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Baculovirus F (fusion) proteins are found in the envelopes of budded virions. Recently a Drosophila
melanogaster gene (CG4715) that encodes a protein with sequence similarity to baculovirus F proteins was
discovered. To examine similarities and differences with baculovirus F proteins, we cloned the D. melanogaster
cellular F (Dm-cF) protein gene and analyzed Dm-cF expression and localization. The predicted Dm-cF protein
sequence lacks a furin cleavage site, and transiently expressed Dm-cF showed no protein cleavage and no
detectable membrane fusion activity. In cell localization studies, transiently expressed Dm-cF was localized to
intracellular organelles in D. melanogaster S2 cells, unlike baculovirus F proteins, which localize to cellular
plasma membranes. Using reverse transcriptase PCR and Western blot analysis to examine Dm-cF expression
in animals, we detected Dm-cF expression in both larval and adult D. melanogaster cells. However, Dm-cF
expression was detected only in third instar larvae and adults, suggesting that Dm-cF expression may be
developmentally regulated. We also identified genes related to Dm-cF in the genomes of two other Drosophila
species, Drosophila yakuba and Drosophila pseudoobscura, and the mosquito Anopheles gambiae. These obser-
vations suggest that f genes may be present in the genomes of many insects. Conservation within and between
22 baculovirus and 4 insect F proteins was examined in detail. These studies demonstrate that Dm-cF is
expressed in D. melanogaster and suggest that if baculovirus f genes are derived from a host cellular f gene, the

function appears to have changed substantially upon adaptation to the baculovirus infection cycle.

Baculoviruses are a large and diverse group of double-
stranded DNA viruses that are pathogens of arthropods in the
class Insecta (7, 16). To date, the genomes of approximately 26
baculoviruses have been sequenced, and these include viruses
that infect insects in the orders Lepidoptera, Diptera, and Hy-
menoptera. Baculovirus virions are enveloped, and the enve-
lope fusion proteins are critical structural proteins that medi-
ate the fusion of the viral envelope and the host membrane
during virus entry. Two different types of envelope fusion pro-
teins have been described from budded virions of lepidopteran
baculoviruses: GP64 and F (fusion). In the best-studied bacu-
lovirus, Autographa californica multicapsid nucleopolyhedrovi-
rus (AcMNPV), the GP64 protein is essential for both viral
entry and efficient viral budding (34, 37). Although GP64 is
essential in AcCMNPV and closely related lepidopteran bacu-
loviruses, many other baculoviruses do not encode a gp64 gene.
All baculoviruses infecting lepidopteran hosts appear to have a
gene encoding an envelope protein called F. Thus, some lep-
idopteran baculoviruses (the group I nucleopolyhedroviruses
[NPVs]) carry a gp64 gene and an f gene while others (group 11
NPVs and granuloviruses [GVs]) appear to carry only an f gene
(reviewed in reference 40). In the gp64-minus baculoviruses
that have been studied in detail, the F protein appears to serve
the same essential role as GP64. For example, F proteins from
Lymantria dispar MNPV (LAMNPV) and Spodoptera exigua
MNPV (SeMNPV) have a low pH-triggered membrane fusion
activity (22, 39) and can rescue infectivity by a gp64-null mutant
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AcMNPYV virus (28, 34, 37). In contrast, in AcCMNPV, which
encodes both GP64 and F, the F protein is not essential for
virus propagation (29).

F proteins from the group II NPVs, LdAMNPV and
SeMNPV, are processed by cleavage at a consensus furin
cleavage site (22, 42, 49). Mutational analyses of these two F
proteins suggest that both the furin cleavage site and a fusion
peptide are necessary for membrane fusion activity (40, 42, 48,
49). However, F proteins from group I NPVs, AcMNPV and
OpMNPV (viruses with both GP64 and F), do not contain a
predicted furin cleavage site, and low pH-triggered membrane
fusion activity was not observed when these F proteins were
examined in standard syncytium formation assays (reference
41 and unpublished observations). Thus, in baculoviruses that
contain gp64 genes, the F proteins are thought to be fusion
incompetent. In nonlepidopteran baculoviruses, some viruses
contain f genes, while others do not. An f gene is found in the
genome of the dipteran baculovirus, Culex nigripalpus NPV
(CuniNPV) (2), although its expression and function have not
been examined. Neither an f gene nor a gp64 gene is present in
the genomes of the two sequenced sawfly (hymenopteran)
baculoviruses (18, 27). Thus, different envelope protein genes
appear to have been acquired and/or lost during the evolution
of the different groups of baculoviruses.

In addition to the baculovirus F proteins, endogenous insect
retroviruses (errantiviruses) also encode related F proteins
(30, 43, 46). Furthermore, an F protein gene that appears to be
of host cell origin was identified in the genome of Drosophila
melanogaster (1, 43). We have called the later gene Dm-cF (for
D. melanogaster cellular f). In the current study, we describe
and examine similar f-like genes in the genomes of Drosophila
yakuba, Drosophila pseudoobscura, and Anopheles gambiae. Us-
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ing f genes identified in the genomes of 22 baculoviruses, we
performed a detailed comparative analysis of F protein se-
quence conservation within the Baculoviridae. We also exam-
ined F protein conservation between baculovirus F proteins
and the recently identified cellular F proteins. We then exam-
ined Drosophila Dm-cF gene expression and asked whether the
Dm-cF protein exhibits properties similar to viral F proteins.
To characterize the Dm-cF gene and its product, we cloned
Dm-cF, examined it for possible membrane fusion activity,
characterized its expression in D. melanogaster larvae and
adults, and examined its subcellular localization in D. melano-
gaster S2 cells.

MATERIALS AND METHODS

Dm-cF cloning and expression. To clone the Dm-cF gene, D. melanogaster
genomic DNA (100 ng; OrR strain) was used as a template for PCR amplifica-
tion of the Dm-cF coding region with Vent DNA polymerase (New England
Biolabs). The primers P5'DmCG4715GW (5'-CACCATGAAAGCGATTAGT
TTGGTATTC-3") and P3'DmCG4715Astop (5'-GATTTCATGTTTTTCCAGC
AGC-3") were used to amplify the Dm-cF open reading frame (ORF). PCR
conditions were set for 94°C for 2 min; five cycles of 94°C for 10 s, 52°C for 30's,
and 72°C for 1 min 40 s; 20 cycles of 94°C for 10 s, 55°C for 30 s, and 72°C for
1 min 40 s; and a final step at 72°C for 10 min. The PCR product was cloned into
pENTR-D (Invitrogen) and confirmed by sequencing the entire insert. The
Dm-cF ORF was introduced into vectors for expression in Escherichia coli and D.
melanogaster S2 cells using the Gateway system (Invitrogen). LR (a#tL and attR
recombination) reactions were performed with pDEST49 (Invitrogen) and
pGW-MAL (a gift from Mike Goldberg, Cornell University) to generate expres-
sion plasmids for expressing histidine-tagged (Dm-cF-His6) and maltose binding
protein (MBP)-tagged (MBP-Dm-cF) Dm-cF fusion proteins in E. coli, under
the control of a T7 promoter. The resulting Dm-cF-His6 and MBP-Dm-cF fusion
proteins were used for antibody production and antibody purification as de-
scribed below. The Dm-cF ORF was also introduced into a Gateway destination
vector pMET-GFP (where GFP is green fluorescent protein; a gift from John Lis,
Cornell University) by LR reaction to generate an expression plasmid for ex-
pressing Dm-cF-GFP under the control of a metalothionine promoter in D.
melanogaster S2 cells. To generate an epitope-tagged Dm-cF protein in insect
cells, plasmid pAc5-1/V5-His6 (Invitrogen) was first converted into a Gateway
destination vector by digesting with EcoRV, dephosphorylating the ends with
calf intestinal alkaline phosphatase (Promega), and blunt-end ligating it to read-
ing frame cassette C (RFC; Invitrogen) to generate pDEST Ac5-1/V5His6-RFC.
The expression plasmid was then generated by LR reaction with pDEST Ac5-
1/V5His6-RFC and pENTR-Dm-cF, and the resulting construct (pAc5-1P-Dm-
cF-/V5) was used to express a Dm-cF-V5 fusion protein with a V5 epitope tag
under the control of a Drosophila actin promoter.

Identification of Dm-cF-like genes in other insect genomes. An A. gambiae
putative cellular f gene (Ag-cF) was identified as a protein fragment
(AgCP15405; accession no. Q7Q8H1) by a FASTA search using Dm-cF as a
query sequence. AgCP15405 did not contain an initiating methionine codon or a
stop codon. Therefore, a TBLASTN search was performed to find the genomic
sequence that encoded the AgCP15405 translated product. A. gambiae sequence
accession number AAAB01008944 was found to contain an entire ORF with
start and stop codons that could encode an F-like protein. The region containing
the C9 residue (see Results) was confirmed by PCR amplifying Ag-cF from
genomic DNA using primers P5’Ag-cF1 (5'-GGCGAATTCGATAGTCATGT
ATCCACTGTTC-3") and P3’'Ag-cF1 (5'-GGCCGAATTCTTACCTTGGCAG
GGATGTATCG-3") and sequencing with primer P5'Ag-cF4 (5'-TCCACCAC
CGACGACTG). A D. Yakuba putative cellular f gene (Dy-cF) was identified
with a TBLASTN search of the whole genome shotgun sequence database with
the Dm-cF protein sequence. D. yakuba contigs 14.19 (accession no.
AAEU0103795) and 14.18 (accession no. AAEU01003794) encoded the amino
and carboxy termini of the F protein, respectively. Therefore, nucleotides 120 to
790 from the contig 14.19 sequence were combined with nucleotides 130569 to
129555 from contig 14.18 to form the entire ORF for Dy-cF. The entire Dy-cF
ORF was amplified by PCR from D. yakuba genomic DNA using the primers
P5'Dy-cF1 (5'-GGCCGAATTCAGACATATATGCTCTACC-3") and P3'Dy-
cF1 (5'-GGCCGAATTCTCTTATCTATTCGGTATTTCCAC-3") and con-
firmed by sequencing the entire ORF. TBLASTN searches of the whole genome
shotgun sequence database using Dm-cF as the query showed that a putative
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cellular f gene from Drosophila pseudoobscura (Dp-cF) was encoded by contig
3880 (accession no. AADE01000622). Contig 3880 encoded an ORF that showed
similarity to the first 365 amino acids (aa) of Dm-cF and a separate ORF from
an overlapping frame that had similarity with aa 370 to 490 of Dm-cF, suggesting
a frame-shift mutation or a sequencing error. To examine this, the Dp-cF gene
was PCR amplified from D. pseudoobscura genomic DNA using P5'Dp-cF1
(5'-GGCCGAATTCAAACAAAATTAAACACTCAGC-3") and P3'Dp-cF1
(5'-GGCCGAATTCACTCACTCCACATTGTTCCTCTC-3") and sequenced
with primer P5'Dp-cF4 (5'-AGCCCCATCAAATCACCTT-3"). Resequencing
led to the identification of a corrected sequence (nucleotides 29853 to 29865
from AADE01000622 were deleted and replaced with ACAGTCACCAA in the
corrected sequence) that connected the two separate ORFs into a single large
OREF that encoded a product with similarity across the entire Dm-cF sequence.
Multiple sequence alignment of insect cellular F sequences was performed on
the four full-length putative insect F protein sequences with MultAlign (9;
http://prodes.toulouse.inra.fr/multalin/multalin.html) using default parameters
and a gap initiation penalty of 3. The alignment was formatted using Boxshade
3.2.1 (http://www.ch.embnet.org/software/BOX_form.html).

Motif predictions and multiple sequence alignments. Sequence similarity
searches were performed with FASTA3 using default parameters (http://www
.ebi.ac.uk/fasta33/), and BLAST searches were performed using default param-
eters (3; http://www.ncbi.nlm.nih.gov/BLASTY/). Signal sequence prediction was
performed with SignalP 3.0 (6; http://www.cbs.dtu.dk/services/SignalP/), and
transmembrane domain prediction was performed with TMHMM server V2.0
(http://www.cbs.dtu.dk/servicess TMHMM-2.0). Coiled-coil domain prediction
was performed by LearnCoil-VMF (44; http://web.wi.mit.edu/kim/pub/Comput-
ing/computing.html). Multiple sequence alignment of F protein sequences was
performed by the ClustalW method with the Megalign program of Lasergene
(DNASTAR Inc). Default parameters were used with the exception of the
Gonnet series of protein weight matrix and a gap penalty of 3. F protein se-
quences were obtained from the GenBank database from the following sources
and used in the sequence alignment: AdhoNPV ORF 118 (accession no.
GI29567203), ACMNPV ORF 23 (accession no. G19627765), BmNPV ORF 14
(accession no. GI9630831), CfIMNPV ORF 21 (accession no. GI47174745),
EppoNPV ORF 19 (accession no. GI15320676), HearNPV ORF 133 (accession
no. GI2957618), HzZSNPV ORF 137 (accession no. GI8028707), LIMNPV ORF
130 (accession no. GI9631097), MacoNPV-A ORF 9 (accession no.
GI20069888), MacoNPV-B ORF 9 (accession no. G12254910), OpMNPV ORF
21 (accession no. GI11038432), RaouNPV ORF 21 (accession no. G123577830),
SeMNPV OREF 8 (accession no. GI9634229), SpliNPV ORF 136 (accession no.
GI5617604), AdorGV ORF 23 (accession no. GI32698562), AgseGV ORF 25
(accession no. GI46309429), CrleGV ORF 30 (accession no. GI33622230),
CpGV ORF 31 (accession no. GI460068), PhopGV ORF 27 (accession no.
GI21637008), PlxyGV ORF 26 (accession no. GI11067782), XecnGV ORF 23
(accession no. G19635277), CuniNPV ORF 104 (accession no. GI532098), and
D. melanogaster CG4715 (accession no. G119920492).

RT-PCR analysis of Dm-cF expression in D. melanogaster. Using an RNeasy kit
(QIAGEN), D. melanogaster RNAs were isolated from 4- to 16-h embryo; first,
second, and third instar larva; white prepupa; late pupa; adult head; adult thorax
plus abdomen; S2 cells; and Kc cells. DNase was inactivated in each 0.2-pg total
RNA sample by the addition of 5 wl DNA-free (Ambion) and reverse transcrip-
tase PCRs (RT-PCRs) were performed in the presence and absence of Super-
script IT (Invitrogen). One microliter of the RT product was used in each PCR
with Tag DNA polymerase (Promega) and Dm-cF-specific primers P5’
CG4715RT (5'-GATGCGGGGATTCAACAACAGTC-3") and P3'4715RT (5'-
GTGGGCAGAGATTATGGCTTCAGT-3"). Primers (rp49+1f, 5'-AGCTTCA
AGATGACCATCCGCCC-3', and rp49+333r, 5'-TGAGCAGGACCTCCAGC
TCGCGC-3', specific for the ribosomal protein 49 (rp49) gene were used as a
positive control. Conditions for PCRs were as follows: 94°C for 5 min; 30 cycles
of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s; and a final step at 72°C for 10
min. Products of the PCR were examined in a 0.8% agarose gel.

Antibody production and Western blot analysis. MBP-Dm-cF and Dm-cF-
His6 fusion proteins were prepared by growing DHSa cells containing either
plasmid pExpMBP-Dm-cF or pExpDm-cF-His6 in LB plus glucose at 37°C to an
optical density at 600 nm of 0.5 and then inducing expression with isopropyl-p-
p-thiogalactopyranoside (0.4 mM final concentration) for 2 h at 37°C. Cell pellets
were collected and proteins were denatured in 2X Laemmli disruption buffer at
100°C for 10 min, and then loaded onto a 6% sodium dodecyl sulfate-polyacryl-
amide gel. Gels containing Dm-cF fusion proteins were stained with Coomassie
blue dissolved in distilled H,O and destained in distilled H,O until the band that
corresponds to the fusion protein was visible, and the Dm-cF-His6 protein band
was excised from the gel. The gel slice containing the Dm-cF-His6 protein was
used for antibody production in rabbits (Cocalico Biologicals, Reamstown, PA).
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Anti-Dm-cF antibodies were affinity purified from rabbit serum by incubating
the rabbit anti-Dm-cF crude serum with Immobilon-P membrane (Millipore)
containing MBP-Dm-cF protein overnight at room temperature. Membranes
were then washed three times with 100 ml of Tris-buffered saline, pH 7.5, for 10
min each, and the antibody was eluted twice with 1.8 ml each of 100 mM glycine,
pH 2.5. The pooled purified antibody solution (3.6 ml) was neutralized with 0.4
ml 1 M Tris, pH 8.0, and used for Western blotting at a 1:50 dilution. D.
melanogaster extracts for Western blotting were collected from 30 first instar, 18
second instar, and 9 third instar larvae, as well as from nine unmated adult males
and nine unmated adult females. Samples were homogenized in 30 wl of phos-
phate buffered saline (PBS), pH 7.4, plus protease inhibitor cocktail (Boehringer
Mannheim), and then 30 pl of 2X Laemmli buffer was added and proteins were
denatured by heating to 100°C for 5 min. One-third (20 wl) of each sample was
loaded into a lane of a 6% sodium dodecyl sulfate-polyacrylamide gel. Western
blotting was performed as described previously (28).

Protein localization by immunofluorescence microscopy. For transient expres-
sion of Dm-cF in insect cells, plasmid DNA (5 wg) was used to transfect approx-
imately 1 X 10° D. melanogaster S2 cells using a calcium phosphate transfection
kit (Invitrogen). After 48 h, cells were fixed with 4% paraformaldehyde for 10
min, washed three times with PBS (pH 7.4), and then permeabilized by incuba-
tion in 0.2% Triton X-100 in PBS for 10 min. Cells were washed three times,
blocked with 5% bovine serum albumin in PBS for 1 h, incubated with a 1:200
dilution of primary antibody for 1 h, washed three times (10 min each) with PBS,
incubated with secondary antibody for 1 h, washed three times with PBS, and
mounted for observation with a Leica TCS SP2 confocal microscope. Primary
antibodies for the above studies included mouse anti-V5 (Invitrogen), mouse
anti-rat-KDEL (Calbiochem), mouse anti-Drosophila Golgi (Calbiochem), anti-
MO6PR (8), and anti-cathepsin D (38). Secondary antibodies included Alexafluor
488-conjugated anti-mouse antibody (Molecular Probes) and Cy3-conjugated
anti-rabbit and anti-mouse antibodies (Jackson Immunoresearch). For mito-
chondrial localization, cells were transfected as above and incubated for 30 min
with MitoTracker Red CMXRos (Molecular Probes) and then fixed with 3.7%
formaldehyde and processed for immunocytochemistry.

Analysis of membrane fusion activity. For studies of possible membrane fusion
activity, D. melanogaster S2 cells were transfected with plasmids encoding Dm-
cF-V5 and Dm-cF-GFP as described above. At 48 h posttransfection, cells were
washed three times with PBS (pH 7.4), incubated in PBS at pH 5.0 for 30 min,
and then washed three times with PBS (pH 7.4) and placed in fresh Schneider’s
complete medium plus 10% fetal bovine serum. Cells expressing Dm-cF-GFP
were examined for GFP fluorescence to confirm protein expression, and both
Dm-cF-GFP and Dm-cF-V5 expressing cells were examined for signs of syncy-
tium formation at various times from 30 min to 24 h after treatment with low pH.
For ionophore treatment, similarly transfected D. melanogaster S2 cells were
incubated for 30 min in either 4Br-23187 or ionomycin (5 wM in Schneider’s
complete medium without serum). Cells were then prepared for immunofluo-
rescence microscopy as described above using an anti-V5 antibody (Invitrogen)
as the primary antibody and a goat anti-mouse fluorescein-conjugated antibody
(Sigma) as the secondary antibody. Cells were examined with an Olympus IX70
fluorescence microscope.

RESULTS

Cloning and comparative analysis of F proteins. Recently, a
gene encoding a protein with sequence similarity to baculovi-
rus F proteins was identified in the genome of the fruit fly, D.
melanogaster (43). The D. melanogaster f ortholog (CG4715),
which we refer to as Dm-cF to denote its relationship to bac-
ulovirus f genes, encodes a predicted protein of 531 aa with a
predicted mass of 58.9 kDa. The gene maps to cytological
position 21F1 on chromosome 2L of the D. melanogaster ge-
nome. Through similarity searches with the Dm-cF protein
sequence (see Materials and Methods), we also identified f-like
genes from each of two other Drosophila species and from the
mosquito A. gambiae (19) (Fig. 1). A D. yakuba gene (Dy-cF,
for D. yakuba cellular F) that also maps to chromosome 2L
encodes an F protein with ~61% amino acid sequence identity
to Dm-cF. A similar D. pseudoobscura f ortholog (Dp-cF, for D.
pseudoobscura cellular f) encodes a protein with ~37% amino
acid identity to Dm-cF. A gene mapped to chromosome 2R of
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the A. gambiae genome, Ag-cF (A. gambiae cellular f) encodes
a predicted protein with ~21.6% identity to Dm-cF. The ob-
servation that there are no identifiable retrovirus gag and/or
polymerase (reverse transcriptase) genes upstream of these A.
gambiae, D. melanogaster, D. pseudoobscura, and D. yakuba
f-like genes suggests that these genes are not part of an inte-
grated retrovirus genome. We also identified approximately 16
f-like genes in the currently available genome sequence of the
silk moth Bombyx mori (33). However, all f-like genes identi-
fied so far from B. mori appear to be associated with integrated
retrovirus genomes (data not shown). The presence of cellular
f genes in the genomes of four dipteran insect species raises the
possibility that F proteins may be present in many insects, and
we cannot rule out the possibility that a lepidopteran cellular f
gene may yet be identified.

Alignment of the three putative Drosophila cellular F pro-
teins shows that both Dy-cF and Dp-cF have extended N-
terminal sequences when compared with the Dm-cF sequence
(Fig. 1). Several observations suggest that perhaps the second
ATG in the Dy-cF ORF and the third ATG in the Dp-cF ORF
may code for the initiator methionine. First, like baculovirus F
proteins, Dm-cF and the proteins encoded by the f genes from
D. yakuba and D. pseudoobscura contain a predicted signal
sequence and a transmembrane domain (Fig. 2A). However,
the length of the signal peptide would be 49 aa for Dy-cF and
62 aa for Dp-cF if the first ATG in each ORF codes for the
initiator methionine. If the second ATG in the Dy-cF ORF and
the third ATG in Dp-cF ORF coded for the initiator methio-
nine, the signal peptide lengths would be 19 and 20 aa for
Dy-cF and Dp-cF, respectively. This is more typical of eukary-
otic signal peptides and is comparable to the signal peptide
length of 20 aa predicted for Dm-cF. Supporting this possibility
is the observation that the contexts of the first ATGs of the
Dy-cF and Dp-cF ORFs do not match either the —3 or +4
positions of the consensus Kozak translation initiation se-
quence (G/A)NNATGG (25), while the second ATG for both
Dy-cF and Dp-cF and the third ATG for Dp-cF would match
the most critical —3 position of the Kozak consensus sequence
(data not shown). Thus, these downstream ATG codons may
serve as initiator codons by leaky scanning (24). Unlike the
baculovirus F proteins from group I NPVs and GVs (those
considered “fusion competent”) (22, 39, 42, 48, 49), the F
proteins from all three Drosophila species lack (i) a predicted
furin cleavage site, (ii) a predicted fusion peptide, and (iii) a
predicted coiled-coil domain. In contrast, the predicted Anoph-
eles protein, Ag-cF, does have a potential furin cleavage site
RTKR (Fig. 1), although it is not known whether Ag-cF is
cleaved at this site.

F proteins from different lepidopteran baculoviruses all have
a predicted signal peptide and a transmembrane domain, but F
proteins are relatively divergent and may show <20% amino
acid sequence identity. Therefore, identifying conserved resi-
dues shared among different F proteins will be important for
identifying distantly related F orthologs. Rohrmann and Kar-
plus (43) reported the presence of 10 conserved cysteine res-
idues in the ectodomain and one conserved cysteine residue in
the cytoplasmic domain of six lepidopteran baculovirus F pro-
teins. In this study we performed a multiple sequence align-
ment of F proteins from 21 lepidopteran baculoviruses (14
NPVs and 7 GVs) to determine whether the conserved cys-
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FIG. 2. Conserved positions in baculovirus and cellular F proteins. (A) The top panel is a schematic representation of an F protein showing the
predicted signal peptide (SP), transmembrane domain (TM), and 10 conserved cysteine residues (C1 to C10) found in the ectodomains of F proteins from
the 21 lepidopteran baculoviruses (Lep Bac F; see Materials and Methods for the baculoviruses included in the analysis). The bottom panel lists the
presence (Y) or absence (N) of conserved domains and cysteine residues. A furin cleavage site (furin) and a fusion peptide (FP) are found in F proteins
from group II NPVs and GVs but not in F proteins from group I NPVs and are therefore listed as Y/N. (B) The average spacings (Avg spacing), maximum
spacings (max), minimum spacings (min), and standard deviations (SD) between neighboring conserved cysteines in the lepidopteran baculovirus F
proteins (Lep Bac F) used in the analysis are listed (top grouping) and compared with similar spacings from CuniNPV F, Dm-cF, Dy-cF, Dp-cF, and
Ag-cF (below). Note that because C9 is absent in Ag-cF, as indicated by an asterisk (*), the Tyr substitution was used for calculation of spacing. (C) Highly
conserved residues in lepidopteran baculovirus F proteins are compared with similar positions in CuniNPV F, Dm-cF, Dy-cF, Dp-cF, and Ag-cF proteins.
A list of 25 residues conserved in F proteins from all 21 lepidopteran baculoviruses are shown at the top. Conserved cysteine residues are indicated by
a number (C1 to C11) corresponding to the conserved cysteine number in panel A. For reference, the residue number in the LAMNPV F protein is
indicated. The spacing between neighboring conserved residues is shown below. Four underlined residues indicate residues that are identical in 20 of 21
lepidopteran baculovirus F proteins, whereas all others were identical in all 21 proteins. (D) Comparison of F protein residues conserved in lepidopteran
baculovirus F proteins (top panel) with residues conserved in F proteins from both baculovirus and cellular genomes (bottom panel). Residues in
parenthesis are those conserved between baculovirus and Drosophila cellular F proteins but not conserved in the Anopheles or CuniNPV F protein.
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teine residues identified by Rohrmann and Karplus (43) were
present in F proteins of other baculoviruses and in F proteins
from the insect genomes. Sequence alignment and examina-
tion of the spacing between conserved cysteines show that all
21 lepidopteran baculovirus F proteins included in our analysis
have the 10 conserved cysteine residues in the ectodomain and
the conserved cysteine in the cytoplasmic domain (Fig. 2A).
However, the F proteins from the mosquito baculovirus
CuniNPV (CuniNPV F) and the fruit flies D. melanogaster, D.
yakuba, and D. pseudoobscura contain only 6 (CS to C10) of the
11 conserved cysteine residues found in the lepidopteran bac-
ulovirus F proteins (Fig. 2A). The putative cellular F protein
from the mosquito A. gambiae (Ag-cF) similarly lacks con-
served cysteines C1 to C4 and C11, but surprisingly C9 is also
absent (Fig. 2A). Given the highly conserved nature of the C9
cysteine residue among all baculovirus F proteins and the Dro-
sophila cellular F proteins, we resequenced this region of the
Ag-cF gene (from DNA derived from field-collected A. gam-
biae insects) and confirmed the substitution of a Tyr codon for
the C9 (Cys) codon in the Ag-cF coding region (Fig. 1) (note
that Tyr 428 corresponds to C9 at position 446 in the LAMNPV
F protein). An analysis of the spacing between the conserved
cysteines in CuniNPV F, Dm-cF, Dy-cF, Dp-cF, and Ag-cF
shows that they are in excellent general agreement and within
the same range of spacings observed in the lepidopteran bac-
ulovirus F proteins (Fig. 2B).

Multiple sequence alignments of the lepidopteran baculovi-
rus F proteins also identified a number of noncysteine residues
that were conserved. In addition to the 11 conserved cysteine
residues, we identified 14 additional highly conserved amino
acid residues in the ectodomains of all 21 lepidopteran bacu-
lovirus F proteins (Fig. 2C and D). Of these 14 noncysteine
residues, 10 are identical in all 21 proteins, and 4 are conserved
in 20 of 21 proteins (Fig. 2C). The spacings between these
conserved residues are also highly conserved (Fig. 2C). Of the
conserved noncysteine residues, two proline residues (Fig. 2C,
10 and 11) and residues 14 to 23 also appear to be mostly
conserved in the CuniNPV F and cellular F proteins Dm-cF,
Dy-cF, Dp-cF, and Ag-cF (Fig. 1 and 2C). We noted that in the
four cases where a conserved residue (noncysteine) is missing
in just one of the 21 lepidopteran baculovirus F proteins ana-
lyzed, the nonconserved residue and the consensus residue
belong to the same functional group. Additionally, in these
four cases, the codon for the nonconserved residue and the
conserved residue differ by a single nucleotide. Therefore, the
differences may have resulted from either a sequencing error
or a point mutation resulting in a conservative substitution.

Comparison of the presence and absence of conserved res-
idues (Fig. 2B and C) also suggests that CuniNPV F protein is
more similar to dipteran cellular F proteins than to lepidop-
teran baculovirus F proteins. This observation is also sup-
ported by similarity searches using FASTA and BLAST (3).
The highest score for FASTA (version v3.4t23) searches with
the predicted Dm-cF protein sequence was observed from the
CuniNPV F protein, with ~24% amino acid identity (E =
3.2e-09) over a region of 255 aa across the central half of the
protein. In BLASTP searches of the nr database with the
CuniNPV F sequence, Dm-cF was identified as the highest-
scoring non-CuniNPV F sequence identified (E = 2e-11).

Thus, there are 12 residues that are highly conserved (most
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are invariant) among all lepidopteran baculovirus F proteins
and the cellular F proteins identified in this study (Fig. 1,
asterisks, and 2D). These residues include a subset (six) of the
previously identified conserved cysteine residues and six addi-
tional residues. The overall trend suggests that there is greater
divergence in the N-terminal portion of F proteins and greater
conservation near the central and C-terminal portion of the
protein (Fig. 2D). Because a better understanding of host F
proteins may provide valuable insights into mechanisms of
viral evolution, we selected the Dm-cF gene and protein for
further analysis. Next, we asked whether Dm-cF was expressed
in the animal or in cell lines of D. melanogaster and whether
Dm-cF was processed, localized, or served similar functions as
baculovirus F proteins.

Dm-cF expression is developmentally regulated. To begin to
characterize Dm-cF expression in insects, we examined the
expression of the Dm-cF gene during the developmental stages
of D. melanogaster. RNA was isolated from D. melanogaster
embryos, first instar, second instar, third instar, white prepu-
pae, pupae, adult males, and adult females. D. melanogaster
RNA was used for RT-PCR analysis with primers specific to
the Dm-cF ORF. Primers specific to the ribosomal protein 49
(rp49) gene were used as a positive control in parallel experi-
ments. Dm-cF-specific RNA was detected only in RNAs iso-
lated from the third instar and later developmental stages (Fig.
3A, top panels), while control 7p49 mRNAs were detected in
mRNAs from all stages examined (Fig. 3A, lower panels).
Dm-cF RNA was detected in adults of both sexes including
both head and body (thorax and abdomen) fractions (Fig. 3A,
top panel, lanes 10 to 13). No Dm-cF-specific RNA was de-
tected in RNAs isolated from D. melanogaster cell lines S2 and
Kc (Fig. 3A, top panel, lanes 5 and 6). Also, no Dm-cF-specific
RNA was detected in parallel control experiments in which the
reverse transcriptase was omitted from the RT reaction (Fig.
3A, middle panels, —RT), while the positive control RNA
(rp49) was detected in all RT reactions (Fig. 3A, bottom panel,
RT control). Thus, these results suggest that Dm-cF RNA
expression is developmentally regulated in D. melanogaster.

Using Western blot analysis of D. melanogaster extracts with
an affinity-purified anti-Dm-cF antibody, we identified a band
of approximately 60 kDa that corresponds to the predicted
molecular mass of Dm-cF in extracts of third instar larvae and
adult males and females (Fig. 3B, lanes 3 to 5). The same
~60-kDa protein was not detected in extracts of first and
second instar larvae (Fig. 3B, lanes 1 and 2). Consistent with
studies of Dm-cF RNA expression (above), Western blots also
indicate that Dm-cF protein is expressed in later stages of D.
melanogaster development.

Dm-cF does not appear to be proteolytically processed in S2
cells. We used Western blots of epitope- and GFP-tagged
Dm-cF proteins to examine possible proteolytic processing of
Dm-cF. D. melanogaster S2 cells transiently expressing Dm-
cF-V5 or Dm-cF-GFP fusion proteins (tagged at the C termi-
nus of Dm-cF) were used for Western blot analysis with an
affinity-purified anti-Dm-cF polyclonal antibody. Bands corre-
sponding to the sizes predicted for the full-length Dm-cF-V5
(~65.3 kDa) and Dm-cF-GFP (~84 kDa) fusion proteins (Fig.
4, lanes 2 and 3) were detected, and truncated products were
not identified. This result is consistent with the absence of a
consensus furin cleavage site in the Dm-cF sequence. This is in
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FIG. 3. Dm-cF expression is developmentally regulated. (A) Analysis of Dm-cF mRNA in D. melanogaster. RT-PCR analysis was performed
in the presence of reverse transcriptase (top and bottom panels) or in the absence of reverse transcriptase (middle panel) with RNA isolated from
D. melanogaster 4- to 16-h embryos (lane 1), first instar larvae (lane 2), second instar larvae (lane 3), third instar larvae (lanes 4 and 7), early pupae
(lane 8), late pupae (lane 9), adult male head (lane 10), adult male body (lane 11), adult female head (lane 12), adult female body (lane 13), S2
cells (lane 5), and Kc cells (lane 6). PCR analysis was performed with primer pairs specific to either the Dm-cF gene (top two panels) or the
ribosomal protein rp49 gene (bottom panel). (B) Western blot analysis of Dm-cF in various developmental stages of D. melanogaster larvae and
adults. An affinity purified rabbit anti-Dm-cF antibody was used to identify Dm-cF in proteins from first instar larvae (lane 1), second instar larvae
(lane 2), third instar larvae (lane 3), adult female flies (lane 4), and adult male flies (lane 5).

contrast to F proteins from LdAMNPV and SeMNPV, which
contain a furin cleavage site and are proteolytically cleaved
into F; and F, subfragments (22, 42, 49). Consistent with the
lack of detectable Dm-cF mRNA in S2 cells by RT-PCR (Fig.
3A, lane 5), a band corresponding to the Dm-cF protein was
not detected in mock-transfected S2 cells, suggesting that
Dm-cF is not expressed endogenously at detectable levels in S2
cells (Fig. 4, lane 1).

Dm-cF transiently expressed in S2 cells localizes to intra-
cellular organelles. To examine the subcellular localization of
Dm-cF, we transiently expressed Dm-cF in S2 cells, either as a
Dm-cF-GFP fusion protein or with a C-terminal V5 epitope

Dm-cF- Dm-cF-
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FIG. 4. Western blot analysis of Dm-cF fusion proteins. An affinity
purified rabbit anti-Dm-cF antibody was used for Western blot analysis
of lysates from D. melanogaster S2 cells that were either mock trans-
fected (lane 1) or transfected with plasmids expressing Dm-cF-V5
(lane 2) or Dm-cF-GFP (lane 3). Marker protein sizes are indicated on
the left.

tag (Dm-cF-V5). Both the Dm-cF-GFP and Dm-cF-V5 fusion
proteins localized to intracellular organelles that are about 1
pm in diameter (Fig. 5). Frequently, Dm-cF fusion proteins
were localized in a ring-like structure with an interior showing
no apparent signal (Fig. 5C, arrow). This localization pattern
suggests that Dm-cF may localize to the membrane of these
intracellular organelles. To further examine the subcellular
localization of Dm-cF in S2 cells, we performed colocalization
experiments using a variety of markers for intracellular or-
ganelles. Dm-cF-GFP (Fig. 6) and Dm-cF-V5 (data not shown)
did not colocalize with organelles labeled with antibodies di-
rected against endoplasmic reticulum (ER) marker proteins
(Fig. 6A to C, anti-KDEL and anti-bovine mannose-6-phos-
phate receptor) (data not shown), a Golgi marker (Fig. 6D to
F, anti-Drosophila Golgi), or a lysosomal marker (Fig. 6G, I,
and J, anti-bovine cathepsin D). However, Dm-cF-GFP par-
tially colocalized with MitoTracker (Fig. 7), a marker for mi-
tochondria.

Membrane fusion activity assays. Because many baculovirus
F proteins are membrane fusion proteins, we asked whether
Dm-cF might have a similar function or activity in D. melano-
gaster cells. Transient expression of Dm-cF-V5 or Dm-cF-GFP
in S2 cells did not result in any obvious signs of membrane
fusion activity between cells or between intracellular compart-
ments. Some baculovirus F proteins fuse membranes in re-
sponse to low pH. Also, since some intracellular membrane
fusion events (such as neurotransmitter release) are initiated
by calcium flux, we examined cells expressing the above Dm-cF
fusions in the presence of either low pH or ionophores to
increase intracellular Ca™ ™" levels. Cells were incubated in
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FIG. 5. Transiently expressed Dm-cF localizes to intracellular compartments of D. melanogaster S2 cells. (A) GFP fluorescence of Dm-cF-GFP
in transiently transfected S2 cells. (B) The image from panel A overlaid with transmitted light. (C) Immunofluorescence detection of Dm-cF-V5
transiently expressed in S2 cells and detected with an antibody directed against the V5 epitope.

either PBS at pH 5.0 for 30 min or in 4Br-23187 or ionomycin
(5 pM) for 30 min (see Materials and Methods). Neither
treatment resulted in a detectable increase in the sizes of
Dm-cF-containing intracellular vesicles or organelles, as
judged by microscopic observations (data not shown). In con-
trol experiments, Sf9 cells expressing the ACMNPV GP64 pro-
tein showed robust syncytium formation after similar low pH
treatment (data not shown). Thus, under these experimental
conditions, we detected no membrane fusion activity by Dm-
cF. However, we cannot rule out the possibility that Dm-cF-
mediated fusion activity may be subtle or was not induced or
detectable by these methods.

Dm-cF-GFP

Dm-cF-GFP

golgi

Dm-cF-GFP

golgi

DISCUSSION

Phylogenetic analyses of large DNA viruses such as pox
viruses, herpesviruses, and baculoviruses support the hypoth-
esis that certain viral genes were acquired from the host. Ex-
amples include cytokines and cytokine receptors in the pox and
herpesviruses (20, 26) and the inhibitor of apoptosis (iap) and
ecdysteroid UDP-glucosyltransferase (egf) genes in the bacu-
loviruses (20). The results of the current studies suggest that
baculovirus virion envelope proteins may also be acquired
from the host. The majority of baculoviruses that have been
characterized produce two different virion phenotypes: occlu-

merge

merge

lysosome merge

FIG. 6. Colocalization studies of Dm-cF-GFP and marker proteins for ER, Golgi, and lysosomes. Images represent Dm-cF-GFP fluorescence in D.
melanogaster S2 cells transiently transfected with plasmids expressing Dm-cF-GFP (A, D and G). Panels B, E, and H show immunofluorescence with
antibodies specific for an ER protein (B; KDEL receptor), a Golgi protein (E and H), and a lysosomal protein (I; cathepsin D). Merged images of
Dm-cF-GFP and immunofluorescence of organelle-specific antibodies are shown on the right of each horizontal series C, F, and J).
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FIG. 7. Colocalization studies of Dm-cF-GFP and mitochondria. Dm-cF-GFP fluorescence in D. melanogaster S2 cells transiently transfected
with a plasmid expressing Dm-cF-GFP is shown in panel A, and fluorescence of cells treated with MitoTracker Red is shown in panel B. Panel
C shows a merged image with yellow representing the colocalization of Dm-cF-GFP and MitoTracker.

sion derived virions and budded virions (BV). Of the two
different types of envelope fusion proteins (GP64 and F) that
have been identified from BV of various baculoviruses, GP64
has been reported only in the closely related baculoviruses
belonging to the group I NPVs, and GP64 is very highly con-
served in those viruses. Thus, it has been suggested that the
gp64 gene may represent a more recent acquisition in baculo-
viruses (39). Although the gp64 gene has a homolog in arthro-
pod (tick)-borne orthomyxoviruses (Thogoto viruses) (35), a
gp64 homolog has not been reported in any host genome so far.
In contrast to gp64, f genes are much more widely distributed
in the baculoviruses. f genes have been reported in the ge-
nomes of all sequenced lepidopteran baculoviruses and in the
genome of the recently sequenced dipteran baculovirus,
CuniNPV. In the current study, we have identified and ana-
lyzed f genes in the genomes of three Drosophila species and
the mosquito A. gambiae. The Drosophila and Anopheles f
genes examined here do not appear to be derived from endog-
enous retroviruses (f genes associated with endogenous retro-
viruses have been examined elsewhere [43, 46]). Although
these four dipteran species are not thought to be permissive
hosts for baculoviruses, baculoviruses are known to infect
dipterans including several species of mosquitoes (4, 5, 10-12,
36, 45). Therefore, it is likely that f genes are present in insects
that serve as permissive hosts for baculovirus infection. Cellu-
lar f genes have not yet been reported in lepidopteran insects.
However, we have identified several f gene homologs in the
recently sequenced B. mori genome (33) although all B. mori f
genes identified to date appear to be associated with endoge-
nous retroviruses (data not shown). Because the B. mori ge-
nome sequence was recently released and cellular f genes may
be poorly conserved, the question of whether a cellular f gene
is found in the B. mori genome remains open. However, the
presence of f genes in insect genomes in general suggests the
intriguing possibility that baculoviruses may have obtained the
f gene directly or indirectly from an insect host. The above
observations also raise interesting questions regarding the pos-
sible function(s) of cellular F proteins in insects. To examine
some of these questions, we performed comparative sequence
analysis with baculovirus and insect F proteins, and analyzed
Dm-cF expression, intracellular localization and potential for
membrane fusion activity in D. melanogaster.

The current studies suggest that Dm-cF expression in D.
melanogaster is developmentally regulated. Dm-cF mRNA and
protein were not detected in embryos, first or second instar
larvae, but they were detected in third instar larvae and in
adults. Because some viral F proteins go through a cleavage-
maturation step that produces two distinct subfragments and
activates the fusion function (21, 42, 49), we also examined
Dm-cF for similar proteolytic cleavage. When Dm-cF was tran-
siently expressed in S2 cells, a protein of the size predicted for
full-length Dm-cF was identified, and no discernible cleavage
was detected. The results are consistent with the absence of a
predicted furin cleavage site in the Dm-cF sequence. We also
examined intracellular localization of the Dm-cF protein by
both immunocytochemistry of an epitope-tagged Dm-cF pro-
tein and immunofluorescence of a Dm-cF-GFP fusion protein.
Unlike baculovirus F proteins, Dm-cF localized to intracellular
organelles. Dm-cF did not colocalize with ER, Golgi, or lyso-
somal marker proteins but partially colocalized with Mito-
Tracker, a mitochondrial marker. The ring-like localization
that was frequently observed suggests that Dm-cF may localize
to outer membranes of these intracellular organelles. The se-
quence similarity between Dm-cF and baculovirus F proteins
suggested that Dm-cF may be a cellular membrane fusion
protein. However, transient expression of Dm-cF in S2 cells
and treatment with either low pH or ionophores did not result
in an obvious or detectable membrane fusion activity. Mem-
brane fusion activity also has not been detected from tran-
siently expressed F proteins from group I NPVs such as
AcCMNPV (Ac23) and OpMNPV (Op21) (reference 41 and
unpublished results). Dm-cF, Ac23 and Op2l all lack the
highly conserved region that contains a furin cleavage site and
the fusion peptide. Thus, the absence of detectable membrane
fusion activity in Dm-cF, Ac23, and Op21 is consistent with
previous observations that an intact furin cleavage site and
fusion peptide are both important for pH-induced membrane
fusion activity in the SeMNPV and LAMNPV F proteins (42,
48, 49). We cannot however rule out the possibility that Dm-cF
is an intracellular fusion protein with fusion activity regulated
by mechanisms other than those tested in our assays.

The evolution of baculovirus envelope fusion proteins within
the Baculoviridae is interesting in that two different envelope
fusion proteins (GP64 and F) are found in BV of the Baculo-
viridae, and both gp64 and f genes appear to have been ac-
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quired and/or lost during the evolution of the different sub-
groups of baculoviruses. An intriguing possible explanation for
the presence or absence of f and/or gp64 in various subgroups
within the family is the following: ancestral baculoviruses may
have replicated only in the epithelial cells of the insect midgut,
producing only occlusion derived virions and occlusion bodies
as progeny. The ability to invade the insect hemocoel may have
evolved through the acquisition of a gene such as f that pro-
moted or mediated budding from the cell surface to generate
a BV phenotype. One subgroup of baculoviruses may have
later acquired a second envelope protein gene (gp64), and
GP64 may have eventually supplanted some or many of the
functions of the F protein in that lineage of baculoviruses.
Thus, according to such a theory, viruses descended more
directly from ancestral midgut-limited baculoviruses might be
represented by the sawfly baculoviruses (such as Neodiprion
lecontei NPV and Neodiprion sertifer NPV) which are midgut-
limited and contain neither gp64 nor f in their genomes. A
relatively large group of the baculoviruses (group II NPVs,
GVs, and the mosquito baculovirus CuniNPV) all contain an f
gene but no gp64 gene. Many or most of these viruses are
believed to invade the hemocoel during infection. Exceptions
are viruses such as CuniNPV and Harrisina brillians GV, which
are midgut-limited (13, 36). A third major group, the group I
NPVs, encodes both gp64 and f genes. Group I NPVs appear to
be much more closely related to each other than are members
of the group II NPV or GV subgroups, suggesting that the
divergence of the group I NPV subgroup was a more recent
event in the evolution of the Baculoviridae. Thus, as suggested
earlier (40), the group I NPVs may represent descendants of a
virus that acquired the gp64 gene more recently. Consistent
with these speculations are prior studies showing that the f
gene homolog (Ac23) from the group I NPV, AcMNPV, is not
essential (29), whereas the f gene from the group II NPV,
SeMNPV, is essential (47) and serves a role similar to that of
gpo4 (28).

The identification of host insect genes encoding proteins
with similarity to baculovirus F proteins in four insect genomes
suggests that f genes may be present in many insects and
further supports the possibility that the baculovirus f gene may
have been acquired directly or indirectly from a cellular gene in
an insect host. The abundance of insect endogenous retrovi-
ruses encoding f-like genes (30, 32, 43, 46) combined with the
observation that endogenous retroviruses and transposable el-
ements can insert into the baculovirus genome (14, 15, 17, 23,
31) also suggests a possible indirect route for baculovirus ac-
quisition of host insect f genes. Although it was proposed
previously that errantiviruses may have acquired the env gene
from baculoviruses (30), the direction of horizontal gene trans-
fer remains uncertain. Also intriguing is a possible link to the
paramyxoviruses, since baculovirus F proteins are very similar
in structure to F proteins from paramyxoviruses (49). To date
baculovirus f orthologs have been found in endogenous retro-
viruses from dipteran and lepidopteran insects and in the ge-
nomes of Drosophila and Anopheles species. Further studies of
the distributions and function of cellular F proteins will be
important for understanding how host cellular proteins may be
acquired and adapted to viral infection cycles.
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