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A novel protein which is expressed at high levels in insect cells infected with Amsacta moorei entomopoxvirus
was identified by our laboratory. This viral gene product migrates as a 25/27-kDa doublet when subjected to
electrophoresis on sodium dodecyl sulfate-polyacrylamide gels. It is expressed at late times of infection and is
present in infected cells but is absent in purified extracellular virions and occlusion bodies. The gene encoding
this polypeptide was mapped on the viral genome, and cDNA clones were generated and sequenced. The
predicted protein was shown to be phosphorylated and contained an unusual 10-unit proline-glutamic acid
repeat element. A polyclonal antiserum was produced against a recombinant form of the protein expressed in
Escherichia coli, and a monoclonal antibody which reacted with the proline-glutamic acid motif was also
identified. Immunofluorescence and immunoelectron microscopy techniques revealed that this protein is
associated with large cytoplasmic fibrils which accumulate in the cytoplasm between 96 and 120 h postinfec-
tion. We subsequently called this viral polypeptide filament-associated late protein of entomopoxvirus. The
fibrils containing this polypeptide are closely associated with occlusion bodies and may play a role in their

morphogenesis and maturation.

Entomopoxviruses (EPVs) are insect viruses which replicate
in the cytoplasm of the host cell (2-4). Through structural and
genetic similarities to the vertebrate poxviruses, as well as their
cytoplasmic site of replication, these viruses were originally
assigned to the family Poxviridae (33). The genomes of EPVs
are composed of double-stranded linear DNA molecules rang-
ing from 130 to 300 kb and characteristically have low G+C
content (4, 34). The Amsacta moorei EPV (AmEPV) is the
most studied member of this family of viruses, since several cell
lines support its replication in vitro (12, 15, 30). AmEPV nor-
mally infects the larvae of the Indian red army worm (A4.
moorei) and the saltmarsh caterpillar (Estigmene acrea) (16,
25). Late in infection, this insect pathogen produces large
oval-shaped structures called occlusion bodies or spheroids
which accumulate in the cytoplasm of the infected cell (16).
These structures are similar to the polyhedra produced in
baculovirus infections (1, 3, 4, 13). Within these spheroids, the
occluded virions are protected from environmental stress for
extended periods of time, and these structures are important
for the horizontal (insect-to-insect) transmission of the virus.
On the other hand, the nonoccluded form of the virus is re-
quired for the spread of infection throughout the larvae (cell-
to-cell transmission). Occlusion body formation is believed to
begin around 72 h postinfection and involves the deposition of
proteins around two or more mature virions (30). The AmEPV
occlusion bodies are composed primarily of a cysteine-rich
protein called spheroidin, which has a molecular mass of 110
kDa (5, 19, 26). The gene encoding this protein is under the
control of a very strong promoter. As a result, spheroidin can
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constitute up to 40% of the total AmEPV-infected cell protein.
However, when early viral protein synthesis or DNA replica-
tion is inhibited, the infected insect cells are unable to produce
spheroids (31). On the other hand, nonoccluded EPV virions
are still produced if the spheroidin gene is deleted (38). Unlike
some other EPVs, AmEPV does not produce oval-shaped
spindle bodies which are composed of fusolin protein (8, 10,
13). However, ultrastructural studies performed on AmEPV-
infected insect cells (13, 31) and larvae (14) have shown the
presence of large filamentous structures called cytoplasmic
fibrils. It has recently been suggested that these fibrils may
correspond to rearranged cellular cytoskeletal proteins. On the
basis of phalloidin staining, actin has been reported to be
associated with these structures (31), but biochemical and im-
munochemical evidence to support this hypothesis is lacking.
By analogy, AcNPV (Autographa californica nuclear polyhe-
drosis virus) infections produce large bundles of filaments
made up, at least in part, of a virally encoded protein called
p10 (47, 52, 55). This protein may play a role in biogenesis of
the polyhedron envelope.

We have identified a novel AmEPV protein which is ex-
pressed at high levels late in infection and migrates as a poly-
peptide doublet of 25 and 27 kDa when subjected to sodium do-
decyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE).
This protein was called FALPE (filament-associated late
protein of EPV). The gene encoding FALPE was mapped on
the viral genome, and cDNA clones were identified and se-
quenced. We have also amplified, cloned, and sequenced the 5’
end of the FALPE transcript. A polyclonal antiserum was
raised against FALPE expressed in bacteria and was used to
immunoprecipitate both nonphosphorylated and *?P-labeled
forms of this protein. Finally, immunoelectron microscopy as
well as immunofluorescence studies revealed that this protein
is associated with the large cytoplasmic fibrils found in infected
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cells. We propose that these fibrils may play a role in viral
and/or occlusion body morphogenesis.

MATERIALS AND METHODS

Virus, cells, larvae, and viral genomic DNA. AmEPV was originally propa-
gated in E. acrea larvae and later adapted to cell lines IPLB-LD-652 and BTI-
EAA as described previously (5, 12). BTI-EAA cells and AmEPV originated
from the laboratory of R. R. Granados (Boyce Thompson Institute for Plant
Research, Ithaca, N.Y.). Spodoptera frugiperda (Sf9) cells were obtained from
Max Summers (Texas A&M University), and they also supported the growth of
AmEPYV following several passages of adaptation. BTI-EAA and Sf9 cells were
propagated in Grace’s insect medium (GIBCO/BRL) supplemented with 10%
fetal calf serum. The IPLB-LD-652 cells were cultivated in EX-CELL 400 serum-
free medium (JRH Biosciences, Lenexa, Kans.). Amphotericin B (Fungizone; 2.5
pg/ml) and gentamicin (50 wg/ml) were added to prevent microbial contamina-
tion. AmEPV DNA was prepared from extracellular virus released from infected
IPLB-LD-652 cells as previously described (5, 17).

Electrophoretic purification and ami minal seq ing of AmEPV
FALPE. BTI-EAA cells were infected with nonoccluded virus at a multiplicity of
infection of 1 to 5 PFU per cell. At 6 days postinfection, the cells were harvested
and lysed with electrophoresis sample buffer containing 5% (vol/vol) B-mercap-
toethanol and subjected to electrophoresis on 12% polyacrylamide gels in the
presence of SDS (5). The gels were subsequently stained with Coomassie blue;
protein bands corresponding to 25 and 27 kDa were excised and electroeluted in
an Elutrap apparatus (Schleicher & Schuell). Eluted protein was dialyzed against
phosphate-buffered saline (PBS), and each protein was again resolved by SDS-
PAGE transferred to a polyvinylidene difluoride membrane (Millipore), and
sequenced as previously described (5, 32), using an Applied Biosystems 470A
gas-phase sequencer.

Degenerate oligonucleotides and specific DNA probes. A degenerate oligonu-
cleotide (AmA,), which spanned the coding region from amino acids 3 to 9 on
the FALPE protein sequence, was synthesized. The AmA; sequence was 5'-
GCICTICATCCAGTNAA(A/G)GA(T/C)(T/C)C-3', where N represents any
nucleotide and I represents the non-hydrogen-bounding nucleotide base inosine.
AmAE and M13RE are analogous to AmA; and M13R (M13 reverse universal
primer), respectively, except that they contained an additional EcoRI site plus
two nucleotides at their 5" termini.

Purified AmMEPV DNA was digested with EcoRI. The resulting DNA frag-
ments were ligated overnight to an EcoRI-cut plasmid pUC19, using bacterio-
phage T4 DNA ligase. The ligation mix was then used as a template for PCR in
which either M13 or M13R, together with AmA,, was used as a primer. The
amplified DNA fragment obtained when M13R was used was called probe 1.
This fragment was labeled with 32P by using a Quick Prime kit (Pharmacia) and
employed in subsequent experiments.

Construction of the AmEPV cDNA library and identification of FALPE ¢cDNA
clones. An AmEPV cDNA library was constructed in the bacterial cloning vector
pUC19, using purified mRNA from infected IPLB-LD cells as previously de-
scribed (5). This library was screened in two steps: (i) clones containing cDNAs
specific for AmEPV were identified by probing this library with a 3?P-labeled
HindIII-EcoRI restriction digest of viral genomic DNA; (ii) positive clones were
then transferred to nylon membranes (Amersham) for the identification of
FALPE clones. We generated a DNA probe for FALPE by digesting probe 1
with EcoRI. The resulting fragments were resolved on a 1.5% agarose gel, and
a 288-nucleotide fragment free of pUC19 sequences was gel purified by using a
Gene Clean kit (Bio 101, Inc.). This fragment was then radiolabeled as previously
described (5) to yield probe 2 and hybridized to nylon membranes displaying the
AmEPV c¢DNA. FALPE-specific clones were identified following autoradiogra-
phy. DNA was sequenced, and Southern blot hybridizations to AmEPV genomic
DNA were performed as previously described (5, 29).

Primer extension and analysis of the 5’ end of the FALPE transcript. A total
of 1.5 X 10® Sf9 cells were infected with AmEPV. Four days postinfection, cells
were harvested and poly(A)* mRNA was purified by using a Quickprep mRNA
purification kit (Pharmacia). Subsequent experiments to determine the sequence
of the 5" end of the FALPE mRNA were performed by using the GIBCO/BRL
5" RACE (rapid amplification of cDNA ends) system. An internal gene-specific
primer, GSP1 (5'-CCAAGATTCTACTAGTTCAT-3"), was synthesized and
used to reverse transcribe the 5" end of FALPE mRNA. The 3’ end of the cDNA
was dC tailed by using terminal deoxynucleotide transferase. A nested primer
called GSP2 (5'-TGCTTCTTGTAAATAAC-3") and an anchor primer which
annealed to the dC tail at the 3’ end of cDNA were used to amplify a region
corresponding to the 5’ end of the FALPE mRNA. The amplified DNA frag-
ment was subsequently ligated to SrflI-cut pCR-Script SK(+) plasmid, cloned,
and sequenced.

Expression of recombinant FALPE in Escherichia coli. Two oligonucleotides,
AmGB, and AmGL,, corresponding to the 5" and 3’ ends, respectively, of the
FALPE cDNA, were generated. AmGB, (5'-CGGGATCCTATAAAGAAACG
TATTAGGGTTA-3") contains a BamHI site in addition to two extra nucleotides
at its 5’ terminus, whereas AmGL, (5'-TTATTAGGTTCCGAATTGTGTGC
AAGATTTTTAATTA-3’) has six additional nucleotides upstream of a HindIII
site located at its 5" end. These oligonucleotides were used as primers in a PCR
to amplify the cDNA fragment that they flank. Once amplified, this fragment was
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cut with both BamHI and HindIII and then inserted between these two sites in
the bacterial expression plasmid PEZZ-18, supplied by Pharmacia (36, 37). The
plasmid was introduced into E. coli DH5a cells by electroporation. Expression
resulted in the production of a protein which accumulated inside the cell as
inclusion bodies.

Antibodies. To prepare antigen for immunization, inclusion bodies containing
the FALPE fusion protein were purified from transformed E. coli cells as pre-
viously described (27). Inclusion bodies were solubilized in 5 M guanidine-HCl
and renatured by dialysis against Tris-HCI buffer (pH 8.0) containing 1 mM
dithiothreitol protease inhibitors, and 20% glycerol. The solubilized recombinant
protein was then purified through an immunoglobulin G (IgG) column contain-
ing a 2-ml bed volume of IgG-Sepharose 6 Fast Flow (Pharmacia) and eluted
with buffer containing 1 M NaCl. The purified protein was subsequently injected
into a rabbit for the production of a polyclonal antibody (pAbFALPE) (20).
Anti-Trypanosoma brucei brucei procyclin monoclonal antibody (MAb) CLP001,
which recognizes the proline-glutamic acid (PE) repeat portion of the FALPE
protein (42), was purchased from Cedarlane Laboratories Ltd. (Mississauga,
Ontario, Canada). For subsequent immunoblot analysis, AmEPV-infected insect
cells were resuspended in sample buffer, and the proteins were resolved by
SDS-PAGE, transferred onto nitrocellulose membranes, and probed with either
the polyclonal or monoclonal antibody. Antibody-antigen complexes were de-
tected with alkaline phosphatase-conjugated donkey anti-rabbit or anti-mouse
IgG antibodies (Jackson Immunoresearch Laboratories) as previously described
(20, 51). Fluorescein-conjugated donkey anti-mouse antibody used in fluores-
cence microscopy studies was purchased from Cedarlane Laboratories. Donkey
anti-rabbit IgG or goat anti-mouse IgG conjugated to 12-nm gold particles was
obtained from Jackson Immunoresearch and used in immunoelectron micros-
copy studies.

Labeling AmEPV-infected cells with 3*P; and immunoprecipitation of FALPE.
A total of 1.5 X 10° BTI-EAA cells were infected with AmEPV. Four days
postinfection, the medium was removed and replaced with phosphate-free
Grace’s medium (45, 51). Following 3 h of incubation in phosphate-free medium,
32P, (ICN) was added at a concentration of 1 mCi/ml, and the cells were incu-
bated for a further 6 h. Radiolabeled cellular proteins were solubilized in 1 ml of
radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% [vol/vol]
Nonidet P-40, 0.5% [wt/vol] sodium deoxycholate, 0.1% [wt/vol] SDS, 50 mM
Tris-HCI [pH 7.5]) containing 0.1% (wt/vol) bovine serum albumin (BSA) and
protease inhibitors. Immunoprecipitations were performed on 200 pl of this cell
lysate as previously described (51). Precipitated proteins were resuspended in
sample buffer and resolved by SDS-PAGE. The gels were finally exposed to
Kodak XAR-5 X-ray film.

Incubation of FALPE with CIP. A total of 7.5 X 10° mock-infected or
AmEPV-infected Sf9 cells were harvested 6 days postinfection and lysed in 500
ml of RIPA buffer. One half of this cell lysate was dialyzed on a floating
0.025-pwm-pore-size VSWP membrane (Millipore) against calf intestinal alkaline
phosphatase (CIP) buffer (41). The other half was equilibrated against CIP
buffer containing 10 mM Na,HPO,, which is a phosphatase inhibitor. Samples
were incubated with 3.4 U of CIP (Pharmacia) and subsequently analyzed by
SDS-PAGE and by immunoblotting as previously described (51).

Immunoelectron microscopy. AmEPV-infected Sf9 or IPLB-LD-652 cells
were harvested 4, 5, and 6 days postinfection and fixed with 1% (wt/vol) para-
formaldehyde and 1% (vol/vol) glutaraldehyde in PBS. Cells were infiltrated with
LR White, polymerized, cut into thin sections, and placed onto nickel grids. Cell
sections were preincubated with 1% (wt/vol) BSA and subsequently with either
MADb CLP001 or pAbFALPE at a dilution of 1:800 or 1:1,000, respectively.
Sections were washed in PBS containing 0.05% Tween 20 and incubated for 30
min with a 1:20 dilution of either donkey anti-rabbit IgG or goat anti-mouse IgG
conjugated to 12-nm gold particles. Finally, grids were washed with PBS con-
taining 0.05% Tween 20 and then with water and stained for 5 min with uranyl
acetate and 2 min with lead citrate prior to visualization with a Philips EM400
microscope.

Immunofluorescence and confocal microscopy. Sf9 or BTI-EAA cells were
infected with AmEPV at a multiplicity of infection of 10 PFU/ml. Cells were
harvested 5 days postinfection, washed by centrifugation at 400 X g, and resus-
pended in PBS at 10° cells per ml. For viewing through a conventional fluores-
cence microscope, cells were attached to microscope slides by centrifugation at
10,000 X g for 7 min in a Cytospin centrifuge (20). Alternatively, prior to
observation through a confocal microscope, cells were plated on microscope
slides pretreated with poly-L-lysine (Sigma Biosciences) and were allowed to
attach for 20 min (20). Slides were subsequently immersed in 0.25% glutaralde-
hyde solution in PBS for 20 min, washed twice in PBS, and then permeabilized
and fixed with cold methanol-acetone (1:1) for 20 min. The fixed cells were
incubated with MAb CLP001 at a dilution 1:1,000 in Grace’s medium (containing
10% fetal calf serum) for 30 min and then washed three times in PBS. Identical
results were obtained if cells were fixed with 2% paraformaldehyde in PBS
followed by cold methanol-acetone (1:1) or just simply cold methanol-acetone
(1:1). The bound antibody was visualized by using fluorescein-conjugated goat
anti-mouse antibody at a 1:25 dilution in culture medium. To visualize actin,
fixed and permeabilized cells were incubated with phalloidin conjugated to
rhodamine (Sigma) at a concentration of 0.2 pg/ml. Fluorescent structures were
visualized with either a Leitz fluorescence microscope or a Molecular Dynamics
Multiprobe 2001 confocal microscope.
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FIG. 1. Infected cell proteins resolved by SDS-PAGE and stained with Coo-
massie blue. Total protein extracts from BTI-EAA cells infected with AmEPV
were prepared at 6 days postinfection. Proteins were solubilized in sample buffer
containing SDS and B-mercaptoethanol and resolved on an SDS-12% polyacryl-
amide gel. Proteins were subsequently stained with Coomassie blue. Migration of
molecular weight standards (in kilodaltons) is indicated at the left. The major
occlusion body protein, spheroidin, migrates with a molecular mass of 110 kDa.
In addition, a major 25/27-kDa protein doublet was evident and was subsequently
called FALPE.

Nucleotide sequence accession number. The nucleotide sequence of FALPE
was submitted to GenBank and has the accession number U30297.

RESULTS

AmEPV major late proteins and purification of FALPE.
BTI-EAA cells infected with AmEPV were harvested 7 days
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postinfection and solubilized in sample buffer containing 5%
(vol/vol) B-mercaptoethanol, and proteins were resolved by
SDS-PAGE and stained with Coomassie blue (Fig. 1). The
most predominant protein, migrating at about 110 kDa, cor-
responds to the major occlusion body protein, spheroidin (5,
19, 26). Two other major bands were detected and migrated
with apparent molecular masses of 25 and 27 kDa. These were
gel purified and subjected to amino-terminal sequencing. The
same 29-amino-acid sequence, AP(P)VDPVKDLIKKTI?VIA
NIDQSTKKIL, was obtained for both bands, suggesting that
this doublet corresponds to two modified species of the same
protein. This gene product was synthesized as a 25/27-kDa
protein made late in infection and was subsequently designated
FALPE.

Mapping the location of the gene for FALPE on the AmEPV
genome. A degenerate oligonucleotide, AmA,, was designed
and synthesized from amino acid residues 6 to 9 of the amino-
terminal protein sequence of FALPE. AmA,, in combination
with either M13 or M13R, was used as a primer in PCRs in
order to amplify a portion of the gene encoding FALPE which
had been cloned into the bacterial plasmid pUCI1S8. EcoRI-
digested AmMEPV DNA was ligated to the EcoRI site of pUCI18
and used as template for this reaction. This strategy produced
a 308-nucleotide DNA fragment when M13R was used. A
second round of PCR amplification was then performed with
AmAE and M13R. AmAE is a homolog to AmA, but contains
an EcoRlI site at its 5’ terminus. The resulting fragment was
subsequently digested with EcoRI and cloned at the EcoRI site
of pUCI1S, and the DNA was sequenced. Analysis of the de-
duced amino acid sequence from this DNA revealed that the
first 22 amino acids coded for by one of the fragment’s ends
were identical to residues 6 to 28 of the N-terminal protein
sequence of FALPE, which had been determined by Edman
degradation. This finding indicated that the 308-nucleotide
DNA fragment represented a portion of the FALPE gene; we
called the fragment probe 1 and used it in subsequent exper-
iments.

AmEPV DNA was purified as described in Materials and
Methods and digested with either EcoRI, HindIll, Accl, or
EcoRV. The resulting fragments were resolved on an agarose gel,
transferred onto a nitrocellulose membrane, and subsequently
hybridized to *?P-labeled probe 1. As shown in Fig. 2, hybrid-
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FIG. 2. Localization of the gene for FALPE on the AmEPV genome by Southern blot hybridization. (A) FALPE is encoded by an ORF (shown as a black arrow)
located in the HindIII L and EcoRI L restriction fragments and a small portion of the EcoRI F restriction fragment. The position of the spheroidin gene is also indicated.
(B) Southern blot hybridization of AmEPV genomic DNA digested with AccI (lane 1), HindIII (lane 2), EcoRV (lane 3), and EcoRI (lane 4). Restriction fragments
were resolved on a 0.7% agarose gel, transferred to a nitrocellulose membrane, and hybridized to probe 1, which is specific for the FALPE gene. The blot was exposed
to X-ray film. Sizes (in kilodaltons) of standard DNA fragments are shown at the left.
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M A P P V D P V K D L I K K T I R V I A N I D O S T K
AAAAAAAAAAARAAAAAAAATGGCACCACCAGTAGATCCTGTAAAAGATTTGATAAAGAAAACTATTAGGGTTATTGCTAACATAGATCAATCTACAAAA 100

K I L S E S I K K 8 L A D PN S F DHD Y L S Y VNNOQUV K TTUL I D
AAAATATTATCCGAAAGTATTAAAAAATCTTTAGCTGATCCTAATTCATTTGATCACGATTATTTATCATATGTTAATAATCAGGTTAAAACATTGATAG 200

A S A NF TP E QW S YL VS RULF S EULV I TN NUY Y QY KL Q R
ATGCATCCGCTAATTTCACACCAGAACAATGGTCTTATCTTGTATCTAGACTATTTAGCGAATTAGTTATTACCAATTATTATCAATACAAATTACAGAG 300

I H I ASDV QVNDULEZ QILNG DT LIGQE - AYDZETLUVESWZPTE?P
AATTCATATTGCGTCCGATGTTCAAGTTAACGATCTTGAACAATTGAATGGTGATTTACAAGAAGCATACGATGAACTAGTAGAATCTTGGCCTGAGCCT 400

E P E P E P E P E P EUPEUPEUPUES P AUPETF PV G RU R K Q *
GAACCAGAACCTGAACCTGAACCTGAGCCAGAACCCGAACCTGAACCTGAAAGTCCTGCTCCAGAATTTCCAGTTGGACGTAGAAAACAATAAATTAATC 500

GAGTAATAAATTCAAATTATCATAATATATTTTGATTAACATAATATATATAAAATTAATAATAATTTTAATTATTATATATATCATTTCAAAATAAACC 600
ATAGAATATGTATAAATTTTAATAAATGTTAAAATCATATATACGAATCACACGGAATATATATTAATAAATGTTTTTATTATTATTTTATTATCTAAAT 700
ATATTCCACATAATAATATTAAATTTATAAATATTGATAACAAAAGAATGACATTATCAATAACTATTATAATTAAAAA 779
FIG. 3. Predicted amino acid sequence of FALPE and cDNA nucleotide sequence derived from its mRNA. A 759-nucleotide cDNA fragment found in pLP17 was

sequenced, and the 5’ end of the FALPE mRNA was deduced by RACE as described in Materials and Methods. Amino acids which were determined directly by
N-terminal sequencing of 25/27-kDa polypeptides eluted from SDS-polyacrylamide gels are underlined. The unusual PE repeat motif is in boldface.

ization occurred with an 11.6-kb EcoRI fragment (EcoRI-F)
and to the 4.26-kb HindlIll fragment (HindIII-L), as deter-
mined from a genomic map which had previously been re-
ported (18). In addition, probe 1 hybridized to both 5.2-kb
Accl and 6.8-kb Bglll fragments. These results suggest that
FALPE is encoded by an AmEPV gene and that this gene is
present as a single copy within the viral genome.
Identification and sequencing of FALPE cDNA clones. The
308 bp of probe 1 contained 20 bp at the 3’ end of the FALPE
coding region which were derived from the multicloning site of
pUCI18 following PCR with the M13R primer. To facilitate
further screening of pUC19 constructs, probe 2 was generated
to remove these 20 bp after EcoRI digestion as described in
Materials and Methods. Probe 2 was gel purified, **P labeled,
and used to probe an AmEPV cDNA library cloned into
pUC19. Eight related clones hybridized to probe 2 and were
sequenced. Clone pLP17 was found to contain most of the
coding sequence for FALPE (Fig. 3). The cDNA fragment
found in pLP17 is 759 nucleotides long; the 5'-most codon
found in the predicted open reading frame (ORF) corresponds
to the sixth amino acid (proline) found in the protein sequence
of FALPE which had been determined by N-terminal sequenc-
ing of the protein. The predicted 17.3-kDa protein encoded by
the ORF contains 10 tandem repeats of a two-amino-acid (PE)
motif at its carboxy terminus (Fig. 3). We suspect that this
region causes retardation of the protein’s migration through
SDS-polyacrylamide gels, resulting in the 25/27-kDa doublet
observed on our gels. The significance of this tandem amino
acid repeat was investigated by a computer-assisted homology
search which identified a few proteins containing similar do-
mains. The most striking homolog to FALPE is procyclin,
which is the major glycoprotein found on the surface of 7.
brucei brucei during its procyclic phase. This protein contains
15 repeats of the same PE motif (42). The early E1A proteins
of adenovirus types 2 and 5 (11, 50) also contain six repeats of
the PE motif. To our knowledge, no distinct role has been
assigned to these regions in E1A protein or procyclin. This re-
gion may be important for protein structure, or it could func-
tion in protein-protein interaction (56). The FALPE cDNA
contains an EcoRlI site one-third of the way from its 5’ termi-

nus; the 3’ end of the FALPE OREF is contained in the EcoRI
L fragment of the AmEPV genome, while the 5’ third is situ-
ated in the EcoRI F fragment (Fig. 2B).

Amplification and cloning of the 5’ end of FALPE cDNA.
Total mRNA was purified from AmEPV-infected Sf9 cells at 4
days postinfection. An oligonucleotide complementary to the
FALPE cDNA sequence beginning at position 354 down-
stream from the first codon in pLP17, called GSP1, was an-
nealed to this mRNA and used as a primer to generate a
cDNA by reverse transcription. This DNA was dC tailed and
then amplified by PCR using a nested primer, GSP2, together
with an anchor primer specific for the 5’ tail. We obtained a
fragment 430 bp long which was subsequently cloned in the
pCR-Script SK(+) plasmid and then sequenced as described in
Materials and Methods. In addition to identifying the nucleo-
tide sequence which corresponds the six first amino acids of the
protein, analysis of the 430-bp fragment revealed two interest-
ing features of the 5’ end of the FALPE transcript: (i) the
presence of a poly(A) tract about 20 nucleotides long at its 5’
end and (ii) the absence of any other untranslated sequences
between this poly(A) region and the translation initiation sig-
nal ATG. These features are characteristic of poxvirus late
transcripts (3, 5, 9, 19, 35). This result not only indicates that
this protein is encoded by the AmEPV genome but further
suggests that FALPE is a typical poxvirus late protein and its
transcription is regulated through recognized poxvirus motifs.

Temporal expression of FALPE in infected cells. To confirm
that this protein is expressed late in infection, Sf9 cells were in-
fected with AmEPYV and harvested at different times postinfec-
tion. Proteins were separated by SDS-PAGE and transferred
to a nitrocellulose membrane. The blot was subsequently
probed with MAb CLP001 in order to monitor the accumula-
tion of FALPE. Typical results obtained for this cell line are
shown in Fig. 4; the more slowly migrating 27-kDa species was
detected at 72 h postinfection, while the 25-kDa species ap-
peared 24 h later. Both polypeptides accumulated in the in-
fected cells up to 120 h postinfection. A time course analysis of
BTI-EAA cells infected with AmEPV yielded similar results
(data not shown). Previous observations demonstrated that
nonoccluded virus was typically released between 72 and 120 h
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FIG. 4. Time course analysis of FALPE synthesized in infected insect cells.
Sf9 cells inoculated with AmEPV were harvested at 0, 24, 48, 72, 96, and 120 h
postinfection. Total cell proteins were solubilized in sample buffer, subjected to
electrophoresis on a 12% polyacrylamide gel, and transferred onto a nitrocellu-
lose membrane. MAb CLP001 was used to detect FALPE. Sizes (in kilodaltons)
are indicated on the left.

postinfection and that the early thymidine kinase protein and
viral DNA were synthesized between 12 and 24 h postinfection
(17, 25, 29). Occlusion bodies in the cytoplasm first became
evident between 72 and 120 h postinfection (5, 30). Thus, the
pattern of expression of FALPE indicates that this protein is
expressed at late times during AmEPYV infections. This obser-
vation agrees with our previous results concerning the nature
of the 5’ terminus of the FALPE mRNA transcript, which is
typical of late gene expression by poxviruses (9).

Bacterial expression of FALPE. The cDNA fragment within
pLP17 was amplified by PCR and subcloned between the
BamHI and HindIII sites of the bacterial expression vector
PEZZ-18. Expression from this plasmid resulted in the pro-
duction of a FALPE-protein A fusion protein with a combined
molecular mass of 45 kDa, as determined by its migration
through SDS-polyacrylamide gels. The expressed polypeptide
product accumulated within E. coli as inclusion bodies. Immu-
noblot analysis showed that this fusion protein was specifically
recognized by MAb CLP001, indicating that the fusion product
indeed contained FALPE (data not shown). The bacterial in-
clusion bodies were isolated and solubilized, and the recombi-
nant protein was purified through an IgG column as described
in Materials and Methods. The fusion protein was then in-
jected into a rabbit for the production of the polyclonal anti-
serum pAbFALPE.

FALPE is a phosphorylated protein. Computer analysis of
the predicted amino acid sequence of FALPE revealed the
presence of four potential protein kinase C phosphorylation
sites (located at amino acid residues 15, 25, 26, and 33)
in addition to three potential casein kinase phosphorylation
sites (located at amino acid residues 37, 58, and 123). To
determine whether this protein was actually phosphorylated,
AmEPV-infected Sf9 cells were labeled with **P at 4 days
postinfection. Infected cell proteins were immunoprecipitated
with pAbFALPE and resolved by SDS-PAGE. Preimmune
antiserum was used as a control for nonspecific immunopre-
cipitation. Following autoradiography of the gels, a single pro-
tein migrating at about 25 kDa was detected exclusively in the
pAbFALPE immunoprecipitate, suggesting that the protein is
phosphorylated (Fig. 5A). To confirm this result, proteins from
AmEPV-infected Sf9 cells were resuspended in RIPA buffer 6
days postinfection and treated with CIP in the presence or the
absence of the phosphatase inhibitor Na,HPO,. The samples
were resolved by SDS-PAGE, and FALPE was detected by
immunoblot analysis using MAb CLP001 (Fig. 5B). Only the
27-kDa species was revealed by this antibody after phosphatase
treatment (lane 2). However, when the incubation was per-
formed in the presence of Na,HPO, (lane 1) or if CIP was
omitted (lane 3), both the 25- and 27-kDa species, as well as
some faster-migrating minor species, were evident on the im-
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munoblot. Similar results were obtained with BTI-EAA and
IPLB-LD cells infected with AmEPV. These data support the
conclusion that FALPE is phosphorylated and that phosphor-
ylation resulted in faster migration of the protein through
SDS-polyacrylamide gels. A number of sites appear to be phos-
phorylated, as evidenced by the multiple bands shown in lanes
1 and 3 of Fig. 5B. The faster mobility of phosphorylated
FALPE on SDS-gels may be due to an increase in negative
charge on the protein. It was interesting that a total extract
from E. acrea larvae infected with AmEPYV contained the phos-
phorylated form of FALPE almost exclusively; treatment of
this protein with CIP also converted it to the 27-kDa dephos-
phorylated species (data not shown).

Localization of FALPE by immunoelectron microscopy and
morphogenesis of occlusion bodies in AmEPV-infected-Sf9
cells. Sf9 cells were infected with AmEPV and harvested at 4
and 6 days postinfection. In the following experiments, FALPE
was localized by immunogold electron microscopy using either
pAbFALPE or MAb CLP001. Many of the features character-
istic of poxvirus infections were evident (12, 30). Electron-
dense type I viroplasms, in which DNA replication and the first
stages of virus assembly occur, were evident early in infection.
Crescent membrane structures were present, and virions asso-
ciated with multilaminar membranes were observed in the
cytoplasm in structures known as type II viroplasms. At 96 h
postinfection, cytoplasmic bundles of filaments were observed
close to assembling virions. The bundles possessed a wool-like
appearance, ranged from 1 to 5 pm in length, and often con-
tained 50 or more separate filaments. Each individual filament
was estimated to be between 10 and 15 nm in diameter. Typical
cytoplasmic filament bundles are shown in Fig. 6A; these struc-
tures did not react with preimmune serum. However, the fibrils
did react with either the pAbDFALPE or MAb CLP001.

Immunogold labeling of cytoplasmic filaments with poly-
clonal antisera directed against FALPE is shown in Fig. 6B.
These cytoplasmic fibrils have been reported previously by a
number of investigators (12, 14, 16, 22, 30, 31) and are believed
to be characteristic of EPV infections. At later times of infec-
tion, these bundles become more frequent in number and the
diameters of the fibrils containing aggregated filaments are
larger. These bundles often appear to be in close association
with the periphery of the occlusion bodies (Fig. 6C and 6D). In
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FIG. 5. Demonstration that FALPE is a phosphoprotein through metabolic
labeling and studies with CIP. (A) BTI-EAA cells were infected with AmMEPV
and labeled with 32P; at 96 h postinfection as described in Materials and Meth-
ods. Cells were lysed in RIPA buffer, and proteins were immunoprecipitated with
preimmune antiserum (lane 1) or pAbFALPE (lane 2) and subjected to electro-
phoresis on SDS-polyacrylamide gels. Labeled proteins were detected by ex-
posing the gel to X-ray film. (B) Cell lysates from BTI-EAA cells infected
with AmEPV were prepared at 144 h postinfection and treated with CIP in
the presence (lane 1) or absence (lane 2) of phosphatase inhibitor (10 mM
Na,HPO,). Untreated cell lysate is shown in lane 3. Proteins were subsequently
resolved on an SDS-12% polyacrylamide gel and transferred to a nitrocellulose
membrane. MAb CLP001 was then used to reveal FALPE. Sizes (in kilodaltons)
are indicated on the left.
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FIG. 6. Immunogold electron microscopy of Sf9 insect cells infected with AmEPV, using antibodies specific for FALPE. Cells were harvested at 144 h infection,
fixed, and sectioned as described in Materials and Methods. Cell sections were incubated with preimmune rabbit polyclonal antibody (A), mouse MAb CLP001 (B and
C), or rabbit polyclonal antibody pAbFALPE (D). Structures containing FALPE were revealed by using gold conjugated to either goat anti-rabbit or goat anti-mouse
antibodies, and specimens were subsequently viewed through a Philips EM400 electron microscope. Bars: A, 0.10 wm; B, 0.13 pm; C, 0.20 wm; D, 0.24 pm. ob, v, and
m represent occlusion body, virion, and membrane of occlusion body, respectively. Magnifications: A, X92,300; B, X75,900; C, X47,000; D, x40,940.

S19 cells, occlusion bodies are frequently surrounded by a mul-
tilayer envelope consisting of one to four layers of an electron-
dense material (Fig. 6C). FALPE resides on the cytoplasmic
side of these structures and is initially diffuse and spongy, but
it condenses and compacts as the occlusion body matures.
Cytoplasmic fibrils appear to surround the occlusion bodies
(Fig. 6D). FALPE appears to be a key component of these
cytoplasmic filaments and may play a role in AmEPV occlusion
body morphogenesis.

Immunofluorescence microscopy of Sf9 cells infected with
AmEPYV, using FALPE antibodies. AmEPV-infected Sf9 cells
were harvested at 96, 120, and 144 h postinfection, fixed with
glutaraldehyde, and permeabilized as described in Materials
and Methods. MAb CLP001 was then used to detect FALPE in
the infected cells. Similar staining patterns were obtained with
2% paraformaldehyde followed by cold acetone-methanol fix-
ation or simply by cold acetone-methanol treatment. Consis-
tent with our observations by immunogold electron micros-
copy, we found that this protein was associated with long
cytoplasmic filaments (Fig. 7A to D). However, the cytoplas-
mic fibrils was even more extensive than first shown by electron
microscopy, and they formed a loose network surrounding the
nucleus of the infected cell (Fig. 7A). The diameter and length
of these fibrils increased between 96 to 120 h infection (Fig.
7B). Occlusion bodies are closely associated with these fibrils
at 144 h postinfection (Fig. 7C). The number of occlusion
bodies in the cell closely parallels the number of cytoplasmic

fibrils present. Over the course of infection, the fibrils in-
creased from 0.1 to 0.75 wm in diameter and were often 5 to 15
wm in length (Fig. 7D). Uninfected cells did not exhibit these
fluorescent structures, nor was background staining significant
(data not shown). In addition, treatment of infected cells at 48
h postinfection with either cytochalasin D (5 pg/ml) or colchi-
cine (30 pwg/ml) which disrupts microfilaments or microtubules,
respectively, had no effect on the FALPE filament structures
(data not shown).

A previous report hypothesized that the cytoplasmic fibers
observed in cells infected with AmEPV might be due to rear-
rangements of F-actin (31). Virus infection was observed to
produce a reorganization of the host cell cytoskeleton: a pro-
gressive disassembly of both the microtubule and filament net-
work during the period of AmEPV infection was followed by
polymerization of F-actin to yield small bundles or spikes
which were associated with virus assembly. To probe this pos-
sibility, experiments were performed with phalloidin, a fungal
metabolite which binds to F-actin. Rhodamine-conjugated
phalloidin and MAb CLP001 were used to label Sf9 cells in-
fected with AmEPV at 144 h postinfection. The FALPE-spe-
cific MAb was detected by incubating the cells with fluoresce-
in-conjugated goat anti-mouse IgG. Fluorescently labeled cells
were observed with a Molecular Dynamics Multiprobe 2001
confocal microscope. The results in Fig. 7E, which were ob-
tained irrespective of the method of fixation, showed that the
FALPE-associated cytoplasmic filaments (shown in green)
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FIG. 7. Immunofluorescence and confocal microscopy of Sf9 cells infected with AmEPV, u tibodies specific for FALPE. Sf9 cells were inoculated with
AmEPYV and harvested at 96 h (A), 120 h (B), and 144 h (C to E) postinfection. Cells were fi» d ned with MAb CLP001, and fluorescent ¢
visualized by using goat anti-mouse antibodies conjugated to fluorescein. Occlusion bodies were shown to associate with the fibrils (C). Some Sf9 cells were stained with,
in addition to MAb CLP001, phalloidin conjugated to rhodamine, which binds to and reveals F-actin (E). Actin and FALPE staining were found to be distinct. Cells
were viewed by conventional fluorescence micros resent 4 wm; the bar in panel E indica

y (A to D) or cal microscopy (E). Bars in panels A to D re
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were distinct from the F-actin network (shown in red) in the
infected cell at this time of infection. Phalloidin appears to
stain isolated patches or spikes of filaments rather than the
long cables associated with FALPE. We also demonstrated
that the cytoplasmic fibrils containing FALPE did not react
with antibodies directed against the microtubule protein, tu-
bulin (data not shown). Thus, the EPV protein FALPE ap-
pears to be associated with unique cytoplasmic structures
which are produced at late times during AmEPV infections.
The external surfaces of these filamentous structures appear to
be devoid of actin and tubulin, but the possibility that addi-
tional viral and cellular components are associated with these
fibrils remains to be determined.

DISCUSSION

A novel phosphoprotein which is associated with filamen-
tous structures was discovered in insect cells infected with
AmEPV and called FALPE. The protein migrates on SDS-
polyacrylamide gels as a doublet consisting of polypeptides
with molecular masses of 25 and 27 kDa. The amino acid
sequence contains an unusual 10-unit PE repeat which appears
to cause this viral late gene product to move more slowly than
the predicted 17.5-kDa polypeptide. Experiments which in-
volved labeling this protein with *?P or treatment of the phos-
phoprotein with phosphatase indicated that the fast-migrating
25-kDa species was actually associated with phosphate groups.
We hypothesize that multiple phosphorylation sites could in-
crease the overall negative charge of the protein, causing it to
move faster toward the anode during electrophoresis. The ac-
tual role of phosphorylation in the biological function of this
protein is unclear. At any rate, FALPE is not present in puri-
fied virions or occlusion bodies. It does, however, form a net-
work of cytoplasmic fibrils composed of 50 to 100 filaments
which appear to be associated with AmEPV occlusion body
assembly and maturation late in infection.

Only a few proteins other than FALPE contain the unusual
PE repeat motif. These include the E1A protein, which is a
transactivator of the adenovirus major late promoter (11, 50),
the outer membrane procyclin protein of 7. brucei brucei (42),
a periplasmic iron transport protein from E. coli called TonB
(40, 46), the ryanodine drug receptor on skeletal muscle cells
(57), and a newly reported uncharacterized gene product spec-
ified by the EcoRI C fragment of AcNPV (23). Repeating short
proline repeats are generally believed to play a role in protein-
protein interaction (56). Proline residues contain flat struc-
tures which can accept electrons and interact with flat aromatic
rings such as those belonging to phenylalanine. In addition, a
PE repeat characteristically forms a polyproline type II helix
structure (56) which may be important in the association of
filaments and formation of bundles.

Virus replication and assembly have historically been re-
ported to be associated with the cytoskeleton (28, 39). Vaccinia
virus, a mammalian poxvirus, assembles in cytoplasmic facto-
ries associated with cytoplasmic fibers. High-voltage electron
microscopy of infected cells revealed that membrane enclosed
vaccinia virions aligned themselves with these structures (44).
Immunofluorescence studies indicated that the fibers are actin-
containing filaments of the cell cytoskeleton (21). Mature viri-
ons are drawn into specialized microvilli which contain fila-
ments and are subsequently released into the medium. More
recently, vaccinia virus was shown to encode a homolog of the
cellular actin-binding protein, profilin (6). However, this pro-
tein was diffusely distributed throughout the cytoplasm and did
not appear to associate with actin in the infected cells. This
profilin homolog could also be deleted without affecting virus
replication. Other viruses have been reported to synthesize
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filament-associated proteins. The E4 protein of human papil-
lomaviruses has been shown to colocalize with cytokeratin in-
termediate filament networks (43) and may play a role in the
collapse of the cellular cytoskeleton and pathogenesis of warts.

Baculoviruses are another group of insect viruses, but unlike
EPVs, they replicate in the nuclei of their host cells. Cellular
actin has been purported to play a role in AcCNPV nucleocapsid
morphogenesis in the nucleus (7, 53). However, another bac-
ulovirus protein, called pl0 (24), has been shown to form
filamentous structures which are associated with AcNPV oc-
cusion body structures at late times of infection (47, 52). The
exact function of p10 is not known, but it may play a role in
occlusion body envelope formation or nuclear lysis, which
would favor dissemination of the virus (48, 49, 52, 55). The
time of appearance and ultrastructure of the p10 structures are
somewhat analogous to the situation with FALPE-associated
filaments in cells infected with AmEPV. Both types of struc-
tures consist of bundles of filaments which are associated with
occlusion bodies late in infection. These two proteins could
conceivably play similar roles during infection.

Immunofluorescence and confocal microscopy indicated
that actin-containing bundles and FALPE filament structures
were distinct and separate. However, until the filaments are
biochemically analyzed, we cannot totally rule out the possi-
bility that phalloidin and antitubulin binding sites are masked
by the abundant quantities of FALPE present in these struc-
tures. Actin could be stained with phalloidin or MAbs to yield
small cytoplasmic patches, while antibodies specific for FALPE
illuminated vast cytoplasmic networks devoid of actin. The
extensive network of cytoplasmic fibrils composed of FALPE
appear to be different from the more diffuse actin-containing
structures found by Marlow et al. in studies using rhodamine-
conjugated phalloidin (31). Electron microscopy and immuno-
fluorescence demonstrated that the cytoplasmic bundles are
synthesized late in infection and are tightly associated with
occlusion bodies and maturing virions. Whether these struc-
tures are essential for AmEPV replication remains to be de-
termined; we are currently trying to delete this gene through
homologous recombination, as has been done previously with
the p10 gene of baculoviruses (54) and the spheroidin gene of
AmEPV (38). The quantity and density of cytoplasmic fibrils
produced appear proportional to the number of occlusion bod-
ies generated during AmEPYV infections. This observation again
suggests that occlusion body maturation is somehow related to
the presence of these fibrils. Whether other viral or cellular
proteins are also associated with the cytoplasmic fibrils is cur-
rently being investigated by isolating these structures through
biochemical fractionation. In addition, immunofluorescence
microscopy using antibodies directed against other known fil-
ament proteins is being performed.
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