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Direct Interaction of Baculovirus Capsid Proteins VP39 and EXONO
with Kinesin-1 in Insect Cells Determined by Fluorescence Resonance
Energy Transfer-Fluorescence Lifetime Imaging Microscopy
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Autographa californica multiple nucleopolyhedrovirus (AcMNPV) replicates in the nucleus of insect cells to produce nucleocap-
sids, which are transported from the nucleus to the plasma membrane for budding through GP64-enriched areas to form bud-
ded viruses. However, little is known about the anterograde trafficking of baculovirus nucleocapsids in insect cells. Preliminary
confocal scanning laser microscopy studies showed that enhanced green fluorescent protein (EGFP)-tagged nucleocapsids and
capsid proteins aligned and colocalized with the peripheral microtubules of virus-infected insect cells. A colchicine inhibition
assay of virus-infected insect cells showed a significant reduction in budded virus production, providing further evidence for the
involvement of microtubules and suggesting a possible role of kinesin in baculovirus anterograde trafficking. We investigated
the interaction between AcMNPV nucleocapsids and kinesin-1 with fluorescence resonance energy transfer-fluorescence lifetime
imaging microscopy (FRET-FLIM) and show for the first time that ACMNPYV capsid proteins VP39 and EXONO, but not Orf1629,

interact with the tetratricopeptide repeat (TPR) domain of kinesin. The excited-state fluorescence lifetime of EGFP fused to
VP39 or EXONO was quenched from 2.4 = 1 ns to 2.1 = 1 ns by monomeric fluorescent protein (mDsRed) fused to TPR
(mDsRed-TPR). However, the excited-state fluorescence lifetime of an EGFP fusion of Orf1629 remained unquenched by
mDsRed-TPR. These data indicate that kinesin-1 plays an important role in the anterograde trafficking of baculovirus in insect

cells.

utographa californica multiple nucleopolyhedrovirus

(AcMNPV) is a member of the Baculoviridae family with a
large, closed circular DNA genome packaged into a rod-shaped
capsid. Baculoviruses have a biphasic replication cycle, which re-
sults in two virion phenotypes, namely, the occluded derived virus
(ODV) and budded virus (BV). ODV is involved in the primary
infection of insect caterpillars, whereas BV is required for cell-to-
cell transmission and is mainly used in baculovirus research.

Many viruses exploit host surface receptors and macromole-
cules for entry and the cytoskeleton and motor proteins for intra-
cellular trafficking for replication and cell-to-cell spread (19, 42).
In a similar manner, AcMNPV particles enter insect cells via
clathrin-mediated endocytosis (28) when AcMNPV GP64 inter-
acts with unknown host surface receptors (31). Naked nucleocap-
sids, which are released from endosomes due to a low endosomal
pH (3), induce actin polymerization through capsid protein
Orf1629 (p78/83) (14, 29). It has been suggested that actin
polymerization is crucial for efficient translocation of nucleocap-
sids toward the nucleus (7) and through the nuclear pores (33).
Myosins have also been suggested to play a role in the transport of
naked nucleocapsids toward the nucleus (26). Inside the nucleus,
replicated DNA and synthesized capsid proteins are assembled
into nucleocapsids (45) and are transported toward the plasma
membrane, the so-called anterograde trafficking, before budding
through GP64-enriched areas to form budded viruses (34).

In comparison to the retrograde trafficking detailed by Volk-
man and colleagues (7, 33), very little is known about anterograde
trafficking of baculovirus. An earlier study by Volkman and Zaal
(46) suggested that microtubules are not required for transport of
AcMNPV nucleocapsids from the nucleus to the cell periphery
after an insignificant reduction in budded virus in colchicine-
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treated, virus-infected Sf9 cells was observed. However, a more
recent study has suggested that microtubules may be involved in
the anterograde trafficking of baculovirus when virus-infected
cells are treated with colchicine at a different time point (12). This
adds baculovirus to other DNA viruses such as vaccinia virus (18),
African swine fever virus (21), and herpes simplex virus (27),
which employ microtubules for anterograde trafficking of virions.
However, unlike actin polymerization, which leads to the trans-
port of cargoes, anterograde microtubule-based trafficking is me-
diated by kinesins, which use microtubules as “tracks or super-
highways” to transport cargoes to the desired destinations (44).

A conventional kinesin (kinesin-1) is a tetramer consisting of
two kinesin heavy chains (KHCs), the globular head, which are
linked to the neck coil (the stalk) via a neck linker. The neck coil is
connected to the two kinesin light chains (KLCs). The motor do-
main of the globular heads binds to and moves along microtu-
bules when ATP is hydrolyzed in the motor catalytic core (22).
The KLCs consist of at least two structurally unique regions, an
N-terminal region of heptad repeats and a C-terminal region that
has a six-tetratricopeptide repeat (TPR). The TPR is the cargo
binding domain of kinesin (2).

One of the most sensitive methods available for investigating
the interaction of kinesins with their cargoes is fluorescence reso-

Received 24 August 2011 Accepted 28 October 2011

Published ahead of print 9 November 2011

Address correspondence to Linda King, laking@brookes.ac.uk.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.06109-11

0022-538X/12/$12.00 Journal of Virology p. 844-853


http://dx.doi.org/10.1128/JVI.06109-11
http://jvi.asm.org

nance energy transfer-fluorescence lifetime imaging microscopy
(FRET-FLIM). FRET interactions in live cells can be detected by
tagging proteins with suitable fluorophores such as an enhanced
green fluorescence protein (EGFP) and a monomeric fluorescent
protein (mDsRed). The EGFP acts as an excited-state donor,
whereas mDsRed functions as an acceptor. FLIM is the most ef-
fective approach available to detect the steady-state FRET (43),
and quenching of the donor’s fluorescence decay lifetime in the
presence of the acceptor fluorophore indicates a direct physical
interaction between the paired fluorophores (35). The FRET-
FLIM technique is not only highly sensitive, but also the decay
time of a fluorophore does not change upon intensity variations
and is unaffected by donor bleed-through (47).

Two-photon-induced FRET-FLIM (2P-FRET-FLIM) offers
several advantages over single-photon FRET-FLIM. 2P-FRET-
FLIM offers a reduced phototoxicity by the use of near-infrared
excitation light, which is not absorbed by cellular components (9),
and also reduces bleaching of the donor fluorophore (40). FRET-
FLIM has been employed in examining a direct interaction be-
tween nonviral proteins, including 1 integrin and the receptor
for epidermal growth factor (30), and also to determine a direct
interaction between fowlpox proteins and kinesin-1 (20).

In this study, using 2P-FRET-FLIM, we investigated the direct
interaction between an EGFP fusion of ACMNPYV capsid proteins
(VP39, EXONO, and Orf1629) and a mDsRed fusion of TPR. The
excited-state fluorescence decay lifetimes of both EGFP fusions of
VP39 and EXONO were quenched by mDsRed-TPR; however, the
decay lifetime of the EGFP-Orf1629 remained unquenched in the
presence of mDsRed-TPR. For the first time, we provide evidence
that AcCMNPV nucleocapsids interact with TPR of kinesin-1. This
study further confirms our preliminary work that microtubules
are indeed involved in the anterograde transport of baculovirus, as
evidenced by both colocalization studies and colchicine inhibition
assays.

MATERIALS AND METHODS

Cells and viruses. Trichoplusia ni 368 (TN-368) cells (16) were main-
tained in TC100 medium supplemented with 10% fetal calf serum (Gibco,
United Kingdom), and IPLB-S19 cells (Invitrogen, United Kingdom) were
maintained in serum-free Ex-cell 420 medium (Sigma, United Kingdom)
at 28°C. Both wild-type virus ACMNPV clone 6 (C6) (1) and recombinant
baculoviruses generated for this study were propagated in IPLB-Sf9 cells
at 28°C by using standard procedures (23).

Antibodies. Monoclonal antibodies against VP39 (a kind gift from
Taro Ohkawa, University of California, Berkeley, CA) and anti a-tubulin
(Sigma, United Kingdom) were used in staining ACMNPV capsid protein
VP39 and microtubules, respectively. Anti-mouse immunoglobulin G
(IgG) secondary antibodies conjugated with Alexa Fluor 488/568 was ob-
tained from Invitrogen.

Construction of recombinant baculoviruses. Recombinant
AcMNPV baculoviruses (rAcMNPVs) were generated in a two-step ap-
proach (17) by cotransfecting S9 cells with both a recombinant transfer
vector and a flashBAC DNA (Oxford Expression Technologies, United
Kingdom) as illustrated in Fig. 1.

Briefly, rAcMNPV transfer vectors pBacPAK.EGFP-VP39NatP,
pBacPAK.EGFP-EXONONatP, p,5,, and pBacPAK.EGFP-ORF1629 were
generated. An EGFP gene fragment was PCR amplified from pEGFP-C1
vector (Molecular Probes, United Kingdom) by using the JD-FP-EGFP/
JD-RP-EGFP primer pair (Table 1). The resultant PCR products were
subcloned into pCR 2.1-TOPO TA vector (Invitrogen, United Kingdom),
and the integrity of the inserts was confirmed by DNA sequencing. The
Pstl/Xhol EGFP fragment released from the pCR 2.1-TOPO TA vector
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was ligated into Pstl/Xhol-digested pBacPAKS (Invitrogen, United King-
dom), which contains the polyhedrin promoter (PolP), to produce the
pBacPAKS8-EGFP-PolP vector. The coding DNA sequence of the capsid
proteins, vp39, exon0, or orf1629, was amplified from AcMNPV C6 DNA
template by using FP-VP39/FP-VP39, A]_Acl41_FP/AJ_Acl41_RP, and
JD_FP_ORF1629/JD_RP_ORF1629 primers, respectively (Table 1). The
resultant PCR fragments were TOPO subcloned. The Xhol/Xbal frag-
ments containing vp39 and exon0 and the Kpnl/EcoRI fragment of
orf1629 were released from their respective pCR 2.1-TOPO TA vectors
and ligated into pBacPAK8.EGFP-PolP in frame with the N-terminal
EGFP. The resultant vectors were named pBacPAK8-EGFP-VP39PolP,
pBacPAK.EGFP-EXONOPolP, and pBacPAK.EGFP-ORF1629PolP.

To express the fusion EGFP-capsid genes under the control of their
respective native promoters, except egfp-exon0, which was placed under
the control of ACMNPV VP39 promoter, the polyhedrin promoter of both
pBacPAK.EGFP-VP39PolP and pBacPAK.EGFP-EXONOPoIP was re-
placed with the AcMNPV VP39 promoter; in pBacPAK.EGFP-
ORF1629PolP, the polyhedrin promoter was replaced with the AcM-
NPV~ ORF1629 promoter. pBacPAK.EGFP-VP39PolP  and
pBacPAK.EGFP-EXONOPoIP were digested with EcoRV and BamHI
and pBacPAK.EGFP-ORF1629PolP was digested with EcoRV and PstI
to yield pBacPAK.EGFP-VP39APolP, pBacPAK.EGFP-EXONOAPoIP,
and pBacPAK.EGFP-ORF1629APolP, respectively. Natural promoters
of AcMNPV VP39 (VP39NatP) and ORF1629 (ORF1629NatP) were
PCR amplified from AcMNPV C6 DNA by using VP39P-EcoRV-FP/
VP39P-BamHI-RP and ORF1629P-EcoRV-FP/ORF1629P-PstI-RP
primer pairs (Table 1), respectively. The PCR products were TOPO
subcloned and sequenced. The EcoRV/BamHI fragment of VP39NatP
was ligated to EcoRV/BamHI-digested pBacPAK.EGFP-VP39APolP or
pBacPAK.EGFP-EXONOAPoIP, and the resultant vectors were named
pBacPAK.EGFP-VP39NatP and pBacPAK.EGFP-EXONONatP,;p5,, respec-
tively. Likewise, the EcoRV/PstI fragment of ORF1629NatP was subcloned into
the EcoRV/Pstl site of pBacPAK.EGFP-ORF1629APolP to produce
pBacPAK.EGFP-ORF1629NatP.

Homologous recombination between pBacPAK.EGFP-VP39NatP,
pBacPAK.EGFP-EXONONatPyp0, or pBacPAK.EGFP-ORF1629NatP
and flashBAC DNA in Sf9 cells produced recombinant baculovirus AcEGFP-
VP39NatP, ACEGFP-EXONONatPy 54, or ACEGFP- ORF1629NatP, respectively
(Fig. 1). To confirm the presence of fusion genes in the recombinant Ac-
MNPV genome, viral DNA was extracted and analyzed by PCR using the
primers listed in the Table 1.

Construction of mDsRed-kinesin vector. A plasmid vector expressing
the tetratricopeptide repeat (TPR) of kinesin-1 light chain (KLC) tagged with
monomeric Discosomasp. red fluorescent protein (mDsRed) under the control of
a constitutive OpMNPV immediate early (IE) promoter, pIZ.KLC-TPR-
mDsRed, was generated. Vector pEL.KLC-TPR-mDsRed (20) was digested
with Ncol and blunt ended with T4 polymerase. The linearized blunt-
ended pEL.KLC-TPR-mDsRed vector was digested with Xbal to release
the KLC-TPR-mDsRed fragment. A pIZ-mcherry-Actin vector (a kind
gift from Matthew Welch, University of California, Berkeley, CA) was first
digested with SacI and blunt ended with T4 polymerase. The mcherry-
Actin fragment was released by Xbal digestion, and the KLC-TPR-
mDsRed fragment was then subcloned into the pIZ backbone to produce
pIZ.KLC-TPR-mDsRed.

Confocal immunofluorescence microscopy. TN-368 cells (0.25 X
106 cells/dish) were seeded onto sterile glass coverslips in 35-mm
dishes and incubated at 28°C overnight. Cells were infected with 100 ul
of AcEGFP-ORF16291629NatP, AcEGFP-VP39NatP, AcEGEF-
EXONONatPy 59, or ACMNPV at a multiplicity of infection (MOI) of
5 PFU/cell and incubated at room temperature. After 1 h of virus
absorption, the virus inoculum was replaced with growth medium and
incubated at 28°C for the required time. Virus-infected cells were
washed with phosphate-buffered saline (PBS) and fixed with freshly
prepared 4% paraformaldehyde (PFA) in PBS for 45 min at room
temperature. Cells were washed three times with PBS, permeabilized
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FIG 1 A schematic representation of recombinant baculovirus generation via homologous recombination. The first step is the generation of a transfer
vector-pBacPAK.EGFP-VP39NatP (a), followed by a second step, which is the production of AcCEGFP-VP39NatP via homologous recombination (b).
VP39NatP, VP39 native promoter; ORF1629NatP, ORF1629 native promoter; EGFP, enhanced greed fluorescent protein; BAC, bacterial artificial chromosome;

ChiA, chitinase A; PolP, polyhedrin promoter; del, deletion.

with 0.1% (vol/vol) Triton X-100 (Sigma, United Kingdom) in PBS for
10 min, and blocked with 1% bovine serum albumin (BSA) in PBS for
30 min. The capsid protein VP39 was immunostained using mouse
a-VP39 and secondary goat anti-mouse IgG conjugated with Alexa
Fluor 488. Microtubules were stained using mouse anti a-tubulin and
secondary goat anti-mouse IgG conjugated with Alexa Fluor 568. Cells
on the coverslips were mounted in Vectashield fluorescence micros-
copy mountant with DAPI (Vector Laboratories). Confocal images
were acquired using Zeiss LSM 510 META and processed with LSM
Image Browser software and Adobe Photoshop (CS2).

Effect of colchicine on BV production. To determine the effect of
colchicine, which inhibits microtubule polymerization, on budded virus
(BV) production, TN-368 cells were treated with colchicine at different
hours postinfection (hpi). Cells seeded at 0.5 X 106 cells/dish onto sterile
glass coverslips in 35-mm dishes were allowed to double at 28°C over-
night. The cells were infected with ACEGFP-VP39NatP at an MOI of 5 to
15 PFU/cell and incubated for 1 h at room temperature to allow virus
absorption. The virus inoculum was removed, and the cells were washed
three times with growth medium and treated with fresh growth medium
containing 3 ug/ml colchicine (colchicine concentration as described in
references 6 and 46) at 6 hpi or 12 hpi. Control samples were washed and
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treated with fresh medium containing no colchicine. At 24 hpi, BV of both
control and colchicine-treated samples were harvested. The colchicine-
treated cells were then washed three times with fresh medium containing
3 pg/ml colchicine and then incubated with fresh medium containing 3
pg/ml colchicine. The control cells were washed with only fresh medium,
and the last wash was replaced with fresh medium without any colchicine.
BV was harvested at 5, 15, 30, 60, and 120 min thereafter and titrated by
plaque assay as described previously (23). Cells were fixed, stained for
microtubules, and processed for confocal laser scanning microscopy
(CLSM) as previously described. The experimental data were analyzed by
a two-tailed Student ¢ test using a statistical program, SPSS (version 15).

Two-photon fluorescence lifetime imaging analysis of transfected
insect cells. Two-photon-induced fluorescence lifetime images were ob-
tained with multiphoton microscopy apparatus and an Eclipse TE2000
(Nikon) with confocal scanning capability FLIM (4, 5). Briefly, a high-
powered titanium sapphire laser (MIRA 900; Coherent Lasers) was
pumped by a frequency-doubled neodynium:vanadate laser (Verdi V18;
Coherent Lasers) to produce a920 * 5-nm laser light of 180-fs pulses at 75
MHz. Specimens on a Nikon TE2000U microscope stage were excited by
focusing the near-infrared laser beam to a diffraction-limited spot
through a 60X water immersion objective (numerical aperture [NA],
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TABLE 1 Primers used for making recombinant transfer vectors

Gene Primer name Primer sequence (5'-3")¢ Restriction enzyme
egfp JD-FP-EGFP aaa CTG CAG AAG CTA GCG CTA CCG GTC Pstl
JD-RP-EGFP aaC TCG AGA TCT AGT CCG GAC Xhol
vp39 FP-VP39 aaC TCG AGA TGG CGC TAG TGC CCG Xhol
RP-VP39 aaT CTA GAG ACG GCT ATT CCT CCA CCT GC Xbal
orf1629 JD_FP_ORF1629 aaG GTA CCA CGA ATC GTA GAT ATG AAT CTG Kpnl
JD_RP_ORF1629 aGG AAT TCT TAA GCG CTA GAT TCT GTG CG EcoRI
exon( AJ_Acl41_FP CC CTC GAG ATA AGA ACC AGC AGT CAC GTG Xbal
AJ_Acl41_RP CCTCTAGATTATTT ATA CGATGT CCT G Xhol
vp39natp VP39P-EcoRV-FP GAT ATCTTG TTC GCC ATC EcoRV
VP39P-BamH-RP GGATCCTTGTTG CCGTTATAAATATG BamHI
orfl629natp ORF1629P-EcoRV-FP GAT ATC GAATTT TTT CCG GAC TAA AAT AC EcoRV
ORF1629P-Pstl-RP CTG CAG GGC CAC CACAAATGCTAC Pstl

2 The bold lowercase a, aa, and aaa are enzyme spaces. The bold underlined sequences are the restriction enzyme sequences, with the names of the restriction enzymes listed under

restriction enzymes.

1.2). Fluorescence emissions from specimens were collected, bypassing
the scanning system, through a band-pass filter (BG39, Comar) using a
non-descanned port of the confocal microscope. Single-photon pulses
were detected by an external fast microchannel plate photomultiplier tube
(Hammamatsu R3809U). The scan, which was operated in a normal
mode and line, frame, and pixel clock signals were synchronized and
collected with a time-correlated single-photon-counting (TCSPC) PC
module (SPC-830; Becker and Hickl, Germany).

Nikon confocal microscopy coupled with argon 488-nm and HeNe
543-nm lasers to excite EGFP fusion and mDsRed fusion proteins, respec-
tively, was used to confirm the expression of fluorescently labeled proteins
prior to FLIM acquisition. Cells expressing fluorescence of either EGFP
fusion proteins alone (as controls) or both EGFP fusion and mDsRed
fusion proteins were selected for FRET-FLIM. The fluorescence lifetimes
of EGFP were analyzed with SPClamge 2.92 analysis software (Becker and
Hickl, Germany) as previously detailed (41). The average fluorescence
lifetime was statistically analyzed using SPSS version 15. FRET-FLIM im-
ages were processed by Adobe Photoshop software (CS2).

RESULTS

Characterization of recombinant baculoviruses expressing
tagged capsid proteins. In order to study the possible interaction
between AcMNPYV capsid proteins and kinesin, a number of re-
combinant baculovirus were prepared that expressed EGFP-
tagged capsid proteins (VP39, EXONO or Orf1629) under the con-
trol of the VP39 promoter (VP39 and EXONO) or the Orf1629
promoter (Orf1629), at the polyhedrin gene locus, as described in
Materials and Methods. A native copy of the same gene was pres-
ent in all constructs. All gene constructions were confirmed by
DNA sequencing, and analysis of recombinant baculoviruses by
PCR demonstrated that DNA fragments of the correct size had
been amplified according to the predicted sizes of the gene fusions,
indicating that the correct recombinant baculoviruses had been
made (data not shown).

Analysis of recombinant virus growth curves prepared for each
recombinant virus to determine whether additional copy of gene
(fusion gene) compromised recombinant virus replication sug-
gested that fusion genes did not affect the replication of the recom-
binant baculoviruses.

CLSM fluorescence imaging of the interaction of baculovirus
and microtubules. Having confirmed that recombinant viruses
were expressing the correct fusion proteins, confocal laser scan-
ning microscopy (CLSM) was used to determine the localization
of the three EGFP fusion capsid proteins (EGFP-VP39, EGFP-
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0rf1629, and EGFP-EXONO) in relation to cellular microtubules.
Insect TN-368 cells were infected with recombinant virus express-
ing the fusion protein under the control of VP39 or Orf1629 na-
tive promoters. Nucleocapsid-like structures containing EGFP-
Orf1629 were observed aligned and colocalized along peripheral
microtubules at 36 hpi (Fig. 2a, a’, and a”). Similarly, alignment
and colocalization of nucleocapsids containing EGFP-EXONO
with microtubules were observed at 48 hpi (Fig. 2, b, b’, and b"),
which support a similar observation by Fang et al. (12). Cells in-
fected with ACEGFP-VP39NatP produced green fluorescent rod-
shaped structures at 24 hpi, which colocalized with microtubules
at the cell periphery (Fig. 2 ¢, ¢’, and ¢”). Further, wild-type
AcMNPV-infected cells in which VP39 was immunostained
showed that the native/untagged VP39 aligned and colocalized
with microtubules (Fig. 2 d, d’, and d”), providing stronger evi-
dence that baculovirus may utilize microtubules during antero-
grade trafficking.

Colchicine treatment halts the release of budded virus in in-
fected insect cells. The association of the EGFP-tagged capsid
proteins VP39, EXONO, and Orf1629 with microtubules (Fig. 2)
suggests that microtubules may be involved in baculovirus antero-
grade transport. To confirm whether microtubules are required
for baculovirus anterograde trafficking, recombinant virus-
infected cells were treated with the microtubule depolymerizing
drug, colchicine. The microtubules of TN-368 cells infected at 6
hpi and 12 hpi appear the same. The microtubules of these virus-
infected TN-368 cells emanate from the nuclear periphery and
crisscrossed at the cell periphery (Fig. 3a and c¢). The microtubules
of virus-infected TN-368 cells treated with colchicine from 6 to 24
hpi showed a complete disappearance of microtubule filaments
rather patchy microtubules—an indication of a complete depoly-
merization of microtubules (Fig. 3b). However, a partial depoly-
merization of microtubules of virus-infected TN-368 cells colchi-
cine treated from 12 to 24 hpi was observed. These cells showed
some remnant peripheral microtubule filaments (Fig. 3d and d1).
The levels of expression of EGFP-VP39 in both the control (Fig. 3a
and c) and colchicine-treated cells (Fig. 3¢ and d) were similar,
indicating that colchicine did not affect the expression of capsid
proteins and probably suggesting that replication is not compro-
mised by colchicine. Treatment of virus-infected cells with 3
pg/ml colchicine at 6 hpi produced a 1-log decrease in budded
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AcEGFP-ORF1629NatP AcEGFP-EXONONatPw. AcEGFP-VP39NatP
36 hpi 48 hpi 24 hpi

EGFP-ORF1629 EGFP-EXONO

FIG 2 Alignment and colocalization of EGFP-tagged or immunolabeled capsid proteins with microtubules in virus-infected TN-368 cells. TN-368 cells infected
with individual recombinant AcMNPV expressing EGFP fusion (green) as EGFP-Orf1629 (a,a’, and a”), EGFP-EXONO (b, b’, and b”), or EGFP-VP39 (¢, ¢’, and
") or infected AcMNPV and the VP39 immunolabeled (d, d’, and d”) using mouse a-VP39 antibody/Alexa Fluor 488 goat anti-mouse IgG (green). Cells were
stained for microtubules with anti-a-tubulin/Alexa Fluor 568 goat anti-mouse IgG (red) and DNA with Vectashield DAPI (4',6-diamidino-2-phenylindole;
blue). Merged channels are shown in panels a, b, ¢, and d; zoomed sections of merged channels are shown in panelsa’, b’, ¢’, and d’ and insets a", b”, ¢, and d".

White solid arrows indicate probably nucleocapsids. Bar, 10 wm.

virus production at 24 hpi, which is very similar to that previously
reported by Volkman and Zaal (46).

There was approximately a 1.03-log decrease in budded virus
production at 120 min, following 24 hpi after cells had been
washed three times and replaced with fresh medium. The average
reduction in budded virus production in virus-infected cells
which were colchicine treated at 6 hpi in comparison to non-
treated virus-infected cells was statistically insignificant (P = 0.3),
similar to results reported by Volkman and Zaal (46). In a similar
experiment, virus-infected cells, which were colchicine treated at
12 hpi, produced a 1.03-log reduction in budded virus production
at 24 hpi. A 1.04-log reduction in budded virus production at 120
min, following 24 hpi after cells had been washed three times and
replaced with fresh medium, was observed. Importantly, the av-
erage decrease in budded virus production of virus-infected cells
treated with colchicine at 12 hpi gave a statistical significance with
a P value of 0.03.

FLIM analysis indicates a direct interaction between
AcMNPV VP39 and EXONO with the TPR of kinesin. Previous
experiments indicated that EGFP-tagged baculovirus capsid pro-
teins (EGFP-VP39, EGFP-EXONO, and EGFP-Orf1629) and im-
munolabeled VP39 (wild-type VP39) aligned and colocalized with
peripheral microtubules, suggesting that baculovirus nucleocap-
sids indirectly interact with microtubules via kinesin during an-
terograde trafficking of baculovirus. To test this hypothesis, TN-
368 cells were transfected with either recombinant viral DNA
(ACEGFP-Orf1629NatP, AcEGFP-VP39NatP, or AcEGFP-
EXONONatPy pso) or recombinant viral DNA and pIZ.mDsRed-
TPR. Direct interaction of nucleocapsids (EGFP fusion capsid
proteins) and kinesin (mDsRed-TPR) was detected with the
FRET-FLIM technique.

CLSM of virus-infected TN-368 showed a strong colocaliza-
tion of EGFP-ORF1629 proteins with microtubules (Fig. 2a’). At
48 h posttransfection (hpt) EGFP-Orf1629 was localized in the
entirety of the transfected-TN-368 cells but heavily concentrated
in the nucleus (Fig. 4b1 to b3) and gave an average lifetime of
2.4 * 0.1 ns (Fig. 4b4 to b6; Table 2), similar to the average
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lifetime of EGFP-actin, 2.4 * 0.1 ns (Fig. 4a4 to a6; Table 2).
When both EGFP-Orf1629 and KLC-TPR-mDsRed were ex-
pressed in cells at 48 hpt (Fig. 4cl to ¢3) the average lifetimes
remained at 2.4 = 0.1 ns (Fig. 4c4 to c6; Table 2), suggesting that
AcMNPV Orf1629 does not interact with the KLC-TPR. However,
using the FLIM technique, it has been shown that the colocaliza-
tion between EGFP-Orf1629 and microtubules (Fig. 2a") may not
be a true indirect interaction of EGFP-Orf1629 and microtubules.

The expression of EGFP-VP39 alone in cells was localized
evenly; however, it was heavily concentrated in the nucleus at 30
hpt (Fig. 4d1 to d3). The average excited-state lifetime of EGFP-
VP39 in the absence of KLC-TPR-mDsRed was 2.4 = 0.1 ns (Fig.
4d4 to d6). Cells expressing both EGFP-VP39 and KLC-TPR-
mDsRed at 30 hpt and 50 hpt showed a strong interaction between
both proteins (Fig. 4el to e4 and f1 to f4). The average lifetime of
EGFP-VP39 inlive cells was reduced from 2.4 = 0.1 nsto 2.1 = 0.1
ns at 30 hpt (Fig. 4e4 to e6; Table 2) and from 2.4 £ 0.1 nsto 2.1 =
0.1 ns at 50 hpt (Fig. 4f4 to f6; Table 2) in the presence of KLC-
TPR-mDsRed. Reduction in the fluorescence lifetimes of EGFP-
VP39 at various time points suggest that EGFP-VP39 proteins
were in a close proximity of 1 to 10 nm with mDsRed-TPR. This
finding indicates that there is a direct interaction between EGFP-
VP39 and KLC-TPR-mDsRed, as evidenced by energy transfer
from EGFP to mDsRed. We have previously shown that a reduc-
tion of as little as ~200 ps (0.2 ns) in the excited-state lifetime of
the EGFP-labeled protein represents quenching a protein-protein
interaction (20, 35, 38, 39). The P values, statistically significant
indicators (Table 2), clearly show that AACMNPV capsid protein
VP39 interacts with the KLC-TPR.

Expression of EGFP-EXONO was localized in the cytoplasm at
40 hpi (Fig. 4g1 to g3). The average lifetime of EGFP-EXONO
alone was observed to be 2.4 = 0.1 ns (Fig. 4g4 to g6; Table 2).
Cells expressing both EGFP-EXONO and KLC-TPR-mDsRed
showed interaction between the two proteins (Fig. 4h1 to h3 and
il to i3). The fluorescence of the EGFP-EXONO was quenched by
mDsRed attached to KLC-TPR (KLC-TPR-mDsRed) at 36 hpt
(Fig. 4h4 to h6) and at 48 hpt (Fig. 4i4 to i6), reducing the average
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Colchicine treatment of virus-infected TN-368 cells

Microtubules EGEFP-VP39 Nucleus/Viral DNA
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3X washing with appropriate media after 24 hpi 3X washing with appropriate media after 24 hpi
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FIG 3 Colchicine treatment of virus-infected TN-368 cells: TN-368 cells infected with ACEGFP-VP39NatP (green) were fixed at 6 h (a) or 12 h (¢), and additional
AcEGFP-VP39NatP-infected cells were treated with 3 ug/ml colchicine at 6 hpi (b) or 12 hpi (d and d1). At 24 hpi, budded virus of both virus-infected and treated
and virus-infected, nontreated cells was harvested. The virus-infected, colchicine-treated cells were washed colchicine containing medium, whereas virus-
infected, nontreated cells were washed with only medium. Both virus-infected, colchicine-treated and virus-infected, nontreated cells were incubated in the
appropriate medium and budded viruses were harvested 5, 15, 30, 60, and 120 min following the last wash. Fixed cells were stained for microtubules with
anti-a-tubulin/Alexa Fluor 568 goat anti-mouse IgG (red) and DNA with Vectashield DAPI (blue). (b) The image shows a complete depolymerization of
microtubules. (d) The image (middle plane) shows a complete microtubule depolymerization. Image d1, which shows a partial microtubule depolymerization,
is taken from the surface plane of image d. Budded viruses harvested from cells colchicine-treated at 6 hpi (e) or 12 hpi (f) were titrated by plaque assay. Bar, 10
pm. Error bars are indicated by mean = SD. n = 5.

lifetimes from 2.4 = 0.1 to 2.1 = 0.1 ns (Table 2). This also  with the host microtubule cytoskeleton and how kinesins are re-
strongly indicates that ACMNPV capsid protein EXONO also in-  cruited during anterograde trafficking of nucleocapsids.
teracts with the KLC-TPR. This finding adds more support to the CLSM examination of individual recombinant virus-infected
proposal of Fang et al. (12) that EXONO may interact with kinesin.  TN-368 cells showed that EGFP-Orf1629, EGFP-VP39, and
EGFP-EXONO aligned and colocalized with the peripheral micro-
DISCUSSION tubules of virus-infected TN-368 cells (Fig. 2). Some of the EGFP-
Some viruses exploit the host actin and/or microtubule cytoskel- ~ Orf1629 proteins appeared to have DNA associated with them,
eton and their associated motor proteins, including myosins, ki- ~ probably suggesting nucleocapsids. ACEGFP-VP39NatP infected
nesins, and dyneins, for intracellular transport to the sites of rep-  cells showed rod-like structures of EGFP-VP39 which colocalized
lication and for egress and cell-to-cell spread (15). Baculovirus in ~ with the peripheral microtubules. It is uncertain whether these
particular induces actin polymerization for the transportation of ~ rod-like structures are just proteins or nucleocapsids, as no viral
nucleocapsids into the nucleus (7, 33); however, little is known DNA was found to associate with the EGFP-VP39. Immunolabel-
about anterograde transport of baculovirus in insect cells. In the — ing of VP39 of AcMNPV-infected TN-368 cells, which showed
present study, we examined the roles of both microtubules and  colocalization of VP39 and peripheral microtubules, was used to
kinesin in baculovirus anterograde trafficking. Recombinant confirm that the EGFP-VP39 colocalization was a true interaction
baculoviruses that have capsid protein Orfl629 (AcEGFP- and not fluorescence saturation. However, a lack of antibodies
Orf1629NatP), VP39 (AcEGFP-VP39NatP), and EXONO against capsid protein Orf1629 and EXONO meant that the ob-
(AcEGFP-EXONONatPy p3,) fluorescently tagged with EGFP were  served colocalization between capsid proteins Orfl629 and
made and characterized to probe the interaction of baculovirus  EXONO with microtubules could not be confirmed in AcMNPV-
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FIG 4 Confocal microscopy and fluorescence lifetime imaging microscopy analysis of transfected TN-368 cells: (al to a6) Expression of only EGFP-actin
(pIE.EGFP-Actin) and the expression of EGFP-Orfl629 (AcEGFP-Orfl1629NatP), EGFP-VP39 (AcEGFP-VP39NatP), and EGFP-EXON (AcEGFP-
VP39NatPy;p5,) are shown in bl to b6, d1 to d6, and g1 to g6, respectively, as unquenched, negative controls. Transfected cells show expressions EGFP-ORF1629
and KLC-TPR-mDsRed (c1 to ¢6), EGFP-VP39 and KLC-TPR-mDsRed (el to e6 at 36 hpt and f1 to {6 at 50 hpt), and EGFP-EXONO and KLC-TPR-mDsRed
(h1 toh6 at 36 hpt and il to i6 at 48 hpt). Colocalization of EGFP fusions and KLC-TPR-mDsRed (yellow) are shown in e3, f3, h3, and i3 and interaction of dual
proteins in e5, f5, h5, and i5. The lifetime panels show the distribution curves of the relative occurrence frequency of the lifetimes. The distribution curves of a6,
b6, d6, and g6 show the lifetimes of only EGFP fusions with observed lifetimes of ~ 2.4 ns. Transfected cells (c6) showing expression of both EGFP-Orf1629 and
KLC-TPR-mDsRed indicated an observed lifetime of ~2.4 ns, whereas lower values of interaction are distributed from 1.5 to 2.2 ns. All the images were processed
with Adobe Photoshop (CS2). Bar, 15 wm.

infected TN-368 cells. The report that FLAG-EXONO also colo-
calized with microtubules in infected Sf9 and TN-5b cells (12)
provides evidence that the interaction of EGFP-EXONO and mi-
crotubules is not fluorescence saturation.

Colocalization of two proteins in formaldehyde-fixed cells
does not necessarily indicate an interaction, because formalde-
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hyde has been shown to cross-link proteins, making nonassociat-
ing proteins appear associated or interacting (24). To further con-
firm that the association of EGFP fusion capsid proteins with
microtubules was not due to paraformaldehyde, virus-infected
cells were treated with colchicine and the budded virus produc-
tion was monitored. Microtubules have been shown to physically
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TABLE 2 FRET-FLIM analysis of interactions of baculovirus capsid proteins and kinesin®

Virus/vector Donor Acceptor Sample size (1) Lifetimes [ns (mean * SD)] P value?
pIE.EGFP-Actin EGFP-actin None 24 *0.1 NA
AcEGFP-ORF1629NatP EGFP-ORF1629 None 5 2.4 *£0.1 NA
AcEGFP-VP39NatP EGFP-VP39 None 5 2.4 +0.1 NA
ACEGFP-EXONO-NatPy 50 EGEP-EXONO None 5 24*0.1 NA
AcEGFP-ORF1629NatP EGFP-ORF1629 KLC-TPR-mDsRed 5 2.4 *0.1 0.4
AcEGFP-VP39NatP EGFP-VP39 KLC-TPR-mDsRed 13 2.1£0.1 0.0001
AcEGFP-EXONO-NatPy, 59 EGFP-EXONO KLC-TPR-mDsRed 10 2.15*=0.1 0.0009

@ FRET-FLIM data were collected at different time points as shown in Fig. 5 and analyzed statistically using a two-tailed Student ¢ test. In all the experiments, 40 cells (in duplicate)
expressing EGFP fusions and KLC-TPR-mDsRed were selected for FRET-FLIM. The number of cells (1) that indicated a true FLIM from all the cells imaged is presented in Table 2.

b NA, not available.

interact with F-actin (37), and since F-actin is explicitly involved
in baculovirus replication (8), it was important to determine
whether colchicine treatment of virus-infected TN-368 cells will
disrupt baculovirus replication and perhaps nucleocapsid assem-
bly. The expression of EGFP-VP39 in AcEGFP-VP39NatP-
infected cells (Fig. 3a to d) confirmed a previous study that colchi-
cine does not affect baculovirus replication (46) and that
colchicine may be used to investigate the role of microtubules in
baculovirus trafficking. It is also presumed that colchicine did not
have any structural defect on budded virus production, as normal
plaque sizes were obtained from both virus-infected control cells
and virus-infected, colchicine-treated cells.

At present, there are differing views on the anterograde trans-
port of AcCMNPV nucleocapsids from colchicine inhibition assay.
Fangetal. (12) reported a 90% reduction in budded virus produc-
tion and suggested that microtubules are utilized in baculovirus
anterograde trafficking. In contrast, an earlier study by Volkman
and Zaal (46) concluded that microtubules were not required for
AcMNPV anterograde transport. A repeat of these authors’ col-
chicine inhibition assay in both Sf9 and TN-368 cells, in which
budded viruses were titrated by plaque assay instead of the end-
point dilution used by Fang et al. (12), showed insignificant bud-
ded virus reductions of 25%, 32%, and 50% at 24, 48, and 72 hpi,
respectively (data not shown). In addition, treatment of virus-
infected TN-368 cells at 6 hpi resulted in reduction of budded
virus production (Fig. 3E) as reported by Volkman and Zaal (46),
and both studies produced statistically insignificant results. How-
ever, treatment of virus-infected TN-368 cells with colchicine at
12 hpi (Fig. 3F) resulted in a statistically significant reduction of
budded virus (P = 0.03, P < 0.05), suggesting that the colchicine
effect may be pronounced only at the time when nucleocapsids are
most likely transported to the cell periphery.

It is proposed that the infected cells may contain different
forms of nucleocapsids during anterograde trafficking, and this
may explain why colchicine treatment at 12 hpi, but not at 6 hpi,
produced a significant reduction in budded virus production. For
example, if nucleocapsids should bud though the nuclear enve-
lope as proposed in an earlier study (25), there will be enveloped
nucleocapsids that have to de-envelope before budding through
plasma membrane. In that instance, enveloped and naked nucleo-
capsids may presumably interact differently with microtubules or
motor proteins. It is therefore possible that naked nucleocapsids
which are closer to the cell periphery may use microtubules, which
would explain the significant reduction of budded virus when
infected cells were treated with colchicine at 12 hpi.

The association of fluorescently tagged nucleocasipds or capsid
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proteins with microtubules indicated that an indirect interaction
between the two proteins was possibly mediated by N-kinesins,
which are responsible for transporting cargoes on microtubules
from the nucleus to the plasma membrane (44). To provide fur-
ther evidence for the role of microtubules and kinesin in virus
trafficking, the direct physical interaction of kinesins with
AcMNPV nucleocapsids was examined using the very sensitive
protein-protein interaction technique of FRET-FLIM. Because ki-
nesins bind to cargoes by using the TPR domain of kinesin light
chain region (44), we analyzed the physical interaction between
capsid proteins VP39, EXONO, and Orf1629 (which showed colo-
calization with microtubules using CLSM) and the TPR domain.
The average lifetime of the EGFP fusion protein (in the absence of
the acceptor, mDsRed) was determined to be 2.4 to 2.5 ns (Fig. 4),
which is consistent with our previous reports (20, 35, 38, 39).
However, the average lifetimes of EGFP-EXONO were reduced in
the presence of KLC-TPR-mDsRed at 36 and 48 hpt from 2.4 *
0.1t02.2 = 0.1 ns (Table 2). These data confirm that EXONO may
likely interact with kinesin. Similarly, the average lifetime of
EGFP-VP39 was reduced from 2.4 = 0.1 to 2.1 * 0.1 ns in the
presence of KLC-TPR-mDsRed. However, the average lifetimes of
EGFP-Orf1629 remained the same, indicating that unlike VP39
and EXONO, Orf1629 does not appear to interact with kinesin
(Table 2). This finding also indicates that all the known domains
and motifs of Orf1629 protein are not involved in interacting with
the TPR of kinesin.

The FRET-FLIM data provide evidence that baculovirus nu-
cleocapsids trafficking is likely to be mediated by kinesin-1
through interaction with the capsid proteins EXONO and/or
VP39. There are several DNA viruses, which have been demon-
strated to recruit or interact with kinesins during the anterograde
trafficking of their virions. For example, vaccinia virus (36), Afri-
can swine fever virus (21), herpes simplex virus 1 (11), and fowl-
pox virus (20) use both microtubules and kinesin-1 for antero-
grade trafficking. However, it is not clear if there is any
evolutionary pressure on how DNA viruses exit infected cells. All
the interactions between EGFP-EXONO and EGFP-VP39 with
KLC-TPR-mDsRed occurred at the cell periphery, where colocal-
ization of EGFP fusion capsid proteins with microtubules was
most prominent. Interesting also, no FRET interactions between
EGFP fusion capsid proteins and KLC-TPR-mDsRed were ob-
served in the nucleus or at the perinuclear regions. This may sug-
gest either that kinesin-1 is not involved in intranuclear trafficking
of newly formed nucleocapsids or that an alternative intranuclear
transport exists that does not involve microtubules. One possible
explanation is that newly formed nucleocapsids may have differ-
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ent structural forms (for example, nucleocapsids enwrapped with
nuclear envelope) which may not interact with either microtu-
bules and/or kinesin at the subnuclear peripheral regions, but as
the nucleocapsids move toward the cell periphery, where micro-
tubules and kinesin are recruited, they may become de-enveloped
and thus able to interact with both microtubules and kinesin.

The interaction of both VP39 and EXONO with KLC-TPR
raises several further research questions, including why both cap-
sid proteins interact with KLC-TPR and whether EXONO and
VP39 interact with KLC-TPR consequentially or one capsid pro-
tein activates the other. The vaccinia virus structural proteins A36
and F12 have been demonstrated to also interact with KLC-TPR
(32, 48). In addition, the surface protein Fpv140 and type Il mem-
brane protein Fpv198 of fowlpox virus have been shown to inter-
act with the KLC-TPR (20), suggesting that it is not uncommon
for two or more viral structural proteins to interact with kinesin.
The AcMNPV capsid protein EXONO has the RING finger (10),
which is a structural domain of zinc finger type and an essential
component of the cellular ubiquitin-proteosome system and also
involved in protein-protein interactions (13). It is uncertain
whether the RING finger is responsible for or involved in binding
or interacting with the TPR of kinesin-1. A bioinformatics analysis
of AcMNPV VP39 protein sequence did not reveal any functional
domains or motifs, which would have suggested or explained the
interaction between AcMNPV VP39 and the TPR of kinesin-1. It
is likely that the large surface area provided by the VP39 capsid
protein makes it well exposed to interact with kinesin-1. Future
work will examine whether a mutation in the RING finger of
EXONO would hamper the interaction of AcMNPV EXONO and
TPR of kinesin-1. Furthermore, mutation analysis of the terminal
domains of VP39 may explain which domain interacts with TPR
of kinesin-1.
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