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F proteins from baculovirus nucleopolyhedrovirus (NPV) group II members are the major budded virus (BV)
viral envelope fusion proteins. They undergo furin-like proteolysis processing in order to be functional. F
proteins from different baculovirus species have a long cytoplasmic tail domain (CTD), ranging from 48
(Spodoptera litura multicapsid NPV [MNPV]) to 78 (Adoxophyes honmai NPV) amino acid (aa) residues, with
a nonassigned function. This CTD is much longer than the CTD of GP64-like envelope fusion proteins (7 aa),
which appear to be nonessential for BV infectivity. Here we have investigated the functional role of the CTD
of Helicoverpa armigera single-capsid NPV (HearNPV), a group II NPV. We combined a newly constructed
HearNPV f-null bacmid knockout-repair system and an Autographa californica MNPV (AcMNPV) gp64-null
bacmid knockout-pseudotype system with mutation and rescue experiments to study the functional role of the
baculovirus F protein CTD. We show that except for the 16 C-terminal aa, the HearNPV F CTD is essential for
virus spread from cell to cell. In addition, the CTD of HearNPV F is involved in BV production in a
length-dependent manner and is essential for BV infectivity. The tyrosine residue Y658, located 16 aa from the
C terminus, seems to be critical. However, HearNPV F without a CTD still rescues the infectivity of gp64-null
AcMNPV BV, indicating that the CTD is not involved in processing and fusogenicity. Altogether, our results
indicate that the F protein is essential for baculovirus BV infectivity and that the CTD is important for F
protein incorporation into BV.

The Baculoviridae family is a large group of enveloped, dou-
ble-stranded DNA viruses which exclusively infect arthropods,
predominantly insects of the order Lepidoptera (4). Baculovi-
ruses are divided into two genera, Nucleopolyhedrovirus (NPV)
and Granulovirus. The NPV genus can be subdivided phyloge-
netically into two subgroups, namely, group I and group II (15,
46). During an infection cycle, baculoviruses produce two
virion phenotypes that play distinct roles. Virions of the occlu-
sion-derived virus mediate the transmission of virus from in-
sect to insect, whereas budded virus (BV) mediates the cell-
to-cell spread of virus in infected insects and in cell culture.

BVs enter cells via the endocytic pathway, including two
steps, namely, clathrin-mediated endocytosis and low-pH-de-
pendent membrane fusion (21). GP64 is the major envelope
fusion protein found in the BVs of Autographa californica mul-
ticapsid NPV (AcMNPV) and other members of the group I
NPVs. Previous studies showed that GP64 is involved in BV
binding to target cells, is necessary for low-pH-dependent
membrane fusion to allow entry, and is important for efficient
virion budding or egress from the cell surface (5, 25, 29).
Recently, a new type of envelope fusion protein, named F, was
identified from Lymantria dispar MNPV (32), Spodoptera
exigua MNPV (16), and Helicoverpa amigera NPV (HearNPV)
(20), and it is most likely present in all group II NPVs. The F
protein is the major glycoprotein of group II BVs and is ex-
pressed first as a precursor (F0) and then cleaved into two
disulfide bridge-linked subunits (F1 and F2) by a cellular furin-

like convertase (16, 43). The cleavage is essential for activation
of the F protein to a fusogenic form (43). In addition, group II
NPV F proteins are able to rescue infectious BV production of
a GP64 knockout mutant of AcMNPV (22). Therefore, these F
proteins are functionally analogous to GP64. As such, baculo-
virus F proteins are similar in structure to envelope fusion
proteins of vertebrate viruses (10).

The cytoplasmic tail domains (CTDs) of many viral envelope
fusion proteins play an important role in virus assembly and
budding through binding to the nucleocapsid protein (see ref-
erences 37 and 40 for a review). The CTDs of virus glycopro-
teins are clearly involved in virus assembly, since they bind to
the matrix protein of the nucleocapsid and collate the viral
envelope and nucleocapsid (9, 12, 45). Some other commonly
recognized functions of the CTDs of viral glycoproteins are
roles in glycoprotein trafficking and subcellular localization
(11, 14, 18, 31, 34, 36, 47) and in the assembly of mature virions
(6, 7, 8, 27, 30). In addition, further roles of CTDs in virion
morphology, in completion of membrane fusion, and in regu-
lation have also been reported (1, 2, 13, 17, 24, 26, 33, 35, 42).
Unlike GP64, the BV fusion protein of a group I baculovirus
(AcMNPV) with a short CTD of 7 amino acids (aa), baculo-
virus group II NPV F proteins have comparatively long
CTDs, ranging from 48 (Spodoptera litura MNPV) to 78 (Ad-
oxophyes honmai NPV) aa residues. The CTD of AcMNPV
GP64 is not essential for the production of infectious BV;
removal of the CTD results in a reduction in budding efficiency
(29). The role of the CTDs of baculovirus F proteins remains
to be determined.

In this study, we investigated the functional role of the CTD
(48 aa) of the HearNPV F protein as a representative of group
II baculovirus F proteins. We determined the minimal length
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of the CTD that still renders infectious BV production by
making C-terminal truncations of HearNPV F and found that
the CTD can be truncated, removing up to 16 aa residues from
the C terminus, without a loss of infectivity. However, further
F protein CTD truncations are able to support infectious virus
production of AcMNPV gp64-null mutants when pseudotyped.
Our results indicate that the CTDs of F proteins of group II
NPVs are essential for infectious BV production. Deletion of
the F protein CTD does not affect F protein synthesis or
fusogenicity.

MATERIALS AND METHODS

Cells and virus. HzAM1 cells (23) and the Spodoptera frugiperda cell line
IPLB-SF-21 (40) were cultured at 27°C in plastic tissue culture flasks (Nunc) in
Grace’s insect medium (pH 5.9 to 6.1; Invitrogen) supplemented with 10% fetal
bovine serum. BVs of the HearNPV G4 isolate were used for infections and were
propagated in HzAM1 cells (39).

Deletion of HearNPV f gene. For the generation of an f gene deletion mutant
by recombination mediated by the RecE and RecT proteins (ET recombination),
the HearNPV bacmid HZ8 (41) was used as the parental bacmid (41). Long
primers were designed with 50 nucleotides (nt) at the 5� end corresponding to
50-nt flanking regions of the f gene in the HearNPV G4 genome. The forward
primer was 5�-GGATTTGCCGTCGTAACAAATTAAACAAAAAAATTTTC
ATAAAAACAAATAAATTTAAGGGCACAATAACTG-3� and contained the
viral flanking sequences from nt 127755 to 127804 according to the HearNPV G4
genome sequence (GenBank accession no. AF271059). The reverse primer was
5�-CATACATTTATTAATCTAGTTATTTTTATTAAACCTTTCCGTAATA
GTTATTCCTGTGCGCGACGGTTAC-3�, with viral flanking sequences from
nt 129905 to 129954. The 3� ends (underlined regions) of the primers anneal to
the chloramphenicol resistance gene (cat) of pBeloBac11 (38).

To induce homologous recombination, the helper plasmid pBAD-��� was
electrotransferred into DH10B cells (Invitrogen) containing the HearNPV bac-
mid HZ8 (41). Electrocompetent cells were made according to the method of
Muyrers et al. (28). PCR to generate linear fragments was performed by using
the high-fidelity Expand long-template PCR system (Roche). The column-puri-
fied PCR product was digested with DpnI to eliminate template plasmid DNA.
After digestion, the linear fragments were recovered from agarose gels and
finally collected by ethanol precipitation. One microgram of linear fragments was
used for electroporation into DH10B containing the bacmid HZ8, and the
resulting f gene-deleted bacmid was designated HearNPV f-null. The deletion of

the f gene from the f-null HearNPV bacmid was confirmed by EcoRI restriction
profiling and PCR.

Donor plasmid and transposition. The pFASTBAC Dual vector (Invitrogen)
is the donor plasmid for the baculovirus insect cell expression system used for
this study and carries the AcMNPV polyhedrin promoter and p10 promoter in
opposite orientations. The enhanced green fluorescent protein (EGFP) gene was
amplified by PCR, using the peGFP plasmid (Clontech) as template DNA. An
upstream NheI restriction site and a downstream KpnI restriction site were
introduced by subsequent primers for further cloning. The PCR products were
first cloned into the pGEM-T Easy vector (Promega), giving pGFP. After a
sequence check, the NheI-to-KpnI fragment of the GFP gene was cloned into the
pFASTBAC Dual vector under the control of the p10 promoter, resulting in
pFB-GFP.

The HearNPV f cassette containing the coding sequence of the HearNPV F
protein plus the 300-nt promoter sequence (from nt 127811 to nt 130144) was
amplified by PCR, using Pfu Ultra DNA polymerase (Stratagene). An upstream
Bst1107I restriction site and a downstream HindIII restriction site (underlined)
were introduced by the primers (forward primer, 5�-GGGGTATACCCRRRR
AGAAAACCTTGGTACTGT-3�; and reverse primer, 5�-GCGAAGCTTACA
ATTTGTGTTCATCATATTGATC-3�) for further cloning. After cloning and
sequencing verification, the Bst1107I-to-HindIII fragment of the HearNPV F
cassette was cloned into pFB-GFP. The resulting vector, carrying the f gene
cassette and the p10 promoter controlled by EGFP, was named pFB-F&GFP.

A unique SphI restriction site is located 425 nt upstream of the translational
termination codon TAA (Fig. 1). To generate cytoplasmic tail truncation muta-
tions, a forward primer (5�-ATCGCATGCAATTCGAGTTGGAAC-3�) cover-
ing the SphI restriction site (underlined) and reverse primers (Tr-6aa, 5�-GCG
AAGCTTATTGATCGAAAGAATCTTTAG-3�; Tr-16aa, 5�-GCGAAGCTTA
GGCTTTCAAATAGACGAGTTG-3�; Tr-19aa, 5�-GCGAAGCTTAATAGAC
GAGTTGACGATCGTTG-3�; Tr-29aa, 5�-GCGAAGCTTACGTTCGTGTGG
GTCTTCGTCT-3�; Tr-40aa, 5�-GCGAAGCTTAGCACAAGTCCATACAAC
AAGATAC-3�; and Tr-49aa, 5�-GCGAAGCTTAACAAAAACATCGTAAAA
CTACAACAG-3�) located at different positions within the CTD sequence were
designed. The translational termination codon TAA and a HindIII restriction
site (underlined) were introduced by each truncation reverse primer to stop
translation and to assist further cloning. PCR was performed by using the for-
ward primer covering the SphI site and each reverse primer. All PCR products
were cloned into the pGEM-T Easy vector. After sequence verification, the
SphI-to-HindIII fragments were cloned into pFB-F&GFP, resulting in donor
plasmids carrying f gene cassettes expressing F proteins with various truncations
(6 to 49 aa from the C terminus) in the CTD. The donor plasmids were used both
to construct the repair HearNPV bacmids and to pseudotype AcMNPV bacmids
with truncated f.

FIG. 1. Schematic diagram of the baculovirus group II f gene, showing the proteolytic cleavage site, fusion peptide (FP), heptad repeat (HR)
regions, transmembrane region (TM), and cytoplasmic tail domain (CTD) of HearNPV F (A) and C-terminal truncations of F (B). Each donor
plasmid carrying HearNPV f or a truncated f gene was used to construct a repair HearNPV bacmid and a pseudotyped AcMNPV bacmid.
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Competent cells containing the f-null HearNPV bacmid and a gp64-null
AcMNPV bacmid (provided by G. W. Blissard) were made according to the
methods in the Bac-to-Bac manual (Invitrogen). Transpositions of inserts from
donor plasmids to the f-null HearNPV and gp64-null AcMNPV bacmids were
confirmed by diagnostic PCR using a gentamicin resistance gene-specific forward
primer (5�-AGCCACCTACTCCCAACATC-3�) in combination with the M13
forward primer (5�-CCCAGTCACGACGTTGTAAAACG-3�) and by sizing of
the products in 0.6% agarose gels.

Transfection of pseudotyped AcMNPV bacmids and HearNPV f repair bac-
mids into HZAM1 cells. For the transfection of pseudotyped AcMNPV bacmids,
Sf21 cells were transfected with approximately 1 �g bacmid DNA according to
the methods in the Bac-to-Bac manual (Invitrogen). The supernatant was har-
vested at 5 days posttransfection (p.t.). For the transfection of repaired
HearNPV bacmids, a modified transfection method was applied. Briefly, HzAm1
cells were seeded into six-well plates (Nunc) at 1 � 106 cells per well. After 24 h
of incubation in Grace’s insect medium supplemented with 10% fetal bovine
serum, cell were washed twice with Grace’s insect medium. Cells were then
transfected with approximately 1 �g bacmid DNA, using 15 �l Lipofectin (In-
vitrogen). Supernatants containing BVs were harvested at 7 days p.t. from
HaAM1 cells.

Western analysis. The expression and incorporation of the complete and
truncated F proteins from the HearNPV f repair bacmids in BVs were examined
by Western analysis, using polyclonal antibodies against F1 and F2 to probe
sucrose-purified BVs (20). Briefly, sucrose-purified BVs were disrupted under
reducing or nonreducing conditions and were then denatured for 10 min at 95°C.
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and subjected to Western analysis as previously described
(20). Antisera raised against the F protein in chickens were used at a 1:1,000
dilution, and the (truncated) F proteins were detected by treatment with horse-
radish peroxidase-conjugated rabbit anti-chicken immunoglobulin (Sigma) di-
luted 1:10,000 followed by ECL technology as described by the manufacturer
(Amersham).

Budded virus production. To investigate infectious BV production of bacmid-
derived HearNPV repaired with full f and with CTD truncations, virus growth
curves were generated and compared to those of wild-type HearNPV. HzAM1
cells were infected at a multiplicity of infection (MOI) of 5 50% tissue culture
infective dose (TCID50) units/cell for 1 h. After infection, cells were washed with
fresh medium once and then incubated in new medium. At 12, 24, 36, 48, 60, 72,
84, and 96 h postinfection (p.i.), the supernatants were collected. For each
mutant virus and each time point, triplicate samples were collected for triplicate
experiments. The quantity of infectious BVs from each sample was determined

by an end-point dilution assay (EPDA) with HzAM1 cells. To analyze BV
production of pseudotyped AcMNPVs compared to wild-type AcMNPV, Sf21
cells were infected at an MOI of 5. At 48 h p.i. for each treatment, samples were
collected from triplicate supernatants, and the quantity of infectious BVs from
each sample was determined by an EPDA with Sf21 cells. The results were
exported to Microsoft Excel software, the averages of triple log-transformed
TCID50 values were analyzed, and the standard deviations of the means were
determined (see Fig. 3). For the infectivity of pseudotyped AcMNPVs (see Fig.
6), further one-way analysis of variance and post hoc tests were performed to
analyze the significance of the differences in BV production among the
pseudotyped viruses.

RNA analysis of HzAM1 cells infected with pseudotyped AcMNPV. HzAM1
cells, which are susceptible but nonpermissive for AcMNPV, were challenged
with pseudotyped AcMNPVs at an MOI of 5 TCID50 units per cell. Cells from
each infection treatment were collected at 12 h p.i. Total RNAs were extracted
from each cell sample by use of the Trizol reagent (Invitrogen). Early transcrip-
tion of ie-1 was examined by 3� rapid amplification of cDNA ends (RACE)
analysis by using a RACE kit (Roche). In brief, first-strand cDNA synthesis was
performed by using avian myeloblastosis virus reverse transcriptase and an
oligo(dT) anchor primer according to the manufacturer’s instructions. The
cDNA was amplified by a PCR using the anchor primer and an ie-1-specific
primer, ie-1-F (5�-GTACAAATACAGCAGCGTCGCTA-3). The PCR prod-
ucts were analyzed by agarose gel electrophoresis. Total RNA samples served as
reverse transcription template controls.

RESULTS

Construction of f-null HearNPV bacmid. To study the func-
tionality of the HearNPV f gene during virus infection, an
f-null HearNPV bacmid was constructed by deleting the f gene
from HearNPV bacmid HZ8 according to the method of
Muyrers et al. (28). A 70-mer primer and a 72-mer oligonu-
cleotide were used to PCR amplify a linear DNA fragment
containing a cat gene flanked by 50-bp sequences homologous
to the HearNPV genome. After DpnI treatment to eliminate
the template plasmid, the PCR product was purified and trans-
ferred to recombinant competent cells. Bacterial colonies har-
boring the recombinant bacmid were selected on medium con-

FIG. 2. Strategy for generation of an f-null HearNPV bacmid by ET recombination in E. coli (A) and EcoRI restriction profiles (B) and PCR
verification (C) of the f-null HearNPV bacmid. (A) At the HearNPV f gene (Ha133) locus in the HearNPV bacmid HZ8 (41), a PCR-amplified
DNA fragment containing the chloramphenicol resistance gene (cat) flanked by 50-bp HearNPV sequences on both sides of the f gene was used
to replace the f gene with a Cmr gene. (B) EcoRI restriction profiles of the wild-type HearNPV (G4 strain) genome, the parental HearNPV bacmid
HZ8, and the f-null HearNPV bacmid. An �10-kb EcoRI restriction fragment containing the f gene from HZ8 was disrupted by ET recombination,
resulting in two smaller fragments (with approximate lengths of 2.3 kb and 5.8 kb). (C) Diagnostic PCR of f-null HearNPV bacmid. Forward and
reverse primers (panel A) were used for PCR. Bacmid HZ8 was used as a positive control for the presence of f. Sizes of markers (M) are indicated
to the left of the gels (in kb).
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taining kanamycin and chloramphenicol. In the resulting f-null
HearNPV bacmid, the f gene was correctly replaced by the cat
gene (Fig. 2A). The deleted sequence was removed from 61 bp
upstream of the translational start codon to 6 bp downstream
of the stop codon (bp 127803 to 129904 according to the
HearNPV G4 genome sequence). When the f gene was present,
as in the parental bacmid HZ8 (41), a 10-kbp EcoRI band was
present (band a), whereas two new EcoRI bands (bands b and c),
of 5.8 and 2.3 kbp, respectively, were generated when the f gene
was replaced by the cat gene (Fig. 2B). A PCR product the size of
f was generated only in bacmid HZ8, not in the f-null HearNPV
bacmid (Fig. 2C).

Truncation in the HearNPV F CTD gene and construction of
f repair HearNPV. The egfp gene, controlled by the AcMNPV
p10 promoter in association with the HearNPV f gene cassette,
with and without truncation in the CTD, was transposed into

the Tn7 transposition site of the f-null HearNPV bacmid ac-
cording to a method in the Bac-to-Bac manual (Invitrogen).
Bacmid DNA was then isolated from bacterial colonies after
diagnostic PCR verification for correct insertion. Approxi-
mately 5 �g repair bacmid DNA from each transposed bacmid
was transfected into 1 � 106 HzAM1 cells, with transfection of
(f-null/egfp) as a negative control. At 7 days p.t., GFP expres-
sion in transfected cells was examined (Fig. 3A). The presence
of EGFP in transfected cells signaled effective transfection.
The production of infectious BVs from each transfectant was
determined by infecting new HzAM1 cells with BVs in the
transfection supernatant. At 5 days postinfection, EGFP ex-
pression in infected cells was examined (Fig. 3B). The repair
bacmids with complete f (positive control) and the Tr-6aa and
Tr-16aa recombinants were able to produce infectious BVs.
The other recombinants, Tr-19aa, Tr-29aa, Tr-40aa, and Tr-

FIG. 3. (A) Transfection of repair HearNPV bacmid. (B) Infection assay for viral propagation. (C) Western blot analysis of repair HearNPV
BVs. HzAM1 cells were transfected with repaired HearNPV bacmids (positive control and Tr-6aa, Tr-16aa, Tr-19aa, Tr-29aa, Tr-40aa, and Tr-49aa
mutants). GFP expression in each transfection was examined 5 days later (A). Supernatants were collected at 7 days p.t. After being clarified, the
supernatants were used to infect new HzAM1 cells. GFP expression, indicating infectivity, was examined 3 days after infection (B). Western blot
analysis was performed on purified wild-type HearNPV BVs (WT) and f-repaired HearNPV BVs (positive control and Tr-6aa and Tr-16aa
mutants), using anti-F1 and anti-F2 under either reducing or nonreducing conditions.
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49aa, showed only single infected cells (Fig. 3A) and were not
able to produce infectious BVs (Fig. 3B). These results indi-
cate that the CTD of F plays an important role in baculovirus
BV propagation and that the CTD’s length is critical for in-
fectivity. The F protein CTD can be reduced to 32 aa residues,
but further truncations of the CTD abort the generation of
infectious HearNPV BVs.

To determine the expression of the f repair bacmid as a
control and of the truncated recombinants Tr-6aa and Tr-16aa
upon viral infection and incorporation into BVs, we performed
Western analysis on purified BVs generated from the respec-
tive viruses. BVs from wild-type HearNPV were used as a
positive control (Fig. 3C). Under reducing conditions, bands
corresponding to a protein with the predicted molecular size
of the F1 subunit (approximately 59 kDa) were detected for
wild-type HearNPV and f repair BVs with an anti-F1 specific
antibody. In the BVs from the Tr-6aa and Tr-16aa repair
mutants, the F1 subunits were also detected by anti-F1 an-
tibody, but they were smaller, being approximately 58 kDa
and 57 kDa, respectively. Bands corresponding to F2 sub-
units with a molecular mass of 20 kDa were detected for
wild-type HearNPV BVs and for the repair viruses (f repair,
Tr-6aa, and Tr-16aa). These results show that F, Tr-6aa, and
Tr-16aa protein precursors (F0) were expressed and cleaved
by a furin-like convertase in infected HzAM1 cells and that
these proteins were incorporated into BVs. To further in-
vestigate the processing of F, Tr-6aa, and Tr-16aa proteins,
Western analysis was performed after SDS-PAGE under
nonreducing conditions (Fig. 3C). Both anti-F1 and anti-F2

antibodies recognized the F0 bands. These results indicate
that the F1 and F2 subunits in F, Tr-6aa, and Tr-16aa pro-
teins in the repaired HearNPV were linked by disulfide
bridges, like the case for wild-type HearNPV BVs (20).

BV production of f repair HearNPV. The F-, Tr-6aa-, and
Tr-16aa-repaired f-null HearNPV bacmids produced infec-
tious HearNPV BVs, and the further C-terminal truncation
mutants did not. This result suggests that the CTD of baculo-
virus F protein is essential for the production of infectious BVs
and that truncation of the CTD results in an inability to rescue
the infectivity of an f-null HearNPV bacmid. To determine if
and to what extent the 6- and 16-aa C-terminal truncations
affect infectious BV production, we compared the f repair virus
(control) and Tr-6aa and Tr-16aa HearNPV F mutants in
one-step growth curve assays in HzAM1 cells (Fig. 4). Our
results from one-step growth curve comparisons show that
truncations of 6 aa and 16 aa from the C terminus of the F
CTD reduce infectious BV production about threefold and
eightfold, respectively.

CTD truncations of HearNPV F and rescue of AcMNPV
gp64-null bacmid infectivity. Transfection and infection assays
of HearNPV repaired bacmids containing complete f and CTD
truncations indicated that the CTD of the HearNPV F protein
plays an important role in infectious virion production. How-
ever, it was not clear how truncation of the CTD would influ-
ence infectious BV production. The possible consequences of
the removal of the CTD from HearNPV F beyond the 16
C-terminal aa would be (i) on F protein processing prior to
assembly into BVs, which would result in the impairment of
subsequent viral endocytosis and low-pH-triggered envelope
fusion in the next infection; and (ii) the absence of a linkage

between HearNPV F and nucleocapsid proteins, leading to an
inability to undergo proper BV formation. In the first case,
noninfectious BVs would be formed, and in the latter case, no
BVs would be formed.

The CTD of GP64 is not essential for infectious AcMNPV
BV production (19), indicating that AcMNPV BV budding is
not dependent on an intact CTD. This would suggest that CTD
truncations of HearNPV F do not prevent infectious BV for-
mation. Therefore, intact f, Tr-6aa, Tr-16aa, Tr-19aa, Tr-29aa,
Tr-40aa, and Tr-49aa gene cassettes were inserted into the
gp64-null AcMNPV bacmid system (20) to pseudotype gp64-
null AcMNPV bacmids. The constructs were transposed into
the bacmids with an AcMNPV p10 promoter-controlled egfp
gene. Sf21 cells were transfected with pseudotyped gp64-null
AcMNPV bacmids (Fig. 5A). A gp64-null AcMNPV bacmid
carrying no HearNPV f gene served as a negative control. At 5
days p.i., the supernatant from each transfection treatment was
used to infect new Sf21 cells (Fig. 5B). An AcMNPV virus
carrying a p10 promoter-controlled egfp gene was used as a
positive control for infection. Unlike the case for the HearNPV
repair bacmid, all HearNPV f gene cassettes (f repair, Tr-6aa,
Tr-16aa, Tr-19aa, Tr-29aa, Tr-40aa, and Tr-49aa) rescued the
infectivity of the gp64-null AcMNPV bacmid mutants and pro-
duced infectious BVs. These results confirmed that the HearNPV
f gene cassette was correctly expressed and processed in the
AcMNPV-Sf21 system but show, in addition, that truncation of
the CTD of the HearNPV F protein does not affect the for-
mation of infectious AcMNPV BVs, indicating that the
HearNPV F protein without a CTD is fusogenic and able to
form infectious BVs.

In addition to transfection and infection assays, we also
examined the incorporation of the HearNPV F protein and
F CTD truncation mutants into AcMNPV BVs (Fig. 5C).
When separated by SDS-PAGE under reducing conditions
and detected by F-specific antibodies, F1 and F2 were rec-
ognized separately in all pseudotyped AcMNPV (gp64-null/f
repair, Tr-6aa, Tr-16aa, Tr-19aa, Tr-29aa, Tr-40aa, and Tr-

FIG. 4. Analysis of BV production by one-step growth curve anal-
ysis. The graph shows virus growth curves for the positive control (f
repair) and Tr-6aa- and Tr-16aa-repaired HearNPVs. HzAM1 cells
were infected in triplicate with HearNPVs at a multiplicity of 5.0
TCID50 units per cell. Each data point represents BV production at a
different time point after infection. Data points represent means for
triplicate infections and titrations, and error bars represent standard
deviations from the means.
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49aa) mutant BVs. The molecular size of F1 in pseudotyped
AcMNPV BVs gradually decreased from 60 kDa (for the
full F protein) to 55 kDa (for a CTD truncation of 48 aa),
whereas the molecular size of F2 stayed the same, at 20 kDa

(Fig. 5C). The presence of GP64 in AcMNPV BVs and its
absence in pseudotyped AcMNPV BVs confirmed the au-
thenticity of rescue. Under nonreducing conditions, bands
corresponding to F0 were detected in all pseudotyped

FIG. 5. (A) Transfection of gp64-null AcMNPV bacmid pseudotyped by the HearNPV f gene, with or without truncation in the CTD. (B) Infection
assay for viral propagation. (C) Western blot analysis of pseudotyped AcMNPV BVs. Sf21 cells were transfected with HearNPV f gene-pseudotyped
gp64-null AcMNPV bacmids (f repair, Tr-6aa, Tr-16aa, Tr-19aa, Tr-29aa, Tr-40aa, and Tr-49aa). GFP expression in each transfection was examined 5
days later. A gp64 gene-repaired gp64-null AcMNPV bacmid served as a positive control (A). Supernatants were collected at 7 days p.i. After clarification,
the supernatants were used to infect new Sf21 cells. GFP expression, indicating infectivity, was examined at 3 days p.i. (B). Western blot analysis was
performed on purified AcMNPV BVs and pseudotyped AcMNPV BVs (f repair, Tr-6aa, and Tr-16aa), using anti-F1, anti-F2, and anti-GP64 under either
reducing or nonreducing conditions.
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AcMNPV BVs by anti-F1 antibody (Fig. 5C). Anti-F2 anti-
body also identified F0 in pseudotyped AcMNPV BVs (re-
sult not shown). These results indicate that HearNPV F proteins
with truncations in the CTD are incorporated into AcMNPV
BVs, like the intact HearNPV F protein. The incorporation
of the HearNPV F protein and its truncated forms into
AcMNPV suggests that the CTD is not important for proper
F protein synthesis, folding, membrane trafficking, and fu-
sogenicity.

Infectivity of AcMNPV pseudotyped with HearNPV f. To
determine the effects of CTD truncations on the BV produc-
tivity of pseudotyped AcMNPV baculoviruses, BV production
at 48 h p.i. was evaluated by EPDAs (Fig. 6). AcMNPV produced
about 10 times more infectious BVs than the pseudotyped
AcMNPVs (gp64-null/f repair, Tr-6aa, Tr-16aa, Tr-19aa, Tr-29aa,
Tr-40aa, and Tr-49aa), and there was no significant difference
observed among the pseudotyped AcMNPVs. This result dem-
onstrates that the length of the CTD is not important for infec-
tious BV production in AcMNPV.

The previous results show that the CTD of F, except for the
16 C-terminal aa, is essential for HearNPV viral infectivity,
whereas the CTD is not essential for fusogenicity. It is possible
that (i) the HearNPV F protein without the 16 C-terminal aa
of the CTD is incorporated into budded virions which are not
infectious and, e.g., entry defective (defective in attachment to
cell membranes and envelope fusion) in HzAM1 cells; or (ii)
the F protein without CTD is not incorporated into virions.
To investigate this, nonproductive infections were carried
out in which HzAM1 cells were infected with pseudotyped
AcMNPVs (gp64-null/f repair and the Tr-6aa, Tr-16aa, Tr-
19aa, Tr-29aa, Tr-40aa, and Tr-49aa mutants). Successful viral
entry occurred in all instances, as early transcripts of the
AcMNPV ie-1 gene were detected at 12 h p.i. (Fig. 7). Thus,
viral entry of pseudotyped AcMNPVs into HzAM1 cells was
not affected by CTD truncations of the HearNPV F protein.

DISCUSSION

A number of functional roles have been attributed to the
CTDs of virus glycoproteins. These include regulation of the
incorporation of viral glycoproteins into mature virions (8, 13,
35), determination of the site and efficiency of viral budding
(21, 48), governance of the conformation of the glycoprotein’s

extracellular domain and processing, regulation of cell surface
expression of glycoproteins (14, 34, 36), and control of virus
envelope and cell membrane fusion (2, 6, 7, 26, 33). In the
present study, we have investigated the role of the CTD of the
major baculovirus group II envelope fusion protein F, more
specifically the HearNPV F protein. Our results show that the
CTD of the HearNPV F protein is critical for infectious BV
production. In this respect, the role of the F CTD differs from
that of GP64-like fusion proteins, the major envelope fusion
proteins from NPV group I members. The minimal length of
the CTD to support infectious HearNPV BV production was
32 aa; the C-terminal 16 aa were dispensable. For HearNPV F,
however, the CTD is not essential for rescuing BV production
and infectivity of a gp64-null AcMNPV mutant. This indicates
that the CTD of HearNPV F is not involved in fusogenicity.
Additionally, HearNPV F protein processing, including syn-
thesis, folding, disulfide bridging, trafficking, and susceptibility
to cellular convertase (furin-like) cleavage, is not affected by
removing the CTD from the F protein.

The group II NPV F protein is a newly found baculovirus
envelope fusion protein (16, 32). Common functional domains,
such as a furin-like protease cleavage site (20, 43), a fusion
peptide (44), a heptad repeat (G. Long, unpublished data), and
a cytoplasmic tail, were identified. The arrangement of these
domains is similar to the architecture of class I viral envelope
fusion proteins from members of viral families infecting verte-
brates. Unlike GP64, baculovirus F proteins have a long CTD,
ranging from 52 aa to 78 aa. The CTD of GP64 (seven amino
acids long) was reported to be dispensable for viral infectivity
and not essential for efficient virion budding from the cell
surface (29). Our experiments demonstrate that a CTD is not
essential for infectious BV production by AcMNPV and pos-
sibly not for all group I baculoviruses.

However, our results demonstrate that in the case of
HearNPV, only truncations of up to 16 aa from the C terminus
of the CTD allow the repair of an f-null HearNPV bacmid,

FIG. 6. BV production of pseudotyped AcMNPVs. Sf21 cells were
infected by F protein-pseudotyped AcMNPVs (Tr-6aa, Tr-16aa, Tr-
19aa, Tr-29aa, Tr-40aa, and Tr-49aa) and wild-type AcMNPV. Each
data point represents virion production at 48 h p.i. Data points repre-
sent means of triplicate infections and titrations, and error bars rep-
resent standard deviations from the means.

FIG. 7. Detection of ie-1 gene early transcripts upon nonproductive
infection of pseudotyped AcMNPVs in HzAM1 cells. HzAM1 cells
were infected with gp64-null AcMNPVs pseudotyped with Tr-6aa, Tr-
16aa, Tr-19aa, Tr-29aa, Tr-40aa, and Tr-49aa and with wild-type
AcMNPV. At 12 h p.i., total RNA from infected cells of each infection
was isolated. 3� RACE analysis of the AcMNPV ie-1 gene was per-
formed. PCR-amplified products were analyzed in a 1% agarose gel.
Total RNA samples from each treatment were analyzed as template
controls by reverse transcription.
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which underscores that the CTD is essential for viral infectiv-
ity. Other truncations (from Tr-19aa to Tr-49aa) were not able
to rescue f-null HearNPV. The tyrosine residue (Y658, the last
residue of Tr-19aa) is conserved in all baculovirus F proteins.
This may suggest that this internal tyrosine-based signal is
important for viral infectivity. There is evidence from other
enveloped viruses that an internal tyrosine-based motif is cru-
cial for the functional role of F-like proteins (3, 19, 48). If such
a motif in the baculovirus F protein CTD has a similar func-
tion, it may explain why the Tr-16aa mutant can repair the
f-null HearNPV bacmid, whereas the Tr-19aa mutant cannot
(Fig. 3). Mutational analysis of the tyrosine residue in the
HearNPV F CTD, which is also present in all other sequenced
group II NPVs, should prove the importance of this aa in this
process. Additionally, a slight decrease in infectious BV pro-
duction was observed in association with the Tr-6aa and Tr-
16aa truncations. This might suggest that these 16 C-terminal
aa, representing the variable region in CTDs of baculovirus F
proteins, stabilize the possible interaction between the F CTD
and nucleocapsid in a length-dependent manner, thus guaran-
teeing the efficient incorporation of F into baculovirus group II
BVs. A slight but significant decrease in infectious BV produc-
tion was noted for AcMNPV when the seven C-terminal aa of
the CTD were removed (29).

The GP64 protein of AcMNPV is necessary and sufficient
for the low-pH-triggered membrane fusion which occurs dur-
ing BV entry after endocytosis (5, 25). In this study, a gp64-null
AcMNPV bacmid pseudotyping system was applied to exclude
the possibility that the fusion ability of the HearNPV F protein
is impaired by eliminating the CTD. HearNPV F proteins with
sequential truncations in the cytoplasmic tail (from Tr-6aa
to Tr-49aa) were all capable of pseudotyping a gp64-null
AcMNPV bacmid (Fig. 5). This is also in agreement with the
observation that the CTD of GP64 is not essential for viral
infectivity (29).

Viruses use the host cellular machinery to translate viral
proteins. Viral glycoproteins are synthesized in a similar fash-
ion to that for cellular proteins directed to the secretory path-
way. The CTDs of transmembrane proteins are exposed at the
cytoplasmic side of the endoplasmic reticulum membrane and
thus may interact with cellular proteins that regulate intracel-
lular processing and trafficking. Deletion in the cytoplasmic
portion of viral glycoproteins can have small, but also severe,
effects on intracellular transport and surface expression (14,
18, 34, 36, 42). As we have shown here, truncation in the CTD
of HearNPV F seems to have little or no negative effect on
these processes. Truncation of the CTD in the HearNPV F
protein has no influence on furin-like cellular convertase cleav-
age and subunit disulfide bridging. Successful incorporation
into pseudotyped AcMNPV budded virions indicates proper
folding of F without the CTD and trafficking to the viral bud-
ding destination. Moreover, the AcMNPV-pseudotyping com-
petence of F without a CTD confirms our observation that
truncations in the F CTD have no effect on the fusogenicity of
the F protein.

Based on the evidence shown above, the CTD core up to the
tyrosine residue (Y658) is proposed to be essential for
HearNPV viral infectivity but not essential for the fusogenicity
of the F protein. Three possible consequences of CTD deletion
may lead to the failure to generate infectious HearNPV BVs,

as follows: (i) HearNPV F without a CTD is incorporated into
BVs, which are released from the infected cell but are not
infectious because of some defect in viral entry (in cell attach-
ment and envelope fusion) into HzAM1 cells; (ii) F without a
CTD is unable to be incorporated into BVs as a consequence
of impaired protein synthesis and transportation; and (iii) F
without a CTD is properly synthesized and transported to
budding sites in infected cells but is not able to be wrapped in
mature and infectious BVs. The experiments described above
showed that HearNPV F without a CTD is able to rescue the
infectivity of a gp64-null AcMNPV bacmid. This indicates that
F without a CTD is properly synthesized and fusion competent.
Since AcMNPVs pseudotyped with F without a CTD were able
to enter HzAM1 cells, as evidenced by the initiation of early
gene transcription (Fig. 6), F without a CTD can properly fold
and be transported. However, F without a CTD is apparently
unable to generate infectious HearNPV BVs, underscoring
the importance of the CTD in the incorporation of F into
HearNPV BVs, and possibly into BVs of all group II baculo-
viruses. It is still possible that low levels of HearNPV BVs
without F protein were produced, but they remained below the
detection level.

In conclusion, we combined a newly constructed HearNPV
f-null bacmid knockout-repair system (this paper) and an
AcMNPV gp64-null bacmid knockout-pseudotype system to
study the functional role of the CTD of baculovirus F proteins.
We showed that the CTD of the HearNPV F protein deter-
mines infectious BV production in a length-dependent manner
and that the CTD is essential for infectious BV production by
HearNPV. The HearNPV F protein without a CTD still res-
cues the infectivity of a gp64-null AcMNPV, and thus the CTD
is not involved in F protein processing and fusogenicity. It is
possible that the CTD is important for proper incorporation of
F into mature HearNPV BVs. Future experiments will deter-
mine which CTD domains or aa are involved in this inter-
action.
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