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A B S T R A C T

The endosomal sorting complex required for transport (ESCRT) pathway is required for efficient egress of
Autographa californica multiple nucleopolyhedrovirus (AcMNPV). In this study, we found that Ac93, a bacu-
lovirus core protein, contains a conserved MIM1-like motif. Alanine substitutions for six leucine residues in
MIM1-like motif revealed that L142, L145, L146, and L149 are required for association of Ac93 with the MIT
domain of Vps4. Mutations of these residues also blocked self-association and the association of Ac93 with
ESCRT-III proteins or other viral core proteins Ac76 and Ac103, and resulted in a substantial reduction of
infectious virus production, less efficient nuclear egress of progeny nucleocapsids, and the defect of intranuclear
microvesicles formation. Combined with the localization of the association of Ac93 with ESCRT-III/Vps4 and
other viral proteins at the nuclear membrane, we propose that the coordinated action of these viral proteins and
ESCRT-III/Vps4 may be involved in remodeling the nuclear membrane.

1. Introduction

Baculoviruses are a diverse group of enveloped and double-stranded
DNA viruses, which are isolated from infected insects in mainly the
orders of Lepidoptera, Hymenoptera, and Diptera (Rohrmann, 2019).
These viruses are commonly used as natural insecticides in control of
forestry and agriculture pests and as modified vectors for expressing
proteins or transducing mammalian cells (Possee and King, 2016;
Rohrmann, 2019; van Oers et al., 2015). In the family Baculoviridae, the
virus species are classified into four genera including Alphabaculovirus
(lepidopteran-specific nucleopolyhedrovirus), Betabaculovirus (lepi-
dopteran-specific granulovirus), Deltabaculovirus (dipteran-specific nu-
cleopolyhedrovirus), and Gammabaculovirus (hymenopteran-specific
nucleopolyhedrovirus) (Jehle et al., 2006). Autographa californica mul-
tiple nucleopolyhedrovirus is the type species of the Alphabaculovirus
genus. During an in vitro infection cycle, the budded virions (BV) of
AcMNPV enter the host cells via clathrin-mediated endocytosis (Long
et al., 2006). After internalizing to the endosomal system, the low-pH
triggered conformation change of the major viral glycoprotein GP64
mediates the fusion of the viral envelope and endosome membranes to
release nucleocapsids into the cytosol (Blissard and Wenz, 1992). In the
cytosol, a virus-encoded Wiskott–Aldrich syndrome protein (WASP)-

like protein P78/83 activates the host Arp2/3 complex and induces the
formation of actin filaments that drive the trafficking of nucleocapsids
into nuclei (Au and Pante, 2012; Goley et al., 2006). Following viral
DNA replication and progeny capsids assembly, one subset of nucleo-
capsids egress from the nuclear membrane into the cytosol by the aid of
actin filaments and the soluble N-ethylmaleimide-sensitive factor (NSF)
(Guo et al., 2017; Ohkawa and Welch, 2018), and then in a kinesin-
dependent manner (Biswas et al., 2016; Danquah et al., 2012), they are
transported to and bud at the plasma membrane to form BV (Fraser,
1986), another subset of nucleocapsids is retained in the nucleus and
are wrapped by intranuclear microvesicles (IMs) that are generated
from the inner nuclear membrane (INM) to form occlusion-derived
virions (ODV) (Braunagel and Summers, 2007; Shi et al., 2015). During
the late stage of infection, ODVs are further embedded in polyhedra
crystals formed mainly by polyhedrin within the nucleus to produce
large occlusion bodies (OBs) (Blissard and Theilmann, 2018;
Rohrmann, 2019).

In recent years, numerous studies have demonstrated that more
than 30 core genes that are present in the sequenced genome of bacu-
loviruses are required for viral DNA replication, viral genes transcrip-
tion, virion assembly and/or egress, or per os infectivity (Boogaard
et al., 2018; Rohrmann, 2019). Among the core viral genes-encoded
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proteins, Ac93, which is encoded by ORF93 of AcMNPV, is essential for
progeny nucleocapsids transit from the nuclear membrane to the cy-
toplasm and infectious BV production. In addition, knockout of ac93
from the AcMNPV genome results in a defect of intranuclear micro-
vesicle formation and ODV assembly (Yuan et al., 2011). Recently, our
studies showed that Ac93 is associated with the components of ESCRT-
III and Vps4 (Yue et al., 2018). However, the association mechanism
and its requirement in AcMNPV infection are not clear.

In eukaryotic cells, the ESCRT pathway is essential for membrane
deformation and scission in a variety of membrane remodeling pro-
cesses (Hurley, 2015), such as biogenesis of multivesicular bodies
(MVBs) (Wollert and Hurley, 2010), cytokinesis (Vietri et al., 2015),
plasma membrane wound repair (Jimenez et al., 2014), nuclear en-
velope reformation (Olmos et al., 2015; Webster et al., 2014), and the
entry and budding and release of many enveloped and non-enveloped
viruses (Votteler and Sundquist, 2013; Yue et al., 2018). The ESCRT
pathway is composed of five distinctive protein complexes (ESCRT-0,
–I, –II, –III and Vps4) and some accessory proteins (Henne et al., 2011).
ESCRT-0 is required for binding and clustering ubiquitinated membrane
proteins for delivery into MVBs. ESCRT-I and ESCRT-II coordinate to-
gether to create membrane budding and recruit ESCRT-III. Following
assembly of ESCRT-III polymers at the budding site, the constriction
generated by ESCRT-III filaments mediates membrane fission (Henne
et al., 2011). In Saccharomyces cerevisiae and humans, ESCRT-III pro-
teins are grouped into eight families, including Vps2 [the orthologs in
humans termed charged multivesicular body protein 2A and 2B
(CHMP2A and CHMP2B)], Vps20 (CHMP6), Vps24 (CHMP3), Snf7
(CHMP4A, CHMP4B, CHMP4C), Vps46 (CHMP1A, CHMP1B), Vps60
(CHMP5), Chm7 (CHMP7) and IST1 (Christ et al., 2017). These proteins
possess a similar domain organization, with an N-terminal four-helix
bundle that is necessary for membrane binding and homodimer or
heterodimer formation. The C-terminal helix 5 and the microtubule-
interacting and transport (MIT) domain-interacting motif (MIM) pack
against the N-terminal helical bundle and autoinhibit the ESCRT-III
monomer (Bajorek et al., 2009; Kieffer et al., 2008). During the late
stage of membrane fission, ESCRT-III MIM motifs bind to the N-terminal
MIT domain of the ATPase Vps4 and the binding promotes the activa-
tion and assembly of Vps4 that drive the disassembly of ESCRT-III
complex into monomers (Kieffer et al., 2008; Obita et al., 2007; Saksena
et al., 2009; Stuchell-Brereton et al., 2007).

The ESCRT system is highly conserved in insects and the infection of
AcMNPV significantly up-regulated the transcript level of certain
components of cellular ESCRT (Chen et al., 2014; Li and Blissard,
2015). During infection, the efficient entry of AcMNPV into host cells is
relied on functional ESCRT-I, –III, and Vps4, whereas egress of progeny
nucleocapsids from the nuclear membrane is only dependent on ESCRT-
III/Vps4 but not on ESCRT-I (Li and Blissard, 2012; Yue et al., 2018). In
addition, a few baculovirus core proteins including Ac93 that are re-
quired for infectious BV production were found to interact with ESCRT-
III proteins and Vps4 (Yue et al., 2018). However, the mechanism of the
interaction and its requirement in AcMNPV infection are not clear. In
this study, we performed amino acid sequence alignments and found
that the homologs of Ac93 contain an MIM1-like motif at their C-ter-
mini. To examine the functional role(s) of MIM1-like motif of Ac93, we
generated leucine-to-alanine substitution mutations in this motif and
characterized the interaction of modified Ac93 with ESCRT-III/Vps4
and viral core proteins Ac76 and Ac103. Our results indicate that the
MIM1-like motif is essential for the interaction of Ac93 with the MIT
domain of Vps4 and for self-association and the association of Ac93
with ESCRT-III and other viral proteins, and four leucine residues in
MIM1-like motif were critical for these interactions. Using an ac93
knockout bacmid to express the mutation construct of Ac93, we also
examined the effects of mutations in MIM1-like motif on infectious
AcMNPV production, egress of progeny nucleocapsids from the nuclear
membrane, and formation of virus-induced intranuclear microvesicles.

2. Results

2.1. Ac93 homologs contain a conserved MIM1-like motif at their C-termini

Recently, protein-protein interaction analyses in transfected Sf9
cells revealed that Ac93 is associated with the components of ESCRT-III
and Vps4 (Yue et al., 2018). Sequence analysis indicated that Ac93
homologs from the baculoviruses in distinct genera are variable (Fig.
S1), with the amino acid sequence identities ranging from 11.5% to
98.8%. Three-dimensional structure prediction by using I-TASSER
(Iterative Threading ASSEmbly Refinement) approach (Zhang, 2008)
combined with the secondary structure analysis showed that Ac93 is
composed of 6 helices (Figs. S1 and 1A). Amino acid sequence align-
ments showed that the C-terminal helix 6 contains 6 leucine residues
that are highly conserved in the Ac93 proteins family. Two of them
(L146 and L149) are present in all of the Ac93 homologs except that the
corresponding position of L149 in Culex nigripalpus nucleopolyhedrovirus
Ac93 homolog is variable. The other two leucines (L142 and L145), in
some Ac93 homologs are replaced by the other hydrophobic residues
isoleucine or valine, which are conserved in most of the Ac93 homo-
logs. Additional two leucines (L152 and L154) are present in mainly
Ac93 homologs from Group I baculoviruses in the Alphabaculovirus
genus (Figs. S1 and 1A). Prior studies revealed that two types of MIM
motifs (MIM1, MIM2) mediate the interaction of ESCRT-III proteins and
the MIT domain of Vps4 (Kieffer et al., 2008; Obita et al., 2007). In-
terestingly, sequence alignments showed that Ac93 is somewhat related
with the ESCRT-III component Vps46 (the ortholog in humans is
CHMP1A and CHMP1B), with the high similarity of helix 6 of Ac93 and
the MIM1 motif at the C-terminus of Vps46/CHMP1 (Fig. 1B). Further
sequence comparison analysis showed that three leucines (L142, L146,
and L149) in helix 6 of Ac93 are parallel aligned with those (L187,
L191, and L194 in humans CHMP1A) that are required for mediating
the interaction between MIM1 motifs of ESCRT-III proteins and the MIT
domain of Vps4 (Obita et al., 2007) (Fig. 1C). Therefore, the C-terminal
region containing helix 6 and a few neighbor residues of Ac93 was
termed as an MIM1-like motif (Fig. 1D).

To determine whether the MIM1-like motif of Ac93 is required for
its function, individual or paired leucine residues in this motif were
substituted with the small non-polar amino acid alanine (Fig. 1D). Ex-
pression of HA-tagged wild-type (WT) and modified Ac93 proteins was
performed by transient transfection of Sf9 cells with plasmids. At 36 h
post-transfection (p.t.), Ac93 proteins in cell lysates were examined by
Western blot analysis. As shown in Fig. 1E, the intensities of stained
bands corresponding to the WT and amino acid substituted Ac93 were
similar, indicating that leucine-to-alanine replacement mutations did
not substantially alter the expression and stability of the Ac93 proteins.

2.2. The MIM1-like motif is necessary for self-association of Ac93

In a prior study, we found Ac93 interacts with itself (Yue et al.,
2018). Although introducing of alanine into Ac93 has no effect on the
expression of the modified proteins, we first asked whether these mu-
tations affect the self-association of Ac93. To address this question, an
immunoprecipitation assay was used to examine the potential interac-
tion between two modified Ac93 proteins that contain the same leucine-
to-alanine substitutions. AcMNPV GP41 was selected as a negative
control protein, as previous data suggested that GP41 does not interact
with Ac93 (Yue et al., 2018). For these interaction studies, Sf9 cells
were cotransfected with two plasmids: one plasmid expressing an HA
epitope-tagged WT or modified Ac93 protein, and another plasmid
expressing a c-Myc epitope-tagged GP41, WT or modified Ac93 con-
taining the same alanine substitution as the HA-tagged protein. At 36 h
p.t., the transfected cells were lysed and subjected to analysis by im-
munoprecipitation with an anti-HA monoclonal antibody (MAb) and
protein G agarose. Expression of each tagged Ac93 protein and GP41
was confirmed by Western blot analysis with an anti-HA MAb and an
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anti-Myc polyclonal antibody (PAb). HA-tagged Ac93 proteins were
immunoprecipitated with an anti-HA MAb, then precipitates were
challenged with an anti-Myc PAb in Western blot analysis. As described
previously (Yue et al., 2018), WT Ac93 coimmunoprecipitated with
itself but not with GP41 (Fig. S2A). Of the 12 modified Ac93 proteins
examined, we found that 4 single alanine-substituted Ac93 proteins

(L142A, L145A, L152A, and L154A) and one double alanines-sub-
stituted Ac93 (L152/L154A) coimmunoprecipitated with themselves.
The other single or paired analine-substituted Ac93 (L146A, L149A,
L142/L145A, L142/L146A, L145/L146A, L149/L152A, and L149/
L154A) could not be coimmunoprecipitated with themselves (Fig. S2A,
Table 1).

Fig. 1. Sequential and mutational analyses of the MIM1-like motif of the Ac93 protein. (A) Sequence alignments of the C-terminal helix 6 of Ac93 homologs
from various baculoviruses. The highly conserved leucine residues are shown in orange. A linear schematic of the Ac93 sequence is shown at the top of the
alignments. The predicted six alpha-helices of Ac93 are indicated as α1-α6. The Ac93 sequences used were from the following viruses: Alphabaculovirus (Group I):
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) (GenBank accession no. L22858), Anticarsia gemmatalis MNPV (AgMNPV) (DQ813662), Bombyx
mori NPV (BmNPV) (L33180), Choristoneura fumiferana MNPV (CfMNPV) (AF512031), Epiphyas postvittana NPV (EppoNPV) (AY043265), Maruca vitrata NPV
(MaviNPV) (EF125867), Orgyia pseudotsugata MNPV (OpMNPV) (U75930), Thysanoplusia orichalcea NPV (ThorNPV) (JX467702); Alphabaculovirus (Group II):
Adoxophyes honmai NPV (AdhoNPV) (AP006270), Ectropis obliqua NPV (EcobNPV) (DQ837165), Helicoverpa armigera NPV G4 (HearNPV) (AF271059), Lymantria
dispar MNPV (LdMNPV) (AF081810), Spodoptera exigua MNPV (SeMNPV) (AF169823), Spodoptera frugiperda MNPV (SfMNPV) (EF035042), Spodoptera litura NPV
(SpltNPV) (AF325155), Trichoplusia ni single NPV (TnSNPV) (DQ017380); Betabaculovirus: Agrotis segetum granulovirus (AgseGV) (KR584663), Choristoneura
occidentalis GV (ChocGV) (DQ333351), Cydia pomonella GV (CpGV) (U53466), Diatraea saccharalis GV (DisaGV) (KP296186), Helicoverpa armigera GV (HearGV)
(EU255577), Plutella xylostella GV (PlxyGV) (AF270937), Spodoptera frugiperda GV (SpfrGV) (KM371112), Spodoptera litura GV (SpltGV) (DQ288858),
Trichoplusia ni GV (TnGV) (KU752557). Deltabaculovirus: Culex nigripalpus NPV (CuniNPV) (AF403738); Gammabaculovirus: Neodiprion lecontei NPV (NeleNPV)
(AY349019), Neodiprion sertifer NPV (NeseNPV) (AY430810). (B) Amino acid sequence alignment of AcMNPV Ac93 with Vps46/CHMP1 proteins from Homo sapiens
(H.s) and Spodoptera frugiperda (S.f). The MIM1 motif of Vps46/CHMP1 is underlined. (C) Sequence alignments of the helix 6 and neighbor residues of Ac93 with the
MIM1 and MIM2 motifs of ESCRT-III proteins. Leucine residues in MIM1 required for contacting with the MIT domain of Vps4 are highlighted. Numbers on the right
denote the amino acid sequence length of each protein. H.s, Homo sapiens, S.c, Saccharomyces cerevisiae. (D) Construction of leucine-to-alanine substitutions in the
MIM1-like motif of Ac93. The name of each Ac93 construct is shown on the left side of the sequence. (E) Western blotting analysis of the expression of HA-tagged WT
or modified Ac93 proteins in transfected Sf9 cells. Gels were spliced for labeling purposes. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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To confirm the immunoprecipitation results, we further examined
the self-association of WT and modified Ac93 proteins by using a bi-
molecular fluorescent complementation (BiFC) assay in living Sf9 cells.
For these studies, Sf9 cells were cotransfected with two plasmids ex-
pressing WT or modified Ac93 proteins that containing the same ala-
nine substitutions. Each of the Ac93 proteins was separately fused to the
N- and C-terminal portion of mCherry (Nm and Cm). As mentioned
above, we also selected AcMNPV GP41 as a negative control protein.
Western blot analysis showed that all the constructs were expressed in
transfected Sf9 cells (data not shown). In cells coexpressing WT Ac93 or
L142A fused with Nm and Cm (Ac93-Nm + Ac93-Cm, L142A-
Nm + L142A-Cm), we observed approximately 40% of the cells with
complemented mCherry fluorescence. A lower percentage of fluor-
escent cells (about 10–17%) was observed in cells transfected with
L145A (L145A-Nm + L145A-Cm), L152A (L152A-Nm + L152A-Cm),
L154A (L154A-Nm + L154A-Cm), or L152/L154A (L152/L154A-
Nm + L152/L154A-Cm) expressing plasmids. In contrast, fluorescence
was not detected in cells coexpressing Nm- and Cm-fused 146A, 149A,
or other mutations containing these two sites, or L142/L145A (Figs.
S2B and C, Table 1). Taken together, the self-association detected in
immunoprecipitation analyses were consistent with those identified in
the BiFC assay. These results suggest that the single leucine residues
L146 and L149 and a pair of leucines L142 and L145 in MIM1-like motif
are necessary for self-association of Ac93 (Fig. 7A).

2.3. The MIM1-like motif is required for association of Ac93 with the MIT
domain of Vps4

During membrane fission, Vps4 is recruited to the membrane site
through the interaction of its N-terminal MIT domain and the MIM
motifs (MIM1 or MIM2) of ESCRT-III proteins (Kieffer et al., 2008;
Obita et al., 2007; Stuchell-Brereton et al., 2007). In prior studies, Ac93
was found to interact with Vps4 (Yue et al., 2018). To determine
whether the MIM1-like motif of Ac93 is involved in mediating the in-
teraction of Ac93 with Vps4, HA-tagged WT or modified Ac93 proteins
and Myc-tagged Vps4 were coexpressed in Sf9 cells as describe above
and then analyzed by coimmunoprecipitation. HA-tagged Ac11, a Vps4
non-associated AcMNPV protein (Yue et al., 2018), was used as a ne-
gative control. As shown in Fig. S3A, Myc-tagged Vps4 was coimmu-
noprecipitated when HA-tagged WT or the modified Ac93 proteins
L142A, L145A, L152A, L154A, and L152/L154A were

immunoprecipitated with an anti-HA MAb. In contrast, other alanine-
substituted Ac93 proteins (L146A, L149A, L142/L145A, L142/L146A,
L145/L146A, L149/L152A, and L149/L154A) or Ac11 did not coim-
munoprecipitate with Vps4-Myc (Fig. S3A, Table 1). To further confirm
these results, we also used BiFC assay as described above, in which the
C-terminus of Vps4 was fused with the N-terminal domain of mCherry
(Nm). In cotransfected Sf9 cells expressing Vps4-Nm and Ac11-Cm, or
each of the Cm-fused WT or modified Ac93 proteins, we detected BiFC
complementation fluorescence in cells coexpressing Vps4-Nm and Cm-
fused WT or single alanine-substituted Ac93 proteins or two paired
mutations (L142/L145A and L152/L154A) (Fig. S3B, Table 1). The
percentage of fluorescent cells in these combinations ranged from 7% to
26% (Fig. S3C). Reciprocal fusion of the Nm and Cm domains of
mCherry to the C-termini of Vps4 and WT or modified Ac93 proteins
had no significant impact on the complementation fluorescence ob-
served (data not shown). Taken together, these results suggest that the
MIM1-like motif is necessary for the association of Ac93 with Vps4,
even though none of the single leucine residues in the MIM1-like motif
are essential for this association.

To further determine whether the MIM1-like motif of Ac93 is ne-
cessary for its association with the MIT domain of Vps4, we used BiFC
assay to examine the interaction between WT or modified Ac93 proteins
and two truncated constructs of S. frugiperda Vps4 that consisting of
residues 1 to 78 (MIT, MIT domain) and 79 to 440 (dMIT, deletion of
MIT domain) (Fig. 2A). AcMNPV Ac11 was used as a negative control,
whereas the ESCRT-III protein Vps46 of S. frugiperda, which contains an
MIM1 motif (Fig. 1B and C) and interacts with Vps4 (Yue et al., 2018),
was used as a positive control. As described earlier, the N-terminal
domain of mCherry (Nm) was first fused to the C-termini of MIT and
dMIT and the expression of the fusion constructs was confirmed by
Western blot analysis (Fig. 2B). In Sf9 cells coexpressing each Nm-fused
Vps4 construct in combination with each of the Cm-fused Ac11, Vps46,
WT and modified Ac93 proteins, the mCherry fluorescence com-
plementation with approximately 43% of the cells was observed for the
pairs of Vps4-Nm or MIT-Nm and Vps46-Cm. However, only about 3%
of the complemented fluorescent cells were observed for the combi-
nation of dMIT-Nm and Vps46-Cm (Fig. 2C and D). This suggests that
the MIT domain of Vps4 is required for mediating the interaction of
Vps4 and Vps46 as that determined in mammalian cells (Obita et al.,
2007). For Ac93 constructs, we observed fluorescence complementation
for the combination of Nm-fused Vps4 constructs and WT Ac93-Cm and

Table 1
Self-association and the association of wild-type and modified Ac93 with ESCRT-III/Vps4 and other viral proteins*.

Ac93 constructs Self-association Vps4 ESCRT-III Viral proteins

Vps2B Vps20 Vps24 Snf7 Vps46 Vps60 Ac76 Ac103

WT ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡
L142A ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡
L145A ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ + ‡
L146A - + + - + - + + - -
L149A - + - - - - + + - +
L152A ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡
L154A ‡ ‡ + ‡ ‡ + + ‡ + ‡
L142/L145A - + - - + - + + - ‡
L142/L146A - - - - + - + + - -
L145/L146A - - - - + - + - - -
L149/L152A - - - - - - - + - -
L149/L154A - - - - - - - - - -
L152/L154A ‡ ‡ + + ‡ + + + + ‡

*Self-association and the association of wild-type and the modified Ac93 with ESCRT-III/Vps4 and other viral proteins (Ac76 and Ac103) were determined by BiFC
and Co-IP assays. “‡” represents the positive signal of BiFC and Co-IP, whereas “+” represents the positive signal of BiFC. “-“ represents the negative signal of BiFC
and Co-IP. In Co-IP assay, each of the wild-type and mutated Ac93 proteins were separately tagged with an HA epitope and a c-Myc epitope, whereas ESCRT-III
proteins, Vps4 and viral proteins (Ac76 and Ac103) were tagged with a c-Myc epitope. The original BiFC and Co-IP data are shown in Figs. S2, S3, S4, S5, and S6.
Note: The negative results of Co-IP for the combination of Ac76-Myc with L154A-HA, L142/L145A-HA, L142/L146A-HA, L145/L146A-HA, L149/L152A-HA, L149/
L154A-HA, or L152/L154A-HA, and the combination of Ac103-Myc with L142/L146A-HA, L145/L146A-HA, L149/L152A-HA, or L149/L154A-HA are not shown in
Fig. S6.
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five modified Ac93 proteins L142A-Cm, L145A-Cm, L152A-Cm, L154A-
Cm, and L152/L154A-Cm (Fig. 2C). The fluorescent cells detected in
these combinations ranged from 7% to 28%. Generally, deletion or only
retaining of the MIT domain of Vps4 reduced the level of fluorescence
complementation (Fig. 2C and D). Three additional modified Ac93
proteins (L146A, L149A, and L142/L145A) showed positive BiFC with
Vps4-Nm and dMIT-Nm but not with MIT-Nm (Fig. 2C and D). Com-
bined, these results suggest: (i) Ac93 associates with the MIT domain
and the C-terminal domain (containing a short linker, ATPase cassette,
and helix C) of Vps4; (ii) The MIM1-like motif is directly involved in
mediating the association of Ac93 with the MIT domain of Vps4, and
two single leucine residues (L146 and L149) and a pair of leucines
(L142 and L145) in the motif are required for this association (Fig. 7A).

2.4. The MIM1-like motif is necessary for association of Ac93 with ESCRT-
III proteins

ESCRT-III proteins coordinate with Vps4 to mediate membrane
scission (Schoneberg et al., 2018; Stuchell-Brereton et al., 2007). Pre-
vious studies showed that Ac93 associates with the ESCRT-III proteins
(Vps2B, Vps20, Vps24, Snf7, Vps46, and Vps60) (Yue et al., 2018).
Because we found the leucine-to-alanine substitutions in MIM1-like
motif have a negative effect on the association of Ac93 with the MIT
domain of Vps4, we then asked whether the mutations impact the as-
sociation of Ac93 with ESCRT-III proteins. To examine this question, an
immunoprecipitation assay was first used to detect the association. As
mentioned above, Sf9 cells were cotransfected with two plasmids se-
parately expressing each HA-tagged WT or modified Ac93 protein and

Fig. 2. BiFC analysis of the interaction of
modified Ac93 proteins and the truncated
Vps4.(A) Schematic diagram of the domain orga-
nization of WT Vps4 and the truncated forms.
Abbreviations: MIT, microtubule-interacting and
transport domain; dMIT, deletion of MIT domain.
(B) Western blotting analysis of the expression of
Nm-fused WT or truncated Vps4 in transfected Sf9
cells with an anti-HA MAb. (C) BiFC analysis of
cells coexpressing the modified Ac93 and Vps4
proteins. Sf9 cells were cotransfected with two
plasmids separately expressing Nm-fused WT or
truncated Vps4 and Cm-fused Ac11, Vps46, WT or
modified Ac93 proteins. At 36 h p.t., the cells were
photographed using epifluorescence microscopy.
Cell boundaries were traced with circular dash
lines. Bar, 100 μm. (D) Percentage of mCherry-
positive cells in cotransfected Sf9 cells expressing
Nm- and Cm-fused the Vps4, Ac11, Vps46, and
Ac93 proteins. Error bars represent standard de-
viations from the means for three replicates.
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each of the Myc-tagged ESCRT-III proteins (Vps2B, Vps20, Vps24, Snf7,
Vps46, and Vps60) and then subjected to coimmunoprecipitation ana-
lysis. Myc-tagged ESCRT-III proteins were efficiently coimmunopreci-
pitated when HA-tagged WT or modified Ac93 proteins (L142A, L145A,
L152A, L154A, and L152/L154A) were immunoprecipitated with an
anti-HA MAb (Fig. S4, Table 1). In contrast, other HA-tagged Ac93
mutants (L146A, L149A, L142/L145A, L142/L146A, L145/L146A,
L149/L152A, and L149/L154A) did not coimmunoprecipitate with
Myc-tagged ESCRT-III proteins, even though the expression of these
proteins in Sf9 cells was detected by Western blotting (Fig. S4, Table 1).

To extend our observations from the immunoprecipitation studies,
we further examined the association of modified Ac93 proteins and the
components of ESCRT-III by using the BiFC analysis. In this assay, we
first fused the N-terminal domain of mCherrry (Nm) to the C-termini of
ESCRT-III proteins and the C-terminal domain of mCherry (Cm) to the
C-termini of WT or modified Ac93 proteins. Western blot analysis of the
transfected Sf9 cells with an anti-HA MAb or an anti-Myc PAb indicated
that all of the constructs were expressed (data not shown). In co-
transfected Sf9 cells, we examined the mCherry fluorescence com-
plementation for each modified Ac93 protein against each of the
ESCRT-III proteins. In Sf9 cells coexpressing the paired target proteins,
five of the modified Ac93 proteins (L142A, L145A, L152A, L154A, and
L152/L154A) showed strong complemented fluorescence with all of the
ESCRT-III proteins examined, although the percentage of fluorescent
cells for these combinations were generally lower than those for WT
Ac93. Five additional modified Ac93 proteins (L146A, L149A, L142/
145A, L142/L146A, and L145/L146A) were positive for BiFC with few
ESCRT-III proteins examined. The percentage of fluorescent cells de-
tected in these combinations was relatively low, ranging from 3% to
7%. One of the mutated Ac93 (L149/L152A) showed BiFC with only
Vps60. In contrast, fluorescence was not detected in Sf9 cells coex-
pressing Cm-fused L149/L154A and Nm-fused to each other of the
ESCRT-III proteins (Figs. S5A and B). Additionally, similar fluorescence
complementation was observed by reciprocal fusion of Nm with WT or
modified Ac93 proteins and Cm with ESCRT-III proteins (data not
shown). Taken together, the associations identified in coimmunopre-
cipitation analyses were consistent with those detected in the BiFC
studies. However, several associations that were negative in coimmu-
noprecipitation assays were detected by BiFC analyses. These included
the combinations of several ESCRT-III proteins (Vps2B, Vps24, Vps46,
and Vps60) with few or several modified Ac93 proteins (L146A, L149A,
L142/L145A, L142/L146A, L145/L146A, and L149/L152A) (Figs. S4
and S5, Table 1). Overall, these results suggest that L149 in the MIM1-
like motif of Ac93 is necessary for its association with the ESCRT-III
core proteins (Vps2B, Vps20, Vps24, and Snf7), whereas L146 and/or a
pair of leucines (L142 and L145) are required for the association of
Ac93 with Vps2B, Vps20, or Snf7 (Fig. 7A).

2.5. The MIM1-like motif is necessary for association of Ac93 with Ac76
and Ac103

Prior studies demonstrated that Ac93 associates with another two
baculovirus core proteins Ac76 and Ac103, which are required for
nuclear egress of progeny nucleocapsids and virus-induced intranuclear
microvesicles formation (Hu et al., 2010; Wang et al., 2019; Yuan et al.,
2008; Yue et al., 2018). To determine whether the leucine-to-analine
substitutions in MIM1-like motif of Ac93 affect the association of Ac93
with these two viral proteins, each of the HA-tagged WT or modified
Ac93 proteins in combination with Myc-tagged Ac76 or Ac103 were
coexpressed in Sf9 cells and analyzed by coimmunoprecipitation. Of the
12 modified Ac93 proteins examined, we found Ac76-Myc coimmuno-
precipitated with only L142A and L152A, whereas Ac103-Myc coim-
munoprecipitated with 6 modified Ac93 proteins (L142A, L145A,
L152A, L154A, L142/L145A, and L152/L154A) (Figs. S6A and B,
Table 1, data not shown). The immunoprecipitation results were also
confirmed by BiFC assay as describe earlier. In Sf9 cells coexpressing

Nm-fused Ac76 and each of the Cm-fused WT or mutant Ac93 proteins,
from 3% to 23% fluorescent cells was observed in combinations of
Ac76-Nm and WT Ac93 or 5 modified Ac93 proteins (L142A, L145A,
L152A, L154A, L152/L154A). In contrast, in coexpressed cells, WT
Ac93 and 7 modified Ac93 proteins (L142A, L145A, L149A, L152A,
L154A, L142/L145A, and L152/L154A) showed fluorescence com-
plementation (BiFC) with Ac103-Nm (Figs. S6C and D, Table 1).
Swapping the Nm and Cm domains of mCherry between the Ac93
proteins and Ac76 or Ac103 has no significant effect on the BiFC de-
tected from the combinations of these viral proteins (data not shown).
Taken together, these results suggest that two single leucine residues
(L146 and L149) and a pair of leucines (L142 and L145) in the MIM1-
like motif of Ac93 is necessary for its association with Ac76, whereas
only L146 in these critical leucines is required for the association of
Ac93 with Ac103 (Fig. 7A).

2.6. Cellular localization of self-association and the association of Ac93
with ESCRT-III/Vps4 and other viral proteins

Since the fluorescence generated from the complemented protein
complex, BiFC could be used to visualize the intrinsic locations of
specific protein associations or interactions (Miller et al., 2015). To
determine the cellular localization of self-association and the associa-
tions of Ac93 with ESCRT-III/Vps4 and viral proteins Ac76 and Ac103,
Sf9 cells were cotransfected with BiFC plasmids expressing Cm-fused
Ac93 and each of the Nm-fused ESCRT-III proteins or Vps4, Ac76 or
Ac103 and then subjected to analysis by confocal microscopy. Con-
sidering that Ac93 is localized mainly at the intranuclear ring zone
region in AcMNPV-infected cells (Yuan et al., 2011), Sf9 cells were also
cotransfected with a third plasmid expressing GFP-tagged laminB,
which was used as an indicator for the inner nuclear membrane (INM)
(Wei et al., 2016; Zhang et al., 2017). Additionally, because two leucine
residues (L146 and L149) in MIM1-like motif of Ac93 play critical roles
in mediating self-association and the association of Ac93 with other
proteins, the BiFC positive pairs of L146A-Cm or L149A-Cm and Nm-
fused ESCRT-III/Vps4 or Ac103 were also analyzed in parallel. As
shown in Fig. 3, the GFP-tagged laminB was evenly distributed at the
rim of hoechst-stained nucleus in cells expressing mCherry. In contrast,
GFP-laminB was showed in a punctate pattern at the rim of nuclei in
cells coexpressing Ac93-Cm and Ac93-Nm or Ac93-Cm and each of the
Nm-fused ESCRT-III proteins, Vps4 or Ac103. For the combination of
Ac93-Cm and Ac76-Nm, partial of the GFP-laminB was localized in the
nucleoplasm. The complemented fluorescence (BiFC) in cells coex-
pressing WT Ac93 in combination with ESCRT-III/Vps4 or viral proteins
also showed a punctate pattern in the cytoplasm and/or close to the
nucleus (Fig. 3, mCherry panel). For ESCRT-III/Vps4, the majority of
complemented mCherry fluorescence for a pair of Ac93 and Vps2B was
localized in the cytoplasm, with minor of the fluorescence distributing
close to the nuclear membrane. In contrast, however, the majority (for
pairs of Ac93-Vps24 and Ac93-Snf7) or partial (for pairs of Ac93-Vps20,
Ac93-Vps46, Ac93-Vps60, and Ac93-Vps4) the complemented mCherry
fluorescence was observed colocalizing with GFP-laminB at the rim of
nuclei. For viral proteins, the fluorescence complementation (BiFC) for
self-association and the association of Ac93 with Ac103 was completely
colocalized with GFP-laminB at the rim of nuclei. In contrast, in cells
coexpressing Ac76-Nm and Ac93-Cm, the BiFC fluorescence was ob-
served in the cytoplasm and at the rim of nuclei, with only a minority
colocalized with GFP-laminB. Similar distribution of complemented
mCherry fluorescence and GFP-laminB and the colocalization of these
two kinds of fluorescent signals were observed for the combinations of
Cm-fused L146A and Nm-fused ESCRT-III proteins (Vps2B and Vps24)
or Vps4 or Cm-fused L149A and Nm-fused ESCRT-III proteins Vps46 or
Vps60 or the viral protein Ac103 (Fig. 3, right panel). However, the
complemented mCherry fluorescence for pairs of L146A-Vps46, L146A-
Vps60, and L149A-Vps4 was observed nearly completely in the cyto-
plasm, different from that observed for WT Ac93 and those specific
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cellular proteins. These results suggest that self-association or the as-
sociation of Ac93 with the ESCRT-III proteins Vps24 and Snf7, or the
viral protein Ac103 were accumulated mainly at the nuclear mem-
brane, whereas the association of Ac93 with other ESCRT-III proteins,
Vps4, and the viral protein Ac76 were localized in the cytoplasm and at
the nuclear membrane. Additionally, single alanine substitution of L146
or L149 seems apparently alter the localization of association of mod-
ified Ac93 with ESCRT-III proteins Vps46, Vps60, or Vps4.

2.7. The MIM1-like motif of Ac93 is required for infectious BV production

In prior studies, Ac93 was found to be essential for infectious
AcMNPV BV production (Yuan et al., 2011). To determine whether the
mutations in MIM1-like motif of Ac93 affect the virus replication, we

generated an ac93 knockout AcMNPV bacmid (AcMNPV-ac93ko) and
then inserted a cassette containing individual ac93 mutant, polyhedrin,
and gfp into AcMNPV-ac93ko. The expression of Ac93 proteins were
directed by the native promoter of ac93, whereas the expression of
Polyhedrin and GFP were separately controlled by the promoter of
polyhedrin. After transfecting with the bacmid DNAs, Sf9 cells were
incubated for 24 and 96 h to monitor the transfection efficiency and
progression of viral infection by observing GFP and formation of
polyhedra. As shown in Fig. 4A, the number of GFP-positive cells at
24 h p.t. was similar in cells transfected with different bacmid DNAs,
with a percentage ranging from 18.6% to 22.3% (data not shown). This
result suggests that the transfection efficiencies for different bacmids
were equivalent. At 96 h p.t., the percentage of GFP-positive cells for a
control bacmid (WT) or the bacmid containing repaired WT ac93

Fig. 3. Cellular localization of self-association and the association of Ac93 with ESCRT-III/Vps4 and other viral proteins. Sf9 cells were cotransfected with
three plasmids, and two of them separately expressing Nm-fused ESCRT-III proteins, Vps4, or viral proteins and Cm-fused Ac93 or its mutant L146A or L149A, the
third plasmid expressing GFP-tagged laminB. The cells were cotransfected with two plasmids separately expressing mCherry and GFP-laminB were used as a control.
At 36 h p.t., the transfected cells were fixed and stained with Hoechst33258 and analyzed by confocal microscopy. Bar, 10 μm.
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(Ac93rep) was closely increasing to 100% with the appearance of
polyhedra in most of the cells (Fig. 4A, right two panels). In contrast,
however, the number of cells presenting GFP and polyhedra were sig-
nificantly decreased in cells transfected with a negative control bacmid
(AcMNPV-ac93ko) or the modified ac93 repaired bacmids (Fig. 4A, right
two panels). The expression of modified Ac93 proteins L142A, L145A,
L152A, L154A, and L152/L154A resulted in a significant but moderate
reduction of infectious AcMNPV BV production (about 10–100 fold) at
the early and late stages of virus infection (24 and 96 h p.t.) compared

to those of the WT Ac93 controls. In contrast, virus titers in super-
natants from cells expressing L146A, L149A or other mutations con-
taining these two sites or L142/L145A were dramatically decreased,
with negative detection of infectious BV at 24 h p.t. and close to or
more than 1000 fold reduction at 96 h p.t. (Fig. 4B).

To more thoroughly determine the effect of modification of Ac93 on
AcMNPV replication, we performed a multistep growth curve analysis.
As shown in Fig. 5, infectious BV production from viruses expressing
L142A, L145A, L152A, L154A, or L152/L154A was significantly lower

Fig. 4. Effects of mutations in MIM1-like motif of Ac93 on infectious AcMNPV production. Sf9 cells were transfected with the ac93 knockout bacmid (indicated
as Ac93ko) or each of the WT or mutant ac93 repaired bacmids or a control bacmid (WT). At 24 and 96 h p.t., the GFP-positive cells (left two panels) and the presence
of polyhedra (the right panel) were photographed using epifluorescence microscopy (A), the infectious virus production were determined by a TCID50 assay (B). Error
bars indicate standard deviations from the mean of three replicates. *, P < 0.05, **, P < 0.005, ****, P < 0.00005 (by unpaired t-test).
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than those fromWT or WT Ac93 repaired viruses at any time point post-
infection (p.i.). Similar effects, but with a more dramatic reduction of
infectious virus, were observed for other modified Ac93 repaired
viruses (L146A, L149A, L142/L145A, L142/L146A, L145/L146A,
L149/L152A, and L149/L154A) (Fig. 5A and B). It is worth noting that
the infectious virus titers for constructs L146A, L149A or other muta-
tions containing these sites or L142/L145A could not be detected at
24 h p.i. by TCID50 assays. Combined, these results indicated that the
leucine residues in MIM1-like motif of Ac93 are required for optimal
infectious AcMNPV budded virions production and that L146 and L149
were more important than others (L142, L145, L152, and L154).

2.8. The MIM1-like motif of Ac93 is required for nuclear egress of
nucleocapsids and intranuclear microvesicles formation

Since Ac93 is essential for nucleocapsids egress from nuclear
membrane and the formation of virus-induced intranuclear micro-
vesicles (Yuan et al., 2011), the defect of infectious BV production in
cells expressing the modified Ac93 proteins might result from less ef-
ficient egress of nucleocapsids across the nuclear membrane. To ex-
amine this possibility, we transfected Sf9 cells with the bacmids in-
dividually expressing WT Ac93, L146A, or L149A and then analyzed the
egress of nucleocapsids and intranuclear microvesicles formation by
transmission electronic microscopy at 72 h p.t. AcMNPV-ac93ko was
used as a negative control. As shown in Fig. 6, we observed a typical
electron-dense virogenic stroma (VS) embraced with normal rod-
shaped progeny nucleocapsids in cells transfected with a AcMNPV-
ac93ko bacmid or the bacmids expressing WT Ac93, L146A, or L149A
(Fig. 6A, panel a). Typical bundles of nucleocapids surrounded with
large amounts of intranuclear microvesicles (IMs) (Fig. 6A, panel b),
assembly of ODVs by IMs (Fig. 6A, panel b, the inserted small panel),
and polyhedra containing mature virions (Fig. 6A, panel c) were ob-
served in the nuclear ring zone region in cells expressing WT Ac93. In
contrast, however, the virus-induced intranuclear microvesicles were
absent in cells expressing L146A or L149A, similar to that observed in
cells transfected with the ac93 knockout bacmid (Yuan et al., 2011)
(Fig. 6A, panel b, L146A, L149A, and Ac93ko). Although bundles of
nucleocapsids were rarely found in the ring zone region in these cells
(Fig. 6A, the inserted small panel in panel b, L146A, L149A, and
Ac93ko), we did not observe the envelopment of those nucleocapsids
and assembly of them into polyhedra (Fig. 6A, panels b, c, L146A,

L149A, and Ac93ko). In addition, progeny nucleocapsids were observed
budding through nuclear membranes and in the cytoplasm in cells ex-
pressing WT or modified Ac93 proteins (Fig. 6A, panel d, Ac93rep,
L146A, and L149A). However, the number of nucleocapsids found in
egress from the nuclear membrane (within the cytoplasm and budding
through the nuclear membrane) were substantially reduced in cells
expressing L146A or L149A compared with that in cells expressing WT
Ac93 (Fig. 6B). Combined, our analyses of infectious virus release and
TEM of nucleocapsids suggest that the negative effect of Ac93 mutants
on infectious AcMNPV production may result from a lower efficiency of
progeny nucleocapsid egress from host cell nuclear membranes. Ad-
ditionally, leucine-to-alanine substitution mutations in MIM1-like motif
of Ac93 abolished the formation of virus-induced intranuclear micro-
vesicles and ODV virions assembly.

3. Discussion

The ESCRT system is an ancient protein machine that mediates
versatile membrane deformation and scission (Campsteijn et al., 2016;
Guizetti and Gerlich, 2012; Hurley, 2015; Vietri et al., 2016). In in-
fected cells, this cellular machinery is usurped by many enveloped and
non-enveloped viruses for their efficient budding and release (Votteler
and Sundquist, 2013). In some cases, it is also involved in virus entry
(Silva-Ayala et al., 2013; Yue et al., 2018). Previous studies demon-
strated that ESCRT-III and Vps4 are required for nuclear egress of
progeny nucleocapsids of AcMNPV (Yue et al., 2018). However, how
these cellular proteins are recruited to the nuclear membrane and their
roles in nuclear egress of progeny nucleocapsids and ODV assembly are
not clear. In the current study, we found that Ac93 homologs, core
proteins of baculoviruses (Rohrmann, 2019), contain an MIM1-like
motif. Many mutations in this motif disrupted the association of Ac93
with ESCRT-III/Vps4 and other core viral proteins resulted in a re-
markable impact on nuclear egress of progeny nucleocapsids and the
formation of intranuclear microvesicles. These results extend our prior
observations that the association of Ac93 with other viral proteins may
form a complex to recruit cellular ESCRT-III/Vps4 (Yue et al., 2018).

3.1. MIM1-like motif contributes to self-association and the association of
Ac93 with ESCRT-III/Vps4 and other viral proteins

In the ESCRT pathway, ESCRT-III subunits share a similar domain

Fig. 5. Multistep growth curve analysis of infectious AcMNPV production. Sf9 cells were infected with WT or mutant ac93 repaired viruses or a control virus
(WT) at 0.01 MOI. At the time points indicated, the cell culture supernatants were collected and viral titers were determined by a TCID50 assay on Sf9 cells. Error bars
indicate standard deviations from the means of three replicates.
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organization, i.e., the N-terminal four helices (α1-α4) forms the core of
the protein and mediate membrane binding and homo- or hetero-
dimerization, whereas the C-terminal region that includes helix α5 and
an MIM motif folds against the N-terminal helices α1 and α2 to lock the
protein and inhibit homo- or heterodimerization of ESCRT-III proteins
(Bajorek et al., 2009; Lata et al., 2008). In addition to its important role
in dimerization of ESCRT-III subunits, the short MIM element also
serves as a flexible adaptor for selectively recruiting MIT-domain-con-
taining proteins (Kieffer et al., 2008; Obita et al., 2007; Saksena et al.,
2009; Stuchell-Brereton et al., 2007). During the membrane scission
reaction, the inactivated monomers of ESCRT-III proteins rearrange to

release the autoinhibition and assemble into polymers at membrane
budding sites to constrict the membrane (Carlson et al., 2015; Guizetti
and Gerlich, 2012; Vietri et al., 2016). At the final stage of membrane
scission, ESCRT-III polymers are disassembled by the ATPase Vps4 to
recycle the subunits (Franquelim and Schwille, 2017; Saksena et al.,
2009). The recruitment of Vps4 to budding sites is mediated by the
interaction of MIM motifs of ESCRT-III proteins and the N-terminal MIT
domain of Vps4 (Kieffer et al., 2008; Obita et al., 2007; Stuchell-
Brereton et al., 2007). Recently, several types of MIM motifs (MIM1-5)
in ESCRT-III proteins have been identified to bind to distinct sites
within the same or different MIT domains. In these MIMs, MIM1, an

Fig. 6. TEM analysis of Sf9 cells transfected
with ac93 knockout AcMNPV bacmid DNAs
expressing modified Ac93 proteins. (A) Sf9 cells
were transfected with ac93 knockout AcMNPV
bacmid (Ac93ko) or the ac93 knockout bacmids
expressing WT Ac93 (Ac93rep), Ac93 mutants
L146A, or L149A. At 72 h p.t., the cells were fixed
and analyzed by transmission electronic micro-
scopy. The nuclear membrane (NM) and nucleo-
capsids (white arrows) are indicated. Cyt, cyto-
plasm; IM, intranuclear microvesicle; VS,
virogenic stroma. (B) The number of egress nu-
cleocapsids was determined, and these include
those residing in the cytoplasm and budding
through the nuclear membrane. Totally, 15 cells
were calculated for each construct. Bar, 500 nm
****, P < 0.00005 (by unpaired t-test).
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amphipathic helix with the consensus sequence as D/ExxLxxRLxxL(K/
R) (x represents any other residue), was found to mediate the interac-
tion of Vps2 or CHMP1 with the helices α2 and α3 in the MIT domain of
Vps4 (Obita et al., 2007), whereas MIM2, with a proline-rich core
consensus sequence (L/V)Px(V/L)P (x represents a hydrophilic re-
sidue), binds to helices α1 and α3 of the Vps4 MIT domain (Kieffer
et al., 2008; Stuchell-Brereton et al., 2007). MIM3 adopts a specific
mode to mediate a large interaction interface between CHMP1B and the
helices α1 and α3 of the MIT domain of spastin, a microtubule serving
ATPase (Yang et al., 2008). MIM4 is mainly composed of polar residues
(E203xxxExxΦxxΦxxRLxTLR221) (x and Φ represent any other residue
or a hydrophobic residue, respectively) that was identified in a complex
of human CHMP3 and the MIT domain of the deubiquitinating enzyme
AMSH (Solomons et al., 2011). MIM5, residues 140–186 of S. cerevisiae
Vps60, forms polar and hydrophobic interactions with the second MIT
domain of Vta1, which functions in regulating the activation of Vps4
(Yang et al., 2012).

Recently, we found that Ac93, which is a core protein encoded by all
sequenced baculovirus genomes (Rohrmann, 2019), interacts with itself
and with other core viral proteins Ac76 and Ac103, and also associates
with ESCRT-III proteins (Vps2B, Vps20, Vps24, Snf7, Vps46, and
Vps60) and Vps4 (Yue et al., 2018). In Ac93 family, the amino acid
sequences of the members are variable (Fig. S1). Predicted structure
analysis indicated that Ac93 contains six alpha-helices (α1-α6), similar
with the domain organization of ESCRT-III proteins (Campsteijn et al.,
2016; Teis et al., 2008). The C-terminal amphipathic helix α6 is rela-
tively conserved in Ac93 proteins with six highly conserved leucine
residues (L142, L145, L146, L149, L152, and L154 in Ac93) (Fig. 1A).
Intriguingly, amino acid sequence alignment indicated that helix α6 of
Ac93 is closely related to the MIM1 motif of ESCRT-III proteins (Fig. 1B
and C). Three conserved leucine residues (L187, L191, and L194 of
humans CHMP1A) in MIM1 of ESCRT-III proteins were parallel aligned
with L142, L146, and L149 in helix α6 of Ac93 (Fig. 1C). Prior structure
studies have demonstrated that the three leucines in MIM1 of ESCRT-III
proteins form the hydrophobic contacts with the MIT domain of Vps4
(Obita et al., 2007). To determine whether the leucine residues in
MIM1-like motif of Ac93 may be required for self-association or inter-
action of Ac93 with ESCRT-III/Vps4 or other viral proteins, we made
leucine-to-alanine substitution constructs of Ac93 and examined the
associations of modified Ac93 with viral or host proteins in coimmu-
noprecipitation and BiFC assays. We found that substitution of six
leucine residues with alanine (single or pairwise) did not affect the
expression of the modified Ac93 proteins (Fig. 1E). However, single
alanine substitution of L146 or L149 or double alanines substitution of
L142 and L145 abolished the self-association of the Ac93 proteins (Fig.
S2, Table 1). Further analysis revealed that Ac93 could associate with
the separated domains of Vps4, i.e. with the N-terminal MIT domain
and the C-terminal region that contains a short linker, the ATPase
cassette, and a small helix C (Fig. 2 and S3). Because the percentage of
complemented fluorescent (BiFC) cells in combination of Ac93 and
dMIT or Ac93 and MIT were significantly reduced, this suggests the
associations of Ac93 with the MIT domain and with the C-terminal
region of Vps4 are coordinated together. Removal of MIT domain of
Vps4 still maintained but at reduced levels of association of the trun-
cated Vps4 with L146A, L149A or L142/L145A. However, the BiFC
fluorescence was not detected in cells coexpressing these constructs of
Ac93 and the MIT domain of Vps4 (Fig. 2). These results indicate that
the four leucine residues (L142, L145, L146, and L149) were directly
involved in mediating the association of Ac93 with the MIT domain of
Vps4. Taken together with the identification of these leucines as critical
residues for association of Ac93 with ESCRT-III proteins and viral
proteins Ac76 and Ac103 (Figs. S4-S6, 7A, Table 1), these findings
suggest that functions of the MIM1-like motif of Ac93 may be similar
with that of MIM1 motif in cellular ESCRT-III proteins.

3.2. Self-association and the association of Ac93 with ESCRT-III/Vps4 and
other viral proteins occur mainly at the nuclear membrane

Since high-resolution microscopical studies have demonstrated that
the recruitment of ESCRT-III subunits and Vps4 to membrane scission
sites transiently occurs in a few minutes (Vietri et al., 2015), we used
the BiFC assay, which can capture transient interactions (Miller et al.,
2015), to determine the cellular localization of self-association and the
association of Ac93 with ESCRT-III/Vps4 and other viral proteins. A
GFP-tagged laminB was coexpressed in cells to indicate the nuclear
membrane as reported previously (Wei et al., 2016; Zhang et al., 2017).
Confocal microscopy imaging analysis indicated that the association of
Ac93 with ESCRT-III components and Vps4 resulted in a punctate lo-
calization pattern of GFP-laminB at the rim of nuclei. Intriguingly, al-
though the association of Ac93 with the ESCRT-III subunits Vps2B,
Vps20, Vps46, and Vps60 or with Vps4 was slightly or partially colo-
calized with the GFP-laminB, most of the fluorescence (BiFC) generated
from the association of Ac93 with ESCRT-III protein Snf7 or Vps24 was
observed in colocalizing with that of GFP-laminB at the rim of nuclei
(Fig. 3). In yeast and mammals, the ESCRT-III complex composed of
mainly four core proteins Vps2, Vps20, Vps24, and Snf7 (corresponding
orthologs in mammals are CHMP2, CHMP6, CHMP3, and CHMP4, re-
spectively) (Henne et al., 2011). Sequentially, Vps20 binds initially to
lipid membrane and nucleates oligomerizaiton of Snf7, which builds the
main membrane constriction filament. Vps24 caps the Snf7 polymer
and recruits Vps2, which in turn interacts with Vps4 and initiate dis-
assembly of the ESCRT-III complex (Saksena et al., 2009; Teis et al.,
2008). The other two ESCRT-III proteins, Vps46 and Vps60 (CHMP1
and CHMP5 in mammals), coordinate with the other ESCRT-III proteins
to recruit and activate Vps4 (Campsteijn et al., 2016). Our previous
studies indicated that ESCRT-III proteins (Vps2B, Vps24, Snf7, Vps46,
and Vps60) and Vps4 are required for efficient egress of AcMNPV, with
a dominant role of Vps24, Snf7, and Vps4 in nuclear egress of progeny
nucleocapsids (Yue et al., 2018). The nuclear membrane localization of
the association of Ac93 with ESCRT-III components and Vps4 in
transfected cells further uncovers the potential roles of Ac93 in re-
cruiting of ESCRT-III/Vps4 to nuclear membrane during AcMNPV in-
fection. Similar, but possibly different, recent studies demonstrated that
ESCRT-III core components and Vps4 were recruited to nuclear mem-
branes and participate in sealing the nuclear envelope during mitosis
and clearing defective nuclear pore complex intermediates in main-
tenance of nuclear compartmentalization (Olmos et al., 2015; Webster
et al., 2014).

Additionally, self-association and the association of Ac93 with
Ac103 also resulted in a punctate distribution of GFP-laminB at the rim
of the nucleus, the fluorescence generated from these two viral proteins
complemented complex was completely colocalized with that of GFP-
laminB. In contrast, however, association of Ac93 with Ac76 seems to
release partial of GFP-laminB within the nucleus. Additionally, only
tiny of the complemented fluorescence (BiFC) of the two viral proteins
were found to be colocalized with GFP-laminB at the rim of nuclei.
Ac76 and Ac103 homologs are encoded by the viruses from Alpha-,
Beta-, and Deltabaculovirus genera (Rohrmann, 2019). Deletion of these
genes from the AcMNPV genome does not affect viral DNA replication.
However, the defect of nuclear egress of nucleocapsids, intranuclear
microvesicle formation, or ODV assembly was observed in cells trans-
fected with bacmids containing knockouts of ac76 and ac103 (Hu et al.,
2010; Wei et al., 2014; Yuan et al., 2008). Prior TEM observations
showed that Ac76 and Ac103 are both localized at the plasma mem-
brane, inner and outer nuclear membrane (INM and ONM), virus-in-
duced intranuclear microvesicles, and ODV envelopes (Wang et al.,
2019; Wei et al., 2014). Considering the infection of AcMNPV leads to
invagination and disruption of the nuclear lamina and redistributes the
localization of laminB to virus-induced intranuclear microvesicles and
the envelope of ODVs (Zhang et al., 2017), these results suggest that the
interactions among these three viral proteins (Ac76, Ac93, and Ac103)
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may involve forming a complex, which coordinates with ESCRT-III/
Vps4 to induce the rearrangement or disruption of nuclear lamina.

3.3. Roles of MIM1-like motif in AcMNPV infection

In AcMNPV-infected cells, substantial quantities of infectious BV are
produced at 24 h postinfection (Chen et al., 2013; Rohrmann, 2019).
The progeny nucleocapsids destined to form BV egress from the nuclear
membrane and are transported to and bud at the plasma membrane to
form mature budded virions. The other nucleocapsids are retained in
the nucleus and are enveloped by intranuclear microvesicles, which are
derived from INM, to form ODV (Blissard and Theilmann, 2018;
Braunagel and Summers, 1994, 2007; Shi et al., 2015). ODV virions are
further assembled into the polyhedra matrix (Rohrmann, 2019). In Sf9
cells transfected with ac93 knockout bacmids individually expressing
leucine-to-alanine substitutions in MIM1-like motif of Ac93, we ob-
served a reduced production of infectious BV at early and late stages of
virus infection (24 and 96 h p.t.). A substantial reduction of infectious
BV was observed for L142/L145A, L146A, L149A, or other pairwise
mutations containing either of L146A or L149A. A less dramatic re-
duction of BV production was observed in cells expressing L142A,
L145A, L152A, L154A, or L152/L154A (Fig. 4). Similar reduction was
also observed in a multistep growth curve analysis (Fig. 5). Further
analysis by transmission electronic microscopy suggested that the de-
fect of infectious BV production in the presence of L146A or L149A may
result from the defect of nucleocapsids egress from the nuclear mem-
brane (Fig. 6). In a prior proposed model, we hypothesized that the
association of Ac93 with Ac76 and Ac103 may coordinate with other
viral proteins to form an “egress complex” in recruiting ESCRT-III/Vps4
for efficient release of nucleocapsids from the nuclear membrane (Yue
et al., 2018). In support of this model, our current studies indicate that
disrupting the association of Ac93 with ESCRT-III/Vps4 or with Ac76
and Ac103 hinders nuclear egress of progeny nucleocapsids. Based on
our observations and previous studies of the viral proteins and ESCRT-
III/Vps4 in AcMNPV infection, we hypothesize that the early associa-
tion of Ac93 with Ac76 and Ac103 at the nuclear membrane may dis-
rupt nuclear lamina and induce the nuclear membrane protrusion. In
addition to initiating membrane budding, the viral proteins complex
(Ac76-Ac93-Ac103, possibly other viral proteins) may recruit ESCRT-III
core components (Vps2B, Vps20, Vps24, and Snf7) to the membrane
budding site and promote the formation of Snf7 polymers, which con-
strict the budding nuclear membranes. At the late stage of membrane
scission, the viral proteins complex (Ac93-Ac103, possibly other viral
proteins) may associate with Vps4 via the interaction of MIM1-like
motif of Ac93 and the MIT domain of Vps4 and recruit the Vps4 com-
plex to membrane sites, where it catalyzes the ESCRT-III complex and
releases the vesicle containing progeny nucleocapsids into cytoplasm
(Fig. 7B)..

As described above, in addition to its important role in nuclear
egress of nucleocapsids, Ac93 is also required for virus-induced intra-
nuclear microvesicles formation (Yuan et al., 2011). Observations from
transmission electronic microscopy indicated that virus-induced intra-
nuclear microvesicles were absent in cells expressing L146A or L149A
(Fig. 6). Since the invagination of INM to form IMs is topologically si-
milar with that of MVBs formation during endosomal trafficking
(Hanson and Cashikar, 2012), these results suggest that the association
of Ac93 with ESCRT-III/Vps4 and other viral proteins are also necessary
for IMs formation. Recently, another viral core protein Ac75 was found
to be required for nuclear egress of nucleocapsids and virus-induced
IMs formation and the association of Ac75 and Ac76 was localized at
the nuclear membrane (Shi et al., 2018). Future studies will be neces-
sary to identify if the MIM1-like motif is a common element used by
baculovirus proteins to recruit ESCRT-III/Vps4 and how these viral and
cellular proteins work together to remodel nuclear membranes during
baculovirus infection.

4. Materials and methods

4.1. Cells, transfection, and infection

Spodoptera frugiperda Sf9 cells were cultured at 27 °C in TNM-FH
medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific). Cells in 6-well plates (1 × 106 cells
per well) or 12-well plates (2 × 105 cells per well) were transfected
with plasmid or bacmid DNA by using a CaPO4 precipitation method
(Blissard and Wenz, 1992). For virus infection, virus inoculums were
incubated with cells for 1 h. After removing the inoculum, cells were
washed once with TNM-FH medium. Times post-infection (p.i.) were
calculated from the time the viral inoculum was added.

4.2. Site-directed mutagenesis and construction of plasmids

All of the PCR primers are listed in Table 2. Site-directed muta-
genesis was performed with overlap PCR using Ac93-HApBlue (Guo
et al., 2017) as the template to introduce single or double leucine-to-
alanine substitutions into Ac93. The truncated forms of Vps4 were
amplified by PCR using Vps4-gfppBlue (Li and Blissard, 2012). Each of
the PCR products was digested with XbaI and EcoRI and inserted into
different vectors HA-NmpBlue, Myc-CmpBlue, pIE-MCS-HA, or pIE-
MCS-Myc to generate the bimolecular fluorescence complementation
(BiFC) and coimmunoprecipitation expression plasmids as described
previously (Guo et al., 2017). The open reading frame (ORF) of laminB
was isolated from Sf9 cells by reverse transcription (RT)-PCR using the
RNAiso plus kit and PrimeScriptTM RT reagent kit (TaKaRa). The frag-
ment was cloned into BamHI and ScaI sites of pIEnGFP to generate GFP-
LaminBpBlue. The mCherry expression plasmid pIEmCherry was gen-
erated by insertion the ORF of mCherry that was amplified from
mCherryGUS-gp64ko (Li and Blissard, 2012) into the XbaI and EcoRI
sites of pIE (Guo et al., 2017). All constructs were verified by DNA
sequencing. The plasmids for transfection were purified by using a
Midiprep kit (Invitrogen).

4.3. Construction of ac93 knockout and repair bacmids

The ac93 knockout AcMNPV bacmid (bMON14272-ac93ko) con-
taining the ORF of the chloramphenicol resistance gene (Cm) between
the AcMNPV genome region (nucleotides 79693 to 79755) to substitute
a 61 bp fragment within the ORF of ac93 was generated by ET homo-
logous recombination as described previously (Yuan et al., 2011). To
construct a donor plasmid containing polyhedrin and gfp, the promoter
and ORF of polyhedrin were PCR amplified (primers see Table 2) with
AcMNPV bacmid DNA as the template. PCR products were digested
with SacI and XbaI (the polyhedrin promoter fragment) or XbaI and
EcoRI (polyhedrin ORF). The fragments of polyhedrin promoter and ORF
were inserted into GFPpBlue (Li and Blissard, 2012) (Note: the XhoI site
in GFPpBlue was removed by insertion of a small fragment generated by
annealing primers pBluXF and pBuxR between KpnI and HindIII sites)
to generate Ppro-GFPpBlue and Ppro-polyhedrinpBlue. For generating a
transfer vector GP64-MCSpFB, the plasmid GP64pFB (Li and Blissard,
2008) was digested with HindIII and ScaI and ligated with annealed
primers containing a multiple cloning site (5′AGCTTACTCGAGTACCG
CGGTTATGCGGCCGCAGT3′). After removing the promoter and ORF of
gp64 from GP64-MCSpFB with KpnI and HindIII, a fragment containing
the promoter of polyhedrin, the ORF of gfp, and the poly(A) sequence of
gp64 was inserted into the KpnI and HindIII locus and generated the
plasmid Ppro-GFP-MCSpFB. Finally, a fragment containing the pro-
moter and ORF of polyhedrin was isolated from Ppro-polyhedrinpBlue
with XhoI and NotI and then inserted into the same enzyme sites in
Ppro-GFP-MCSpFB to produce the donor plasmid GFP-polyhedrinpFB.

To generate the ac93 repair bacmid, a 300 bp fragment of the ac93
promoter was amplified by PCR with AcMNPV bacmid DNA and then
inserted into the SacI and XbaI sites in X-HApBlue (X represents WT or
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mutated ac93) to replace the ie1 promoter to produce the plasmid
Pac93-X-HApBlue. Each of the fragments containing the promoter of
ac93, the ORF of WT or mutated ac93, an HA-tag, and the poly(A) se-
quence of gp64 was isolated from Pac93-X-HApBlue with SacI and KpnI
and inserted into the same enzyme sites of GFP-polyhedrinpFB to
generate the donor plasmid Pac93-X-HA-GFP-polyhedrinpFB. Each of
the donor plasmids was transformed into E. coli DH10B cells containing
the helper plasmid pMON7124 and the ac93 knockout bacmid
(bMON14272-ac93ko) by site-specific transposition as described pre-
viously (Luckow et al., 1993). To generate the control bacmids, the
donor plasmid GFP-polyhedrinpFB was transformed into DH10B cells
containing the helper plasmid pMON7124 and bMON14272-ac93ko or
bMON14272 bacmid to produce the ac93 knockout bacmid (AcMNPV-
GFP-ac93ko) or the positive control bacmid (AcMNPV-GFP) expressing
Polyhedrin and GFP, respectively. All constructs were confirmed by
DNA sequencing. The bacmid DNA were extracted by using a Midiprep
kit (Invitrogen).

4.4. Coimmunoprecipitation

Sf9 cells in 6-well plates were transfected or cotransfected with the
plasmids expressing HA- and/or c-Myc-tagged WT or mutant Ac93, or
HA-tagged WT or mutant Ac93 and/or c-Myc-tagged ESCRT-III proteins
(Vps2B, Vps20, Vps24, Snf7, Vps46, and Vps60), Vps4, or viral proteins
(Ac76, and Ac103) (4 μg of each plasmid in each well). At 36 h p.t., the
transfected cells were collected and lysed in RIPA buffer (50 mM Tris

pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.1% SDS, 0.5% sodium deox-
ycholate, 1% NP-40) containing the complete protease inhibitor cock-
tail (Roche Applied Science) at 4 °C for 10 min. Then, the supernatant
was collected by centrifugation (4 °C, 15,000 g, 15 min). For im-
munoprecipitation, the lysate supernatants were mixed with anti-HA
MAbs (Abbkine) at 4 °C for 4 h, then the mixture was incubated with
Protein G agarose beads (Pierce Protein Biology, Thermo Fisher
Scientific) overnight at 4 °C by gently shaking. After pelleting and
washing twice with RIPA buffer, the agarose beads were resuspended
with 2xSDS-PAGE gel loading buffer (4% SDS, 20% glycerol, 4% β-
mercaptoethanol, 0.04% bromophenol blue, 100 mM Tris, pH 6.8), and
heated at 100 °C for 5 min, and analyzed in 10% or 15% SDS-PAGE and
Western blotting.

4.5. Bimolecular fluorescence complementation (BiFC) assay

The mCherry-based BiFC assay was performed as described pre-
viously (Guo et al., 2017). Briefly, Sf9 cells in 12-well plates were co-
transfected with a pair of plasmids (2 μg of each plasmid per well)
expressing the specific protein fused with the N- or C-terminal domain
of mCherry (Nm and Cm). At 36 h p.t., bimolecular fluorescent com-
plementation was examined by observing mCherry fluorescence in
transfected cells with an epifluorescence microscope (Nikon Eclipse Ti).
In five randomly selected representative fields, the numbers of
mCherry-positive cells were calculated for each pair of constructs. The
protein pair interactions were estimated by the percentage of the

Fig. 7. A schematic model of the association of
Ac93 with other proteins and their potential
roles in nuclear egress of progeny nucleo-
capsids. (A) A schematic diagram summarizes the
contribution of four critical leucines (L142, L145,
L146, and L149) in MIM1-like motif of Ac93 to
self-association and the association of Ac93 with
ESCRT-III core proteins, Vps4 and other viral
proteins (Ac76 and Ac103). MIT, microtubule-in-
teracting and transport domain. (B) The hypothe-
tical roles of the association of Ac93 with ESCRT-
III/Vps4 and other viral proteins in nuclear egress
of progeny nucleocapsids. (a) In AcMNPV-infected
cells, the association of Ac93 with Ac76 and Ac103
at the nuclear membrane may form a complex that
induces the disruption of lamina. Ac76 interacts
with Ac103, which may form a complex that in-
teracts with nucleocapsid-associated proteins
(such as Ac75 and Ac146), to target the progeny
nucleocapsids close to the budding region. (b)
Clustering of the viral protein complex (Ac76-
Ac93-Ac103, and possibly other viral proteins)
may initiate the nuclear membrane protrusion and
assembly of progeny nucleocapsids in the mem-
brane budding site. (c) The viral protein complex
(Ac76-Ac93-Ac103, and possibly other viral pro-
teins) may recruit ESCRT-III core components
(Vps2B, Vps20, Vps24, and Snf7) to the budding
site and lead to assembly of the Snf7 polymer that
constricts the nuclear membrane. (d) Late in the
membrane fission, the viral protein complex
(Ac93-Ac103) may recruit Vps4 and its regulators
(ESCRT-III proteins Vps46 and Vps60) to the
budding site to form the activated Vps4 complex,
which disassembles the ESCRT-III complex and
promotes releasing of the double-membraned ve-
sicle containing the progeny nucleocapsid and re-
cycling of ESCRT-III components. Cyt, cytoplasm;
INM, inner nuclear membrane; ONM, outer nu-
clear membrane; VPs, other viral proteins.
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number of fluorescent cells in the field compared to the total number of
cells in that field as described previously (Guo et al., 2017; Webster
et al., 2014). Expression of the target proteins was confirmed in
transfected cells by Western blot analysis.

4.6. Confocal microscopy and imaging

Sf9 cells grown on glass coverslips in 12-well plates were co-
transfected with GFP-laminBpBlue and pIEmCherry or GFP-

laminBpBlue and the BiFC plasmid pairs (2 μg of each plasmid). At 36 h
p.t., the transfected cells were fixed with 3.7% paraformaldehyde for
10 min and then were permeabilized with 0.05% Triton X-100 for
1 min. After washing twice with PBS (pH7.4), the cell nuclei were
stained with Hoechst33258 (1 μg/ml in PBS, Invitrogen). Images were
collected on a Leica TCS SP8 confocal microscope (Leica Microsystems
Inc.) with a 63 × oil immersion objective (NA 1.4). GFP and mCherry
signals were collected separately from the Hoechst33258 signal and
later superimposed. Images were processed using ImageJ software and
Adobe Photoshop CS5 (Adobe Systems).

4.7. Virus infection assay

Sf9 cells in 6-well plates were transfected with ac93 repair bacmids
or the control bacmids (AcMNPV-GFP-ac93ko and AcMNPV-GFP) (4 μg
of each bacmid). At 24 and 96 h p.t., GFP fluorescence and the presence
of polyhedra in transfected cells was photographed under an epi-
fluorescence microscope (Nikon Eclipse Ti) to evaluate the transfection
efficiency and virus infection. The cell supernatants were collected at
24 and 96 h p.t. and infectious virus titers were determined by TCID50

assays on Sf9 cells.

4.8. Multistep growth curve analysis

Sf9 cells in 12-well plates were infected with recombinant viruses
expressing WT or mutant Ac93 proteins at an MOI of 0.01 for 1 h. The
inoculum was removed and the cells were rinsed once with TNM-FH
medium and then maintained at 27 °C. After 24, 36, 48, 60, 72, 96, and
120 h of incubation, the cell culture supernatant was collected and the
infectious virus production was determined by a TCID50 assay.

4.9. Transmission electron microscopy

Sf9 cells in 6-well plates were transfected with WT or mutant Ac93
repair bacmid or ac93 knockout bacmid (AcMNPV-GFP-ac93ko) (4 μg of
each bacmid). At 72 h p.t., the cells were collected by centrifugation
(4 °C, 500 g, 5 min) and fixed with 2.5% glutaraldehyde in phosphate
buffered saline (PBS, pH 7.4) overnight at 4 °C. After washing five times
with sodium phosphate buffer (0.1 M, pH 7.2), the cells were post-fixed
with 1% osmium tetroxide in sodium phosphate buffer (0.2 M, pH 7.2)
at 4 °C for 80 min and then dehydrated stepwise with a gradient of
ethanol (30–100%). The samples were then embedded in Epon-812 and
dried at 60 °C for 48 h. Ultrathin sections were prepared and stained
with 2% lead citrate and 2% uranyl acetate. Images were collected with
a JEOL JEM-1230 transmission electron microscope (JEOL, Tokyo,
Japan) with an accelerating voltage of 80 kv.

4.10. Western blot analysis

The transfected Sf9 cells were lysed in Triton X-100 lysis buffer
(150 mM NaCl, 0.1% Triton X-100, 50 mM Tris, pH 8.0) containing the
complete protease inhibitor cocktail (Roche Applied Science) and
analyzed by 10% or 15% SDS-polyacrylamide gels. After transferring
the proteins to polyvinylidene difluoride (PVDF) membrane (0.45 μm,
Millipore), c-Myc epitope-tagged proteins were detected with an anti-
Myc PAb (GenScript). GFP or HA epitope-tagged proteins, mCherry
were separately detected with anti-GFP, anti-HA, or anti-mCherry MAbs
(Abbkine). Alkaline phosphatase-conjugated anti-mouse or anti-rabbit
IgG was used as the secondary antibodies and the immunoreactive
protein bands were visualized using the substrate 5-bromo-4-chloro-3-
indolylphosphate/nitroblue tetrazolium (BCIP/NBT, Promega).
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Table 2
PCR primers.

Primer purpose and
name

Sequence (5′ to 3′)

Construction of ac93 knockout AcMNPV bacmid
Ac93US1 GAGCTCCCCATATGGTAGTAAACGT
Ac93US2 GGATTCGCACCAAGTGTTTGTATACT
Ac93DS1 CTGCAGGACATATGTGCATTTGGTCGA
Ac93DS2 AAGCTTGCGCGTCATGGTTACATTAC
catF GGATCCGTGTAGGCTGGAGCTGCTTC
catR CTGCAGCATATGAATATCCTCCTTAG
Construction of site-mutation constructs of Ac93
142AF GCTAGCGTCCTTTTGAAACATTTGCACA
142AR TTTCAAAAGGACGCTAGCATTATCGTTTTCCCAATTGAC
145AF GCACTCAAGCATTTGCACAACCTAAATCTC
145AR GTGCAAATGCTTGAGTGCTACACTTAAATTATCGTTTTC
146AF GCAAAGCACTTGCACAACCTAAATCTCAT
146AR GTTGTGCAAGTGCTTTGCAAGTACACTTAAATTATCGTT
149AF GCACATAATCTAAATCTCATTGGAATTGAA
149AR GAGATTTAGATTATGTGCATGTTTCAAAAGTACACTTAA
152AF GCTAACTTGATTGGAATTGAAATTGTAAAT
152AR AATTCCAATCAAGTTAGCGTTGTGCAAATGTTTCAAAAGT
154AF GCTATAGGTATTGAAATTGTAAATGAATTCATT
154AR AATTTCAATACCTATAGCATTTAGGTTGTGCAAATGTTTC
142-145AF GCTAGCGTCGCATTGAAACATTTGCACAACCTA
142-145AR TTTCAATGCGACGCTAGCATTATCGTTTTCCCAATTGAC
142-146AF GCTAGCGTCCTCGCTAAACATTTGCACAACCTAAAT
142-146AR TTTAGCGAGGACGCTAGCATTATCGTTTTCCCAATTGAC
145-146AF GCAGCTAAGCATTTGCACAACCTAAATCTC
145-146AR GTGCAAATGCTTAGCTGCTACACTTAAATTATCGTTTTC
149-152AF GCACATAATGCTAATCTCATTGGAATTGAAATTG
149-152AR GAGATTAGCATTATGTGCATGTTTCAAAAGTACACTTAA
149-154AF GCACATAATCTCAATGCAATTGGAATTGAAATTGTAAAT
149-154AR TGCATTGAGATTATGTGCATGTTTCAAAAGTACACTTAA
152-154AF GCTAACGCTATTGGAATTGAAATTGTAAAT
152-154AR AATTCCAATAGCGTTAGCGTTGTGCAAATGTTTCAAAAGT
Ac93XF AATTCTAGAATGGCGACTAGCAAAACGAT
Ac93ER AATGAATTCATTTACAATTTCAATTCCAATG
64pAR ATTAAGCTTCACACTCGCTATTTGGAACAT
Amplification of the promoter and ORF of AcMNPV polyhedrin
PPHSKF ATAGAGCTCGGTACCTAACAGCCATTGTAATGAGACG
PPHSXF ATAGAGCTCATCTCGAGTAACAGCCATTGTAATGAGACG
PPHXR ATATCTAGAATTTATAGGTTTTTTTATTACAAAACT
PhXF TATCTAGAATGCCGGATTATTCATACCGTC
PhENR ATTGAATTCGCGGCCGCTTAATACGCCGGACCAGTGAAC
PhKmF GGAACTGACTCTGCTGAAGAGGAGGAA
PhKmR

Removal of the
XhoI site in
GFPpBlue

TTCAGCAGAGTCAGTTCCGATGTAAACGATGGGCTTGT

pBluXF CGGCCCATTCGACCTATGACGGTATCGATA
pBluXR AGCTTATCGATACCGTCATAGGTCGAATGGGCCGGTAC
Construction of MCS in GP64pFB
NmcsF AGCTTACTCGAGTACCGCGGTTATGCGGCCGCAGT
NmcsR ACTGCGGCCGCATAACCGCGGTACTCGAGTA
Amplification of the

promoter of
AcMNPV ac93

Pac93F ATTGAGCTCCTCTTGGGCTGGCACGAACG
Pac93R ATTTCTAGAGATACCGCTGACGCCGCTTTT
Amplification of truncated Vps4
dMITF ATTTCTAGAATGAGCAAGAAGAAACCAGTCAAG
Vps4XF ATTTCTAGAATGGCATCGTCCAATACTTTGCA
MITER ATAGAATTCGTCTTTTTTGAGGTACTCCTTGAGTTT
Vps4ER ATAGAATTCTCCTTCCTGACCGAAATCTTC
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