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ABSTRACT Bombyx mori nucleopolyhedrovirus (BmNPV) is the primary pathogen
of silkworms that causes severe economic losses in sericulture. GP64 is the key mem-
brane fusion protein that mediates budded virus (BV) fusion with the host cell mem-
brane. Previously, we found that the n-region of the GP64 signal peptide (SP) is
required for protein secretion and viral pathogenicity; however, our understanding
of BmNPV GP64 remains limited. Here, we first reported that BmNPV GP64 retained
its SP in the mature protein and virion in only host cells but did not retain in non-
host cells. Uncleaved SP mediates protein targeting to the cytomembrane or secre-
tion in Bombyx mori cells. The exitance of the n-region extended the transmembrane
helix length, which resulted in the cleavage site to be located in the helix structure
and thus blocked cleavage from signal peptidase (SPase). Without the n-region, the
protein fails to be transported to the cytomembrane, but this failure can be rescued
by the cleavage site mutation of SP. Helix-breaking mutations in SP abolished pro-
tein targeting to the cytomembrane and secretion. Our results revealed a previously
unrecognized mechanism by which SP of membrane fusion not only determines pro-
tein localization but also determines viral pathogenicity, which highlights the escape
mechanism of SP from the cleavage by SPase.

IMPORTANCE BmNPV is the primary pathogen of silkworms, which causes severe eco-
nomic losses in sericulture. BmNPV and Autographa californica multiple nucleopolyhedro-
virus (AcMNPV) are closely related group I alphabaculoviruses, but they exhibit nonover-
lapping host specificity. Recent studies suppose that GP64 is a determinant of host range,
while knowledge remains limited. In this study, we revealed that BmNPV GP64 retained
its SP in host cells but not in nonhost cells, and the SP retention is required for GP64
secretion across the cytomembrane. This is the first report that a type I membrane fusion
protein retained its SP in mature proteins and virions. Our results unveil the mechanism
by which SP GP64 escapes cleavage and the role of SP in protein targeting. This study
will help elucidate an important mechanistic understanding of BmNPV infection and host
range specificity.
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Baculoviruses are a family of enveloped DNA viruses that mainly infect insects from the
orders Lepidoptera, Diptera, and Hymenoptera and have important applications in the

areas of insect pesticides, protein expression, and gene therapy (1). Bombyx mori nucleo-
polyhedrovirus (BmNPV) is a primary silkworm pathogen that causes major economic
losses in sericulture, and no efficient method is available to prevent virus infection.
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is a well-studied group I
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alphabaculovirus with high identity to BmNPV (2), but exhibits nonoverlapping host speci-
ficity (2, 3). AcMNPV infects a much more diverse set of insects and insect cell lines than
BmNPV (3). For example, AcMNPV replicates in Spodoptera frugiperda (Sf) cells but not
BmN cells; conversely, BmNPV replicates in BmN cells but not Sf cells. Several genes, such
as DNA helicase (4, 5) and host cell-specific factor-1 (6, 7), were reported as host range fac-
tor determinants. GP64 was also recently suggested to be a determinant of the BmNPV
and AcMNPV host range (1, 3, 8), while the mechanism remains largely unknown.

GP64 is the key membrane fusion protein (MFP) that mediates baculovirus budded
virus (BV) membrane fusion with the host cell membrane by conformational change.
GP64 is a type I integral membrane protein (IMP) that is targeted to the cytomembrane
by its signal peptides (SP), leading to the secretory pathway. Typical SP shares tripartite
structural features: a positively charged n-region, a most essential hydrophobic region
(h-region), and a c-region located near the cleavage site of SP (9–11). SP can be
removed co or posttranslationally by the cellular membrane-bound signal peptidase
(SPase) complex (12). Only a few SPs in mature lipoproteins are not cleaved due to the
lack of a functional SPase cleavage site (13, 14). Viral membrane proteins have n-
regions of SPs that vary tremendously in length and amino acid composition (15). Most
SPs that contain a typical n-region with 0 to 2 basic residues are removed and
degraded after translocation (16), while the cleavage of a few viral SP does not occur
until after protein folding and/or modification (17–19). Several viral glycoprotein SPs
with a longer n-region are inserted into the membrane to form a protein complex that
is involved in viral infection (20–22).

Notably, a controversial problem for GP64 is the initiation site. Two initiation co-
dons were found in frame with the GP64 ORF in the database, and these two sites
were used for different baculovirus GP64 annotations. Chang and Blissard demon-
strated that AcMNPV GP64 translated from both sites, while the main product of GP64
was initiated from the second start codon (23). The alternative translation initiation at
in-frame AUG codons generated functionally distinct isoform proteins (24) or subcellu-
lar location differentiated proteins (25). GP64 translated from the second initial sites
resulted in the absence of the SP n-region; we recently found that the n-region of
BmNPV GP64 was required for heterogeneous protein cytomembrane localization (26).
Moreover, GP64 with full-length SP showed stronger virulence and a special depend-
ence on cholesterol than a virus harboring GP64 without an n-region (27).
Bioinformatic prediction indicated that SP was not cleaved for the n-region; therefore,
whether BmNPV GP64 retained its SP in the virion needs to be clarified.

In this study, we reported that BmNPV GP64 retained its SP in the mature virion in
host cells but not in nonhost cells. This uncleaved SP was required for BmNPV GP64
cytomembrane localization in the host cell. The absence of the n-region caused SP
cleavage and protein intracellular localization. The uncleaved helix is required for pro-
tein secretion across the cytomembrane, and helix-breaking mutation abolishes pro-
tein transport across the cytomembrane. To our knowledge, this is the first report that
type I IMP retained its SP although it contained an SPase cleavage site, which will facili-
tate our understanding of MFP function and evolution.

RESULTS
Bioinformatic analysis showed that the cleavage of GP64 SP varied in viruses.

To investigate SP cleavage, 25 alphabaculovirus GP64s were aligned and the N-termi-
nus of GP64 was shown in Fig. 1A. GP64 shared a high amino acid sequence identity,
while several variations were found in the SP region of GP64. There were two initiation
AUG codons in frame with GP64 ORFs, and the alternative initiation AUG codons gen-
erated two types of GP64s (Fig. 1A). The second codon was used for the annotation of
GP64 in AcMNPV (C6), Plutella xylostella multiple nucleopolyhedrovirus (PlxyMNPV),
and other alphabaculoviruses, which generated GP64 without the n-region. However,
the first in-frame ATG is used for GP64 annotation in AcMNPV (E2 strain), BmNPV,
Rachiplusia ou multiple nucleopolyhedrovirus (RoMNPV), and Bombyx mandarina
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FIG 1 SP composition of alphabaculovirus GP64 and cleavage prediction. (A) Composition and alignment of the GP64 N-
terminus of group I alphabaculoviruses by MegAlign (6.0); AcMNPV (C6) (AAA66758), PlxyMNPV (ABE68511), AcMNPV (E2)

(Continued on next page)
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nucleopolyhedrovirus (BomaNPV), which generated GP64 with a typical SP. Without
the n-region, SP was removed from GP64 with high probability by SignalP5.0 predic-
tion (28) (Fig. 2B), while the presence of the n-region caused noncleavage of SP except
for AcMNPV(E2); the cleavage probability was 0.4924, 0.4999, and 0.383 in BmNPV,
BomaNPV, and RoMNPV, respectively. Thus, whether baculovirus GP64 contained an
uncleaved SP needs to be clarified.

BmNPV GP64 retained its SP in mature virions. To clarify the noncleavage of SP,
BmNPV GP64 was selected for subsequent study. First, a recombinant BmNPV bacmid
with Myc-tagged GP64 (BmBac-Myc-gp64) was constructed, in which the Myc-tag was
inserted into the GP64 SP between the n-region and h-region (positions 18 and 19)
(Fig. 2A). The recombinant bamids were transfected into BmN cells, and the BVs were
propagated by infection of BmN cells. Then, the recombinant BVs were collected by su-
crose gradient ultracentrifugation and subjected to Western blot analysis. To our sur-
prise, although weak, a specific band was detected using Myc-antibody (Fig. 2B, red
arrow), which was also detected by GP64-antibody (Fig. 2B, black arrow), and VP39
served as a control (Fig. 2B, green arrow). If SP was removed in the GP64 translocation
process, the Myc-tag should not be detected in BV. This result indicated that Myc-
tagged SP was not cleaved from mature GP64, and this chimeric GP64 was assembled
into mature BVs in BmN cells. However, whether the Myc insertion in the SP interfered
with cleavage was ambiguous. Second, wild-type BVs were collected by ultracentrifu-
gation, the BV membrane proteins were separated, and the GP64 band was subjected
to MS analysis. A peptide fragment (LLVNQSYQGFDKK), the exact n-region sequence of
the GP64 SP, was identified (Fig. 2C, red asterisk), which confirmed that noncleavage of
the Myc-tagged SP did not result from the insertion of the Myc-tag. These results indi-
cated that BmNPV GP64 SP was not cleaved in host cells even though it contained a
cleavage site.

The noncleavage of BmNPV GP64 SP occurred in BmN cells but not in Sf9 cells.
To clarify whether the noncleavage of SP was host specific, BmNPV full-length (FL)
GP64 without a transmembrane domain (TMD) was expressed by the AcMNPV bacmid
in nonhost cells (Sf9 cells), and a Flag-tag was fused to the C-terminus of GP64 for puri-
fication (Fig. 3A). The recombinant bacmid was transfected and infected into Sf9 cells
for GP64-Flag expression on a large scale, and a single band was purified in the elution
by SDS–PAGE (Fig. 3B). This elution was concentrated and then subjected to protein N-
terminal sequencing. The results showed that the N-terminal sequence was AEHCN,
which is the exact sequence of GP64 after the cleavage site (Fig. 3C), which indicated
that BmNPV GP64 SP was removed in nonhost cells.

The n-region of SP is required for protein secretion in host cells but not in non-
host cells. As the viral MFP, GP64 is transported to the cytomembrane and is assembled
into BVs in the budding process. Therefore, we next explored the role of different regions
in GP64 localization. GP64 with an FL-SP or a partial region of the SP (SPDh-cGP64 and
SPDnGP64) was inserted into transient expression vectors (Fig. 4A). Then, BmN or Sf9 cells
were transfected with these vectors, and GP64 localization was detected by immunofluo-
rescence at 72 h posttransfection (h.p.t.). As shown in Fig. 4B, in BmN cells, no fluorescence
was observed in the control (pIZ/V5) (Fig. 4B, CTRL panel), and a clear fluorescence ring
was displayed around the cells in GP64-transfected cells, which indicated that FL-SP medi-
ated GP64 targeting on the cytomembrane. However, no fluorescence was observed on
the cytomembrane in the SPDh-cGP64 or SPDnGP64 treatments, and the fluorescence was
distributed in the cytoplasm (Fig. 4B, upper panel). However, in Sf9 cells, SPDh-cGP64 was

FIG 1 Legend (Continued)
(AIU56980), RoMNPV (AAN28029), BmNPV (AVP27270), BomaNPV (YP_002884350), CyunNPV (YP_010086628), OxocNPV (YP_009666553),
LoobNPV (YP_009666390), MaviMNPV (YP_950827), ThorNPV (YP_007250533), CfDEFMNPV (NP_932732), AngeNPV (AAS83210),
CoveMNPV (YP_009118511), EppoNPV (NP_203281), PhcyNPV (AFY62837), AnpeNPV (YP_611000), HycuNPV (YP_473216), SpobNPV
(AUR45058), OpMNPV (NP_046282), DapuNPV (AKR14107), ChroNPV (YP_008378382), ChmuNPV (YP_008992122), ChocNPV (AGR56918),
CfMNPV (AAA67522). The green arrows show the differential initiation sites. The red arrow shows the cleavage site. (B) Cleavage
prediction of selected alphabaculoviruses GP64 by SignalP 5.0. The probability values of each virus GP64 are shown in the figures.
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localized in the cytoplasm, while SPDnGP64 was localized to the cytomembrane, which
was similar to GP64 localization to the plasma membrane of Sf9 cells (Fig. 4B, lower panel).
Furthermore, the membrane fusion analysis was in accord with those of the protein local-
ization assay. Syncytia were formed in BmN cells with GP64 expression, and no syncytia
were formed in SPDh-cGP64 and SPDnGP64 cells (Fig. 4C, upper panel). In Sf9 cells, no syncy-
tia were formed in SPDh-cGP64, and syncytia were observed in GP64- or SPDnGP64-express-
ing cells (Fig. 4C, lower panel). The fusion result was in accord with that of the localization
assay.

The leader function of SPs was further analyzed by heterologous gene transient
expression. The same results were obtained in the eGFP-TMD localization assay in
another host cells (Bm5) and nonhost cells (Sf9) (Fig. 4D), which further verified that
the n-region was required for protein localization in host cells. Quantitative analysis

FIG 2 Cleavage analysis of BmNPV GP64 SP in host cells. (A) Construction of the Myc-tagged GP64 recombinant BmNPV bacmid. The gray box shows the
GP64-encoding region; the red and green boxes represent the n-region and h-/c-region of GP64, respectively; and the Myc tag is shown by the black line.
(B) Western blot assay of mature BVs incorporated with Myc-tagged GP64. BVs were collected and purified by sucrose gradient ultracentrifugation; then,
the BVs were subjected to Western blot analysis with antibodies against GP64, Myc, and VP39. The black arrow shows the GP64 reaction band, the red
arrow shows the immunoreaction band to the Myc-specific antibody, and the VP39 band is shown by the green arrow. (C) Peptide profile identified by MS
from BV membrane proteins. WT BVs were purified by ultracentrifugation, the membrane proteins of BVs were separated, and the GP64 band was
subjected to MS analysis. The red asterisk shows the peptide fragment (LLVNQSYQGFDKK), which is the n-region sequence of GP64 SP.

Membrane Fusion Protein GP64 Retains Signal Peptide Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01913-22 5

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01913-22


FIG 3 Cleavage analysis of BmNPV GP64 SP in nonhost cells. (A) BmNPV GP64 expression by Acbacmid in Sf9 cells. Full-length BmNPV GP64 was driven
under the promoter of ph (Pph), the gray box presents the gp64 gene without the TMD, and the yellow box shows the Flag-tag. (B) SDS–PAGE analysis of

(Continued on next page)
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was performed by Luciferase secretion comparison. The SP-Luc secretion rate
increased slowly over time in BmN cells (Fig. 4E); however, SP-Luc showed a stable
secretion rate (;20%) in Sf9 cells, and no significant difference was detected at 72
h.p.t. with that in BmN cells. SPDn-Luc shared a certain secretion in Sf9 cells, but it

FIG 3 Legend (Continued)
purified protein. The recombinant protein was purified from the media with a Flag affinity column. F1 to F6: fractions of the elution; the arrow shows the
fusion protein GP64-Flag. (C) Cleavage analysis of GP64-Flag by N-terminal sequencing. The graphs showed the five amino acids (AEHCN) of the N terminus
of GP64-Flag through protein N-terminal sequencing analysis. The red letters show the exact N-terminal amino acid sequence, and the red arrow shows
the SPase cleavage site.

FIG 4 The N-region of SP mediates protein secretion in different cells. (A) Schematic diagram of transient expression vectors of GP64. A
hydropathy plot of GP64 SP is shown in colored boxes; green represents the n-region, yellow represents the h-region, and magenta
represents the c-region. (B) Localization of GP64 with three different SPs. BmN or Sf9 cells were transfected with pIZ/V5, pIZ/V5-gp64, pIZ/
V5-SPDh-cgp64, or pIZ/V5-SPDngp64. Then, the cells were fixed and prepared for immunofluorescence assays with a GP64 antibody and a
FITC-conjugated secondary antibody at 72 h.p.t., and DNA was stained with Hoechst. Bar, 5 mm. (C) Membrane fusion activity assay.
Transfected BmN and Sf9 cells in D were exposed to low-pH TC100 medium (pH 4.5) to induce membrane fusion at 72 h.p.t. for 5 min, the
cells were stained with Hoechst 33258 for 30 min, and the images were recorded at 4 h posttriggering. Red arrows show the syncytia (more
than six nuclei). (D) Localization assay of eGFP with a different region of SP. FL-SP or a partial region of SP was linked with egfp-TMD in the
transient expression vectors, and then Bm5 and Sf9 cells were transfected with these constructs. The membrane and nucleus were stained
with R18 and Hoechst at 72 h.p.t., respectively. Bar, 5 mm. (E) Comparison of the secretion efficiency of luciferase led with the SPs. The
transient expression vector of the luciferase gene led with different SPs was transfected into BmN or Sf9 cells. The media and the cells were
harvested and lysed for luciferase activity assays at different time points posttransfection. The secretion rate was calculated with RLU in the
medium averaged by the total RLU. All experiments included three independent repeats, and P values were generated with a two-tailed P
value from a t test in GraphPad Prism 8.
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showed almost no secretion in BmN cells at 24 and 48 h.p.t., and an increased secretion
rate was found at 72 h.p.t., which may be caused by the leakage of the transfected cells
for the long-term incubation because the secretion rate of CTRL (Luc) and SPDh-c-Luc
was increased at a late stage (Fig. 4E). Taken together, these findings confirmed that
the n-region was required for protein secretion in host, BmN cells but not in nonhost,
Sf9 cells.

Protein secretion was dependent on the n-region length but not key residues
in the n-region. To clarify why the n-region was vital for protein secretion in host cells,
the amino acids in the n-region were scanned by alanine mutagenesis analysis with
the transient expression vector SP-eGFP-TMD; however, all the mutants had the same
localization as that of SP-eGFP-TMD, as each colocalized on the cytomembrane (Fig. 5A
and B). This indicated that no key amino acid in the n-region was essential for protein
secretion. Because the length of the n-region influences SPase processing (29, 30), we

FIG 5 Mutagenesis and truncation assay on the n-region of SP. (A) Alanine mutagenesis scanning of amino acids in the n-
region and localization assay in BmN cells. Point-mutated SPs were synthesized and inserted into the pIZ/V5 vector
expressing eGFP-TMD. Then, BmN cells were transfected with the mutants and stained with R18 and Hoechst at 72 h.p.t., and
localization was recorded by laser confocal microscopy. Yes indicates cytomembrane localization. (B) Localization assay of
eGFP with alanine mutagenesis SP in BmN cells. BmN cells were transfected with a series of point-mutated constructs, and
the transfected cells were imaged at 72 h.p.t. Bar, 5 mm. (C) Localization assay of eGFP with n-region truncated SPs in BmN
cells. BmN cells were transfected with a series of truncated constructs, and the transfected cells were imaged at 72 h.p.t. Bar,
5 mm. (D) Comparison of luciferase secretion with the truncated n-region. The luciferase gene was inserted into the pIZ/V5
vector with the truncated n-region of SP. Then, BmN cells were transfected with these vectors, and the supernatant and cells
were harvested at 72 h.p.t. Luciferase activity was determined and analyzed. The secretion rate was calculated with RLU in
the medium averaged by the total in the cell lysate and the medium. All experiments included three independent repeats,
and P values were generated with a two-tailed P value from Student’s t test.
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next analyzed whether n-region truncation altered protein secretion. A series of trun-
cated SPs linked with eGFP-TMD or luciferase was constructed, and the localization and
secretion rate were checked at 72 h.p.t. However, the truncated n-region did not alter
eGFP localization (Fig. 5C), and the truncated constructs shared a secretion rate similar
to that of SP-Luc (Fig. 5D). No significant difference was detected between these trun-
cated and wild-type constructs, whereas significant differences were detected between
the truncated constructs and SPDn-Luc. Together, these results indicated that the n-
region containing over one residue can mediate protein secretion.

The uncleaved hydrophobic helix is required for protein secretion in BmN cells.
The transmembrane segment of the membrane protein is predicted to form a helix
(31), and this secondary structure around SP blocks proteolysis from SPase (19). Then,
the secondary structure of truncated SPs was first predicted by JPred. The results
showed that the n-region extended the length of the a-helix, which covered the whole
h-region and c-region (Fig. 6A, purple bars). The secondary structure was also pre-
dicted by Phyre2 and analyzed by PyMOL (DeLano Scientific LLC), which further
revealed that the helix length decreased accordingly in the truncated SPs (Fig. 6B).
Notably, both cleavage sites were covered by the long helix (Fig. 6B, shown in red and
green). When the n-region was deleted completely, one residue of the cleavage site
was located in the helix, and two residues were exposed in the loose loop (Fig. 6B,
SPDn); therefore, we suggested that the cleavage site was recognized and cleaved by
SPase, which resulted in failure of secretion.

To verify this hypothesis, the SPase recognition site AFA was mutated to AFG which
will prevent cleavage, and the expression of GP64A36G and SPDnGP64A36G was checked
in BmN cells by transient expression. As expected, GP64A36G was efficiently expressed

FIG 6 Verification of the transmembrane helix in protein secretion. (A) Schematic diagram and prediction of the secondary
structure of the truncated n-region around the cleavage site by JPred. The purple column shows the a-helix structure. (B)
Secondary structure analysis of SPs truncated by Phyre2. The cleavage site residues are shown in red and green letters, and the
arrow shows the SPase cleavage site. (C) Localization and membrane fusion assay of GP64 mutations on the SPase recognition
site. The key residue of the cleavage site alanine of SP was mutated to glycine. BmN cells were transfected with pIZ/V5-gp64, pIZ/
V5-gp64A36G, pIZ/V5-SPDngp64, and pIZ/V5-SPDngp64A36G, and the cells were then fixed at 72 h.p.t. Immunofluorescence was
observed with an anti-GP64 antibody and a FITC-conjugated secondary antibody, and DNA was stained with Hoechst. Meanwhile,
the transfected BmN cells were exposed to low-pH TC100 medium (pH 4.5) to induce membrane fusion at 72 h.p.t. The images
were recorded at 4 h postinduction, and red arrows show the syncytia. (D) Comparison of luciferase secretion with the cleavage
site mutated SP. BmN cells were transfected with pIZ/V5-SP-Luc, pIZ/V5-SPDn-Luc, pIZ/V5-SPA36G-Luc, and pIZ/V5-SPDnA36G-Luc, and
the luciferase secretion rate and significance were analyzed at 72 h p.t.
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and secreted into the BmN cell cytomembrane (Fig. 6C), and fusion activity similar to
that of wild-type GP64 was detected (Fig. 6C), which indicated that this mutation did
not alter GP64 secretion and fusion activity. Surprisingly, SPDnGP64A36G was detected
on the cytomembrane and presented good fusion activity (Fig. 6C), which indicated
that the uncleaved hydrophobic helix formed by the h-region is sufficient for protein
secretion in BmN cells. Furthermore, mutated SPs were linked with Luciferase for quan-
titative analysis. As shown in Fig. 6C, in comparison with SP-Luc, SPA36G-Luc did not
show any significant differences; a significant difference was detected in the SPDn-Luc
mutation, and the secretion rate of SPDnA36G-Luc was increased by 2.8-fold compared
with SPDn-Luc (Fig. 6C, left panel); however, the secretion rate of SPDnA36G-Luc was lower
than that of SP-Luc.

Helix disruption abolished protein secretion. The helix structure is hardly accessi-
ble for proteinase binding, and we next verified this by helix-breaking analysis. Four
residues in the helix were substituted with proline, which breaks the helix structure
efficiently, and the secondary structure of mutations was predicted by Phyre2 (Fig. 7A).
The GP64M19P mutation disrupted the long helix into two helixes, which were linked by

FIG 7 Helix breaking abolished protein secretion. (A) Prediction of helix breaking mutants of GP64.
Four random residues in the helix of SP were mutated to proline to generate pIZ/V5-gp64M19P, pIZ/
V5-gp64L25P, pIZ/V5-gp64L28P, or pIZ/V5-gp64A30P, and the mutant structure was predicted by Phyre2.
The SPase cleavage site is shown in red and green, and the mutated prolines are shown in magenta.
(B) Localization and membrane fusion assay of GP64 helix breaking mutants. BmN cells were
transfected with pIZ/V5-gp64M19P, pIZ/V5-gp64L25P, pIZ/V5-gp64L28P, or pIZ/V5-gp64A30P, and then, the
cells were subjected to immunofluorescence and fusion assays as described in B. (C) Secretion assay
of SP with helix breaking mutations. Mutated SPs were amplified by PCR and inserted into pIZ/V5-Luc
to generate pIZ/V5-SPM19P-Luc, pIZ/V5-SPL25P-Luc, pIZ/V5-SPL28P-Luc, and pIZ/V5-SPA30P-Luc. Then, these
vectors and the control vectors pIZ/V5-SP-Luc were transfected into BmN cells, and the luciferase
secretion rate and significance were analyzed at 72 h.p.t.
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a loose loop structure, and the cleavage site was exposed in the loop. GP64L25P dis-
rupted the helix into three helixes, while this mutation did not alter the cleavage site
location. GP64L28P did not disrupt the long helix; instead, it shortened the helix, and
the cleavage site was exposed to a loose loop region. The GP64A30P mutation disrupted
the helix; however, two residues of the cleavage site were localized in the helix.

Then, the location of the mutated GP64 was checked in BmN cells. As expected,
GP64M19P and GP64L28P could not be transported to the cytomembrane (Fig. 7B, upper
panel), and no fusion activity was detected in BmN cells (Fig. 7B, lower panel). GP64L25P

and GP64A30P were still located on the membrane because the cleavage site was cov-
ered (Fig. 7B, upper panel), and good fusion activity was detected in BmN cells (Fig. 7B,
lower panel). Furthermore, the role of the SP helix was also examined using quantita-
tive analysis. The mutated SP was linked to luciferase, and the secretion rate of lucifer-
ase was compared. The M19P and L28P mutations abolished luciferase secretion, and
the L25P mutation reduced the secretion rate, while the A30P mutant showed no dif-
ference from the SP-Luc control (Fig. 7C). These results are in agreement with the GP64
mutation assay, thus suggesting that the longer helix structure of SP is crucial for pro-
tein secretion.

DISCUSSION

In this study, we revealed that BmNPV GP64 contains an uncleaved SP. To the best
of our knowledge, this is the first report that a type I MFP retains its SP in the mature
virion, although it contains an SPase cleavage site; therefore, we hypothesized that
type I IMPs have two subtypes: type Ia IMPs possess a cleavable SP, while BmNPV GP64
belongs to type Ib IMPs, which possess an uncleaved SP. Based on our study, we pro-
posed a model of GP64 escaping the cleavage of SPase (Fig. 8). Translation from the
first initiation site of BmNPV GP64 encoded an n-region of SP, and the existence of the
n-region extended the transmembrane helix, which covered the cleavage site and thus
blocked cleavage from SPase. Then, GP64 conferred secretion ability across the

FIG 8 Model of BmNPV GP64 SP escaping cleavage to contribute to protein targeting in BmN cells.
GP64 with an n-region of SP is translocated to the ER, where the helix structure covers the cleavage
site and thus blocks cleavage from SPase, and then uncleaved SP mediates GP64 targeting to the
cytomembrane (black arrow). Without the n-region, the cleavage site of SP was exposed in the loose
structure, which was recognized and cleaved by SPase to produce SPDnGP64 without SP; however,
without the aid of SP, SPDnGP64 could not be transported to the cytomembrane (black dotted line).
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cytomembrane in an unclear pathway (Fig. 8, black arrow). Meanwhile, translation
from the second initiation site produced SPDnGP64, and the absence of the n-region
caused cleavage site exposure in a loose structure region. SP was then recognized and
cleaved by SPase; thus, SPDnGP64 cannot be transported to the cytomembrane (Fig. 8,
black dotted line).

BmNPV GP64 escapes cleavage by its secondary structure around the SP, for the
helical structure is hardly accessible for proteolysis (32). The same escape mechanism
was reported in HIV GP160 (19), and the cleavage of GP160 SP was temporarily blocked
until the protein finished modification. In other studies, the flanking sequence of the
helix affects protein processing (31); in particular, positively charged residues are im-
portant for protein translocation and secretion (9, 33–35). The charge distribution of
the GP64 SP correlates well with this “positive inside” rule (36); however, the mutagen-
esis assay did not alter protein localization, including multiple positively charged resi-
due mutations. This may be caused by the protein's molecular weight; generally, small
secretory proteins (,160 amino acids) depend more on the n-region positive charge
than larger proteins (37).

Type I IMPs are secreted and anchored on the cytomembrane by the C-terminal TMD;
however, BmNPV GP64 targeting on the cytomembrane requires the assistance of an
uncleaved SP. We revealed that GP64 SP was required for Ebola virus glycoprotein cyto-
membrane localization in BmN cells but not for protein processing and glycosylation mod-
ification (38). Furthermore, both GP64 or SPDnGP64 and their mutants were expressed and
incorporated into virions to generate BVs with good infectivity (27), and these proteins
were glycosylated in the secretion process. These results implied that proteins were trans-
ported into the Golgi apparatus. Thus, we inferred that SP-mediated GP64 transportation
occurred from the Golgi apparatus to the cytomembrane. There are multiple protein traf-
ficking pathways from the Golgi to the cytomembrane (39), including several vesicle trans-
portation pathways. IMPs spanning the phospholipid bilayer need an a-helix of 3.75 nm in
length (40), while we found that an approximately 2.3-nm helix can mediate SPDnGP64A36G

cytomembrane localization; this length seems more suitable for single membrane inser-
tion. Therefore, the transmembrane helix of SP may mediate GP64 insertion into a single
membrane organelle to facilitate cytomembrane translocation; however, which pathway is
involved in GP64 transportation is still unclear.

GP64 has been widely studied in past years, and clearer information has been
obtained (41–44). However, as the key MFP of group I alphabaculovirus, the subtle
investigation of the GP64 n-terminus is important for the understanding of GP64 char-
acteristics because alternative initiation sites generate functionally distinct products
(24). For AcMNPV GP64, regardless of which translation initiation site was used, both
SPs of GP64 were removed, which is in line with the prediction result of the AcMNPV
C6 and E2 strains (Fig. 1B). Similarly, our study is in alignment with the SP prediction of
BmNPV GP64, which may be determined by the composition of SP. In another study,
the BmNPV GP64 SP was used for fusion expression of human epidermal growth factor
(hEGF, 53 amino acids); unexpectedly, a 12 kDa fusion product in BmN cells and silk-
worm was produced (45); moreover, its expression profile in larvae was similar to that
of the luciferase secretion profile. These studies indicated that SP retention occurred
not only in B. mori cells (BmN and Bm5) but also in larvae. BmNPV GP64 SP showed dis-
tinct functions from those of AcMNPV GP64, which is required not only for proteins to
enter the secretory pathway but also for proteins to pass through the cytomembrane.

Longer SPs of viral proteins have diverse roles (20, 21, 46–50) and influence the topology
of the mature prion protein (51, 52). Aligning with the finding that alternative translation
generated functionally distinct isoform proteins (24), we revealed that SP-retained GP64
possessed a special dependence on cholesterol and strong virulence. BmNPV infection
depends on host cholesterol and lipids (53–56), and the existence of GP64 SP contributes
to the understanding of cholesterol dependence. Comparing one cholesterol-recognition
amino acid consensus (CRAC) is required for virus with an SP-cleaved GP64, the same de-
pendence mode with that of AcMNPV GP64, two CRAC motifs were required for BmNPV
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GP64; more importantly, this uncleaved SP offered BmNPV significantly higher BV produc-
tion and virulence (27). This subtle variation is caused by SP retention, which is a key differ-
ence between AcMNPV and BmNPV GP64. GP64 is a new MFP acquired by group I alphaba-
culovirus in evolution (57). B. mori, the natural host for BmNPV, lost tree-climbing abilities
during the domestication process and is dependent on humans for survival (58). SP reten-
tion may facilitate GP64 adaptation to B. mori cells or the receptor structure; thus, BmNPV
can propagate better in silkworms. Therefore, uncleaved SP may be the coevolutionary
result of host–virus interactions. Other baculoviruses, such as BomaNPV and RoMNPV, share
even lower cleavage probability values of SP. RoMNPV is a variant of AcMNPV but is signifi-
cantly more virulent against several pests (59); thus, the study of these viruses GP64 will
enrich the SP function in virus infection.

In conclusion, we revealed that BmNPV GP64 retained its SP in the mature virion,
which determined BmNPV virulence and other characteristics. We supposed that SP is
a noteworthy study object given it alters protein function. Most SPs of the viral mem-
brane protein were predicted, but only a few SP proteins were experimentally con-
firmed. Our results suggest that SP plays a vital role in protein translocation across the
cytomembrane in BmN cells; therefore, it is necessary to continue the investigation to
elucidate the function of SP in protein secretion.

MATERIALS ANDMETHODS
Cells and transfection. BmN and Bm5 were cultured at 27°C in TC-100 insect medium (Applichem,

Germany) supplemented with 10% fetal bovine serum (FBS, Gibco, USA), and Sf9 cells were cultured at
27°C in SF900II SFM (Thermo Fisher Scientific, Waltham, MA, USA) medium using standard techniques.
BmN, Bm5, or Sf9 cells were in confocal dishes, 6-well plates, or 24-well plates (NEST Biotechnology,
China) for overnight culture. Then, the cells were transfected with 0.8 mg, 4 mg, or 0.8 mg DNA of tran-
sient expression vectors by H4000 (Engreen Biosystem, Beijing, China) according to the manufacturer’s
instructions, respectively.

Bioinformatics analysis. The SignalP server (https://services.healthtech.dtu.dk/service.php?SignalP
-5.0) was used to predict the SP probabilities. JPred (http://www.compbio.dundee.ac.uk/jpred/) and
Phyre2 (www.sbg.bio.ic.ac.uk/phyre2/) were used for protein secondary structure prediction. The helix
length was measured by PyMOL (DeLano Scientific LLC).

Construction of virus with Myc-tagged GP64. The c-Myc tag was introduced into positions 18 and
19 of gp64 SP by overlap PCR. Briefly, using pIZ-V5-gp64 (60) as the template, two primers (Table S1)
were used to amplify Myc-tagged gp64 by a high-fidelity enzyme (Miozyme, Shanghai, China). The prod-
uct was inserted into pFBD-egfp (60) and then transposed into BmBacmid (61) to generate the recombi-
nant bacmid BmBac-Myc-gp64. 4 mg bacmid DNA was mixed with H4000 and then transfected into
BmN cells, the recombinant BV in the supernatant was collected at 120 h.p.t.

Purification of BVs and Western blot analysis. BmN cells were infected with the recombinant virus
at a multiplicity of infection (MOI) of 1 TCID50 unit per cell. After 4 days, the cell culture supernatant was
collected and purified as previously described (62). The purified BV pellet was resuspended in 100 mL of
TE buffer for Western blotting as described (63). Myc monoclonal antibodies were purchased from
Sangon Company (Shanghai, China), and GP64 and VP39 polyclonal antibodies were obtained from
Manli Wang.

BV envelope protein separation and MS analysis. The envelope of purified BV was separated as
described (64). Briefly, BmN cells were infected with BmBac-eGFP at an MOI of 5, and the supernatants were
collected by centrifugation at 2,000 g for 10 min to remove the cell debris at 72 h.p.i., the supernatants were
filtered through a 0.45-mm filter (Millipore), layered onto sucrose layers containing 2 mL of 60% sucrose and
5 mL of 25% sucrose in TE, and centrifuged for 120 min (Beckman SW40 rotor at 20,000 rpm at 4°C). The BV
band was collected, diluted twice, and centrifuged for 90 min at 4°C (Beckman SW40, 24,000 rpm). The virus
pellet was resuspended in 200 mL 0.1�TE, and then BVs were incubated in 1.0% N-P40 and 10 mM Tris, pH
8.5, at room temperature for 30 min with gentle agitation. The solution was then layered onto a 5-mL 30%
(vol/vol) glycerol/10 mM Tris (pH 8.5) cushion and centrifuged at 150,000 g for 60 min at 4°C. The envelope
fraction was recovered from the top of the gradient acetone precipitate and concentrated by centrifugation
(4,000 � g, 30 min), and the pellet was dissolved in 10 mM Tris (pH 7.4) for SDS–PAGE separation and MS
analysis (Hoogen Biotech company, Shanghai, China).

GP64-Flag expression and purification in Sf9 cells. gp64 without a TMD (1 to 499 residues) was
amplified by the primers gp64Fex and gp64FlagR, the PCR product was introduced into pFBD-egfp by
StuI and PstI, the generated vector pFBD-egfp-gp64-Flag was transposed into the AcMNPV bacmid
(Thermo Fisher Scientific, MA, USA), the recombinant bacmid was transfected into Sf9 cells to generate
P0 and P1 viruses, and P1 virus was used to infect cells in a rolling bottle (NEST Biotechnology, China) at
an MOI of 0.1. The supernatant was passed through a Flag affinity column (SABC, China) at a speed of
1 mL/min, and then the column was washed with PBS to remove unbound protein. The affinity column
was incubated with glycine-HCl (pH 3.0), and the elution was collected at 1 mL per fraction, which con-
tained 50 mL of neutralizing buffer (1 M Tris, pH 8.0). The purified GP64-Flag elution was checked by
SDS–PAGE.
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N-terminal sequencing of GP64-Flag. The GP64-Flag elution was condensed and subsequently
separated by SDS–PAGE. The protein was then transferred to PVDF membranes for N-terminal sequenc-
ing (Applied Protein Technology, Shanghai, China). The peptides were blasted against GP64 of BmNPV
in the database (NC_001962).

Transient expression vector construction. GP64 transient expression vectors were constructed by
overlap PCR. pIZ/V5-gp64 (60) served as a template; SPDngp64, SPDh-cgp64, gp64M19P, gp64L25P, gp64L28P,
gp64A30P, gp64A36G, and SPDngp64A36G were amplified by the overlapping PCR method using the primer
pairs shown in Table S1, and the products were inserted into the pIZ/V5 vector by EcoR I and XbaI. All
constructs were verified by DNA sequencing. For quantitative analysis of SP secretion efficiency, the n-
region, h-c region, SPA36G, SPM19P, SPL25P, SPL28P, SPA30P, and SPDnA36G were inserted into pIZ/V5-Luc (26) to
generate pIZ/V5-SPDn-Luc, pIZ/V5-SPDh-c-Luc, pIZ/V5-SPA36G-Luc, pIZ/V5-SPM19P-Luc, pIZ/V5-SPL25P-Luc,
pIZ/V5-SPL28P-Luc, pIZ/V5-SPA30P-Luc, and pIZ/V5-SPDnA36G-Luc. SP alanine mutagenesis fragments and SP
truncated fragments were synthesized (Sangon, Shanghai, China) as shown in Table S1 and were
inserted into pIZ/V5-eGFP-TMD or pIZ/V5-Luc to generate transient expression vectors. All constructs
were verified by DNA sequencing and then transfected into cells.

Immunofluorescent assay. BmN and Sf9 cells were transfected with GP64 or GP64 mutants and
then washed with serum-free medium three times at 72 h.p.t. The cells were fixed with 4% paraformal-
dehyde, and an immunofluorescence assay was conducted with a GP64 antibody and FITC-labeled sec-
ondary antibody as previously described (60). The nucleus was stained with Hoechst 33258.

Fusion assay. BmN or Sf9 cells were preseeded in six-well plates, and then the cells were transfected
with GP64 and GP64 mutant DNA. The cells were then incubated with low-pH medium (pH 4.5) at 72
h.p.t. to trigger membrane fusion for 5 min, and then the cells were cultured with normal TC100 media
for 4 h. The nucleus was stained with Hoechst 33258 and imaged as previously described (60).

Live-cell imaging. BmN, Bm5, and Sf9 cells were transfected with transient expression vectors of
eGFP led by different SPs. The cells were stained with rhodamine B chloride (R18, Sigma–Aldrich, MS,
USA) and Hoechst to label the plasma membrane and nucleus, respectively, at 72 h.p.t., and fluorescence
was imaged by confocal microscopy (Leica SP8).

Luciferase activity assay. BmN or Sf9 cells in 24-well plates were transfected with 0.8 mg of lucifer-
ase expression vector DNA and cultured normally. Then, the medium and cells were harvested and lysed
at the indicated time points (26). The secretion rate was calculated by the relative luciferase unit (RLU) in
the media averaged by the RLU of total media and cells. Three independent biological replicates were
performed, and P values were generated with a two-tailed P value from the t test in GraphPad Prism 8.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
This work was supported by the National Science Foundation of China (32172796

and 31670152). We thank Manli Wang of Wuhan Institute of Virology, CAS for providing
the VP39 and GP64 antibodies.

REFERENCES
1. Rohrmann GF. 2019. Baculovirus molecular biology [Internet], 4th ed.

National Center for Biotechnology Information (US), Bethesda, MD.
2. Gomi S, Majima K, Maeda S. 1999. Sequence analysis of the genome of

Bombyx mori nucleopolyhedrovirus. J Gen Virol 80:1323–1337. https://
doi.org/10.1099/0022-1317-80-5-1323.

3. Katou Y, Ikeda M, Kobayashi M. 2006. Abortive replication of Bombyx
mori nucleopolyhedrovirus in Sf9 and high five cells: defective nuclear
transport of the virions. Virology 347:455–465. https://doi.org/10.1016/j
.virol.2005.11.043.

4. Maeda S, Kamita SG, Kondo A. 1993. Host range expansion of Autographa
californica nuclear polyhedrosis virus (NPV) following recombination of a
0.6-kilobase-pair DNA fragment originating from Bombyx mori NPV. J
Virol 67:6234–6238. https://doi.org/10.1128/JVI.67.10.6234-6238.1993.

5. Kamita SG, Maeda S. 1997. Sequencing of the putative DNA helicase-encod-
ing gene of the Bombyx mori nuclear polyhedrosis virus and fine-mapping
of a region involved in host range expansion. Gene 190:173–179. https://doi
.org/10.1016/s0378-1119(96)00671-3.

6. Lu A, Miller LK. 1995. Differential requirements for baculovirus late expres-
sion factor genes in two cell lines. J Virol 69:6265–6272. https://doi.org/10
.1128/JVI.69.10.6265-6272.1995.

7. Lu A, Miller LK. 1996. Species-specific effects of the hcf-1 gene on baculo-
virus virulence. J Virol 70:5123–5130. https://doi.org/10.1128/JVI.70.8
.5123-5130.1996.

8. Xu YP, Gu LZ, Lou YH, Cheng RL, Xu HJ, Wang WB, Zhang CX. 2012. A bac-
ulovirus isolated from wild silkworm encompasses the host ranges of
Bombyx mori nucleopolyhedrosis virus and Autographa californica multi-
ple nucleopolyhedrovirus in cultured cells. J Gen Virol 93:2480–2489.
https://doi.org/10.1099/vir.0.043836-0.

9. von Heijne G. 1990. The signal peptide. J Membr Biol 115:195–201. https://
doi.org/10.1007/BF01868635.

10. Nothwehr SF, Gordon JI. 1989. Eukaryotic signal peptide structure/function
relationships. Identification of conformational features which influence the
site and efficiency of co-translational proteolytic processing by site-directed
mutagenesis of human pre(delta pro)apolipoprotein A-II. J Biol Chem 264:
3979–3987. https://doi.org/10.1016/S0021-9258(19)84949-9.

11. Clerico EM, Maki JL, Gierasch LM. 2008. Use of synthetic signal sequences to
explore the protein export machinery. Biopolymers 90:307–319. https://doi
.org/10.1002/bip.20856.

12. Blobel G, Dobberstein B. 1975. Transfer of proteins across membranes. II.
Reconstitution of functional rough microsomes from heterologous com-
ponents. J Cell Biol 67:852–862. https://doi.org/10.1083/jcb.67.3.852.

13. Axler O, Ahnstrom J, Dahlback B. 2008. Apolipoprotein M associates to
lipoproteins through its retained signal peptide. FEBS Lett 582:826–828.
https://doi.org/10.1016/j.febslet.2008.02.007.

14. Xu N, Dahlback B. 1999. A novel human apolipoprotein (apoM). J Biol
Chem 274:31286–31290. https://doi.org/10.1074/jbc.274.44.31286.

Membrane Fusion Protein GP64 Retains Signal Peptide Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01913-22 14

https://www.ncbi.nlm.nih.gov/nuccore/NC_001962
https://doi.org/10.1099/0022-1317-80-5-1323
https://doi.org/10.1099/0022-1317-80-5-1323
https://doi.org/10.1016/j.virol.2005.11.043
https://doi.org/10.1016/j.virol.2005.11.043
https://doi.org/10.1128/JVI.67.10.6234-6238.1993
https://doi.org/10.1016/s0378-1119(96)00671-3
https://doi.org/10.1016/s0378-1119(96)00671-3
https://doi.org/10.1128/JVI.69.10.6265-6272.1995
https://doi.org/10.1128/JVI.69.10.6265-6272.1995
https://doi.org/10.1128/JVI.70.8.5123-5130.1996
https://doi.org/10.1128/JVI.70.8.5123-5130.1996
https://doi.org/10.1099/vir.0.043836-0
https://doi.org/10.1007/BF01868635
https://doi.org/10.1007/BF01868635
https://doi.org/10.1016/S0021-9258(19)84949-9
https://doi.org/10.1002/bip.20856
https://doi.org/10.1002/bip.20856
https://doi.org/10.1083/jcb.67.3.852
https://doi.org/10.1016/j.febslet.2008.02.007
https://doi.org/10.1074/jbc.274.44.31286
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01913-22


15. Hiss JA, Schneider G. 2009. Architecture, function and prediction of long
signal peptides. Brief Bioinform 10:569–578. https://doi.org/10.1093/bib/
bbp030.

16. von Heijne G. 1984. Analysis of the distribution of charged residues in the
N-terminal region of signal sequences: implications for protein export in
prokaryotic and eukaryotic cells. EMBO J 3:2315–2318. https://doi.org/10
.1002/j.1460-2075.1984.tb02132.x.

17. Daniels R, Kurowski B, Johnson AE, Hebert DN. 2003. N-linked glycans
direct the cotranslational folding pathway of influenza hemagglutinin.
Mol Cell 11:79–90. https://doi.org/10.1016/S1097-2765(02)00821-3.

18. Rehm A, Stern P, Ploegh HL, Tortorella D. 2001. Signal peptide cleavage of a
type I membrane protein, HCMV US11, is dependent on its membrane
anchor. EMBO J 20:1573–1582. https://doi.org/10.1093/emboj/20.7.1573.

19. Snapp EL, McCaul N, Quandte M, Cabartova Z, Bontjer I, Kallgren C,
Nilsson I, Land A, von Heijne G, Sanders RW, Braakman I. 2017. Structure
and topology around the cleavage site regulate post-translational cleav-
age of the HIV-1 gp160 signal peptide. Elife 6. https://doi.org/10.7554/
eLife.26067.

20. Eichler R, Lenz O, Strecker T, Eickmann M, Klenk HD, Garten W. 2003. Iden-
tification of Lassa virus glycoprotein signal peptide as a trans-acting mat-
uration factor. EMBO Rep 4:1084–1088. https://doi.org/10.1038/sj.embor
.embor7400002.

21. Eichler R, Lenz O, Strecker T, Garten W. 2003. Signal peptide of Lassa virus
glycoprotein GP-C exhibits an unusual length. FEBS Lett 538:203–206.
https://doi.org/10.1016/S0014-5793(03)00160-1.

22. Byun H, Halani N, Mertz JA, Ali AF, Lozano MM, Dudley JP. 2010. Retroviral
Rem protein requires processing by signal peptidase and retrotransloca-
tion for nuclear function. Proc Natl Acad Sci U S A 107:12287–12292.
https://doi.org/10.1073/pnas.1004303107.

23. Chang MJ, Blissard GW. 1997. Baculovirus gp64 gene expression: negative
regulation by a minicistron. J Virol 71:7448–7460. https://doi.org/10
.1128/JVI.71.10.7448-7460.1997.

24. Trulley P, Snieckute G, Bekker-Jensen D, Menon MB, Freund R, Kotlyarov
A, Olsen JV, Diaz-Munoz MD, Turner M, Bekker-Jensen S, Gaestel M, Tiedje
C. 2019. Alternative translation initiation generates a functionally distinct
isoform of the stress-activated protein kinase MK2. Cell Rep 27:
2859–2870. https://doi.org/10.1016/j.celrep.2019.05.024.

25. Chenik M, Chebli K, Blondel D. 1995. Translation initiation at alternate in-
frame AUG codons in the rabies virus phosphoprotein mRNA is mediated
by a ribosomal leaky scanning mechanism. J Virol 69:707–712. https://doi
.org/10.1128/JVI.69.2.707-712.1995.

26. Liu N, Huang J, Liu L, Boadi F, Song Y, Guo Z, Shen X, Hao B. 2021. 18 addi-
tional amino acids of the signal peptide of the Bombyx mori Nucleopoly-
hedrovirus GP64 activates immunoglobulin binding protein (BiP) expres-
sion by RNA-seq analysis. Curr Microbiol 78:490–501. https://doi.org/10
.1007/s00284-020-02309-4.

27. Hao B, Nan W, Xu Y, Liu L, Liu N, Huang J. 2021. Two cholesterol recogni-
tion amino acid consensus motifs of GP64 with uncleaved signal peptide
are required for Bombyx mori nucleopolyhedrovirus infection. Microbiol
Spectr 9:e0172521. https://doi.org/10.1128/Spectrum.01725-21.

28. Almagro Armenteros JJ, Tsirigos KD, Sonderby CK, Petersen TN, Winther
O, Brunak S, von Heijne G, Nielsen H. 2019. SignalP 5.0 improves signal
peptide predictions using deep neural networks. Nat Biotechnol 37:
420–423. https://doi.org/10.1038/s41587-019-0036-z.

29. von Heijne G. 1985. Signal sequences. The limits of variation. J Mol Biol
184:99–105. https://doi.org/10.1016/0022-2836(85)90046-4.

30. Lemberg MK, Martoglio B. 2002. Requirements for signal peptide pepti-
dase-catalyzed intramembrane proteolysis. Mol Cell 10:735–744. https://
doi.org/10.1016/S1097-2765(02)00655-X.

31. Popot JL, Engelman DM. 2000. Helical membrane protein folding, stabil-
ity, and evolution. Annu Rev Biochem 69:881–922. https://doi.org/10
.1146/annurev.biochem.69.1.881.

32. Hubbard SJ. 1998. The structural aspects of limited proteolysis of native
proteins. Biochim Biophys Acta 1382:191–206. https://doi.org/10.1016/
S0167-4838(97)00175-1.

33. Chaddock AM, Mant A, Karnauchov I, Brink S, Herrmann RG, Klosgen RB,
Robinson C. 1995. A new type of signal peptide: central role of a twin-ar-
ginine motif in transfer signals for the delta pH-dependent thylakoidal
protein translocase. EMBO J 14:2715–2722. https://doi.org/10.1002/j.1460
-2075.1995.tb07272.x.

34. Inouye S, Soberon X, Franceschini T, Nakamura K, Itakura K, Inouye M.
1982. Role of positive charge on the amino-terminal region of the signal
peptide in protein secretion across the membrane. Proc Natl Acad Sci
U S A 79:3438–3441. https://doi.org/10.1073/pnas.79.11.3438.

35. Guo H, Sun J, Li X, Xiong Y, Wang H, Shu H, Zhu R, Liu Q, Huang Y, Madley
R, Wang Y, Cui J, Arvan P, Liu M. 2018. Positive charge in the n-region of
the signal peptide contributes to efficient post-translational translocation
of small secretory preproteins. J Biol Chem 293:1899–1907. https://doi
.org/10.1074/jbc.RA117.000922.

36. von Heijne G, Gavel Y. 1988. Topogenic signals in integral membrane pro-
teins. Eur J Biochem 174:671–678. https://doi.org/10.1111/j.1432-1033
.1988.tb14150.x.

37. Okamoto Y, Shikano S. 2018. Positive zip coding in small protein transloca-
tion. J Biol Chem 293:1908–1909. https://doi.org/10.1074/jbc.H118.001415.

38. Huang J, Liu N, Xu F, Ayepa E, Amanze C, Sun L, Shen Y, Yang M, Yang S,
Shen X, Hao B. 2019. Efficient expression and processing of Ebola virus
glycoprotein induces morphological changes in BmN cells but cannot
rescue deficiency of Bombyx Mori Nucleopolyhedrovirus GP64. Viruses
11:1067. https://doi.org/10.3390/v11111067.

39. Stalder D, Gershlick DC. 2020. Direct trafficking pathways from the Golgi
apparatus to the plasma membrane. Semin Cell Dev Biol 107:112–125.
https://doi.org/10.1016/j.semcdb.2020.04.001.

40. Mitra K, Ubarretxena-Belandia I, Taguchi T, Warren G, Engelman DM.
2004. Modulation of the bilayer thickness of exocytic pathway mem-
branes by membrane proteins rather than cholesterol. Proc Natl Acad Sci
U S A 101:4083–4088. https://doi.org/10.1073/pnas.0307332101.

41. Kadlec J, Loureiro S, Abrescia NG, Stuart DI, Jones IM. 2008. The postfusion
structure of baculovirus gp64 supports a unified view of viral fusion machines.
Nat Struct Mol Biol 15:1024–1030. https://doi.org/10.1038/nsmb.1484.

42. Blissard GW, Wenz JR. 1992. Baculovirus gp64 envelope glycoprotein is suffi-
cient to mediate pH-dependent membrane fusion. J Virol 66:6829–6835.
https://doi.org/10.1128/JVI.66.11.6829-6835.1992.

43. Slack JM, Blissard GW. 2001. Measurement of membrane fusion activity
from viral membrane fusion proteins based on a fusion-dependent pro-
moter induction system in insect cells. J Gen Virol 82:2519–2529. https://
doi.org/10.1099/0022-1317-82-10-2519.

44. Oomens AG, Monsma SA, Blissard GW. 1995. The baculovirus GP64 enve-
lope fusion protein: synthesis, oligomerization, and processing. Virology
209:592–603. https://doi.org/10.1006/viro.1995.1291.

45. Lü ZB, Zhang WP, Yu W, Chen J, Nie ZM, Zhang WL, Zhang X, Zhang YZ.
2008. Expression of fusion protein of hEGF and gp67 signal peptide in lar-
vae of Bombyx mori. Chinese J Biotechnology 24:111–116.

46. Bederka LH, Bonhomme CJ, Ling EL, Buchmeier MJ. 2014. Arenavirus sta-
ble signal peptide is the keystone subunit for glycoprotein complex orga-
nization. mBio 5:e02063. https://doi.org/10.1128/mBio.02063-14.

47. Lindemann D, Pietschmann T, Picard-Maureau M, Berg A, Heinkelein M,
Thurow J, Knaus P, Zentgraf H, Rethwilm A. 2001. A particle-associated
glycoprotein signal peptide essential for virus maturation and infectivity.
J Virol 75:5762–5771. https://doi.org/10.1128/JVI.75.13.5762-5771.2001.

48. Duda A, Stange A, Luftenegger D, Stanke N, Westphal D, Pietschmann T,
Eastman SW, Linial ML, Rethwilm A, Lindemann D. 2004. Prototype foamy vi-
rus envelope glycoprotein leader peptide processing is mediated by a furin-
like cellular protease, but cleavage is not essential for viral infectivity. J Virol
78:13865–13870. https://doi.org/10.1128/JVI.78.24.13865-13870.2004.

49. Geiselhart V, Bastone P, Kempf T, Schnolzer M, Lochelt M. 2004. Furin-
mediated cleavage of the feline foamy virus Env leader protein. J Virol 78:
13573–13581. https://doi.org/10.1128/JVI.78.24.13573-13581.2004.

50. Caporale M, Arnaud F, Mura M, Golder M, Murgia C, Palmarini M. 2009.
The signal peptide of a simple retrovirus envelope functions as a post-
transcriptional regulator of viral gene expression. J Virol 83:4591–4604.
https://doi.org/10.1128/JVI.01833-08.

51. Lundberg P, Magzoub M, Lindberg M, Hallbrink M, Jarvet J, Eriksson LE,
Langel U, Graslund A. 2002. Cell membrane translocation of the N-termi-
nal (1–28) part of the prion protein. Biochem Biophys Res Commun 299:
85–90. https://doi.org/10.1016/S0006-291X(02)02595-0.

52. Stewart RS, Drisaldi B, Harris DA. 2001. A transmembrane form of the
prion protein contains an uncleaved signal peptide and is retained in the
endoplasmic reticulum. Mol Biol Cell 12:881–889. https://doi.org/10
.1091/mbc.12.4.881.

53. Huang J, Hao B, Cheng C, Liang F, Shen X, Cheng X. 2014. Entry of Bombyx
mori nucleopolyhedrovirus into BmN cells by cholesterol-dependent macro-
pinocytic endocytosis. Biochem Biophys Res Commun 453:166–171. https://
doi.org/10.1016/j.bbrc.2014.09.073.

54. Hu X, Zhu M, Liang Z, Kumar D, Chen F, Zhu L, Kuang S, Xue R, Cao G,
Gong C. 2017. Proteomic analysis of BmN cell lipid rafts reveals roles in
Bombyx mori nucleopolyhedrovirus infection. Mol Genet Genomics 292:
465–474. https://doi.org/10.1007/s00438-016-1284-y.

Membrane Fusion Protein GP64 Retains Signal Peptide Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01913-22 15

https://doi.org/10.1093/bib/bbp030
https://doi.org/10.1093/bib/bbp030
https://doi.org/10.1002/j.1460-2075.1984.tb02132.x
https://doi.org/10.1002/j.1460-2075.1984.tb02132.x
https://doi.org/10.1016/S1097-2765(02)00821-3
https://doi.org/10.1093/emboj/20.7.1573
https://doi.org/10.7554/eLife.26067
https://doi.org/10.7554/eLife.26067
https://doi.org/10.1038/sj.embor.embor7400002
https://doi.org/10.1038/sj.embor.embor7400002
https://doi.org/10.1016/S0014-5793(03)00160-1
https://doi.org/10.1073/pnas.1004303107
https://doi.org/10.1128/JVI.71.10.7448-7460.1997
https://doi.org/10.1128/JVI.71.10.7448-7460.1997
https://doi.org/10.1016/j.celrep.2019.05.024
https://doi.org/10.1128/JVI.69.2.707-712.1995
https://doi.org/10.1128/JVI.69.2.707-712.1995
https://doi.org/10.1007/s00284-020-02309-4
https://doi.org/10.1007/s00284-020-02309-4
https://doi.org/10.1128/Spectrum.01725-21
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1016/0022-2836(85)90046-4
https://doi.org/10.1016/S1097-2765(02)00655-X
https://doi.org/10.1016/S1097-2765(02)00655-X
https://doi.org/10.1146/annurev.biochem.69.1.881
https://doi.org/10.1146/annurev.biochem.69.1.881
https://doi.org/10.1016/S0167-4838(97)00175-1
https://doi.org/10.1016/S0167-4838(97)00175-1
https://doi.org/10.1002/j.1460-2075.1995.tb07272.x
https://doi.org/10.1002/j.1460-2075.1995.tb07272.x
https://doi.org/10.1073/pnas.79.11.3438
https://doi.org/10.1074/jbc.RA117.000922
https://doi.org/10.1074/jbc.RA117.000922
https://doi.org/10.1111/j.1432-1033.1988.tb14150.x
https://doi.org/10.1111/j.1432-1033.1988.tb14150.x
https://doi.org/10.1074/jbc.H118.001415
https://doi.org/10.3390/v11111067
https://doi.org/10.1016/j.semcdb.2020.04.001
https://doi.org/10.1073/pnas.0307332101
https://doi.org/10.1038/nsmb.1484
https://doi.org/10.1128/JVI.66.11.6829-6835.1992
https://doi.org/10.1099/0022-1317-82-10-2519
https://doi.org/10.1099/0022-1317-82-10-2519
https://doi.org/10.1006/viro.1995.1291
https://doi.org/10.1128/mBio.02063-14
https://doi.org/10.1128/JVI.75.13.5762-5771.2001
https://doi.org/10.1128/JVI.78.24.13865-13870.2004
https://doi.org/10.1128/JVI.78.24.13573-13581.2004
https://doi.org/10.1128/JVI.01833-08
https://doi.org/10.1016/S0006-291X(02)02595-0
https://doi.org/10.1091/mbc.12.4.881
https://doi.org/10.1091/mbc.12.4.881
https://doi.org/10.1016/j.bbrc.2014.09.073
https://doi.org/10.1016/j.bbrc.2014.09.073
https://doi.org/10.1007/s00438-016-1284-y
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01913-22


55. Li Z, Fan Y, Wei J, Mei X, He Q, Zhang Y, Li T, Long M, Chen J, Bao J, Pan G,
Li C, Zhou Z. 2019. Baculovirus utilizes cholesterol transporter NIEMANN-
Pick C1 for host cell entry. Front Microbiol 10:2825. https://doi.org/10
.3389/fmicb.2019.02825.[PMC]

56. Zhu F, Song D, Chen H, Tang Q, Huo S, Liu X, Chen K. 2021. A lipidome
map of the silkworm Bombyx mori: influences of viral infection. J Pro-
teome Res 20:695–703. https://doi.org/10.1021/acs.jproteome.0c00608.

57. Wang M, Wang J, Yin F, Tan Y, Deng F, Chen X, Jehle JA, Vlak JM, Hu Z,
Wang H. 2014. Unraveling the entry mechanism of baculoviruses and its
evolutionary implications. J Virol 88:2301–2311. https://doi.org/10.1128/
JVI.03204-13.

58. Xiang H, Liu X, Li M, Zhu Y, Wang L, Cui Y, Liu L, Fang G, Qian H, Xu A,
Wang W, Zhan S. 2018. The evolutionary road from wild moth to domes-
tic silkworm. Nat Ecol Evol 2:1268–1279. https://doi.org/10.1038/s41559
-018-0593-4.

59. Harrison RL, Bonning BC. 2003. Comparative analysis of the genomes of
Rachiplusia ou and Autographa californica multiple nucleopolyhedrovi-
ruses. J Gen Virol 84:1827–1842. https://doi.org/10.1099/vir.0.19146-0.

60. Huang J, Li C, Tang X, Liu L, NanW, Shen X, Hao B. 2019. Transport viamacro-
pinocytic vesicles is crucial for productive infection with Bombyx mori nucle-
opolyhedrovirus. Viruses 11:668. https://doi.org/10.3390/v11070668.

61. Huang J, Hao B, Deng F, Sun X, Wang H, Hu Z. 2008. Open reading frame
Bm21 of Bombyxmori nucleopolyhedrovirus is not essential for virus replica-
tion in vitro, but its deletion extends the median survival time of infected lar-
vae. J Gen Virol 89:922–930. https://doi.org/10.1099/vir.0.83504-0.

62. Wang R, Deng F, Hou D, Zhao Y, Guo L, Wang H, Hu Z. 2010. Proteomics
of the Autographa californica nucleopolyhedrovirus budded virions. J
Virol 84:7233–7242. https://doi.org/10.1128/JVI.00040-10.

63. Huang J, Li C, Fan F, Liu N, Boadi F, Shen X, Hao B. 2019. Methyl-beta-
cyclodextrin-induced macropinocytosis results in increased infection of
Sf21 cells by Bombyx mori nucleopolyhedrovirus. Viruses 11:937. https://
doi.org/10.3390/v11100937.

64. IJ WF, Lebbink RJ, Op den Brouw ML, Goldbach RW, Vlak JM, Zuidema D.
2001. Identification of a novel occlusion derived virus-specific protein in Spo-
doptera exigua multicapsid nucleopolyhedrovirus. Virology 284:170–181.
https://doi.org/10.1006/viro.2001.0906.

Membrane Fusion Protein GP64 Retains Signal Peptide Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01913-22 16

https://doi.org/10.3389/fmicb.2019.02825
https://doi.org/10.3389/fmicb.2019.02825
https://doi.org/10.1021/acs.jproteome.0c00608
https://doi.org/10.1128/JVI.03204-13
https://doi.org/10.1128/JVI.03204-13
https://doi.org/10.1038/s41559-018-0593-4
https://doi.org/10.1038/s41559-018-0593-4
https://doi.org/10.1099/vir.0.19146-0
https://doi.org/10.3390/v11070668
https://doi.org/10.1099/vir.0.83504-0
https://doi.org/10.1128/JVI.00040-10
https://doi.org/10.3390/v11100937
https://doi.org/10.3390/v11100937
https://doi.org/10.1006/viro.2001.0906
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01913-22

	RESULTS
	Bioinformatic analysis showed that the cleavage of GP64 SP varied in viruses.
	BmNPV GP64 retained its SP in mature virions.
	The noncleavage of BmNPV GP64 SP occurred in BmN cells but not in Sf9 cells.
	The n-region of SP is required for protein secretion in host cells but not in nonhost cells.
	Protein secretion was dependent on the n-region length but not key residues in the n-region.
	The uncleaved hydrophobic helix is required for protein secretion in BmN cells.
	Helix disruption abolished protein secretion.

	DISCUSSION
	MATERIALS AND METHODS
	Cells and transfection.
	Bioinformatics analysis.
	Construction of virus with Myc-tagged GP64.
	Purification of BVs and Western blot analysis.
	BV envelope protein separation and MS analysis.
	GP64-Flag expression and purification in Sf9 cells.
	N-terminal sequencing of GP64-Flag.
	Transient expression vector construction.
	Immunofluorescent assay.
	Fusion assay.
	Live-cell imaging.
	Luciferase activity assay.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

