments were manually corrected by eye to better group the different regions.The shading 

clearly defines three separate regions; a large coiled-coil domain, a negatively charged proline rich region and an acidic region. 
 

STRUCTURAL IMPLICATIONS OF THE AMINO- 

TERMINAL COILED-COIL DOMAIN 

The P10 coiled-coil domain, which encompasses 

over two thirds of the entire protein, is defined by the 

characteristic heptad repeat motif (described below) 

containing between 7 and 11 heptad motifs (58). It has 

been suggested [based on recent studies of transiently 

expressed truncated P10 green fluorescent protein 

(GFP) fusion constructs] (17, 18) that the coiled-coil 

region of both Helicoverpa armigera nucleopoly- 

hedrovirus (HearNPV) and AcMNPV is essential and 

sufficient for P10 filament formation. AcMNPV P10 

and HaEPV FALPE have both been shown by yeast- 

2-hybrid to self-associate, and this property has in 

both cases been directly mapped to the coiled-coil 

domain (3). 

The structure and function of coiled-coils (39) is 

probably better understood than any other protein 

structural element. Coiled-coils consist of homo-or 

hetero-oligomeric bundles of α-helical protein chains, 

which can be arranged either parallel or anti-parallel. 

Coiled-coils can consist of two, three or four helices 
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Fig. 6. P10 phylogeny. Unrooted phylogenetic Neighbour- 

Joining tree generated from an alignment (calculated using the 

ClustalX software package) of 32 P10 sequences (described in 

ref. 6). Based on this tree P10 sequences have been defined as 

either type I or type II. Numbers indicate bootstrap values 

based on 1000 iterations. A number of interesting phylogenetic 

divisions showing high (1000) bootstrap values are indicated 

including the type I and type II split. 
 

coiled around each other, although structures containing 

five or more coils have been reported. Coiled-coil domains 

are generally involved in the oligomerisation of 

multimeric proteins. 

Normally α-helices have a periodicity of about 3.6 

residues per turn (10). When α-helices coil around each 

other at a 20˚ angle they become slightly distorted, 

changing the periodicity to 3.5 residues per turn or 7 

residues every 2 turns with respect to the supercoil 

axis. The defining property of coiled-coil domains is 

the organisation of its amino acid side chains in such a 

way to allow a “knobs-into-holes” interaction, where a 

residue from one helix fits into the free space sur- 

rounded by four residues from the facing helix (13, 

14). This interaction is achieved by the incorporation 

of small hydrophobic residues (such as leucine, iso- 

leucine and valine and to a lesser extent methionine 

and alanine) at the 1st and 4th position of each 7 amino 

acid stretch (12, 40), usually referred to as positions a 

and d of the abcdefg heptad motif (Fig. 7). When 

mapped onto a model of an α-helix these positions line 

up on one side, forming a strongly amphipathic helix, 

in such a way that a hydrophobic region down one 

side forms the interface between two or more neigh- 

bouring helices. The specificity (homo- or heteromeric), 

orientation (parallel or anti-parallel) and magnitude 

(dimer, trimer or tetramer) is determined by the structure  

 

 
Fig. 7. The coiled-coil heptad motif amino acid residue distribution. (A) side view and (B) top down view of a schematic 
representation of the amino acid residue localisation within a parallel two stranded α-helical coiled coil. The positions of the heptad 
repeat motif residues are indicated (abcdefg for one helix and a’b’c’d’e’f’g’ for the other helix). The residues at positions a and d 
form the hydrophobic core of the helix-helix interaction. Interactions between residues at positions e and g help stabilise the 
interaction and contribute to the determination of the oligomerisation state and orientation of the interaction. (Taken from ref. 19). 
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of the hydrophobic region and by complementary 

charges on adjacent helices at the e and g positions. 

This recognisable heptad repeat pattern makes it 

easy to identify potential coiled-coil regions from 

sequence data using mathematical techniques. A 

number of software packages are freely available on 

the web that calculate the probability of a region being 

a coiled-coil (24), one of which, COILS (40), has been 

used by Wilson et al. (64) to confirm the presence of 

coiled coil domains in a number of baculovirus P10 

homologues. Type I sequences possess 7 heptad motifs 

while type II sequences can have 8, 9 or 10 repeats.  

All P10 sequences, except the CfGV sequence, possess 

a 3 amino acid discontinuity of the heptad repeat 

pattern known as a “stammer”. This stammer is an 

additional 3 residue element that corresponds to a 

repeat of the abc residues of a heptad motif (5). The 

change in position of the hydrophobic seam on the 

α-helix caused by the heptad motif phase shift induces 

additional over-winding of the coiled-coil structure. 

This stammer may be present to compensate for the 

presence of a proline residue (which preferentially 

forms a left-handed relaxed helix conformation rather 

than the right handed α-helix of the heptad repeat) and 

the helix breaking glycine residues (a non-chiral 

amino acid that due to the lack of a bulky side-chain 

can adopt a broader range of orientations). Alter- 

natively the proline and glycine residues may be present 

to stabilise the slight conformational shift caused by 

the stammer. The presence of proline in an α-helix has 

been shown to introduce a 30˚±10˚ bend in the struc- 

ture of the helix (8). It is unknown whether the com- 

bination of the proline and the stammer will stabilise 

or destabilise the coiled-coil interaction of P10. The 

presence of glycine residues near to this bend region 

in many P10 sequences suggests a requirement for 

additional flexibility. The biological significance of 

the coiled-coil distortion has not been determined, 

however, Dong et al. (17) found that deletion of the 

stammer element (thus bringing the heptad motif in 

frame along the entire helix) did not prevent AcMNPV 

P10 from aggregating into filamentous structures. 

The higher order organisation of the coiled-coil is 

dependent on the properties of the amino acids at 

positions a, d, e and g as these are the residues that 

determine the chemical properties of coil interacting 

region. The properties of these residues is highly 

conserved among P10 sequences, particularly at 

positions a and d. The residues at positions e and g are 

conserved among closely related sequences. The current 

understanding of the determinants of higher order 

coiled-coil organisation do not yet reliably allow us to 

predict the oligomerisation state directly from sequence 

data. P10 sequences do not show any distinct properties 

that indicate whether or not they form dimeric, trimeric 

or tetrameric coiled-coils. Coiled-coils can form higher 

order structures known as α-helix sheets (where 

coiled-coil interactions occur between several helices 

arranged side by side) and α-helix cylinders (α-sheets 

rolled up to form a tube). These structures are identi- 

fiable by the presence of multiple, overlapping, offset 

heptad repeats (62). P10 does not appear to possess 

these sequence patterns. 

It would be interesting to model the structure of the 

coiled-coil domain in silico using the BEAMMO- 

TIFCC software described by Offer et al. (45) to 

visualise the effect of the stammer and the presence of 

the coil breaking residues proline and glycine in the 

hinge region on the organisation and orientation of the 

coiled-coil. It may even be possible to determine the 

235
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higher order organisation of the coiled-coil interaction, 

such as; does it form a dimeric, trimeric or tetrameric 

oligomer, is the interaction anti-parallel or parallel, 

and do P10 oligomers align in frame or staggered? 

Modelling the potential interactions between two P10 

helices in silico, or exploring the possibility of uti- 

lising protein structure determination techniques, might 

serve to answer some of these questions. 

 

ROLE OF THE CARBOXY-TERMINAL 

VARIABLE DOMAIN 

  TEM studies have implicated the carboxy-terminal 

regions (particularly the basic region) as being in- 

volved in the aggregation of P10 to form FBs (56) and 

immuno-fluorescence studies suggest deletion of the 

basic and proline rich regions may alter the shape of 

P10 aggregates (18). The basic region has been referred 

to as the potential MT interacting region (46, 58) 

because MT interacting domains of many microtubule 

associated proteins (MAP) are positively charged (34, 

36, 43, 44). In particular, P10 has been compared to 

Tau, the major MAP of neuronal cells responsible for 

stabilising MTs in neurite outgrowths (21). This com- 

parison originated from a study by Cheley et al. (9), 

which found that when phosphorylated P10 showed 

similar microtubule bundling properties to Tau over- 

expressed in insect cells. 

  Several MAPs (Tau, MAP2 and MAP4) share a 

number of structural features. They consist of an acidic 

amino-terminal projection domain and a carboxy- 

terminal basic region (30). The basic region contains 

the microtubule-binding property and is thought to 

interact with the mainly negatively charged carboxy- 

terminus of the tubulin microtubule subunit. A proline 

rich region plays an important role in this interaction.  

This interaction has been extensively characterised for 

Tau and has been described by a “Jaws” model where 

the weak microtubule association of a series of tandem 

repeats is stabilised by strong microtubule interaction 

of domains at either ends of the repeats (47). One of 

these strongly interacting domains is the proline rich 

region. Because of the similarity of the properties of 

MAPs with C-terminal domain of P10 it has often 

been thought that P10 may interact with MTs in a 

similar fashion. Within the MAPs mentioned above 

the proline rich region shows a strong positive charge.  

This differs significantly to P10 where there appears 

to be a strong negative charge associated with the 

proline rich region and the positive charge is located 

outside of the proline rich region. The basic region 

does not seem to always be required as several strains 

of BmNPV have a truncated P10 that lacks this region, 

and both Maruca vitrata nucleopolyhedrovirus (Mavi- 

NPV) P10 and HaEPV FALPE lack an extensive basic 

region. While P10 shares a number of features with 

Tau, including a coiled-coil domain, the difference in 

size, organisation and chemical properties of the 

potential microtubule interacting domains is too great 

to conclude that the carboxy terminus of P10 is 

analogous to the MT interacting domain of Tau or that 

P10 interacts with microtubules in a similar way to 

Tau. 

  The basic domain shows similarities to a KRKK 

nuclear localisation motif identified in AcMNPV Polh 

(28). However nuclear localisation may not be the role 

of this sequence as P10 is found in both the nucleus 

and cytoplasm, and P10 is small enough to migrate 

across the nuclear envelope by diffusion (4). Also the 

previously described fusion constructs comprising the 

51 amino-terminal amino acids of P10 fused to LacZ 
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entered the nucleus (59) suggesting a nuclear locali- 

sation function for the coiled-coil domain. 

  No function has yet been ascribed to the proline rich 

region, although there is a suggestion these regions play 

a role in the P10 mediated disintegration of the nucleus 

and release of OBs (56, 58, 63). The P10 proline rich 

region shows similarities to PEST domains. These are 

protein domains enriched in proline (P) and glutamate 

(E) (or sometimes aspartate), and associated with 

serine (S) and threonine (T) residues, which were 

originally thought to be involved in inducing rapid 

degradation of the protein containing them (49). These 

domains have since been shown to interact with Src 

homology 3 (SH3) domains (22). SH3 domain- 

containing proteins are known to be extensively involved 

in signalling pathways that regulate cytoskeleton 

kinetics and structure, particularly of the actin network 

(31). Proline is an amino acid, and its side chain forms 

a closed ring structure with its peptide backbone 

nitrogen atom. Due to this its Φ dihedral angle is 

locked at -60˚, limiting its conformational flexibility.  

Because of this, and the lack of an amino group to 

contribute to interpeptide backbone hydrogen bonding, 

stretches of proline residues often adopt a relaxed left 

handed helical structure known as a poly-proline type 

II (PPII) helix. The lack of hydrogen bonding capacity 

also prevents proline from being involved in standard 

secondary structure formation, such as α-helices and 

β-sheets. Instead prolines are often found on the 

exposed surfaces of proteins (27). Regions that adopt 

PPII conformations are recognised by SH3 and other 

proline recognition domains (PRDs) (37). The consensus 

motif for sequences recognised by SH3 domains, 

PXXP (53), can be found in many P10 sequences, but 

none possess the preferred sequence where the second 

residue is also a proline. There does not seem to be a 

consensus for the proline rich region among P10 

sequences. Two motifs seem to occur repeatedly.  

Many P10 sequences show repeats of a three amino 

acid motif consisting of a proline residue, an acidic 

residue (glutamate or aspartate) and a small hydrophobic 

residue (valine, leucine isoleucine), which we tentatively 

name a Pah (proline-acidic-hydrophobic) motif. Addi- 

tionally many P10 sequences possess a two amino 

acid proline-glutamate (PE) repeat motif, sometimes 

in conjunction with Pah motives. The PE repeat is not 

very prevalent in the Alphabaculovirus sequences but 

forms the entire proline rich region of Christoneura 

fumiferana granulovirus (CfGV) P10 and is also 

present in the EPV FALPE protein (2). A more 

detailed bioinformatics and biochemical study is 

required to further define and characterise this region. 

 

WHAT IS THE ROLE OF P10? 

  One potential role of P10 that has been mapped to 

the carboxy-terminal region (57) is its role in mediating 

nuclear or cellular lysis late in infection to release 

mature OBs. Cells infected with viruses possessing a 

p10 mutation were observed to have fewer free 

floating OBs in their culture media when observed by 

microscopy (56, 63). Williams et al. (63) described 

this as a delay in lysis of up to 2 weeks. A virus 

expressing the carboxy-terminal domain of P10 fused 

to the adjacent p26 orf (a delayed-early gene of 

unknown function) was reported as inducing pre- 

mature cell lysis (7, 23), though it is unknown whether 

this was due to the early expression of the P10 

carboxy-terminal domain or due to interference with 

p26 function. Van Oers et al. (56) failed to see a 

difference in cell lysis levels between p10 mutant and 
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wild type viruses utilising a lactate dehydrogenase 

release assay and concluded that the lack of free 

floating OBs was due to them being retained within 

intact nuclei. It is possible that the intact nuclei 

observed by van Oers et al. (56) are identical to the 

“naked” OB bundles, more correctly described as 

mature released OB bundles, previously described by 

us (6) and have in fact been released from their cell 

and nuclei but remain stuck together. We have 

observed that these OB bundles are more prevalent 

when microtubules are disrupted by drugs (6) or when 

the p10 orf is deleted (Carpentier et al., unpublished 

results). We suggest that P10 may act as a non-stick 

surface coating, helping the dissociation of OB 

bundles into free floating individual OBs, enhancing 

their dissemination in the environment and aiding in 

horizontal spread.  Further work is needed to confirm 

this hypothesis. 

  The very-late time of expression and its intimate 

interaction with OBs strongly suggest P10 is involved 

in the occlusion process and the horizontal spread of 

virus. Bio-assays of viruses with disrupted functions 

have yielded variable results regarding in vivo patho- 

genesis and spread. Vlak et al. found that viruses 

expressing a P10/LacZ fusion protein were almost 

twice as virulent as wild type (59). On the other hand 

there are several studies that indicate reduced tran- 

smissibility and pathogenicity (higher LD50 and LT50 

values compared to wild-type) of viruses possessing a 

P10 disruption or deletion (58) (Patmanidi AL & King 

F personal communication). These studies have not 

yet been convincing enough to provide a definite 

answer. It is not yet known how P10 associates with 

OBs. This association appears to occur upon release of 

OBs from infected cells (6) and can be induced to 

occur earlier through interference of the carboxy 

terminus by attachment of an epitope tag (Carpentier 

et al. unpublished results). It is possible that P10 is 

only weakly associated with OBs and much of it is 

removed during the OB purification steps preceding 

bioassay experiments. The OB bundle disaggregation 

property of P10 needs to be confirmed and disse- 

mination experiments need to be designed to measure 

its influence on baculovirus spread. 

  P10 is a tiny protein yet it seems to be involved in a 

multitude of functions and displays varying properties 

over time. How P10 encodes all these functions is not 

yet understood. Phosphorylation of a carboxy-terminal 

serine residue is known to enhance the microtubule 

association of AcMNPV P10 and induce cellular 

projection formation (9). A baculovirus phosphatase 

known to have tyrosine and serine/threonine dephosp- 

horylation properties has been documented associating 

with specific regions of FBs (38). The role of post 

translational modifications in controlling P10 functions 

remains unknown, however in many SDS-PAGE 

analyses P10 can be seen to migrate as a doublet band 

indicating different levels of modification. Lee et al. 

(35) observed a shift in the relative levels of different 

P10 species over time. A faster migrating species of 

P10 was detected from 96 hpi onwards and formed the 

main species of P10 by 120 hpi. Almost all P10 

homologues possess potential phosphorylation recog- 

nition sites for several kinases, and the distribution of 

these sites is highly conserved (DCJ Carpentier, 

unpublished results). It is likely that the virus utilises 

post translational modification to control P10 

mediated processes and trigger them at certain times 

in the cell cycle or the host caterpillar life cycle (in 

response to certain hormones produced by the 
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caterpillar), or limits certain functions to specific cells. 

Phosphorylation of coiled-coil proteins is known to 

induce unfolding of the α-helix and induce protein 

aggregation (42, 66) contributing to diseases caused 

by protein aggregate deposits (such as Alzheimer’s 

disease, caused by the abnormal aggregation of Tau in 

neural tissue). The P10 FB structures, particularly 

those in the cytoplasm, often appear very irregular and 

could potentially be deposits of incorrectly folded or 

associated protein aggregating in the perinuclear 

region, where they may form a reservoir of P10, 

which, upon cell lysis, is available for coating released 

OBs. 

 

AN ENIGMA OF BACULOVIROLOGY 

  The role of the baculovirus P10 protein in the 

baculovirus replication cycle and in the horizontal 

transmission of infection between host organisms 

remains a mystery. Several tentative suggestions have 

been postulated but none have been concretely proven.  

P10 is tiny in size but is produced in large quantities 

and appears to dominate the infected cell during the 

later stages of baculovirus infection. P10 homologues 

are conserved within the Alphabaculoviruses and a 

number of other lepidopteran baculoviruses and 

poxviruses, suggesting it plays an important role in the 

life cycle of Lepidopteran viruses. Contradictory to 

this, the current accepted view is that P10 is dispen- 

sable for baculovirus infection, both in vitro in cell 

culture and in vivo in caterpillar hosts. It seems 

extremely wasteful for baculoviruses to invest such 

large amounts of resources into i) producing large 

quantities of the protein during the replication cycle, 

and ii) evolutionarily maintaining the gene. It is highly 

likely that P10 plays an unknown, extremely 

important but non critical role. Viruses that possess 

this protein must have a strong evolutionary advantage 

over viruses that do not, otherwise the gene would not 

be evolutionarily conserved. Baculoviruses that possess 

a P10 homologue display significant differences in the 

characteristics of infection progression, both at the 

level of tissue tropism (showing a wider spread of 

infection within infected larvae) and of cytopathology 

(the Betabaculoviruses, which generally lack a P10 

homologue, induce nuclear envelope disintegration 

early in infection and replicate in a mixed nuclear 

cytoplasmic area of the cell) (16). In recent years 

interest in P10 has resurfaced (6, 17, 18, 46). We are 

very close to unravelling the mystery of P10. 

 

Acknowledgements 

  We would like to thank Prof. Robert D Possee 

(NERC, Centre for Ecology and Hydrology, Oxford) 

and Dr. Richard Hitchman (Oxford Expression Tech- 

nologies Ltd., Oxford) for reviewing this manuscript. 

 

References 

1. Adang M J, Miller L K. 1982. Molecular cloning of DNA 

complementary to mRNA of the baculovirus Autographa 

californica nuclear polyhedrosis virus: location and gene 

products of RNA transcripts found late in infection. J 

Virol, 44 (3): 782-793. 

2. Alaoui-Ismaili M H, Richardson C D. 1996. Identifi- 

cation and characterization of a filament-associated protein 

encoded by Amsacta moorei entomopoxvirus. J Virol, 70 

(5): 2697-2705. 

3. Alaoui-Ismaili M H, Richardson C D. 1998. Insect virus 

proteins (FALPE and p10) self-associate to form filaments 

in infected cells. J Virol, 72 (3): 2213-2223. 

4. Bonner W M. 1975. Protein migration into nuclei. I. Frog 

oocyte nuclei in vivo accumulate microinjected histones, 

allow entry to small proteins, and exclude large proteins. J 

Cell Biol, 64 (2): 421-430. 

239



                                                                               Virol. Sin. (2009) 24: 227-242 

 

5. Brown J H, Cohen C, Parry D A. 1996. Heptad breaks in 

alpha-helical coiled coils: stutters and stammers. Proteins, 

26 (2): 134-145. 
6. Carpentier D C, Griffiths C M, King L A. 2008. The 

baculovirus P10 protein of Autographa californica nuc- 

leopolyhedrovirus forms two distinct cytoskeletal-like 

structures and associates with polyhedral occlusion bodies 

during infection. Virology, 371 (2): 278-291. 

7. Chaabihi H, Ogliastro M H, Martin M, et al. 1993. 

Competition between baculovirus polyhedrin and p10 gene 

expression during infection of insect cells. J Virol, 67 (5): 

2664-2671. 

8. Chang D K, Cheng S F, Trivedi V D, et al. 1999. Proline 

affects oligomerization of a coiled coil by inducing a kink 

in a long helix. J Struct Biol, 128 (3): 270-279. 

9. Cheley S, Kosik K S, Paskevich P, et al. 1992. 

Phosphorylated baculovirus p10 is a heat-stable microtubule- 

associated protein associated with process formation in Sf9 

cells. J Cell Sci, 102 ( Pt 4): 739-752. 

10. Chothia C, Levitt M, Richardson D. 1981. Helix to helix 

packing in proteins. J Mol Biol, 145 (1): 215-250. 

11. Chung K L, Brown M, Faulkner P. 1980. Studies on the 

morphogenesis of polyhedral inclusion bodies of a bacu- 

lovirus autographa californica NPV. J Gen Virol, 46: 335- 

347. 

12. Cohen C, Parry D A. 1994. Alpha-helical coiled coils: 

more facts and better predictions. Science, 263 (5146): 

488-489. 

13. Crick F H C. 1952. Is alpha-keratin a coiled coil? Nature, 

170 (4334): 882-883. 

14. Crick F H C. 1953. The packing of alpha-helices: Simple 

coiled-coils. Acta Crystallogr, 6: 689-697. 

15. Croizier G, Gonnet P, Devauchelle G. 1987. Localisation 

cytologique de la proteine non structurale p10 du baculovirus 

de la polyedrose nucleaire do Lepidoptere Galleria mel- 

lonella. L CR Acad Sci Paris, 305: 677-681. 

16. Crook N. 1991.Baculoviridae: subgroup B: Comparative 

aspects of granulosis viruses. In: Viruses of Invertebrates 

(Kurstak E, ed.), New York: Marcel Dekker. p73-110. 

17. Dong C, Deng F, Li D, et al. 2007. The heptad repeats 

region is essential for AcMNPV P10 filament formation 

and not the proline-rich or the C-terminus basic regions. 

Virology, 365 (2): 390-397 

18. Dong C, Li D, Long G, et al. 2005. Identification of  

functional domains required for HearNPV P10 filament 

formation. Virology, 338 (1): 112-120. 

19. Fong J H, Keating A E, Singh M. 2004. Predicting specificity 

in bZIP coiled-coil protein interactions. Genome Biol, 5 (2): 

R11. 

20. Fuxa J R, Matter M M, Abdel-Rahman A, et al. 2001. 

Persistence and Distribution of Wild-Type and Recombi- 

nant Nucleopolyhedroviruses in Soil. Microb Ecol, 41 (3): 

222-231. 

21. Garcia M L, Cleveland D W. 2001. Going new places 

using an old MAP: tau, microtubules and human neurode- 

generative disease. Curr Opin Cell Biol, 13 (1): 41-48. 

22. Ghose R, Shekhtman A, Goger M J, et al. 2001. A novel, 

specific interaction involving the Csk SH3 domain and its 

natural ligand. Nat Struct Biol, 8 (11): 998-1004. 

23. Goenka S, Weaver R F. The p26 gene of the Autographa 

californica nucleopolyhedrovirus: timing of transcription, 

and cellular localization and dimerization of product. Virus 

Res. 2008 Feb;131 (2): 136-44. 

24. Gruber M, Soding J, Lupas A N. 2006. Comparative 

analysis of coiled-coil prediction methods. J Struct Biol, 

155 (2): 140-145. 

25. Herniou E A, Olszewski J A, O'Reilly D R, et al. 2004. 

Ancient coevolution of baculoviruses and their insect hosts. 

J Virol, 78 (7): 3244-3251. 

26. Hess R T, Falcon L A. 1978. Electron microscope 

observations of the membrane surrounding polyhedral 

inclusion bodies of insects. Arch Virol, 56 (1-2): 169-176. 

27. Holt M R, Koffer A. 2001. Cell motility: proline-rich 

proteins promote protrusions. Trends Cell Biol, 11 (1): 38- 

46. 

28. Jarvis D L, Bohlmeyer D A, Jr. Garcia A. 1991. 

Requirements for nuclear localization and supramolecular 

assembly of a baculovirus polyhedrin protein. Virology, 

185 (2): 795-810. 

29. Jehle J A, Lange M, Wang H, et al. 2006. Molecular 

identification and phylogenetic analysis of baculoviruses 

from Lepidoptera. Virology, 346 (1): 180-193. 

30. Katsuki M, Tokuraku K, Murofushi H, et al. 1999. 

Functional analysis of microtubule-binding domain of 

bovine MAP4. Cell Struct Funct, 24 (5): 337-344. 

31. Kim Y, Chang S. 2006. Ever-expanding network of dynamin- 

interacting proteins. Mol Neurobiol, 34 (2): 129- 136. 

32. Knudson D L, Harrap K A. 1975. Replication of nuclear 

240 



Virol. Sin. (2009) 24: 227-242                                                                                

 

polyhedrosis virus in a continuous cell culture of 

Spodoptera frugiperda: microscopy study of the sequence 

of events of the virus infection. J Virol, 17 (1): 254-268. 

33. Kuzio J, Rohel D Z, Curry C J, et al. 1984. Nucleotide 

sequence of the p10 polypeptide gene of Autographa 

californica nuclear polyhedrosis virus. Virology, 139: 414- 

418. 

34. Lee G, Cowan N, Kirschner M. 1988. The primary 

structure and heterogeneity of tau protein from mouse 

brain. Science, 239 (4837): 285-288. 

35. Lee S Y, Poloumienko A, Belfry S, et al. 1996. A 

common pathway for p10 and calyx proteins in progressive 

stages of polyhedron envelope assembly in AcMNPV- 

infected Spodoptera frugiperda larvae. Arch Virol, 141 (7): 

1247-1258. 

36. Lewis S A, Wang D H, Cowan N J. 1988. Microtubule- 

associated protein MAP2 shares a microtubule binding 

motif with tau protein. Science, 242 (4880): 936-939. 

37. Li S S. 2005. Specificity and versatility of SH3 and other 

proline-recognition domains: structural basis and impli- 

cations for cellular signal transduction. Biochem J, 390 (Pt 

3): 641-653. 

38. Li Y, Miller L K. 1995. Properties of a baculovirus mutant 

defective in the protein phosphatase gene. J Virol, 69 (7): 

4533-4537. 

39. Lupas A N, Gruber M. 2005. The structure of alpha- 

helical coiled coils. Adv Protein Chem, 70: 37-78. 

40. Lupas A, Van Dyke M, Stock J. 1991. Predicting coiled 

coils from protein sequences. Science, 252 (5010): 1162- 

1164. 

41. MacKinnon E A, Henderson J F, Stoltz D B, et al. 1974. 

Morphogenesis of nuclear polyhedrosis virus under con- 

ditions of prolonged passage in vitro. J Ultrastruct Res, 

49 (3): 419-435. 

42. Meggio F, Pinna L A. 2003. One-thousand-and-one 

substrates of protein kinase CK2? Faseb J, 17 (3): 349- 368. 

43. Melki R, Kerjan P, Waller J P, et al. 1991. Interaction of 

microtubule-associated proteins with microtubules: yeast 

lysyl-and valyl-tRNA synthetases and tau 218-235 synthetic 

peptide as model systems. Biochemistry, 30 (49): 11536- 

11545. 

44. Nguyen M, Fasold H. 1991. A strongly basic protein of 

the MAP2 family copolymerizes with tubulin and induces 

polymerization. J Protein Chem, 10 (5): 511-516. 

45. Offer G, Hicks M R, Woolfson D N. 2002. Generalized 

Crick equations for modeling noncanonical coiled coils. J 

Struct Biol, 137 (1-2): 41-53. 

46. Patmanidi A L, Possee R D, King L A. 2003. Formation 

of P10 tubular structures during AcMNPV infection depends 

on the integrity of host-cell microtubules. Virology, 317 

(2): 308-320. 

47. Preuss U, Biernat J, Mandelkow E M, et al. 1997. The 

'jaws' model of tau-microtubule interaction examined in 

CHO cells. J Cell Sci, 110 ( Pt 6): 789-800. 

48. Quant-Russell R L, Pearson M N, Rohrmann G F, et al. 

1987. Characterization of baculovirus p10 synthesis using 

monoclonal antibodies. Virology, 160 (1): 9-19. 

49. Rogers S, Wells R, Rechsteiner M. 1986. Amino acid 

sequences common to rapidly degraded proteins: the PEST 

hypothesis. Science, 234 (4774): 364-368. 

50. Rohel D Z, Cochran M A, Faulkner P. 1983. 

Characterization of two abundant mRNAs of Autographa 

californica nuclear polyhedrosis virus present late in 

infection. Virology, 124 (2): 357-365. 

51. Rohel D Z, Faulkner P. 1984. Time Course Analysis and 

Mapping of Autographa californica Nuclear Polyhedrosis 

Virus Transcripts. J Virol, 50 (3): 739-747. 

52. Smith G E, Fraser M J, Summers M D. 1983. Molecular 

Engineering of the Autographa californica Nuclear 

Polyhedrosis Virus Genome: Deletion Mutations Within 

the Polyhedrin Gene. J Virol, 46(2):584-593. 

53. Sparks A B, Rider J E, Kay B K. 1998. Mapping the 

specificity of SH3 domains with phage-displayed random- 

peptide libraries. Methods Mol Biol, 84: 87-103. 

54. Summers M D, Arnott H J. 1969. Ultrastructural studies 

on inclusion formation and virus occlusion in nuclear 

polyhedrosis and granulosis virus-infected cells of Tricho- 

plusia ni (Hubner). J Ultrastruct Res, 28 (5): 462- 480. 

55. Van der Wilk F, Van Lent J W M, Vlak J M. 1987. 

Immunogold detection of polyhedrin, p10 and virion 

antigens in Autographa californica nuclear polyhedrosis 

virus-infected Spodoptera frugiperda cells. J Gen Virol, 68: 

2615-2623. 

56. Van Oers M M, Flipsen J T, Reusken C B, et al. 1993. 

Functional domains of the p10 protein of Autographa 

californica nuclear polyhedrosis virus. J Gen Virol, 74 ( Pt 

4): 563-574. 

57. Van Oers M M, Flipsen J T, Reusken CB, et al. 1994. 

241



                                                                               Virol. Sin. (2009) 24: 227-242 

 

Specificity of baculovirus p10 functions. Virology, 200 (2): 

513-23. 

58. Van Oers M M, Vlak J M. 1997. The baculovirus 10-kDa 

protein. J Invertebr Pathol, 70 (1): 1-17. 

59. Vlak J M, Klinkenberg F A, Zaal K J, et al. 1988. 

Functional studies on the p10 gene of Autographa 

californica nuclear polyhedrosis virus using a recombinant 

expressing a p10-beta-galactosidase fusion gene. J Gen 

Virol, 69 ( Pt 4): 765-776. 

60. Vlak J M, Smith G E, Summers M D. 1981. Hybridi- 

zation Selection and In Vitro Translation of Autographa 

californica Nuclear Polyhedrosis Virus mRNA. J Virol, 40 

(3): 762-771. 

61. Volkman L E, Zaal K J. 1990. Autographa californica M 

nuclear polyhedrosis virus: microtubules and replication. 

Virology, 175 (1): 292-302. 

62. Walshaw J, Woolfson D N. 2001. Open-and-shut cases in 

coiled-coil assembly: alpha-sheets and alpha-cylinders. 

Protein Sci, 10 (3): 668-673. 

63. Williams G V, Rohel D Z, Kuzio J, et al.. 1989. A 

cytopathological investigation of Autographa californica 

nuclear polyhedrosis virus p10 gene function using insertion/ 

deletion mutants. J Gen Virol, 70 ( Pt 1): 187-202. 

64. Wilson J A, Hill J E, Kuzio J, et al. 1995. Characterization 

of the baculovirus Choristoneura fumiferana multicapsid 

nuclear polyhedrosis virus p10 gene indicates that the 

polypeptide contains a coiled-coil domain. J Gen Virol, 76 

( Pt 12): 2923-2932. 

65. Zanotto P M, Kessing B D, Maruniak J E. 1993. 

Phylogenetic interrelationships among baculoviruses: evo- 

lutionary rates and host associations. J Invertebr Pathol, 

62 (2): 147-164. 

66. Zetina C R. 2001. A conserved helix-unfolding motif in 

the naturally unfolded proteins. Proteins, 44 (4): 479-483. 

 

242 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


