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The bovine herpesvirus 1 (BHV-1) tegument protein VP22 is predominantly localized in the nucleus after
viral infection. To analyze subcellular localization in the absence of other viral proteins, a plasmid expressing
BHYV-1 VP22 fused to enhanced yellow fluorescent protein (EYFP) was constructed. The transient expression
of VP22 fused to EYFP in COS-7 cells confirmed the predominant nuclear localization of VP22. Analysis of the
amino acid sequence of VP22 revealed that it does not have a classical nuclear localization signal (NLS).
However, by constructing a series of deletion derivatives, we mapped the nuclear targeting domain of BHV-1
VP22 to amino acids (aa) 121 to 139. Furthermore, a 4-aa motif, >°PRPR'*3, was able to direct EYFP and an
EYFP dimer (dEYFP) or trimer (tEYFP) predominantly into the nucleus, whereas a deletion or mutation of
this arginine-rich motif abrogated the nuclear localization property of VP22. Thus, >*’PRPR"'*? is a functional
nonclassical NLS. Since we observed that the C-terminal 68 aa of VP22 mediated the cytoplasmic localization
of EYFP, an analysis was performed on these C-terminal amino acid sequences, and a leucine-rich motif,
2090 DRMLKSAAIRIL?', was detected. Replacement of the leucines in this putative nuclear export signal
(NES) with neutral amino acids resulted in an exclusive nuclear localization of VP22. Furthermore, this motif
was able to localize EYFP and dEYFP in the cytoplasm, and the nuclear export function of this NES could be
blocked by leptomycin B. This demonstrates that this leucine-rich motif is a functional NES. These data

represent the first identification of a functional NLS and NES in a herpesvirus VP22 homologue.

Bovine herpesvirus 1 (BHV-1) is composed of four concen-
tric compartments, the nucleoprotein core surrounding the
double-stranded DNA, the capsid, the tegument, and the en-
velope (18). The tegument of alpha herpesviruses is defined as
the amorphous region located between the virion capsid and
the envelope and contains at least 15 viral gene products (20,
31). Not only are tegument proteins important viral structural
proteins, but they also may play significant roles at several
stages during virus infection. They are the first to interact with
the intracellular environment and could exert their functions
prior to viral gene expression and thus subjugate the host cell
(22). At a later stage, the tegument proteins must associate to
create the tegument of new virions (20).

BHV-1 VP22 is a 258-amino-acid (aa) tegument protein
encoded by UL49 which has been shown to be dispensable for
BHV-1 replication (16), although a BHV-1 VP22 deletion mu-
tant yielded a lower titer than the wild-type virus in cell culture.
Interestingly, this VP22 deletion mutant was asymptomatic and
avirulent in cattle (15). Thus, VP22 might play an important
role during BHV-1 infection. Previous studies have indicated
that BHV-1 VP22 is predominantly localized in the nuclei of
BHV-1-infected cells (16), which suggests that VP22 may have
regulatory functions (16). However, the exact biological func-
tion of VP22 in infection is still unknown.

Similar to herpes simplex virus type 1 (HSV-1) VP22 (6),
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BHV-1 VP22 has the capability of intercellular spread,
whereby the protein exits expressing cells and enters neighbor-
ing cells, where it is targeted to the nucleus (9, 32). BHV-1
VP22 interacts with histones and nucleosomes (28) and with
microtubules and chromatin (9), and the carboxyl terminus (aa
118 to 258) of VP22 is required for nuclear localization (28).

The cell transports a variety of molecules into the nucleus,
including metabolites and proteins as well as ribosomal sub-
units, certain RNAs, and ribonucleoproteins (8, 17, 24). The
process of signal-mediated nuclear import is now well estab-
lished for proteins. A typical nuclear protein contains a trans-
ferable basic nuclear localization signal (NLS), which is recog-
nized by an importin (karyopherin) receptor (8). The
karyopherin superfamily also includes a number of exportins
responsible for nuclear export, which recognize a hydrophobic
nuclear export signal (NES) (8). Small proteins of <40 to 60
kDa can passively diffuse through the nuclear pore complex,
whereas larger proteins cannot move freely from the cytoplasm
to the nucleus (8). The addition of an NLS to a small protein
that passively diffuses through the nuclear pore complex or
even to a larger protein confers to that protein all of the
properties of NLS-dependent transport (11). In this study, we
identify a functional NLS and NES in BHV-1 VP22.

MATERIALS AND METHODS

Cells and virus. Madin-Darby bovine kidney (MDBK) cells were cultured in
minimal essential medium (MEM; Gibco-BRL, Burlington, Ontario, Canada)
supplemented with 10% fetal bovine serum (FBS; Gibco-BRL). COS-7 cells
were grown in Dulbecco’s modified MEM (DMEM; Gibco-BRL) supplemented
with 10% FBS. The BHV-1 strain P8-2 (2) was used for the infection of MDBK
cells and for viral DNA purification.

11864



VoL. 79, 2005

Marker 1 2 3

85k -
e —63k

42k -
32k~ - —35k
—-_— 28k

FIG. 1. Analysis of VP22-EYFP, VP22, and EYFP in transiently
transfected COS-7 cells by Western blotting. The proteins were probed
with both VP22- and EYFP-specific polyclonal antibodies. The molec-
ular weight of each protein is indicated in the right margin. Lane 1,
VP22-EYFP; lane 2, VP22; lane 3, EYFP. M, standards are shown in
the left margin.

Construction of plasmids expressing VP22. All enzymes used for cloning were
purchased from Amersham Pharmacia Biotech (Baie d’Urfe, Quebec, Canada).
The UL49 open reading frame was amplified from BHV-1 genomic DNA by a
PCR using Deep Vent DNA polymerase (New England Biolabs Ltd., Missis-
sauga, Ontario, Canada) and the primers 5" GAGGAGAGATCTATGGCCCG
GTTCCACAGGC 3" and 5" TAGAGGATCCGGCC GGGCCCGCTCGCCG
CGAAG 3'. The product was digested with Bglll and BamHI and inserted into
the green fluorescent protein variant mammalian expression vector pEYFP-N1
(Clontech, BD Biosciences, Palo Alto, CA) encoding enhanced yellow fluores-
cent protein (EYFP), also cut with BglII and BamHI, to create pVP22-EYFP.
The BHV-1 VP22 full-length coding region was cut from pVP22-EYFP with the
restriction enzymes BglIT and BamHI and subcloned into the green fluorescent
protein variant mammalian expression vector pEYFP-C1 (Clontech) to create
pEYFP-VP22. Subsequently, the VP22 full-length coding region, including the
stop codon, was cut from pEYFP-VP22 with BglIl and Hincll, blunted by the
Klenow fragment of DNA polymerase I (Amersham Pharmacia Biotech), and
inserted into the eukaryotic expression vector pMASIA (12, 26), cut with EcoRI
and blunted with the Klenow fragment of DNA polymerase I (Amersham Phar-
macia Biotech), to create pMASIA-VP22.

Construction of plasmids encoding VP22 deletion derivatives. A series of
plasmids expressing VP22 with defined deletions were made as follows. Plasmid
pVP22-EYFP was digested with Pvul and BglII and ligated with a linker com-
prised of the annealed oligonucleotides 5 GATCTATGCGCGAT 3’ and 5’
CGCGCATA 3’ to generate a fragment consisting of aa 74 to 258 (F74-258).
Plasmid pVP22-EYFP was digested with PpuMI and BgllI and ligated with a
linker comprised of the annealed nucleotides 5 GATCTATGGG 3’ and 5’
GACCCCATA 3’ to generate F121-258. Plasmid pVP22-EYFP was digested
with Van91I and BgIII and ligated with a linker comprised of the annealed
nucleotides 5" GATCTATGGCCAGCGT 3’ and 5" CTGGCCATA 3’ to gen-
erate F191-258. Plasmid pVP22-EYFP was digested with Van91I and Agel and
ligated with a linker comprised of the annealed oligonucleotides 5" CTGGCCA
3"and 5" CCGGTG GCCAGACG 3’ to generate F1-190. Plasmid pVP22-EYFP
was digested with PpuMI and Agel, and the large fragment was ligated with a
linker comprised of the annealed oligonucleotides 5" GTCCTCCCCA 3’ and 5’
CCGGTGGGGAG 3’ to generate F1-120. To create F73-190, a DNA fragment
(351 bp) cut from pVP22-EYFP with Pvul and Van91I was ligated with
pEYFP-N1 digested with Bglll and Agel and with linkers comprised of the
annealed nucleotides 5" GATCTATGCGCGAT 3’ and 5" CGCGCATA 3’ and
the annealed nucleotides 5" CTGGCCA 3’ and 5" CCGGTGGCCAGACG 3'.
To create F93-190, a DNA fragment (291 bp) cut from pVP22-EYFP with Xhol
and Van91I was ligated with pEYFP-N1 digested with BglII and Agel and with
linkers comprised of the annealed nucleotides 5" GATCTATGCGC 3’ and 5’
TCGAGCGCATA 3’ and the annealed nucleotides 5" CTGGCCA 3" and 5’
CCGGTGGCCAACG 3'. To create F140-190, a DNA fragment (153 bp) cut
from pVP22-EYFP with Fsel and Van91I was ligated with pEYFP-N1 digested
with BglIT and Agel and with linkers comprised of the annealed nucleotides 5’
GATCTATGGGCCGG 3’ and 5" CCCATA 3’ and the annealed nucleotides 5’
CTGGCCA 3’ and 5" CCGGTGGCCAGACG 3'.
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FIG. 2. Subcellular localization of VP22 in transfected cells.
(A) Subcellular distribution of EYFP and VP22-EYFP. COS-7 cells
were transiently transfected with pEYFP-N1 or pVP22-EYFP, and live
cells were examined by fluorescence microscopy 24 h after transfec-
tion. (B) Subcellular distribution of VP22-EYFP and VP22. COS-7
cells were transiently transfected with pVP22-EYFP or pMASIA-
VP22, a eukaryotic vector expressing VP22, fixed, and incubated with
VP22-specific polyclonal antibodies to identify VP22. Images of rep-
resentative cell fields are shown. Magnification, X40.

Construction of plasmids encoding VP22 NLS and NES deletion derivatives
and domains. Plasmids encoding aa 121 to 139 fused with EYFP (aal2l to
139-EYFP) or *°PRPR'* fused with EYFP (NLS-EYFP) were constructed by
ligating the following annealed oligonucleotides with pEYFP-N1 (Clontech) cut
with EcoRI and BamHI: 5" AATTCATGGGCGCCGGGGCAGTCGCCGTCG
GTCCACCTCGACCTCGCGCGCCCCCCGGTGCTAATCGG 3" and 5" GA
TCCCGATTAGCACCGGGGGGCGCGCGAGGTCGAGGTGGACCGACG
GCGACTGCCCCGGCGCCCATG 3’ or 3" AATTCATGCCTCGACCTCGG
5" and 3" GATCCCGAGGTCGAGGCATG 5'. A plasmid encoding VP22-
EYFP with the putative NLS "*"PRPR'** mutated to the neutral aa '*’AAAA'3?
(VP22-mNLS-EYFP) was constructed from pVP22-EYFP by a PCR using the
primers 5" CGGAATTCATGGCCCGGTTCCACAGGCC 3', 5" TGGACCGA
CGGCGACTGCCC 3', 5" GCGCCCCCCGGTGCTAATGC 3', and 5" TGGC
GACCGGTGGATCCGGC 3'. A plasmid encoding VP22-EYFP with the puta-
tive NLS 'PRPR!* deletion (VP22-dNLS-EYFP) was constructed from
pVP22-EYFP by a PCR using the primers 5" CGGAATTCATGGCCCGGTTC
CACAGGCC 3', 5" TGCTGCTGCTGCTGGACCGACGGCGACTGCCC 3/,
5" GCGCCCCCCGGTGCTAATGC 3', and 5" TGGCGACCGGTGG ATC
CGGC 3'. A plasmid encoding an EYFP dimer (dEYFP) was constructed from
pEYFP-NI by a PCR using the following primers: 5 CGGAATTCATGGTGA
GCAAGGGCGAGGA 3’ and 5" GAAGATCTTTGTACAGCTCGTCCATGC
3'. The PCR product was digested with EcoRI and BamHI and inserted into
pEYFP-N1 cut with the same enzymes to create pdEYFP. A plasmid encoding
the NLS fused with dEYFP (NLS-dEYFP) was constructed from pNLS-EYFP by
a PCR using the primers 5" CAAGCTTCGAATTCATGCCT 3’ and 5" GAAG
ATCTTTGTACAGCTCGTCCATGC 3'. The PCR product was digested with
EcoRI and BamHI and inserted into pEYFP-N1 cut with the same enzymes to
create pNLS-dEYFP. A plasmid encoding an EYFP trimer (tEYFP) or the NLS
fused with tEYFP (NLS-tEYFP) was constructed similarly.

A plasmid encoding VP22-EYFP with the putative NES 2**LDRMLK-
SAAIRIL?'® mutated to the neutral aa ***ADRMAKSAAARAA?!® (VP22-
mNES-EYFP) was constructed from pVP22-EYFP by a PCR using the primers
5" CGGAATTCATGGCCCGGTTCCACAGGCC 3’ and 5' TCGCTCGTTGC
TCTTTGGGG 3’ or 5" GCAGATCGCATGGCAAAGTCGGCGGCAGCAC
GCGCAGCAGTGTGCGAGGGCTCCGGG 3" and 5" TGGCGACCGGTGG
ATCCGGC 3'. A plasmid encoding the putative NES fused with EYFP (NES-
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FIG. 3. Construction and analysis of expression of deletion derivatives of VP22. (A) Schematic diagram of full-length VP22-EYFP and the
truncated mutants used for this study. (B) Deletion derivatives of VP22 identified by Western blotting of transiently transfected COS-7 cells. The
proteins were probed with VP22-specific polyclonal antibodies. The VP22 fragments are indicated in the right margin. M, standards are shown in

the left margin.

EYFP) was constructed by ligating the following annealed oligonucleotides with
pEYFP-NI (Clontech) cut with EcoRI and BamHI: 5" AATTCATGTTGGAT
CGCATGTTGAAGTCGGCGGCAATTCGCATCCTCGTG 3’ and 5" GATC
CACGAGGATGCGAATTGCCGCCGACTTCAACATGCGATCCAACATG
3’. A plasmid encoding the NES fused with dEYFP (NES-dEYFP) was con-
structed from pNES-EYFP by a PCR with the primers 5 CAAGCTTCGAAT
TCATGTTG 3’ and 5 GAAGATCTTTGTACAGCTCGTCCATGC 3'. The
PCR product was digested with EcoRI and BamHI and inserted into pEYFP-N1
cut with the same enzymes to create pNES-dEYFP. All constructs were verified
by sequencing.

Transfection. To express the proteins in vitro, COS-7 cells were plated onto
six-well plates (Corning, Corning, NY) in DMEM (Gibco-BRL) with 10% FBS
at a density of 2.5 X 10° cells per well overnight before transfection. Transfection
mixtures, consisting of 1.0 to 1.5 pg of plasmid and Lipofectamine Plus reagent
(Gibco-BRL), were prepared according to the manufacturer’s instructions.
Briefly, the plasmids were diluted in Optimem (Gibco-BRL) containing Lipo-
fectamine Plus and incubated for 15 min at room temperature. Optimen con-
taining Lipofectamine was added to the mixture and further incubated for 15 min
at room temperature (RT). COS-7 cells were washed with Optimem, and the
transfection mixture, made up to 1 ml with Optimem, was added to the cells and
incubated at 37°C in a humidified 5% CO, incubator for 5 h, after which an equal
volume of DMEM containing 10% FBS was added. Leptomycin B (LMB; Sigma-
Aldrich Canada Ltd., Oakville, Ontario, Canada) was used in some experiments
at 20 ng ml~! after transfection.

Cell fractionation. The nuclear and cytoplasmic fractions were isolated as
described previously (29, 30). In brief, transfected COS-7 cells were lysed with
NP-40-containing lysis buffer (10 mM Tris, pH 7.4, 10 mM NaCl, 5 mM MgCl,,
0.5% NP-40) to disrupt the cell membrane, and the cell lysate was centrifuged at

500 X g for 5 min at 4°C. The supernatant containing the cytoplasmic fraction
was removed, and the pellet containing the nuclear fraction was washed gently in
1 ml of lysis buffer to remove any remaining cytoplasmic material and then
pelleted again. Both fractions were subjected to Western blot analysis.

Western blot analysis. To confirm protein expression, the plasmid-transfected
COS-7 cells were collected in cell lysis buffer (0.05 M Tris, pH 8.0, 0.15 M NaCl,
0.1% sodium dodecyl sulfate [SDS], 1% NP-40, 1% deoxycholine) 24 h after
transfection. Equivalent amounts of each cell lysate were separated by SDS-
polyacrylamide gel electrophoresis on an 8.5% gel, transferred to a nitrocellulose
membrane, and incubated with EYFP-specific polyclonal rabbit antibody (Clon-
tech) and/or VP22-specific polyclonal rabbit antibody. Alkaline phosphatase-
conjugated goat anti-rabbit immunoglobulin G (Kirkegaard and Perry Labora-
tories, Gaithersburg, Maryland) was used as the secondary antibody. Reactive
bands were revealed with nitro blue tetrazolium bromochlorindolyl phosphate
tablets (Sigma-Aldrich). The Western blots were scanned and processed using
Adobe Photoshop.

Fluorescence microscopy. For immunofluorescence, cells were either observed
live or fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS; 0.137 M
NaCl, 0.003 M KCl, 0.008 M Na,HPO,, 0.001 M NaH,PO,, pH 7.4) for 20 min,
washed three times with PBS, and permeabilized with 0.5% Triton X-100 in PBS
for 10 min. The cells were rinsed with PBS and then incubated with PBS
containing 10% FBS for 20 min at RT. Subsequently, VP22-specific polyclonal
antibody (16) diluted in PBS containing 10% FBS was added to the cells, which
were again incubated for 20 min at RT. Finally, fluorescein isothiocyanate-
conjugated goat anti-rabbit immunoglobulin G (Zymed Laboratories, San Fran-
cisco, CA) in PBS containing 10% FBS was added, followed by a 20-min incu-
bation at RT. After each incubation step, the cells were washed extensively with
PBS. The cells were mounted in Vectashield (Vector Laboratories, Burlingame,
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FIG. 4. Subcellular localization of VP22-EYFP deletion derivatives in live cells. COS-7 cells were transiently transfected with the deletion
constructs and observed live 24 h after transfection by fluorescence microscopy. Each image is representative of the majority of the cells observed

in several fields. Magnification, X40.

CA). Fixed stained cells and live cells were analyzed using a Zeiss Axiovert 200
M microscope (Carl Zeiss Canada Ltd., Toronto, Ontario, Canada). The sub-
cellular localization patterns in the live cells transfected with VP22-EYFP or
VP22 deletion mutants linked to EYFP were quantified by counting 100 cells; the
predominant pattern was described and reported as a percentage of the total
number of cells counted. The images were captured and processed using Adobe
Photoshop.

RESULTS

Subcellular localization of VP22 and VP22-EYFP. Liang and
colleagues have demonstrated that VP22 is predominantly lo-
calized in the nuclei of BHV-1-infected cells (16). To confirm
the subcellular localization of VP22 in the absence of other
viral proteins, the UL49 gene was cloned into the eukaryotic
expression vectors pMASIA (12, 26) and pEYFP-N1, such that
the UL49 gene is fused in-frame to the N terminus of the
EYFP gene. Western blotting of COS-7 cells transfected with
a plasmid encoding VP22-EYFP, EYFP, or VP22 demon-
strated that BHV-1 VP22 had an apparent molecular mass of
35 kDa, as expected (16), whereas VP22-EYFP had an appar-

ent molecular mass of 63 kDa, which corresponds to the com-
bined apparent molecular masses of VP22 and EYFP (Fig. 1).

To study the cellular localization of VP22 in the absence of
other viral proteins, COS-7 cells were transfected with a plas-
mid encoding EYFP, VP22-EYFP, or VP22 and examined live
by fluorescence microscopy (Fig. 2A) or after fixation by im-
munofluorescence using VP22-specific antibodies (16) (Fig.
2B). Representative images of cells transfected with plasmids
encoding VP22-EYFP, EYFP, and VP22 are shown. As ex-
pected, diffuse fluorescence was observed throughout both the
cytoplasm and the nucleus in the pEYFP-N1-transfected cells
at all times (Fig. 2A). In contrast, fluorescence in pVP22-
EYFP-transfected cells was localized predominantly within the
nucleus (Fig. 2A), with small amounts of VP22-EYFP present
in the cytoplasm. This was typical for 88% of the observed cells
and is similar to the results reported previously (9, 28). In cells
that showed VP22-EYFP in the cytoplasm, filamentous label-
ing was sometimes observed, as described previously (9). The
subcellular localization of VP22 in fixed cells transfected with
PMASIA-VP22, a eukaryotic vector expressing VP22, ap-
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FIG. 5. Identification of an NLS responsible for nuclear localiza-
tion. (A) Schematic diagram of the EYFP fusion protein used to
identify the VP22 NLS. The names of the constructs are shown on the
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peared to be similar to that observed in live cells transfected
with pVP22-EYFP (Fig. 2B), which confirmed that VP22-
EYFP behaves in an identical manner to that of untagged
VP22, thus validating VP22-EYFP as a suitable system for
investigating the NLS and NES of VP22.

Subcellular localization of VP22 deletion constructs. To
identify the domains responsible for the nuclear localization of
VP22, deletion derivatives of VP22-EYFP were constructed as
depicted in Fig. 3A. To confirm the correct expression of the
deletion mutants of pVP22-EYFP, Western blotting of the
transfected COS-7 cell lysates was performed using antibodies
to VP22 (Fig. 3B). All mutants expressed proteins of the pre-
dicted molecular weights. COS-7 cells were transfected with
these constructs, and the distribution of the VP22-EYFP mu-
tant proteins was analyzed 24 h and 48 h after transfection in
live cells by fluorescence microscopy. The cellular localization
patterns of live cells at 24 h and 48 h were found to be identical,
with the exception of the intercellular trafficking property,
which was not detected until 48 h after transfection, as de-
scribed previously (32). The deletion mutant constructs each
had a distinct localization pattern. Figure 4 shows typical im-
ages of cells that are representative of each mutant at 24 h.

In COS-7 cells transfected with the plasmid encoding VP22
F74-258, fluorescence was primarily found in the nucleus, with
some found in the cytoplasm. This was typical for 81% of the
transfected cells. In 78% of plasmid-transfected cells, VP22
F121-258 was present predominantly in the nucleus, where it
displayed a diffuse pattern; in addition, a perinuclear mass was
observed. In contrast, VP22 F191-258 localized exclusively in
the cytoplasm of 95% of the transfected COS-7 cells. In COS-7
cells transfected with the plasmid encoding VP22 F1-190, dis-
tinct fluorescent speckles were observed in the nucleus. This
applied to 97% of the transfected cells. VP22 F1-120 was
evenly distributed between the cytoplasm and the nucleus in
98% of the transfected cells, similar to EYFP alone. Although
VP22 F73-190 was also found in both the cytoplasm and the
nucleus, it showed a predominantly nuclear localization in 91%
of the cells. Similarly, VP22 F93-190 was present in both the
nucleus and the cytoplasm, but with a pronounced filamentous
pattern which was likely due to binding to the cytoplasmic
skeleton (9). This was observed for 83% of the counted cells.
Finally, VP22 F140-190 was localized diffusely in the cytoplasm
and the nucleus in 94% of the transfected cells.

Identification of an NLS responsible for nuclear localiza-
tion. Additional studies are required to explain the distinct
patterns observed for each mutant. Nuclear localization was
observed for F74-258, F121-258, F1-190, F73-190, and F93-
190, but not for F1-120, F140-190, and F191-258; therefore,
amino acid residues '* GGAGAVAVGPPRPRAPPGA'*’ (aa
121 to 139) were considered to be essential for nuclear local-
ization. Since VP22 is targeted to the nucleus (16, 28) and
interacts with histones and nucleosomes (28), it has been sug-

left. (B) COS-7 cells were transiently transfected with plasmids encod-
ing aal21-139-EYFP, VP22-mNLS-EYFP, VP22-dNLS-EYFP, EYFP,
NLS-EYFP, dEYFP, NLS-dEYFP, tEYFP, and NLS-tEYFP and ex-
amined live 24 h after transfection by fluorescence microscopy. Each
image is representative of the majority of the cells observed in several
fields. Magnification, x40.
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FIG. 6. Effect of mutation of the NLS or NES on intracellular
trafficking of VP22. COS-7 cells were transfected with plasmids encod-
ing VP22-EYFP, VP22-mNLS-EYFP, and VP22-mNES-EYFP and
examined live 48 h after transfection by fluorescence microscopy. Orig-
inal VP22-expressing cells are indicated with arrowheads, and the
neighboring cells containing VP22 are indicated with arrows. Each
image is representative of the majority of the cells observed in several
fields. Magnification, X40.
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FIG. 7. Analysis of EYFP distribution in nuclear (N) and cytoplas-
mic (C) fractions of transfected COS-7 cells. COS-7 cells were trans-
fected with plasmids encoding aal21-139-EYFP, VP22-mNLS-EYFP,
VP22-dNLS-EYFP, EYFP, NLS-EYFP, dEYFP, NLS-dEYFP,
tEYFP, NLS-tEYFP, VP22-mNES-EYFP, VP22-mNES-EYFP (plus
LMB treatment), EYFP (plus LMB treatment), NES-EYFP, NES-
EYFP (plus LMB treatment), dEYFP (plus LMB treatment), NES-
dEYFP, and NES-dEYFP (plus LMB treatment). At 24 h posttrans-
fection, COS-7 cells were fractionated into nuclear and cytoplasmic
fractions as described previously (29, 30). Equivalent amounts of each
fraction were separated by SDS-polyacrylamide gel electrophoresis on
an 8.5% gel, transferred to nitrocellulose, and probed with an EYFP-
specific polyclonal antibody.

gested that the nuclear localization of VP22 is an important
characteristic and that VP22 may have a modulatory function
during BHV-1 infection. This prompted us to focus on further
characterizing the putative nuclear localization domain of aa
121 to 139. To confirm that aa 121 to 139 mediate the nuclear
localization of VP22, a plasmid encoding EYFP fused to aa 121
to 139 from VP22 was constructed (aal2l to 139-EYFP; Fig.
5A), and the subcellular localization of the aal21-139-EYFP
fusion protein was examined 24 h after transfection in live
COS-7 cells by fluorescence microscopy. As expected from the
deletion mutant analysis, aal21-139-EYFP was directed pre-
dominantly, though not entirely, into the nucleus (Fig. 5B). An
arginine-rich motif, *°PRPR'**, which showed considerable
similarity to the NLS (RRPR) of BHV-1 VP8 (33), was iden-
tified in the amino acid sequence of VP22. The replacement of
130pRPR'?? with the neutral aa residues *°AAAA'* (VP22-
mNLS-EYFP) or the deletion of *°PRPR'** (VP22-dNLS-
EYFP) (Fig. 5A) abrogated the nuclear localization of VP22
and resulted in the same pattern of subcellular localization as
that observed for the reporter protein EYFP alone (Fig. 5B).
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FIG. 8. Identification of an NES in VP22. (A) Schematic diagram
of the EYFP fusion proteins used to identify the VP22 NES. The

J. VIROL.

Furthermore, a construct was made which expressed EYFP
N-terminally linked to the putative NLS, *°PRPR'** (NLS-
EYFP; Fig. 5A). The NLS-EYFP fusion protein localized pri-
marily to the nucleus, similar to aal21-139-EYFP (Fig. 5B) and
the RRPR-EYFP fusion protein reported previously (33). To
enhance the sensitivity of the test and to confirm nuclear trans-
port for a larger protein that does not diffuse freely in the cell,
NLS-dEYFP (~56 kDa) and NLS-tEYFP (~84 kDa), which
express the putative VP22 NLS fused to an EYFP dimer
(dEYFP) and trimer (tEYFP), respectively, were constructed
(Fig. 5A). Although dEYFP was still small enough to be dis-
tributed throughout the nucleus and cytoplasm, tEYFP re-
mained entirely cytoplasmic, demonstrating that it cannot
move into the nucleus (Fig. 5B). The *°PRPR'** motif medi-
ated the nuclear localization of both dEYFP and tEYFP,
which further confirms the ability of the '*’PRPR'** motif to
mediate nuclear localization of a heterologous protein (Fig.
5B). Interestingly, the mutation of the NLS *°PRPR'** also
eliminated the ability of VP22 to spread intercellularly (Fig. 6).
An analysis by Western blotting of the nuclear and cytoplasmic
fractions of COS-7 cells transfected with plasmids encoding
EYFP, dEYFP, tEYFP, NLS-EYFP, NLS-dEYFP, and NLS-
tEYFP further supported the results observed by fluorescence
microscopy (Fig. 7). Collectively, these results indicate that the
13'PRPR'* sequence of VP22 constitutes a functional NLS.

Identification of an NES in VP22. Nuclear export signals
consist of largely hydrophobic, leucine-rich sequences (24).
The cytoplasmic localization of VP22 F1-190 suggests that
there might be a nuclear export domain in the C terminus (aa
191 to 258) of VP22. An examination of the C-terminal region
of VP22 revealed that it contains a leucine-rich motif,
204LDRMLKSAAIRIL*'®, which was speculated to be a po-
tential NES. To validate this hypothesis, the putative NES was
mutated by replacing the leucine residues with neutral alanine
residues to create 2’ ADRMAKSAAARAA?'® (VP22-mNES-
EYFP; Fig. 8A). COS-7 cells were transfected with VP22-
mNES-EYFP and examined live by fluorescence microscopy.
As anticipated, VP22-mNES-EYFP was exclusively localized
in the nucleus (Fig. 8B), similar to the nuclear localization
pattern observed for VP22 F1-190. To determine whether the
NES alone can direct nuclear export, a plasmid was con-
structed which expressed the NES fused to the N termini of
EYFP and dEYFP (NES-EYFP and NES-dEYFP; Fig. 8A).
An examination by fluorescence microscopy of live COS-7 cells
transfected with the plasmids encoding NES-EYFP and NES-
dEYFP revealed that the NES localized all of the EYFP and
dEYFP to the cytoplasm (Fig. 8B).

LMB, a potent and specific nuclear export inhibitor (7),
alkylates and inhibits chromosome region maintenance 1
(CRM-1) or exportin 1, a protein required for the nuclear
export of proteins containing an NES (13). Figure 8B shows
that the nuclear export activity of the NES was completely

names of the constructs are shown on the left. (B) COS-7 cells were
transiently transfected with plasmids encoding VP22-mNES-EYFP,
EYFP, NES-EYFP, dEYFP, and NES-dYEFP, with or without treat-
ment with LMB, and examined live 24 h after transfection by fluores-
cence microscopy. Each image is representative of the majority of the
cells observed in several fields. Magnification, X40.



VoL. 79, 2005

abolished by a treatment with LMB at 20 ng ml~ " after trans-
fection, thereby changing the subcellular localization of NES-
EYFP or NES-dEYFP to an equal distribution in the nucleus
and the cytoplasm. However, LMB did not affect the subcel-
lular localization of EYFP, dEYFP, and VP22-mNES-EYFP,
indicating that the export of NES-EYFP and NES-dEYFP
from the nucleus to the cytosol is CRM-1 dependent. These
observations were confirmed by Western blotting of the nu-
clear and cytoplasmic fractions of COS-7 cells transfected with
a plasmid encoding dEYFP or dEYFP fused to the VP22 NES
(Fig. 7). Interestingly, the NES mutation also resulted in ab-
rogation of the intercellular trafficking property of VP22 (Fig.
6).

DISCUSSION

The subcellular localization of BHV-1 VP22 was investi-
gated by the transient expression of VP22-EYFP. The trans-
fection of COS-7 cells with pVP22-EYFP or pMASIA-VP22
demonstrated that VP22 localized predominantly to the nu-
cleus in the absence of other viral proteins, which is consistent
with observations with BHV-1-infected MDBK cells (16) and
transfected D17 cells (9, 28).

The exact function of VP22 during BHV-1 infection remains
unknown. It is likely that various dynamic interactions of VP22
with different cellular proteins are required. VP22 has been
shown to associate with histones and nucleosomes and may
have modulatory effects on virus replication (28); the nuclear
localization of VP22 must play an important role in this con-
text, and this prompted us to identify the NLS of VP22.

The nuclear localization of HSV-1 VP22 has been suggested
to modulate the transcription or replication of host cells, per-
haps preparing them for infection (5, 6). Sequence analysis
using PSORT II (23; http://psort.nibb.ac.jp) predicts that VP22
does not have a classical NLS. However, there are discernible
clusters of basic amino acids, which may serve as an NLS (27).
Furthermore, according to the PSORT II’s k-nearest-neighbor
algorithm prediction (10), BHV-1 VP22 has a 73.9% reliability
to target to the nucleus, whereas HSV-1 VP22 has only a
34.8% reliability to target to the nucleus. We constructed a
series of deletion mutants of BHV-1 VP22 fused to the N
terminus of EYFP. EYFP has previously been used to tag the
VP22 proteins of BHV-1 and HSV-1 (5, 6, 9, 28, 32) and did
not affect the subcellular localization of VP22 in this study
(Fig. 2). The subcellular localization patterns of the VP22
deletion mutants generally resembled those previously re-
ported for similar constructs (28). Indeed, F1-120 and VP22
(aa 1 to 123) (28) were evenly distributed throughout the
nucleus and cytoplasm, whereas F121-258 and VP22 (aa 118 to
258) (28) were both localized in the nucleus. There was one
difference, in that F1-190 was targeted to the nucleus with a
speckled pattern in our study, whereas VP22 (aa 1 to 197)
localized to the nucleus and the cytoplasm (28). Moreover, in
this study we identified a functional NLS in BHV-1 VP22,
namely, '*°PRPR'**. Thus, our results and those of others (9,
16, 28) suggest that VP22 has a stronger nuclear localization
ability than that of HSV-1 VP22.

The observation that the C-terminal portion of VP22 local-
ized exclusively to the cytoplasm prompted us to reexamine its
amino acid sequence, and a leucine-rich region was found in
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the C terminus (***LDRMLKSAAIRIL?'®). In addition, we
demonstrated this sequence to be a functional NES, and its
nuclear export activity was completely blocked by LMB. Thus,
VP22 is an LMB-sensitive protein, which suggested that VP22
mediates nuclear export through a leucine-rich NES by a
CRM-1-dependent pathway. The mutants demonstrated that
BHV-1 VP22 has an NLS and an NES, which suggests that
VP22 is a virus-encoded nucleocytoplasmic shuttle protein, as
are BHV-1 VPS8 (33) and other viral proteins (1, 3, 4, 14, 19,
21). By alignment, the highest level of homology was found
between the NES of VP22 and the Rex protein of human
T-cell leukemia virus type I (LSAQLYSSLSLD) (1).

Interestingly, NLS mutation or deletion abrogated nuclear
localization, but the fluorescence did not accumulate in the
cytoplasm, as one might expect due to the presence of an NES.
One possibility is that protein folding of wild-type VP22 or
VP22 with an NLS mutation might conceal the ability of the
NES to bind to CRM-1 and thus the function of the NES,
whereas most of VP22 was removed in VP22 F191-258, thus
possibly enhancing the function of the NES. A similar phe-
nomenon has been observed for the BHV-1 tegument protein
VP8 (33).

BHV-1 VP22 has a marked capacity for intercellular traf-
ficking, and it can improve the immune response to a DNA
vaccine both in mice (25) and in cattle (32). Because of its
potential importance both in virus infection and as a therapeu-
tic transporter, we investigated the existence of nuclear trans-
port sequences in VP22 and identified a functional NLS and
NES of VP22. Furthermore, we demonstrated that mutation of
either region resulted in the loss of the intercellular trafficking
property of VP22 (Fig. 6), suggesting that both are essential for
this property of BHV-1 VP22. It has been reported that HSV-1
VP22 binds to a cell surface receptor linked to actin microfila-
ments and enters cells via a novel pathway involving the cy-
toskeleton; after entering cells, VP22 is imported into the
nucleus, despite lacking a nuclear localization signal (6). How-
ever, a putative NLS, 2’ RPRR?®, exists in the C terminus of
HSV-1 VP22, as predicted by PSORT II (23). Since the C-
terminal 34 aa residues have been shown to be essential for the
intercellular trafficking property of HSV-1 VP22 (6), the
295RPRR*® sequence may also be a crucial motif required for
the intercellular spreading property of HSV-1 VP22, given that
the *°PRPR'** motif of BHV-1 VP22 was demonstrated in
this study to be required for this property. In conclusion, we
have identified an NLS and an NES in BHV-1 VP22, and our
results demonstrated that both are important for trafficking of
VP22.
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