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ABSTRACT gp41, one of the baculovirus core genes, encodes the only recognized
tegument (O-glycosylated) protein of the occlusion-derived virion (ODV) phenotype
so far. A previous study using a temperature-sensitive Autographa californica multi-
capsid nucleopolyhedrovirus (AcMNPV) mutant showed that GP41 plays a crucial
role in budded virion (BV) formation. However, the precise function of GP41 in the
baculovirus replication cycle remains unclear. In this study, AcMNPV GP41 was found
to accumulate around the ring zone (RZ) region within the infected nucleus and fi-
nally assembled into both BVs and ODVs. Deletion of gp47 from the AcMNPV ge-
nome showed that BVs were no longer formed and ODVs were no longer assem-
bled, suggesting the essential role of this gene in baculovirus virion morphogenesis.
In infected cells, besides the 42-kDa monomers, dimers and trimers were detected
under nonreducing conditions, whereas only trimeric GP41 forms were selectively in-
corporated into BVs or ODVs. Mutations of all five cysteines in GP41 individually had
minor effects on GP41 oligomer formation, albeit certain mutations impaired infec-
tious BV production, suggesting flexibility in the intermolecular disulfide bond-
ing. Single mutations of key leucines within two predicted leucine zipper-like motifs
did not interfere with GP41 oligomerization or BV and ODV formation, but double
leucine mutations completely blocked oligomerization of GP41 and progeny BV pro-
duction. In the latter case, the usual subcellular localization, especially RZ accumula-
tion, of GP41 was abolished. The above findings clearly point out a close correlation
between GP41 oligomerization and function and therefore highlight the oligomeric
state as the functional form of GP41 in the baculovirus replication cycle.
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he viral tegument is a proteinaceous layer sandwiched between the nucleocapsid

and envelope of virus particles. Tegument proteins (also called matrix proteins for
some viruses) have been demonstrated to play important roles in the replication cycles
of a wide variety of enveloped viruses, including herpesviruses (1-4), retroviruses (5, 6),
orthomyxoviruses (7, 8), paramyxoviruses (9-11), filoviruses (12), and pneumoviruses
(13). One of the best-studied examples in relation to tegument proteins is herpesvirus,
a large double-stranded DNA virus in which more than 20 tegument proteins have
been identified by mass spectrometry (MS). Many of these have also been characterized
functionally as playing distinct roles in the virus replication cycle, such as promoting
virus entry, activating gene expression, facilitating immune evasion, and regulating
virion assembly and egress (14).

In baculovirus, a large double-stranded enveloped DNA virus, only a single protein,
GP41, has been identified as an O-glycosylated tegument protein so far (15). Baculo-
viruses are specific for insects and have been used widely as biocontrol agents against
insect pests, as well as being used as efficient gene expression and gene delivery
vectors for human therapy (16-18). During the millions of years of evolution, baculo-
viruses developed a unique “life” cycle by producing two distinct virion phenotypes:
budded virions (BVs) and occlusion-derived virions (ODVs) (19). ODVs infect midgut
epithelial cells to initiate primary infection in insect larvae, while BVs are responsible for
cell-to-cell spread of infection within the larval body, which is referred to as systemic
infection (20, 21). Quantitative proteomic analysis has indicated that BVs and ODVs
share similar nucleocapsid proteins; however, they are quite distinct in the composition
of the viral envelope, which may result in the different tissue tropisms of these two
types of virions for infection (22-24).

GP41 was originally identified as an O-linked glycoprotein most likely to occupy the
space between the nucleocapsid and the envelope of the ODV, i.e., within the tegu-
ment (15). Whether GP41 is associated with BVs, however, remains controversial. GP41
was found to be associated exclusively with the ODVs, but not BVs, of Spodoptera litura
multicapsid nucleopolyhedrovirus (SpltNPV) and Autographa californica multicapsid
nucleopolyhedrovirus (AcMNPV) (15, 25, 26). However, a comparative proteomic study
of Helicoverpa armigera nucleopolyhedrovirus (HearNPV) showed that GP41 was de-
tected on both BVs and ODVs by mass spectrometry, although it was not detected on
BVs by Western blotting (24).

There are several reports on GP41, but its function remains largely unclear. gp47 is
one of the 38 baculovirus core genes. In ACMNPV and Spodoptera frugiperda multi-
capsid nucleopolyhedrovirus (SFMNPV), gp41 is expressed as a late viral gene and is
transcribed from 12 h postinfection (p.i.) onwards (27, 28). The transcript of the gp41
gene does not seem to be spliced (29). In the case of SpItNPV, transcripts of gp41 were
detected from 12 to 96 h p.i, and the protein was found to be distributed in both
the cytoplasm and the nucleus (25). An AcCMNPV temperature-sensitive (ts) mutant
(tsB1074) with a single nucleotide mutation in the gp47 gene resulted in a single-cell
infection phenotype, with which the infection does not spread and is restricted to the
original transfected cells. Further electron microscopy (EM) observations showed that
nucleocapsids failed to egress from the nuclear membrane to produce BVs at the
nonpermissive temperature, suggesting an important role of GP41 in BV production
(30). However, a gp41 knockout Bombyx mori NPV (BmNPV) was found to produce small
amounts of progeny BVs (31). Since GP41 was detected exclusively on the ODV
tegument of AcMNPV by liquid chromatography-tandem mass spectrometry (LC-MS/
MS), we speculate that GP41 may also play an important role in ODV formation.
However, the detailed function of GP41 during the baculovirus replication cycle re-
mains to be investigated.

In this study, the gp47 gene of AcCMNPV was knocked out by use of the A Red
homologous recombination method, and its function during the virus replication cycle
was comprehensively investigated. GP41 was found to be not only essential for
nucleocapsid egress from the nucleus to produce BVs but also indispensable for ODV
morphogenesis, and therefore the nature of GP41 was further investigated. When GP41
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was found as dimers and trimers in infected cells and as trimers in both BVs and ODVs,
we set out to investigate whether disulfide bridging and protein-protein interactions
were involved in the oligomerization of GP41 and what consequences specific muta-
tions in GP41 to prevent oligomerization would have on the morphogenesis and
assembly of BVs and ODVs.

RESULTS

Transcription, expression, and localization of AcCMNPV GP41 in infected cells.
gp41 was reported to be a baculovirus late gene (28). In the present study, we
determined the transcription and expression profile of gp41 in Sf9 cells (Fig. 1). Cells
were infected with the control virus AcBac-egfp-ph at a multiplicity of infection (MOI) of
5 50% tissue culture infective dose (TCIDs,) units/cell, and transcription was detected
by reverse transcription-PCR (RT-PCR) at the indicated time points. As shown in Fig. 1A,
the earliest time that a gp47-specific transcript (1,012 bp) was detected was at 12 h p.i.,
and the detection lasted through 72 h p.i. No PCR product was detected in the
negative-control group (NC), for which reverse transcriptase was omitted, excluding the
possibility of contamination of genomic DNA. A viral immediate early gene and a late
gene (iel and vp39, respectively) were also included as controls. The result was
consistent with previous reports for gp41 transcripts in ACMNPV-infected Tnms42 and
Sf21 cells (27, 28). An AcCMNPV GP41-specific polyclonal antibody (pAb) was then
produced as described in Materials and Methods, and the time course of protein
expression in AcBac-egfp-ph-infected Sf9 cells was analyzed by Western blotting. As
shown in Fig. 1B, a protein band migrating at 42 kDa, the expected size of GP41 (27),
was first detected at 18 h p.i. and then increased gradually from 24 to 72 h p.i. An
~35-kDa GP41-specific band was detected at later stages of infection, from 36 h p.i.
onwards (indicated by a black triangle). This may be a specific breakdown product but
may also be a functional protein domain of GP41 at late stages of infection. The viral
capsid protein VP39 (32) and the host protein glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) served as internal controls. Taken together, the results of transcription
and expression analyses confirmed that gp41 is a late gene of AcCMNPV.

To study the subcellular localization of GP41 during infection, Sf9 cells were infected
with AcBac-egfp-ph at an MOI of 5 TCIDs, units/cell, and the localization of GP41 was
detected by immunofluorescence microscopy at the indicated time points (Fig. 1Q).
Upon virus infection, fluorescence signaling of GP41 was first detected at 12 h p.i. and
appeared to be distributed mainly in the cytoplasm but was also evenly distributed in
the nucleus. At 24 h p.i, the GP41 protein was detected around the ring zone (RZ)
region of the nucleus, although fluorescence was also found spread throughout the
cytoplasm and the nucleus. The RZ localization pattern lasted until the very late phase
of infection, suggesting its importance for GP41 function. To observe the localization of
GP41 in the absence of virus infection, a plasmid expressing gp47 alone under the
control of the OplE2 promoter was used to transfect Sf9 cells. As shown in Fig. 1D, GP41
alone was found spreading all over the cells in transfected cells (upper panels) but
accumulated in the RZ upon virus infection (lower panels), suggesting that the RZ
accumulation of GP41 was the result of chaperoning with a certain unknown viral or
host protein. This observation could also be interpreted to mean that GP41 is incor-
porated into virions, which causes its concentration in the RZ.

gp41 knockout completely abolishes infectious BV production. Although an
important role for GP41 in BV formation has been claimed, the evidence was based on
a ts mutant with a single nucleotide substitution in the AcMNPV gp41 gene (30). In
addition, a more recent report showed that a gp47 knockout BmNPV could spread
slowly in tissue culture (31). To better investigate the function of the gp47 gene (ac80)
in the AcMNPV replication cycle, a gp41 knockout bacmid, AcAgp41-ph, and a gp41
repaired bacmid (AcAgp41-gp41R-ph) (Fig. 2A) were constructed as described in Mate-
rials and Methods.

To determine the effect of the gp47 deletion on AcMNPV replication and propaga-
tion, Sf9 cells were transfected with the gp47 knockout bacmid (AcAgp41-ph) and the
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FIG 1 Transcription, expression, and localization of ACMNPV GP41 in infected cells. (A) Time course
analysis of AcMNPV gp41 transcription. Cells were infected with the control virus AcBac-egfp-ph and
analyzed at the indicated time points. Total RNA was extracted, and gp41, iel, and vp39 were detected
by RT-PCR. The negative control (NC) was an RT-PCR mixture without reverse transcriptase. (B) Western
blot analysis of the GP41 expression profile. Cells were infected with control virus and analyzed at the
indicated time points. The expression profile of GP41 was detected by use of a specific anti-GP41 pAb.
The major viral capsid protein VP39 and the host protein GAPDH were used as controls. (C) Subcellular
localization of GP41 in infected cells by immunofluorescence microscopy. Sf9 cells were infected with
control virus and fixed at the indicated time points. The boxed views in the tetramethyl rhodamine
isocyanate (TRITC) and 4’,6-diamidino-2-phenylindole (DAPI) images were merged and enlarged and are
shown in the last row. FITC, fluorescein isothiocyanate. (D) Subcellular localization of GP41 in transfected
or infected cells. Sf9 cells were transfected with plasmid plZ/V5-gp41. At 24 h p.t., cells were infected with
the control virus AcBac-egfp-ph or mock infected. The localization of GP41 was detected by immuno-
fluorescence microscopy at 24 h p.t. or 36 h p.i. Enhanced green fluorescent protein (EGFP) (green) was
used as an indicator of successful virus infection, and an anti-GP41 pAb was used to detect the
localization of GP41 in the infected cells (red). The nuclei were stained with Hoechst 33258 (blue). Bars,
5 wm for the enlarged images and 10 um for the others.

36 h pi.

gp41 repaired bacmid (AcAgp41-gp41R-ph) separately. As shown in Fig. 2B, fluorescence
was observed at 24 h posttransfection (p.t.) with both the gp471 deleted and repaired
bacmids, which indicated that the respective transfections were successful. At 96 h p.t.,
fluorescence was found to be restricted to single cells within AcAgp41-ph-transfected
cells; in contrast, cell-to-cell spread of fluorescence was observed in AcAgp41-gp41R-
ph-transfected cells at 96 h p.t, signaling secondary infection. When the transfection
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FIG 2 Construction and characterization of gp41 knockout and gp41 repaired AcCMNPV bacmids. (A) Schematic represen-
tations of the recombinant bacmids AcAgp41, AcAgp41-ph, and AcAgp41-gp41R-ph. (B) Transfection-infection assay. Sf9
cells were transfected with bacmid DNA of AcAgp41-ph or AcAgp41-gp41R-ph, and at 96 h p.t., the supernatants were used
to infect uninfected Sf9 cells. Fluorescence was observed at the indicated time points. (C) EM analysis of nucleocapsid
assembly and BV formation. Sf9 cells were transfected or infected with recombinant bacmid AcAgp41-ph (a and b) or
AcAgp41-gp41R-ph (c and d). At 48 h p.t. or 48 h p.i, cells were fixed and observed by TEM. Panels b and d are enlarged
pictures of the boxed regions in panels a and c. White arrows, nucleocapsids; red arrow, nucleocapsids enclosed within a
cytoplasmic vesicle; black arrows, mature BVs. Nu, nucleus; Cyto, cytoplasm. Bars, 500 nm.
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supernatants were collected to infect another batch of healthy Sf9 cells, no infection
was observed in cells infected with AcAgp41-ph from the harvested supernatant, while
obvious infection was detected in AcAgp41-gp41R-ph-infected cells at 96 h p.i. The
transfection-infection assay showed that the production of infectious BV was com-
pletely blocked as a result of the deletion of gp47. As such, this is consistent with the
previous report using a ts mutant (30).

EM analysis further confirmed that in gp47 knockout bacmid-transfected cells,
nucleocapsids appeared to be properly formed and gathered around the nuclear
periphery at 48 h p.t. (Fig. 2C, panels a and b, white arrows); however, the egress of
nucleocapsids from the nucleus to the cytoplasm for further BV budding was not
observed (Fig. 2C, panels a and b). In contrast, in the repaired virus AcAgp41-gp41R-
ph-infected cells, nucleocapsids entrapped within a cytoplasmic vesicle (red arrow),
trafficking in the cytoplasm (white arrows), and budding at the plasma membrane to
form mature BVs (black arrows) were detected at 48 h p.i. (Fig. 2C, panels c and d).
Collectively, these results confirmed an essential role of GP41 in nuclear egress of
nucleocapsids and BV formation.

GP41 is required for ODV morphogenesis and is associated with nucleocapsids
and the ODV envelope. GP41 is the major tegument protein of baculovirus ODVs;
however, its impact on ODV formation has not been reported before. Therefore, EM was
used to monitor the effect of the gp47 deletion on virus infection, particularly on ODV
morphogenesis. The RZ is a region near the margins of nuclei and surrounding the
virogenic stroma where nucleocapsids are enveloped to form ODVs (33). The results
showed that the transport of assembled nucleocapsids to the RZ within the nucleus
was not obviously affected by the deletion of gp47 at 48 h p.t. (Fig. 3A, panels a and b,
white arrows). However, the morphogenesis of ODVs in AcAgp41-ph-transfected cells
was also substantially affected (Fig. 3A, panels a and b). At 72 h p.t., nucleocapsids (Fig.
3A, panel d, white arrows in the white dashed circle) and microvesicles (MVs) (Fig. 3A,
panel d, red arrows in the red dashed circle) were found aggregated in the RZ (Fig. 3A,
panel c); however, the association between nucleocapsids and MVs was inhibited (Fig.
3A, panel d), and therefore ODVs could not form properly. Furthermore, at 96 h p.t.,
empty occlusion bodies (OBs) lacking ODVs were seen (Fig. 3A, panels e and f). In
contrast, in the gp41 repaired bacmid-transfected cells, a large number of ODVs
properly formed and aggregated around the RZ at 48 h p.t. (Fig. 3A, panels g and h).
Along with infection progress, most ODVs were incorporated into OBs at 72 h p.t. (Fig.
3A, panels i and j). At 96 h p.t., mature OBs were observed in the nucleus (Fig. 3A, panels
k and I). These results strongly indicate that GP41 is essential not only for BV formation
but also for proper ODV morphogenesis and embedding.

To further investigate the role of GP41 in ODV morphogenesis, immunoelectron
microscopy (IEM) was used to detect the location of GP41 in the control virus AcBac-
egfp-ph-infected cells. At 24 h p.i., nucleocapsids, MVs, and immature ODVs were
observed in the nucleus. As shown in Fig. 3B, panels a and b, GP41 was localized on the
nucleocapsids (black arrowheads), MVs, and ODV envelopes (white arrowheads) as well
as in the tegument region of the ODVs (red arrowheads). At 48 h p.i,, the localization
of GP41 in the tegument of ODVs (red arrowheads) was more obvious, since mature
ODVs were observed (Fig. 3B, panels d and e). GP41 was also found to be associated
with MVs/ODV envelopes (white arrowheads) and nucleocapsids (black arrowheads)
(Fig. 3B, panels d and e). At 72 h p.i, GP41 was also observed in the ODVs (red
arrowheads) within OBs, and some GP41 was found in the matrix of OBs (Fig. 3B, panels
g and h). In the control group, for which rabbit preimmune serum was used, few signals
were detected on the nucleocapsids, MVs, ODVs, or OBs (Fig. 3B, panels ¢, f, and i). The
IEM results confirmed that GP41 is a tegument protein and the association of GP41 with
nucleocapsids and the ODV envelope fraction (or MVs). The results are compatible with
a role for GP41 in linking ODV envelopes/MVs and nucleocapsids to mediate ODV
formation.
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AcAgp41-ph AcAgp41-gp41R-ph

FIG 3 EM analysis of ODV morphogenesis and GP41 localization. (A) EM analysis of virion morphogenesis in
recombinant virus-transfected cells. Sf9 cells were transfected with AcAgp41-ph (a to f) or AcAgp41-gp41R-ph (g to
1) and fixed at 48, 72, and 96 h p.t. Ultrathin sections of the cells were observed by TEM. For each panel on the left,
the right picture show an enlarged view of the boxed region. White arrows and red arrows indicate nucleocapsids
and MVs, respectively. Nu, nucleus; Cyto, cytoplasm; NCs, nucleocapsids. Bars, 500 nm. (B) IEM analysis of GP41
localization in infected cells and virions. Sf9 cells were infected with control virus at an MOI of 5 TCID, units/cell
and harvested at 24, 48, and 72 h p.i. The cells were probed with anti-GP41 pAb as the primary antibody and goat
anti-rabbit IgG coated with gold particles (10 nm) as the secondary antibody. Cell sections were also detected with
preimmune rabbit serum as a control group. The samples were observed by TEM. Arrowheads indicate the location
of GP41. Bars, 200 nm.

GP41 proteins are selectively assembled as trimers into BVs and ODVs. To
further study the structure and localization of GP41 on AcMNPYV virions, BVs and ODVs
(from OBs) were harvested from infected cells and insect larvae, respectively, and
subjected to Western blot analyses. To compare the relative amounts of GP41 on BVs
and ODVs, the genomic DNA copy numbers of BVs and ODVs were determined by
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FIG 4 Oligomerization of GP41 in infected cells and virions. (A) Detection of GP41 on BVs and ODVs. BVs harvested from control
virus AcBac-egfp-ph-infected cells and ODVs from AcBac-egfp-ph-infected larvae were purified and analyzed by Western
blotting using anti-GP41 pAb. The major viral capsid protein VP39 and the BV- and ODV-specific envelope proteins GP64 and
PIF5, respectively, were used as controls. (B) Analysis of GP41 oligomerization in infected cells. Sf9 cells were infected with
control virus (WT) or the gp41 repaired virus (Rep) at an MOI of 5 TCID, units/cell. Cells were collected at 36 h p.i., treated with
nonreducing buffer or reducing buffer, and subjected to Western blot analysis using anti-GP41 pAb. (C) Subcellular fraction-
ation of virus-infected cells. Sf9 cells were infected with AcBac-egfp-ph at an MOI of 5 TCID,, units/cell. Cytoplasmic (Cy) and
nuclear (Nu) components were separated at 36 h p.i., and GP41 was detected under nonreducing conditions. Lamin B and
GAPDH were detected under reducing conditions to indicate the fractionation efficiency. Wc, whole-cell lysates. (D) Analysis
of GP41 oligomerization in virions. BVs and ODVs were purified and subjected to Western blotting under nonreducing
conditions, using a method similar to that described above.

quantitative PCR (qPCR). Due to the presence of much smaller amounts of GP41 in BVs
than in ODVs, Western blot analyses were performed by loading of 7.5 X 102 and
3.75 X 10" copies per lane for BVs and ODVs, respectively, to obtain approximately
equivalent amounts of GP41 in the gel. The major viral capsid protein VP39 was used
as a loading control, and the BV-specific envelope protein GP64 and the ODV-specific
envelope protein per os infectivity factor 5 (PIF5) were used as controls to detect the
purity of BVs and ODVs (Fig. 4). The results showed that GP41 could be detected in both
BVs and ODVs of AcMNPV. However, the amount of GP41 present in ODVs far exceeded
that in BVs (Fig. 4A). Actually, in many Western blot experiments, only with a huge
amount of BV sample could a weak signal of GP41 be detected, which may explain why
GP41 was not previously found in BVs of AcCMNPV (26).

To learn more about the function of GP41, we investigated whether or not AcCMNPV
GP41 could form oligomers in infected cells and/or BVs/ODVs. AcBac-egfp-ph (wild type
[WTI]) and the gp471 repaired virus (Rep) were used to infect Sf9 cells, and cells were
harvested at 36 h p.i. and subjected to Western blot analyses under either nonreducing
or reducing conditions (Fig. 4B). Under reducing conditions, only the monomeric form
of GP41 (~42 kDa) was detected for both viruses, which confirms the result shown in
Fig. 1B. Under nonreducing conditions, besides the monomer band, two additional
specific bands were detected: an ~84-kDa band, which is indicative of a dimeric form
of GP41, and an ~130-kDa band, which may represent a trimeric form of GP41. Further
fractionation of the infected cells into cytoplasmic and nuclear components showed
that oligomers had already formed in the cytoplasm (Fig. 4C).
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The BVs and ODVs were then subjected to Western blot analysis under nonreducing
conditions. Note that since the amount of GP41 in BVs is relatively low compared to
that in ODVs, we adjusted the loading amounts of BVs versus ODVs to obtain a
representative image. Interestingly, only trimeric bands (~130 kDa) of GP41 were
detected on both BVs and ODVs (Fig. 4D). The results thus showed that GP41 formed
oligomers in infected cells, while GP41 was selectively assembled as trimers into
progeny virions. This suggests that a trimer is likely to be the functional form of GP41
in BVs and ODVs.

Impacts of single-point mutations of cysteines on GP41 oligomerization and
function. AcMNPV GP41 contains five cysteines that may be involved in forming
disulfide bonds (Fig. 5A). The five cysteines of ACMNPV GP41 are found to be conserved
only in group | alphabaculoviruses and are not completely conserved in the Baculo-
viridae family. To determine the possible roles of the cysteine residues in GP41, five
single-point mutants, GP41°1G, GP41¢104G, GP41¢125G, GP41¢222G, and GP41¢360G, were

June 2018 Volume 92 Issue 12 e02083-17 jviasm.org 9


http://jvi.asm.org

Li et al.

A CI1G C104G C125G C222G C360G

96 h p.t.

96 h p.i.

9 -

8

® —— AcAgp41-gpd1<IS-ph
- 6 == AcAgp41-gp41€1%G_ph
E_ 5
Eﬁ A == AcAgp41-gp41°15G_ph
g, ) == AcAgpd 1-gpd 1226 ph

=]

- ) —¥= AcAgp41-gp41€396_ph

: =@ AcAgp41-gp41R-ph

08 === AcBac-egfp-ph

0 24 48 72 96
hp.i.
C $ [ R CRN
& G » ) W N
NR: Q&Q @‘b‘ cq\ C\Q C}'\‘ C!\"\' c:\,b

T . WS . |< Trimer
~130 kDa
i - “ <— Dimer

~ 84 kDa

-gpe P

~42 kDa
-" ) ||- === - < GP4l
~42 kDa

|- ———— e ammme ssssew|<— GAPDH

FIG 6 Characterization of cysteine mutant recombinant viruses. (A) Transfection-infection assay. Sf9 cells
were transfected with the five cysteine mutants, and fluorescence was observed at 96 h p.t. and 96 h p.i.
(B) One-step growth curve analysis of cysteine mutants. Sf9 cells were infected separately with the five
single cysteine mutants, WT virus, or repaired virus at an MOI of 5 TCID,, units/cell. Virus titers of
supernatants collected at different time points were determined by endpoint dilution assay. The
experiments were replicated twice. Error bars show standard deviations. (C) Sf9 cells were infected with
the five cysteine mutants and the gp41 repaired recombinant virus and subjected to Western blot
analysis under nonreducing (NR) or reducing (R) conditions.

generated in donor plasmids, and then a series of mutated bacmids, i.e., AcAgp41-
gp41<976-ph, AcAgp41-gp41¢794c-ph, AcAgp41-gp41¢725G-ph, AcAgp41-gp41222C-ph,
and AcAgp41-gp4173%9G-ph, were constructed (Fig. 5B).

The above-described bacmids were used to transfect or infect Sf9 cells. As shown in
Fig. 6A, fluorescence was observed at 96 h p.t.,, indicating successful transfection. All
five single-point mutants were able to produce infectious BVs, as indicated by infection
assay at 96 h p.i. Further one-step growth curve assays showed that the C91G and
C125G mutants produced significantly smaller amounts of infectious BVs than those
obtained with the gp41 repaired virus and the WT control virus (P < 0.001), although
the BV titer of the C91G mutant was similar to that of the repaired virus at the final
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stage of infection (96 h p.i.). The other three mutants (C104G, C222G, and C360G) had
a BV production capability comparable to that of the WT virus (P > 0.05) (Fig. 6B).

To identify the role of cysteines in GP41 oligomerization, cysteine mutant-infected
cells were subjected to Western blot analysis at 36 h p.i. under either nonreducing or
reducing conditions. All five mutants showed oligomers, although some were found in
smaller amounts than those for the gp41 repaired virus (Rep), in the infected cells under
nonreducing conditions (Fig. 6C). GAPDH was detected as a cell sample control. The
results suggest that no individual cysteine is essential for disulfide bridging of GP41;
however, the C91G and C125G mutations may have affected the structure or function-
ality of GP41 and impaired BV production.

Two leucine zipper-like motifs are required for BV infectivity and ODV assem-
bly. To determine possible motifs responsible for GP41 oligomerization, bioinformatic
analyses were performed. Two leucine zipper-like coiled-coil motifs were found in GP41
by use of PCOILS software, and they were designated LZ1 (amino acids [aa] 201 to 214)
and LZ2 (aa 367 to 380) (Fig. 5A, purple boxes). Of the two, LZ1 is conserved among all
baculoviruses except the deltabaculoviruses, while LZ2 is conserved only in alpha- and
betabaculoviruses (data not shown). The leucine zipper motif is a common oligomer-
ization domain that facilitates protein-DNA interactions or protein-protein interactions
through the hydrophobic surface of the parallel/antiparallel coiled-coil motifs (34). The
key leucines (or isoleucine/valine in some cases) are crucial for stabilizing the oligomers.
Helical wheel representation of the two putative leucine zipper-like motifs showed that
L2071 and L208 in LZ1 as well as L367 and L374 in LZ2 may be crucial for formation of
a hydrophobic surface in the coiled-coil structure (Fig. 5A).

To investigate whether the leucine zipper-like motifs and the pertinent leucine
residues are important for GP41 oligomerization and function, four single-point mu-
tants, GP41L201A GP41L208A GP41L367A and GP41L374A, and two double-site mutants,
GP411201/208A and GP411367/374A were generated in donor plasmids, and then a series
of mutated bacmids, i.e., AcAgp41-gp41-2°"A-ph, AcAgp41-gp41-298A-ph, AcAgp41-
gp41L367A-ph, AcAgp41-gp41-374A-ph, AcAgp41-gp41L201/208A_ph, and AcAgp41-gp41-367/374A-
ph, was constructed (Fig. 5B). The above recombinant bacmids were used to transfect
or infect Sf9 cells. As shown in Fig. 7A, all four single-point mutants were able to
produce infectious BVs. In contrast, for the double-site mutants, AcAgp41-gp41-207/2084-
ph and AcAgp41-gp41-367/374A-ph, although transfection was successful, no fluores-
cence was detected in the infection assay. This indicated that double mutation of
leucine residues in either LZ1 or LZ2 is lethal for infectious BV production. To further
quantify the effects of single-point mutations on BV production, one-step growth curve
analysis was performed. The results showed that the infectious BV production levels of
the four single-point mutant recombinant viruses were not significantly different from
that of the gp47 repaired virus (AcAgp41-gp41R-ph) (P > 0.05) (Fig. 7B).

To further analyze ODV morphogenesis of the leucine zipper mutants, EM analyses
were performed. At 96 h p.i,, cells infected with single-point mutants showed the
expected ODV formation and incorporation of ODVs into OBs, similar to the situation
with repaired virus-infected cells (Fig. 7C). For the double-site mutants, AcAgp41-
gp41+2017208A-ph and AcAgp41-gp41-367/3744-ph, since no infectious BVs were produced,
transfected cells (96 h p.t) were used for EM analyses. The results showed that
nucleocapsids (white arrows) formed as in the WT. It seemed that these nucleocapsids
were adjacent to MV-like structures (red arrows), but they may not be linked to form
ODVs properly (Fig. 7C). In addition, empty OBs produced by these double mutants
were found (black arrows), as was the case with gp41 knockout virus. Taken together,
these results suggest that the double leucine mutations in GP41 severely affected BV
formation, ODV envelopment, and embedding in OBs.

Leucine zipper-like motifs contribute to GP41 oligomerization and RZ localiza-
tion. To see whether leucine zipper-like motifs contribute to the oligomerization of
GP41, leucine zipper mutant-infected or -transfected cells were subjected to Western
blotting to analyze oligomers under nonreducing or reducing conditions. As shown in
Fig. 8A, when cell samples of the four single-point mutants were analyzed under
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FIG 7 Characterization of leucine zipper-like motif mutant recombinant viruses. (A) Transfection-
infection assay. Sf9 cells were transfected with leucine zipper-like motif mutant recombinant bacmids,
and at 96 h p.t. the transfection supernatants were used to infect healthy Sf9 cells. Fluorescence was
observed at 96 h p.t. and 96 h p.i. (B) One-step growth curve assay of mutated viruses. Sf9 cells were
infected with single leucine mutant viruses or the gp41 repaired virus (AcAgp41-gp41R-ph) at an MOI of
5 TCID, units/cell. The supernatants of infected cells were harvested at the indicated time points, and
virus titers were determined by endpoint dilution assay. The experiments were replicated twice. Error
bars show standard deviations. (C) EM analysis of GP41 leucine zipper-like motif mutants. Cells were
infected with single leucine mutant viruses or transfected with double leucine mutant bacmid DNA. At
96 h p.t. and 96 h p.i., cells were harvested for EM analysis. Black arrows indicate OBs, red arrows indicate
MVs, and white arrows indicate nucleocapsids. Bars, 500 nm.

June 2018 Volume 92 Issue 12 e02083-17

Journal of Virology

jviasm.org 12


http://jvi.asm.org

Function and Oligomerization of Baculovirus GP41

A w%""v ,;\b‘?’

> \ag \xd > \ \
NG A NS
NR: & & & oS O

- - gwe <« Trimer

~130 kDa

* i “ <«Dimer

~84 kDa

W)W | <«Monomer
) e o @ = ke
R:
L X X X B2 Jyed
D aEP GIb GID @D | S»>aw| GAPDH
B FITC TRITC DAPI Merge Enlarged

GP41

GP41L201A

GP41L208A

<
=
°
-
-
v—
hul
=]
o

GP41 L367/374A GP41 L201/208A GP41L374A

FIG 8 Oligomerization and subcellular localization of leucine zipper-like motif mutants. (A) Oligomer-
ization of leucine zipper-like motif mutant GP41. Sf9 cells were infected with single-site mutants or
transfected with double-site mutants and collected at 36 h p.i. or 48 h p.t. After being treated under
nonreducing (NR) or reducing (R) conditions, cell samples were analyzed by Western blotting using
anti-GP41 pAb. GAPDH was detected as a control. (B) Subcellular localization of leucine zipper-like motif
mutants. Cells were infected or transfected with leucine zipper-like motif mutants and fixed at 36 h p.i.
or 48 h p.t. The locations of GP41 mutants were detected by immunofluorescence microscopy with
anti-GP41 pAb. The enlarged fields show the boxed regions of the TRITC and DAPI channels. Bars, 5 um
for the enlarged images and 10 um for the others.

nonreducing conditions, besides the monomeric form of ~42 kDa, a dimeric form (~84
kDa) and a trimeric form (~130 kDa) could also be detected. This is similar to the results
for the control virus and the gp41 repaired virus (Rep), although AcAgp41-gp41-3744-ph
seemed to have fewer oligomers than those of the other three single-point mutants in
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the infected cells (Fig. 8A, upper left panel). For cells transfected with the double
leucine mutants, AcAgp41-gp41:201/2084-ph and AcAgp41-gp41-367/3744-ph, only an
~42-kDa monomeric protein band was detected (Fig. 8A, upper right panel). When cell
protein samples were treated under reducing conditions and separated by PAGE, GP41
appeared as a monomer in all cases, as expected (Fig. 8A, middle panels). GAPDH was
detected as a sample loading control (Fig. 8A, lower panels). These experiments
showed that single mutations of the key leucines in LZ1 and LZ2 did not have an
obvious impact on the oligomerization of GP41 but that double mutations completely
aborted the formation of oligomers.

Immunofluorescence microscopy was used to detect localization of mutated GP41
proteins in the infected or transfected Sf9 cells. In single-point mutant-infected cells,
most of the GP41 was transported to the RZ, although some GP41 was found to be
diffused in the cytoplasm and the nucleus, which is similar to the localization of GP41
in the control virus-infected cells. The L374A mutant also showed a lower level of RZ
localization (Fig. 8B, enlarged field). However, in double-site mutant-transfected cells,
the RZ accumulation of GP41 disappeared, and the protein was found to be distributed
evenly in the cytoplasm as well as in the nucleus (Fig. 8B, enlarged fields). These results
are indicative that leucine zipper-like motifs are critical for GP41 oligomerization and
accumulation at the RZ.

DISCUSSION

gp41 encodes the only known tegument protein of baculoviruses and is expected to
play a crucial role during the virus replication cycle. However, so far, knowledge on the
function and structure of GP41 remains largely unclear. In the present study, by
construction of a gp41-deleted AcMNPV strain, we confirmed that GP41 is essential for
infectious BV production (Fig. 2B). This is consistent with a previous report for ACMNPV
(30). For BmNPV, gp41 was found to also play an important role in infectious BV
production, although it is not essential (31). This indicates that the functions of GP41
may not be identical in different baculoviruses.

EM pictures showed that the nucleocapsids appeared to be properly formed and
assembled but were retained at the nuclear periphery (Fig. 2C). This may indicate that
GP41 is involved in nucleus-cytoplasm transportation of nucleocapsids to form BVs. This
is similar to the role of the tegument protein M1 of influenza virus, which mediates
nuclear export of the viral RNPs (vRNPs) (35) and, further, provides the driving force for
virus budding (36, 37). We have shown here that GP41 is associated with AcCMNPV BVs
(Fig. 4), further underscoring the role of GP41 in BV formation. GP41 may be involved
not only in nucleocytoplasmic transport, as shown here, but also (later) in cytoplasmic
transport of nucleocapsids and BV egress, as for the influenza virus tegument protein
M1 (35). Interestingly, two recent studies identified the interaction of GP41 with host
endosomal sorting complex required for transport Il (ESCRT-Ill) components or
N-ethylmaleimide-sensitive factor (NSF), implying roles for GP41 in nucleocapsid egress
through the nuclear envelope and in cytoplasmic transportation during BV budding
(38, 39). We also noticed that the amount of GP41 in BVs was much lower than that in
ODVs (Fig. 4). Therefore, the previous inability to detect GP41 in BVs may well have
been due to the insufficient amounts of sample being tested or to low detection
sensitivity by the metabolic labeling method for labeling of glycans in GP41 (15).

The abundant amount of GP41 in ODVs is indicative of an important role of GP41 in
ODV formation. In our study, the RZ accumulation of GP41 within the infected nucleus
at the late stage of infection supported a role for GP41 in ODV formation (Fig. 1).
Deletion of GP41 and subsequent EM analyses showed that GP41 is indispensable for
ODV envelopment and subsequent embedding into OBs (Fig. 3A). Further IEM analysis
showed that GP41 is located not only in the tegument of ODV but also on both ODV
envelopes/MVs and nucleocapsids (Fig. 3B), suggesting that GP41 may act as a match-
maker to bring the two together. Among the tegument proteins of herpesviruses, many
have been verified as important for virus primary or secondary envelopment. For
example, the pULT1-pUL16 complex of herpes simplex virus 1 (HSV-1) possibly bridges
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the nucleocapsid and envelope (40), and the pUL36-pUL37 complex of HSV-1 also acts
as another bridge during virus assembly. In addition, the deletion of either complex
results in a defect in secondary envelopment and in accumulation of nonenveloped
capsids in the cytoplasm (3).

Tegument proteins of many viruses self-assemble into oligomers to exert their
specific roles in virus assembly and release. For example, human cytomegalovirus
(HCMV) pUL71 was found to form oligomers, and its oligomerization seems to be
essential for virus maturation (41). For RNA viruses, it is also quite common to find their
matrix proteins forming oligomers. Dimerization of the canine distemper virus (CDV)
matrix (M) protein governs its cell membrane periphery localization and membrane
budding activity (11). Studies have shown that Ebola virus VP40 (42, 43), respiratory
syncytial virus M (44), vesicular stomatitis virus M (45), and influenza virus M1 (8) form
oligomers or multimers in vivo or in vitro. The oligomerization of these matrix proteins
is considered to be important for RNA virus assembly and may provide the driving force
for virus budding (8, 44, 45). In our study, three kinds of molecular mass structures,
representing monomers, dimers, and trimers of GP41, were detected in infected cells
under nonreducing conditions (Fig. 4B), suggesting that GP41 is oligomerized under
native conditions. Interestingly, only the trimeric structure was selectively assembled
into both BVs and ODVs, implying that trimers are likely to be the major functional form
of GP41. Coincidently, the filovirus matrix protein VP40 can form two different oligo-
meric structures that may function at distinct steps of virus assembly and budding (46).
In the case of HIV-1, the dimers of the Gag protein are precursors for efficient
oligomerization to form higher-order structures (47). Whether the dimeric structure of
GP41 represents another functional form or just serves as an intermediate in trimer
assembly remains to be investigated.

To determine the mechanism of GP41 oligomerization, we focused on a common
and well-characterized protein interaction interface, the coiled-coil structure (48). Two
leucine zipper-like coiled-coil motifs are located in the central and C-terminal regions
of GP41 (Fig. 5A). Leucine zipper motifs are also very crucial for the oligomerization of
other viral tegument proteins. For example, mutation of the putative leucine zipper
motif of HCMV pUL71 abrogated its oligomerization and impaired virus growth (41).
Deletion of the region containing the leucine zipper motifs of the pseudorabies virus
tegument protein pUL36 impaired the replication of the virus, suggesting a role for the
leucine zipper motif in the homo-oligomerization needed for interaction with other
proteins (49). Our results showed that double mutations of the key leucines of either
leucine zipper-like motif completely abolished oligomerization and RZ localization of
GP41 (Fig. 8), ODV morphogenesis, and production of BV progeny (Fig. 7), providing a
functional connection between the trimer structure of GP41 and ODV assembly/BV
production. However, there is still a possibility that certain mutations may result in
additional structural changes required for GP41 functionality.

Apart from the coiled-coil structure, disulfide bonds also play an important role in
protein-protein interaction, and therefore the role of disulfide bonds in GP41 oligomer-
ization was investigated. Under reducing conditions, GP41 ended up as a monomer, yet
single-point mutations of all five cysteines individually had only minor influences on
oligomer formation, although certain mutants had impaired BV formation (Fig. 6). It is
possible that alternative disulfide bonds are formed upon single mutation or that there
is more than 1 disulfide bond in GP41 and that blocking one does not affect oligomer-
ization. It may be that intramolecular leucine zipper and disulfide bond interactions
provide both compensatory stability to the GP41 trimer complex and flexibility in its
multiple interactions with various proteins leading to diverse processes, such as BV and
ODV envelopment. Vertebrate viruses have evolved multiple tegument proteins for
virion assembly, and it is possible that GP41, the major tegument protein, is a highly
multifunctional protein which is exposed on the outside of nucleocapsids and executes
a very different envelopment process resulting in BVs and ODVs.

For the structural assembly of the trimers of WT GP41, we propose that the leucine
zipper-like domains of GP41 are involved in the initial recruitment of monomers to form
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relaxed trimers, upon which disulfide bridging occurs to consolidate the trimer (Fig. 9A,
panel a). This model is compatible with the observation that double leucine mutants
abort trimer formation as well as BV and ODV production (Fig. 7 and 8). This suggests
that intermolecular disulfide bonds may not form properly in the absence of leucine
zippers. Since fewer trimers and decreased BV infectivity were observed with certain
single cysteine mutations, we propose that relaxed GP41 trimers were formed (Fig. 9A,
panel b). Single leucine mutations did not affect GP41 trimer formation and BV and
ODV production, suggesting that relatively stable trimers were formed (Fig. 9A, panel
b). This model predicts that double or more cysteine mutants or single cysteine and
leucine mutants combined will result in less-stable trimers, possibly resulting in low or
no BV or ODV formation.

Based on the results so far, we propose a model for GP41 transportation, oligomer-
ization, and function in the baculovirus life cycle. As shown in Fig. 9B (part 1), after being
synthesized in the cytoplasm, GP41 may undergo O-glycosylation (15) in the endoplasmic
reticulum (ER) or Golgi apparatus of the cytoplasm. By nuclear-cytoplasmic fraction-
ation and Western blot analysis, oligomers were found to already be formed in the
cytoplasm (Fig. 4C). Since GP41 itself lacks a recognizable nuclear localization signal, it
might enter the nucleus (Fig. 1D, upper panels) chaperoned by certain host proteins or
via an O-GlcNAc-dependent mechanism (50, 51). The RZ accumulation within the
infected nucleus may be facilitated by certain, still-unknown viral/host proteins (Fig. 1D,
lower panels, and 9B, black arrows). During ODV morphogenesis within the infected
nucleus, trimeric GP41 may interact with MVs and nucleocapsids to mediate ODV
envelopment and embedding (Fig. 9B, part 2, pink arrows). During BV assembly and
formation, trimeric GP41 may promote efficient egress of nucleocapsids from the
nuclear envelope to the cytoplasm. Alternatively, trimeric GP41 in the cytoplasm may
facilitate cytoplasmic transport of nucleocapsids to finally form BV (Fig. 9B, part 3, blue
arrows).

In summary, our data demonstrate that (i) GP41 is not only required for nucleocap-
sid egress to form BVs but also essential for proper ODV morphogenesis; (ii) GP41 is
much more abundantly assembled into ODVs than into BVs; (iii) GP41 forms oligomers
in infected cells, but only trimers are assembled into virions; and (iv) leucine zipper-like
motifs, with the help of disulfide bonding, play a crucial role in facilitating GP41
oligomerization and localization and thus are essential for GP41 function. These find-
ings enrich our understanding of the function of baculovirus tegument protein and
virus assembly.

MATERIALS AND METHODS

Cells and viruses. Spodoptera frugiperda 9 (Sf9) cells were cultured in Grace’s insect medium (pH 6.0;
Gibco-BRL) supplemented with 10% fetal bovine serum (Gibco-BRL) at 27°C. The control virus AcBac-
egfp-ph, a recombinant AcCMNPV with an enhanced green fluorescent protein (egfp) reporter gene and
the AcMNPV polyhedrin (ph) gene, was constructed previously (52).

Construction of the gp41 knockout bacmid. The ACMNPV gp41 gene was replaced by a chloram-
phenicol resistance (Cm) gene and an egfp gene through homologous recombination in Escherichia coli,
as described previously (53). To avoid any influence on the transcription of the flanking genes, the
72-nucleotide (nt) 5’-terminal and 240-nt 3'-terminal regions of the gp41 open reading frame (ORF) were
preserved. Briefly, a 618-bp sequence upstream of the gp41 ORF and a 686-bp sequence downstream of
the gp41 gene were amplified with primers gp47UP-F/R and gp41DN-F/R (Table 1), using ACMNPV bacmid
DNA as the template. The upstream and downstream homologous arms were inserted separately into
plasmid pKS-egfp-Cm* (54), flanking an egfp-Cm" cassette. The resulting plasmid was designated pKS-
gp41up-egfp-Cm’-gp41dn. Linear gp4lup-egfp-Cm’-gp41dn fragments for homologous recombination
were generated by Kpnl and EcoRV digestion and then used to transform E. coli BW25113 competent
cells containing the AcCMNPV bacmid (bMON14272) and the A Red recombinase-encoding plasmid pKD46
(53). Positive clones were selected with chloramphenicol/kanamycin and further verified by PCR. The
resulting gp41 knockout bacmid was named AcAgp41.

Construction of gp41 repaired and site-directed mutant recombinant bacmids. To construct a
gp41 repaired recombinant bacmid, the Bac-to-Bac baculovirus expression system was used. First, the
AcMNPV ph gene was amplified by use of ph-F/R primers (Table 1) and cloned into the pFastBacDual
transfer vector under the control of the ph promoter to produce pFBD-ph. The gp41 gene was then PCR
amplified by using ACMNPV bacmid DNA as the template and further inserted into the Nhel and Xhol
sites of pFBD-ph and driven by the ACMNPV p10 promoter. Positive clones were verified by PCR and DNA
sequencing. The resulting donor plasmid was named pFBD-gp471-ph. Donor plasmids pFBD-ph and
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FIG 9 Proposed model for GP41 transportation, oligomerization, and function in the AcMNPYV life cycle.
(A) Working model for oligomerization of WT GP41 and different mutants. (a) Oligomeric states of WT
GP41. GP41 recruits other GP41 monomers to form relaxed trimers via leucine zipper-like motifs.
Afterwards, disulfide bonds form and bind the trimers tightly and stably. (b) Oligomeric states of cysteine
or leucine zipper mutants. In single cysteine mutants, one disulfide bond is broken, and other disulfide
bonds together with leucine zipper-like motifs loosely maintain the trimeric structure. In single leucine
mutants, although the hydrophobic interaction is partially interrupted, disulfide bonds still maintain a
relatively stable trimeric structure. However, a double leucine mutation totally interrupts the interactions
of GP41 monomers. (B) Transportation and function of GP41 in infected cells. Three forms (monomers,
dimers, and trimers) of GP41 are synthesized in the cytoplasm and transported into the nucleus (step 1;
black arrows). The nuclear import and RZ accumulation of GP41 likely happen with the help of certain
still-unknown viral/host proteins. Within the infected nucleus, GP41 trimers may interact with MVs and
nucleocapsids to accomplish ODV envelopment and embedding (step 2; pink arrows), promote efficient
nuclear egress of nucleocapsids, or facilitate cytoplasmic transport of nucleocapsids to form BVs (step 3;
blue arrows). VS, virogenic stroma; ER, endoplasmic reticulum; Golgi, Golgi apparatus.
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TABLE 1 Primers used in this paper

Journal of Virology

Application and primer name
(restriction enzyme)

Sequence (5'-3)@

Deletion of gp41
gp41UP-F (Kpnl)
gp41UP-R (Xhol)
gp41DN-F (EcoRV)
gp41DN-R (Xbal)

Repair of gp41 and ph
ph-F (EcoRl)
ph-R (Sall)
gp41-F (Xhol)
gp41-R (Nhel)

Mutagenesis of gp41
gp47C91G_F
gp47C976_R
gp47C104G_F
gp41C704G_R
gp47C125G_F
gp41C7256_R
gp4]C22ZG_F
gp47C2226_R
gp47C360G_F
gp47C36OG_R
gp41L201A_F
gp4]L201A_R
gp47L208A_F
gp47L208A_R
gp47L367A_F
gp41L367A_R
gp47L374A_F
gp41L374A_R
gp4 1 L201/208A_F
gp4 1 L207/208A_R
gp4 1 L357/374A_F
gp4 1 L367/374A_R

Prokaryotic expression
gp4T1exp-F (BamHI)
gp41exp-R (Xhol)
gapdhexp-F (EcoRl)
gapdhexp-R (Xhol)
pif5exp-F (BamHI)
pif5exp-R (Xhol)
laminBexp-F (BamHI)
laminBexp-R (Notl)

Time course analysis of transcription

Oligo(dT)
gp4Tin-F
gp41in-R
ielin-F

ielin-R

vp39in-F
vp39in-R

Subcellular localization analysis
gp41-F2 (EcoRl)
gp41-R2 (Xbal)

qPCR analysis
vp80-F
vp80-R

GCGGGTACCTTTTGTGAACGGGCTCGCTAA
GCGCTCGAGCAGCCCAGCATGTTCCAGAA
GCGGATATCCGTTGCCGGATTAGAGGGAT
GCGTCTAGAAGATTAAATACGATAGTGAACTGT

GGTGAATTCATGCCGGATTATTCATACCGTCCCA
ACTTGTCGACTTAATACGCCGGACCAGTGAAC
GCGCTCGAGATGACAGATGAACGTGGCAAT
GCGGCTAGCTTATGCAGTGCGCCCTTTCGT

GAATCTATTTGGTACAACAAAGGTGTGGATTTTGTTCAAAAGATTATTAG
ATAATCTTTTGAACAAAATCCACACCTTTGTTGTACCAAATAGATTCACC
CAAAAGATTATTAGATATTACAGGGGCAATGACATGTCAGAACTTAGTCC
ACTAAGTTCTGACATGTCATTGCCCCTGTAATATCTAATAATCTTTTGAA
TTTTTATAAACACTATTCGTGACATGGGCATCGACACGAACCCAATCAGC
CGCTGATTGGGTTCGTGTCGATGCCCATGTCACGAATAGTGTTTATAAAA
TACATGGTGGCGGAAGCGGTGACGGGCAACATTCCCATTCCGTTACCTTT
GATTGAAAGGTAACGGAATGGGAATGTTGCCCGTCACCGCTTCCGCCACC
CGGCCGCTCATTTGACCAAAAGCGCTGGCCAGGAGAGCTTGACCGAATTG
ACGCCAATTCGGTCAAGCTCTCCTGGCCAGCGCTTTTGGTCAAATGAGCG
CTGATATGTTGGGCAAAGACGCTGCCGCCGAGGCCGCCAAACAACTC
GAGTTGTTTGGCGGCCTCGGCGGCAGCGTCTTTGCCCAACATATCAG
TTGGCCGAGGCCGCCAAACAAGCCAGTCTGGCCGTCCAGTACATG
CATGTACTGGACGGCCAGACTGGCTTGTTTGGCGGCCTCGGCCAA
GCCAGGAGAGCTTGACCGAAGCGGCGTTCCAAAACGAAACTCTAAG
CTTAGAGTTTCGTTTTGGAACGCCGCTTCGGTCAAGCTCTCCTGGC
TTGGCGTTCCAAAACGAAACTGCCAGACGTTTTATTTTTCAACAAATAAAT
ATTTATTTGTTGAAAAATAAAACGTCTGGCAGTTTCGTTTTGGAACGCCAA
GACGCTGCCGCCGAGGCCGCCAAACAAGCCAGTCTGGCCGTCCAGTACATG
GACTGGCTTGTTTGGCGGCCTCGGCGGCAGCGTCTTTGCCCAACATATCA
CCGAAGCCGCGTTCCAAAACGAAACTGCCAGACGTTTTATTTTTCAACAAATAAAT
CGTCTGGCAGTTTCGTTTTGGAACGCGGCTTCGGTCAAGCTCTCCTGGC

GCGGGATCCATGACAGATGAACGTGGCAAT
GCGCTCGAGTTATGCAGTGCGCCCTTTCG
CCGGAATTCATGTCCAAAATCGGTATCAAC
CCGCTCGAGTTAATCCTTGGTCTGGATGTACTTG
CGCGGATCCATGAGTTTTTTTTCAAATCTTCGCGCAGTC
CCGCTCGAGAGGCATTAACTTGCCGCTGACGCTGTC
GCGGGATCCATGTCGTCAAAAACGAAAAGGACT
GCGGCGGCCGCTTACATGATACGACAGTTCTCTTC

GGCCACGCGTCGACTAGTACTTTTTTITITITITITT
CAAGAGCAAAGAACCGACG
TTATGCAGTGCGCCCTTTCGT
ATGACGCAAATTAATTTTAACGCGTC
CATATTTGTTTGGGGGATTGTCGG
ATGGCGCTAGTGCCCGTGGGTATGG
TTAGACGGCTATTCCTCCACCTGCTTC

GCGGAATTCATGACAGATGAACGTGGCAA
GCGTCTAGATTATGCAGTGCGCCCTTTC

GACGATGTCGTTAATCGTGC
ATCAGCATCGCTATTCAGATAA

aUnderlining indicates restriction sites.
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pFBD-gp41-ph were used individually to transform DH10B competent cells containing the AcAgp41
bacmid and a helper plasmid expressing transposase. Recombinant bacmids AcAgp41-ph and AcAgp41-
gp41R-ph were selected by gentamicin and kanamycin resistance and blue-white screening and further
identified by PCR with M13 primers, as previously described (55).

Site-directed mutagenesis of the cysteine or leucine residues of GP41 was performed by using
overlap extension PCR (56). For example, to generate the GP41°°'¢ mutant, two overlapped PCR
fragments were first amplified by use of primers gp471-F/gp41<°’¢-R and gp41<9’-F/gp41-R. The two
overlapped PCR fragments were then annealed, and the secondary round of PCR was carried out with
the gp41-F/gp41-R primer pair. Primers for site-directed mutagenesis are listed in Table 1. The individually
mutated genes were inserted into pFBD-ph to generate donor plasmids (pFBD-gp41*-ph) and further
transposed into the AcAgp41 bacmid to generate mutant recombinant viruses. The five recombinant
bacmids containing cysteine mutations were named AcAgp41-gp41<9'¢-ph, AcAgp41-gp41¢'946-ph,
AcAgp41-gp41¢72°G-ph, AcAgp41-gp412226-ph, and AcAgp41-gp41359G-ph. The six recombinant bacmids
containing mutations in the leucine zipper-like motifs were named AcAgp41-gp41:2°'4-ph, AcAgp41-
gp41:2084-ph, AcAgp41-gp41-3674-ph, AcAgp41-gp41-3744-ph, AcAgp41-gp41-201/208Aph, and AcAgp41-
gp41t3677374A-ph. The PCR products for all site-directed mutations were sequenced to check for unin-
tended mutations.

Transfection and infection assay. To generate recombinant viruses, the DNAs of the gp41 knockout
bacmid, the gp41 repaired bacmid, and a series of gp41 mutated recombinant bacmids were extracted
and used to transfect Sf9 cells. Five micrograms of each bacmid DNA was used for transfection
experiments using 10 ul of Cellfectin reagent, performed according to the instructions of the Cellfectin
I manual (Invitrogen). Supernatants were harvested at 4 days p.t. The clarified transfection supernatant
was used to infect a fresh batch of healthy Sf9 cells. The transfection or infection was monitored by
fluorescence microscopy.

Time course analyses of transcription. 59 cells were infected with the control virus AcBac-egfp-ph
at an MOI of 5 TCID,, units/cell. Cells were harvested at 0, 6, 12, 18, 24, 36, 48, and 72 h p.i,, and total
RNA was extracted by use of TRIzol reagent (Invitrogen) according to the manufacturer’s instructions.
After treatment with RNase-free DNase | (TaKaRa) to eliminate potential contamination with genomic
DNA, an oligo(dT) primer (Table 1) was used for reverse transcription to yield cDNA by use of a
PrimeScript RT reagent kit according to the kit instructions (TaKaRa). The target fragments of gp417, iel,
and vp39 were amplified by PCR with the specific primer pairs gp47in-F/gp41in-R, ielin-F/ielin-R, and
vp39in-F/vp39in-R (Table 1). For the negative-control (NC) group, RT-PCR was performed without reverse
transcriptase in the reaction mixture.

Preparation of pAbs. The whole ORF of gp41 was amplified by PCR with the gp47exp-F and
gp41exp-R primers. ACMNPV bacmid DNA was used as the template. PCR products were inserted into the
BamHI and Xhol sites of the pET32a+ vector for protein expression. The recombinant plasmid pET32a-
gp41 was then used to electrotransform E. coli strain BL21. The expressed GP41 proteins were purified
as described previously for other proteins (57) and then used for rabbit immunization to elicit pAbs
against GP41 (anti-GP41). The entire ORF of the Helicoverpa armigera gapdh gene (GenBank accession
number JF417983.1), which shares ~97% aa identity with the Sf9 gapdh gene product (GenBank
accession number KT218670.1), was PCR amplified from HzAM1 cells by use of primers gapdhexp-F and
gapdhexp-R and inserted into the pET28a+ vector. The purified GAPDH proteins were used to produce
anti-GAPDH pAb. The AcMNPV PIF5 pAb was produced similarly. The fragment encoding aa 1 to 324 of
pif5 was amplified by use of the pif5exp-F and pif5exp-R primers and inserted into the pET28a+ vector.
The purified PIF5 proteins were used for rabbit immunization. To generate anti-lamin B pAb, the ORF of
the Sf9 lamin B gene (GenBank accession number KT318393) was PCR amplified by use of primers
laminBexp-F/R (Table 1) and cloned into the pET28a+ vector. The anti-lamin B pAb was harvested from
an immunized rabbit. All primers are listed in Table 1.

Cytoplasmic and nuclear fractionation assay. Sf9 cells (2 X 107) were infected with the control
virus AcBac-egfp-ph at an MOI of 5 TCID,, units/cell. At 36 h p.i., cells were harvested and separated into
cytoplasmic or nuclear fractions according to the method of a previous report (58), with slight adjust-
ments. Briefly, cells were lysed with 1% NP-40 for 30 min on ice and spun at 1,000 X g for 5 min to
separate the cytoplasmic and nuclear fractions. The supernatant was collected as the cytoplasmic
fraction, and the pellet was resuspended with NP-40 lysis buffer as the nuclear fraction. Western blot
analyses were performed with anti-GP41 (1:5,000), anti-GAPDH (1:4,000), and anti-lamin B (1:4,000) pAbs.

Western blot analysis. For the time course analysis of protein expression, Sf9 cells were seeded into
35-mm dishes, infected with the control virus AcBac-egfp-ph at an MOI of 5 TCID,, units/cell, and
collected at 0, 6, 12, 18, 24, 36, 48, and 72 h p.i. To analyze the localization of GP41 in virions, BVs
collected from AcBac-egfp-ph-infected cells were purified as previously described (26). OBs derived from
AcBac-egfp-ph-infected Spodoptera exigua larvae were purified as previously described (59). ODVs were
released from OBs by alkaline treatment and further purified by centrifugation (22). To analyze the
oligomerization of gp41 mutant recombinant viruses, Sf9 cells were infected with the repaired virus or
the mutated recombinant viruses at an MOI of 5 TCID, units/cell (for double leucine mutants, trans-
fected cells were used), and cells were collected at 36 h p.i. or 48 h p.t. for further analyses.

Transfected/infected cells or purified BVs or ODVs were suspended with phosphate-buffered saline.
Before separation by 12% SDS-PAGE, samples were treated with SDS-PAGE loading buffer (50 mM
Tris-HCl, 2% SDS, 0.1% bromophenol blue, 10% glycerol) under either reducing conditions (with 5%
2-mercaptoethanol) or nonreducing conditions (without 2-mercaptoethanol) and heated for 10 min at
95°C. The proteins were then transferred to a 0.22-um nitrocellulose membrane. Western blot analyses
were carried out with anti-GP41 (1:5,000 dilution), anti-GAPDH (1:4,000), anti-PIF5 (1:4,000), anti-VP39
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(1:5,000) (26), or anti-GP64 (1:5,000) (32) pAb as the primary antibody and with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit immunoglobulin (1:5,000 dilution; Pierce) as the secondary antibody.
A PageRuler prestained protein ladder (Thermo Scientific) was used to indicate protein sizes.

Quantification of BVs and ODVs by qPCR. The total genomic DNAs of BVs and ODVs were extracted

as described previously (32). After extraction, 1 ul BV/ODV genomic DNA was quantified by use of qPCR.
gPCR was performed with SYBR premix Ex Taq Il (TaKaRa) and the vp80-F/R primers (Table 1). AcBac-
egfp-ph bacmid DNA was serially diluted for creation of a standard curve. qPCRs were carried out for 40

cycles of 95°C for denaturation and 59°C and 72°C for annealing/extension.
Electron microscopy. For transmission EM (TEM) analysis, cells (2 X 10°) were seeded into 35-mm

dishes and infected with the repaired virus or mutated recombinant viruses. At different time points, cells
were washed twice with phosphate-buffered saline, fixed with 2.5% (wt/vol) glutaraldehyde, and
processed for TEM as described previously (60). For IEM, Sf9 cells were infected with the control virus
AcBac-egfp-ph at an MOI of 5 TCID, units/cell and harvested at 24, 48, and 72 h p.i. Cells were fixed with
1% paraformaldehyde-0.5% glutaraldehyde for 10 min at 4°C and refixed with 2% paraformaldehyde-
2.5% glutaraldehyde for 1 h at 4°C. The cell samples were subsequently dehydrated and embedded
according to previously published methods (61). Ultrathin sections were immunostained with anti-GP41
pAb (1:50) or preimmune rabbit serum (1:50) as the primary antibody. Goat anti-rabbit IgG coated with
gold particles (10 nm) was used as the secondary antibody (1:50; Sigma). The samples were observed by
use of a TEM (FEI Tecnai G2) operating at a 75-kV acceleration voltage.

Immunofluorescence microscopy. Sf9 cells (1 X 106) were seeded into 35-mm glass-bottomed

culture dishes and allowed to adhere for 2 h. Cells were infected with the control virus AcBac-egfp-ph or
a recombinant virus at an MOI of 5 TCID,, units/cell or transfected with 5 ug of recombinant bacmid
DNA. At the indicated time points, cells were fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, and blocked with 5% bovine serum albumin. After that, cells were treated with anti-GP41
pADb (1:500 dilution) in 1% bovine serum albumin for 2 h and then incubated with Alexa 555-labeled goat
anti-rabbit (1:500; Abcam) for 1 h at room temperature. Nuclei were stained with Hoechst 33258
(Beyotime). The subcellular localization of proteins was detected by fluorescence microscopy.

To visualize the subcellular localization of GP41 in the absence of virus infection, the gp47 gene was

amplified from the AcMNPV genome by use of the gp47-F2/R2 primers (Table 1) and inserted into the
EcoRl and Xbal sites of the plZ/V5-His vector (Invitrogen) to generate a transient-expression vector,
plZ/V5-gp41. One microgram of plasmid was transfected into Sf9 cells. At 24 h p.t., cells were infected
with AcBac-egfp-ph at an MOI of 5 TCID,, units/cell or mock infected. Cells harvested at 24 h p.t. or 36

h p.i. were subjected to immunofluorescence microscopy as described above.
One-step growth curve analysis. To perform one-step growth curve analysis, Sf9 cells (1 X 106)

were infected with the control virus, the repaired virus, and the mutated recombinant viruses at an MOI
of 5 TCID,, units/cell. After incubation for 1 h at 27°C, the viruses were removed and cells were washed
three times with 1 ml of Grace’s medium before addition of 2 ml of fresh Grace’s medium (supplemented
with 10% fetal bovine serum). Supernatants were collected at 0, 24, 48, 72, and 96 h p.i. and clarified by
centrifugation. Infectious BV yields were determined by endpoint dilution assays. Statistical analysis was
performed with SPSS software. Student’s t test was used to analyze the significance of differences
between gp41 mutant and repaired recombinant viruses.
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