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affect the cross-bridge cycling and Vi, but at different
kinetic steps. Taken together our studies suggest that
up-regulation of h1-CaP in the SM-B null mice may be
a compensatory alteration to maintain a reduced level of
cross-bridge cycling over time in the absence of SM-B myo-
sin. However, reduction in the smooth muscle «¢-actin
levels and increase in h-CaD levels suggest that changes
in other contractile and regulatory proteins may also
contribute to the altered contractile properties observed
in the dKO bladder.

In addition to bladder, the contractile properties of
mesenteric vessels were determined in the dKO mice. We
have previously reported that SM-B myosin is expressed
heterogeneously in the mesenteric vessels and contributes
to their unique mechanical properties (Babu et al 2004).
In that study, we also found that loss of SM-B myo-
sin resulted in increased force generation under iso-
metric conditions (using wire-mounted vessel rings) in
response to phenylephrine 4 potassium (Babu ez al. 2004).
In the present study, which used a more physiological
pressurized vessel approach, maximal constriction to an
activation cocktail containing high potassium (124 mm)
and phenylephrine (10 M) was similar in all treatment
groups. Since the vessel is studied as an intact unit, the
maximal extent of constriction, measured as the reduction
in lumen diameter from a fullyrelaxed state, may be limited
by other factors, e.g. cell-matrix interactions, rather than
simply maximal force generation.

The (1) increased half-time to maximal constriction,
and (2) reduced normalized slope of constriction observed
in mesenteric vessels of both smb—/— and dKO mouse
models, both suggest decreased shortening velocity of
smooth muscle. These findings are consistent with our pre-
vious studies showing decreased shortening velocity in the
mesenteric vessels with SM-B deficiency (Babu et al. 2001,
2004), and indicate that changes in h1-CaP do not seem
to be the underlying cause for the altered kinetics in this
type of smooth muscle. Another study usingrat portal vein
also showed that the maximal velocity of vascular smooth
muscle shortening was independent of h1-CaP expression
{(Facemire et al. 2000).

The significantly reduced forced dilatation pressure in
vessels from the smb—/— but not dKO mice was an
unexpected finding that suggests that the modulatory
effect of calponin on vascular smooth muscle (VSM)
contractility may be influenced by (1) the extent of
VSM activation, (2) spatial events such as the degree of
actin—~myosin overlap (the length—tension relationship),
and (3) the nature of the distending force acting upon the
vascular wall. All three possibilities derive from our use
of the more physiological pressurized vessel methodology
in this study, since earlier work used the isometric
wire-mounted approaches in which vessels are stretched
to a fixed length prior to activation and therefore unable to
shorten in response to activation. In the pressurized vessel,
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asin the body, activation results in constriction, which is a
reflection of smooth muscle shortening. This may have
implications for the spatial relationship between actin,
myosin and calponin, and thereby alter the nature of thin
filament regulation, as there were no detectable differences
in myosin heavy and light chain isoform expression.
Further, in pressurized vessels, the force experienced by
the vascular wall is true transmural pressure, which has
a radial as well as a circumferential component that may
influence the distribution of intramural stress. Although
it was beyond the scope of this study to differentiate the
ultrastructural/spatial versus biomechanical components
of the response, these elements deserve consideration in
future studies. Finally, although the velocity data were
consistent with previous findings in mesenteric vessels
(Babu et al. 2004) and in bladder smooth muscle (this
study), it should be noted that, in arteries, the importance
of shortening velocity in vivo is questionable, while the
production and maintenance of force is essential to the
maintenance of vascular tone and, thereby, peripheral
resistance, blood pressure and normal organ perfusion.
This differs from the bladder, whose proper function is
dependent on smooth muscle shortening for effective
micturition. Thus, it is not unreasonable to expect
differences in the nature of h1-CaP regulation based on
physiological function. Based on the results of our studies,
h1-CaP appears to be a key regulator of both bladder and
vascular smooth muscle contractility, although its precise
modulatory role may clearly vary with smooth muscle
tissue type and function.
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UL13 and Us3 are proiein kinases encoded by herpes simplex virus 1. We report here that Us3 is a
physiclogical substrate for UL13 in infected cells, based on the following observations. (i) The electrophoretic
mobility, in denaturing gels, of Us3 isoforms from Vero cells infected with wild-type virus was slower than that
of isoforms trom cells infected with a UL13 deletion mutant virus (AUL13). After treatment with phosphatase,
the electrophoretic mobility of the Us3 isoforms from cells infected with wild-type virus changed, with one
isoform migrating as fast as one of the Us3 isoforms from AULI13-infected cells. (ii) A recombinant protein
containing a domain of Us3 was phosphorylated by UL13 in vitro. (iii) The phenotype of AUL13 resembles that
of a recombinant virus lacking the Us3 gene (AUs3) with respect to localization of the viral envelopment factors
UL34 and UL31, whose localization has been shown to be regulated by Us3. UL34 and UL31 are localized in
a smooth pattern throughout the nuclei of cells infected with wild-type virus, whereas their localization in
AUL13- and AUs3-infected cells appeared as nuclear punctate patterns. These results indicate that UL13
phosphorylates Us3 in infected cells and regulates UL34 and UL31 localization, either by phosphorylating Us3

or by a Us3-independent mechanism.

Herpes simplex virus 1 (HSV-1) encodes at least three pro-
tein kinases. UL13, Us3. and UL39 (63). This report presents
studies of the interaction between ULI13 and Us3. The back-
ground for these studies is as {ollows.

First, ULI3 is a serine/threonine protein kinase that is pack-
aged in the tegument. a virion siructural component located
between the nucleocapsid and the envelope (9, 12, 13,29, 52,
68). ULI3 plays a role in viral replication in cell cultures, since
ULI13 deletion mutants exhibit impaired replication in some
cell lines, including rabbit skin cells and baby hamster kidney
(BHK) cells (10, 45, 56, 537, 70). Although the mechanism by
which UL 13 acts in HSV-1-infected cells remains unclear, in-
fection of rabbit skin cells and BHK cells with ULI3 deletion
mutants reduces the expression levels of the « protein ICPO
and a subset of vy proteins, including UL26. UL26.5, UL38.
UL41. and Usll (56), suggesting that ULI3 is involved in
viral-gene expression in infected cells. UL13 would also be
expected to function in early postinfection events, since tegu-
ment proteins are, in general, released into the cytoplasm of
newly infected cells. In agreement with this possibility, phos-
phorylation of a tegument protein by ULI3 has been impli-
cated in promoting tegument disassembly in vitro (40).
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Second, UL13 may function by phosphorylating specific viral
and cellular proteins. Thus far. gl/ghk. 1CPO. ICP22, Usl.3,
UL47, ULAY. p60, elongation factor 18 (EF-18). casein kinase
HP subunit. and RNA polymerase I have been reported to be
putative substrates for UL13 (4. 10, 20, 29, 32, 37, 44, 51, 57,
63). However, the biological significance of ULI3-mediated
phosphorylation in infected cells remains unclear. Since the
UL13 amino acid sequence is conserved in all Fempesviridae
subfamilies (9. 68), UL13 homologues may play a conserved
role in herpesvirus replication by phosphorylating common
host cellular targets and conserved herpesvirus gene products.
The only substrate identified to date that is targeted by UL13
homologues from all Herpesviridae subfamilies is the cellular
translation factor EF-18 (26. 29, 30. 32). An interesting feature
of the interaction between UL13 homologues and EF-18 is that
both cellular protein kinase cde2 and UL13 homologues phos-
phorylate the same EF-18 amino acid residue (29). These ob-
servations suggest that UL13 homologues may share a function
that mimics the cellular cde2 protein kinase (28). This hypoth-
esis is supported by data showing that HSV-1 UL13 phosphor-
vlates the cdc2 site of the casein kinase I3 subunit in vitro
(29). Moreover, reports that the Epstein-Barr virus (EBV)
UL13 homologue BGLEF4 and cde2 phosphorylate the same
sites of EBV regulatory proteins— EBNA-LP and EBNA-2,
which are critical for the transcriptional activities of the pro-
teins—both in vitro and in vivo are consistent with this hypoth-
esis (27, 75, 76).

Third. Us3 is also a serine/threonine protein Kinase and is
packaged in the virion (18, 35, 62). In contrast to UL13, the
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Us3 amino acid sequence is conserved only in the subfamily
Alphaherpesvirinae (9, 39, 63. 68). and the function of Us3 as a
virion component has not been elucidated yet. Us3 is a positive
regulator of viral replication, based on studies showing that
recombinant Us3 mutant viruses have impaired growth prop-
erties in cell cultures and mouse models (49, 62, 65). Increasing
data indicate that Us3 plays a role in viral replication by reg-
ulating apoptosis. It has been reported that Us3 protein kinase
can prevent apoptosis induced by proapoptotic cellular pro-
teins, osmotic shock, and replication-incompetent mutant virus
(2, 6.7, 23, 36, 41-43. 50). Benetti and Roizman have recently
shown that Us3 activates protein kinase A (PKA). a cellular
cyclic-AMP-dependent protein kinase with phosphorylation
target sequences resembling those of Us3, and that both Us3
and PKA phosphorylate the same target protein residues (3).
Us3 may express its antiapoptotic activity through phosphory-
lation of PKA substrates, by activating PKA, and/or by mim-
icking this cellular protein kinase.

Fourth. Us3 is involved in the nuclear egress of progeny
nucleocapsids based on several observations. (i) In cells in-
fected with mutant virus lacking functional Us3. virions were
found to accumulate in the perinuclear space in large invagi-
nations of the inner nuclear membrane (62). Similar structures
were reported in cells infected with a recombinant pseudora-
bies virus, a member of Alphaherpesvirinae, lacking a Us3-
homologous gene (34, 71). (i) Us3 phosphorylates U134 and
UL31 (25, 58, 65), both of which are critical regulators for
primary envelopment of nucleocapsids at the nuclear mem-
brane (61, 64. 74). (iii) Us3 protein kinase activity is required
for proper localization of UL34 and U131 at the nuclear mem-
brane (61. 62, 63). Us3 may function in the nuclear egress
pathway by direct or indirect interactions with UL34 and
UL31.

We report here studies showing that UL13 phosphorylates
Us3 in infected cells and examine some possible effects of this
phorphorylation.

MATERIALS AND METHODS

Celis and viruses. Vero and Spodoprera frugiperda S{9 cells were described
previously (29, 69). A human neuroblastoma cell line (SK-N-SH cells) was kindly
provided by B. Roizman (University of Chicago, Chicago, H1.) and maintained in
Dulbecco’s modified Eagle medium (DMEM) containing 109 fetal calf serum
{FCS). The HSV-1 wild-type strain HSV-1(F) and UL13 deletion mutant virus
R7356 were described previously (17, 29. 56, 69). The Us3 deletion mutant virus
R7041 {35) was kindly provided by B. Roizman. The recombinant baculoviruses
Bac-GST-UL13 and Bac-GST-UL13K176M were described previously (29).

Plasmids. pBluescript 1 KS{+) (Stratagene) was digested with HindlIII,
treated with T4 DNA polymerase, and religated to produce pBluescript 1T KS(+)
without the HindI1i site. The resultant plasmid was designated pBSAHAIIT. Bglll
O in pBSAHAII was generated by cloning the 5.4-kbp Balil O fragment of
pBCIG1S (32) into the BamHI site of pBSAHAIIL pMAL-Us3-P1 and pMAL-
Us3-P2 were constructed by amplifving the domains encoding Uis3 codons 405 1o
481 and codons 254 10 411, respectively. by PCR from pBCI013 (33) and cloning
the DNA fragments into pMAL-c (New England BioLabs) in frame with maltose
binding protein (MBP). pBC1013 and pBCI1015 were Kindly provided by B.
Roizman.

Generation of a recombinant virus. To construct the recombinant virus
R7356Rep with a repaired LIL13 gene, the UL13 sequences deleted from R7336
were restored by cotransfecting rabbit skin cells with R7356 DNA and Bglil O in
pBSAHdIHI. Plaques were isolated, purified, and screened by PCR analysis for
wild-type UL13 sequences, Restoration of the original sequence was confirmed
by Southern blotting.

Purification of GST fusion profeins from baculovirus-infected cells. The glu-
tathione S-transferase (GST)-UL13 and GST-UL13K176M proteins were puri-
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fied from Sf9 cells infected with Bac-GST-ULL3 and Bac-GST-ULI13K176M,
respectively, as described previously (29).

Production and purification of MBP fusion preteins. MBP fusion proteins
{(MBP-Us3-P1. MBP-Us3-P2, and MBP-LacZ) were expressed in Escherichia coli
that had been transformed with pMAL-Us3-P1. pMAL-Us3-P2. and pMAL-c,
respectively, and purified as described previously (29).

Antibodies. Rabbit polycional antibodies to Us3, UL34 and UL31 were de-
scribed previously (14, 21, 25, 66. 78). Chicken polyclonal antibody to UL34 (61)
was kindly provided by R. Roller (University of Towa). Mouse monoclonal
antibody to nucleoporin p62 was purchased from Transduction Laboratories.

In vitro kinase assays. MBP fusion proteins were captured on amylose beads
(New England BioLabs) and used as substrates in in vitro kinase assays with 2 pg
of purified GST-UL13 and GST-UL13K176M, as described previously (29). The
relative amounts of radioactivily in substrates phosphorylated by GST-ULI3
were quantified with the aid of Dolphin Doc and the software Dolphin-1D
(Wealtec).

Immune complex kinase assays. Vero cells were infected with either HSV-
1(F), R7041, or R7356 at a multiplicity of infection (MOI) of 5 PFU per cell.
Infected cells were harvested at 12 h postinfection and lysed in radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1%
Nonidet P-40 [NP-40], 0.5% deoxycholate, 0.1% sodium dodecyl sulfate) con-
taining a protease inhibitor cockiail (Sigma). Supernatant fluids obtained after
centrifugation of the cell lysate were precleared by incubation with protein
A-Sepharose beads {Amersham-Pharmacia) at 4°C for 30 min and then reacted
with rabbit polyclonal antibody to Us3 at 4°C for 2 h. Additional protein A-
Sepharose beads were added. and the reaction continued for another 1.5 h.
Immunoprecipitates were collected by a brief centrifugation: washed twice with
high-salt buffer (1 M NaCl. 10 mM Tris-HCI [pH 8.0}, 0.2¢ NP-40). once with
low-salt buffer (0.1 M NaCl. 10 mM Tris-HCl [pH 8.0, 0.2¢2 NP-40), six times
with RIPA buffer, and twice with Us3 kinase buffer (50 mM Tris-HCI [pH 9.0},
20 mM MgCl,, 0.16¢ NP40, and 1 mM dithiothreitol) (25): and analyzed by in
vitro kinase assays. For these assays. Us3 kinase buffer containing 10 pM ATP
and 10 pCi [y-*"PJATP was added to the protein A-Sepharose beads (15 i)
containing immunoprecipitated Us3 protein kinase, and the samples were re-
acted at 34°C for 30 min. After incubation. the samples were washed twice with
TNE buffer {20 mM Tris-HCI [pH 8.0]. 100 mM NaCl and 1 mM EDTA) and
analyzed by electrophoresis in denaturing gels with or without phosphatase
treatment. After electrophoresis, the separated proteins were transferred from
the gels to nitrocellulose membranes (Bio-Rad), and the membranes were ex-
posed to X-ray film and then immunoblotted with anti-Us3 antibody.

Phosphatase treatment. After the in vitro kinase assays. the MBP fusion
proteins or immunoprecipitates were washed twice with TNE buffer and twice
with lambda protein phosphatase (A\-PPase) reaction buffer supplemented with 2
mM MnCl; (New England BioLabs). Then, A-PPase reaction buffer containing
2,000 17 A-PPase (New England BioLabs) was added to the beads, and the
samples were incubated at 37°C for 30 min. For MBP fusion proteins, after
electrophoresis in denaturing gels, the gel was stained with Coomassie brilliant
blue (CBB) and exposed to Xeray film. For immunoprecipitates, the samples
were electrophoretically separated and transferred to nitrocellulose membranes.
and the membranes were exposed to X-ray film and then immunoblotted with
anti-Us3 antibody. In other studies. infected cells were Iysed in NP-40 buffer (10
mM Tris-HCIH {pH 7.8), 0.15 M NaCl, 1 mM EDTA. and 1% NP-40) containing
a protease inhibitor cocktail. The supernatants obtained after centrifugation of
the cell lysates were incubated with 20 U alkaline phosphatase (CIP; New
England BioLabsy for 2 h at 37°C. after which they were electrophoretically
separated and then immunoblotted with anti-Us3 antibody.

Southern blofting, im blotting, and ir fluorescence. Southern blot-
ting and immunoblotting were performed as described previously (24. 69). Indi-
rect immunofluorescence assays were performed as described previously (31),
except that anti-mouse or anti-rabbit immunoglobulin G (1gG} conjugated to
Alexa Fluor 488, anti-rabbit IgG conjugated to Alexa Fluor 546. or anti-chicken
123G conjugated to fluorescein isothiocyanate (FITC) was used as a secondary
antibody, in addition to anti-rabbit IgG conjugated to FITC. and samples were
examined with a Zeiss LSM510 or LSMS laser scanning microscope.

Induction of apoptosis and measurement of caspase 37 activity. SK-N-SH
cells were mock infected or infected with HSV-1(F), R7041. or R7356 at an MOIL
of 5. After a 1-h virus adsorption, the virus inoculum was replaced with DMEM
containing 10% FCS. At 12 h postinfection, the cell culture medium was re-
moved and the cells were exposed to 1 M sorbitol in DMEM containing 156 FCS
for 1 h to produce osmotic shock and induce apoptosis. After sorbitol treatment.
the cells were washed with DMEM and incubated in DMEM containing 1% FCS
for an additional 5 h. The cells were then harvested and assayed for caspase 3/7
activity using a Caspase-Glo 3/7 assay kit with a tetrapeptide (Z-DEVD)}-conju-
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FIG. 1. (A) Immunoblot of electrophoretically separated lysates
from Vero cells mock infected (lane 1) or infected with HSV-
L(F) (lane 2), R7356 (lane 3). or R7356Rep (lane 4). Infected cells
were harvested at 12 h postinfection and analyzed by immunoblotting
with polyclonal antibody to Us3. Wi, wild type. (B) Immunoblots of
electrophoretically separated lysates from Vero cells infected with
HSV-1(F) (lanes 1 and 2) and R7356 (lanes 3 and 4). The infected cells
were harvested at 12 h postinfection, solubilized, mock treated (lanes
1 and 3) or treated with CIP (lanes 2 and 4), and immunoblotted with
antibody to Us3. (C) Immunoblots of electrophoretically separated
lysates from Vero cells infected with R7356Rep (lanes 1 and 2) and
R7356 (lane 3). The infected cells were harvested at 12 h postinfection,
solubilized, mock treated (lanes 1 and 3) or treated with CIP (lane 2),
and immunoblotted with antibody to Us3.

gated aminoluciferin substrate. according to the manufacturer’s instructions
{(Promega).

RESULTS

UL13 mediates phosphorylation of Us3 in infected cells. For
these experiments, Vero cells were mock infected or infected
with wild-type virus [HSV-1(F)]. UL13 deletion mutant virus
(R7356), or ULI3-repaired R7356 virus (R7356Rep) at an
MOI of 5; harvested at 12 h postinfection; solubilized; and
analyzed by immunoblotting with polyclonal antibody to Us3.
As reported previously (41), Us3 protein from HSV-1(F)-in-
fected Vero cells was detected in a denaturing gel as doublet
bands. with the more slowly migrating isoform predominating
(Fig. 1A lane 2). In R7356-infected Vero cells. the Us3 protein
was also detected as doublet bands, but the amounts of Us3 in
the two isoforms were more equal than in HSV-1(F)-infected
cells, and both isoforms from R7356-infected cells appeared to
migrate faster than those from HSV-1(F)-infected cells (Fig.
1A, lanes 2 and 3).

To verify that the phenotype observed in these studies was

J. VIROL.

due 1o the ULIL3 deletion, this deletion in the R7356 mutant
virus was repaired to yield the UL13 repaired virus R7336Rep.
as described in Materials and Methods. The genotype of
R7356Rep was confirmed by Southern blotting when restricted
with BgllT and probed with the BgllT O DNA fragment (data
not shown). The electrophoretic pattern of Us3 isoforms from
R7356Rep-infected cells could not be differentiated from that
of Us3 isoforms from cells infected with wild-type virus (Fig.
1A, lanes 2 and 4). These results indicate that UL 13 mediates
posttranslational processing of Us3 in HSV-infected cells.

To examine whether the ULI3-mediated postiranslational
processing of Us3 is due to phosphorylation, the infected-cell
lysates were phosphatase treated with CIP, solubilized. and
analyzed by immunoblotting with polyclonal antibody to Us3.
After CIP treatment, the electrophoretic mobilities of both
Us3 isoforms from Vero cells infected with wild-type HSV-
I(F) or UL13 repaired R7356Rep virus changed. with one of
the Us3 isoforms migrating as fast as one from R7356-infected
cells (Fig. 1B. lanes 1 to 3, and Fig. 1C. lanes | to 3). CIP
treatment of lysate from cells infected with R7356 had little
effect on the migration of the Us3 isoforms (Fig. 1B. lanes 3
and 4). These results indicate that UL13 mediates phosphor-
ylation of Us3 in infected cells. Consistent with our observa-
tions, Poon and Roizman (54) recently reported that Us3 pro-
teins produced by cells infected with the UL13 deletion mutant
virus R7356 migrated in a denaturing gel faster than those
produced by cells infected with wild-type virus. However. the
study did not address whether the wild-type phenotype was
restored in cells infected with a recombinant virus in which the
ULI3 sequence was repaired and whether the postiransla-
tional modification of Us3 mediated by UL13 was due to phos-
phorylation (54).

UL13 phosphorylates Us3 in vitro. To investigate whether
ULI13 directly phosphorylates Us3, we generated and purified
chimeric proteins consisting of MBP fused to peptides encoded
by Us3 codons 254 1o 411 (MBP-Us3-P2) and codons 405 to
481 (MBP-Us3-P1) (Fig. 2A). We also used MBP-LacZ. pro-
tein (25) as a control. MBP-Us3-P1, MBP-Us3-P2. and MBP-
LacZ contain 45, 56. and 47 serines/threonines. respectively.
The MBP fusion proteins were captured on amylose beads and
used as substrates in in vitro kinase assays with purified wild-
type GST-ULI3 or the Kkinase-negative mutant GST-
ULI13K176M. As shown in Fig. 2C, MBP-Us3-P1 was labeled
with [y-"PJATP in kinase assays using GST-UL13 (Fig. 2C,
lane 3). while the MBP-Us3-P2 and MBP-LacZ proteins were
not (Fig. 2C, lanes 1 and 5). When the gel was overexposed. the
MBP-LacZ was labeled very faintly in the presence of GST-
ULI13 (data not shown). However, the relative amount of ra-
dioactivity in MBP-Us3-P1 was 100 higher than that in MBP-
LacZ (data not shown). When the kinase-negative mutant
GST-UL13K176M was used. none of the MBP fusion proteins
were labeled (Fig. 2C, lanes 2. 4, and 6). To confirm that
MBP-Us3-P1 fabeling by GST-ULI3 was due to phosphoryla-
tion, the labeled MBP-Us3-P1 was treated with A-PPase. As
shown in Fig. 2E. MBP-Us3-P1 labeling by GST-UL13 was
climinated by phosphatase treatment, indicating that MBP-
Us3-P1 was labeled by phosphorylation. The presence of each
MBP fusion protein and the radiolabeled MBP-Us3-P1 band
was verified by CBB staining (Fig. 2B and D).

These results indicate that ULI3 specifically and directly
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FIG. 2. (A) Schematic diagram of the genome structures of wild-type (Wt) virus HSV-1(F)
representation of the HSV-1(F) genome. The unique sequences are represented as unique long

and the location of the Us3 gene. Line 1, linear
(U,) and short (Us) domains, and the terminal

repeats flanking them are shown as open rectangles with the designation above each repeat. Line 2. structure of the genome domain containing

the Us2, Us3, and Us4 open reading frames. Line 3, struc
which are conserved in eukaryotic

ture of the Us3 open reading frame. The shaded areas represent subdomains I to VI,
protein Kinases (68). Line 4, the domains of the Us3 gene used in these studies to generate MBP-Us3 fusion
proteins. (B) CBB-stained images of phosphorylated Us3. Purified MBP-Us3-P2 (lanes 1 and 2), MBP-Us3-P1 (1
(lanes 5 and 6) incubated in kinase buffer containing [y-?PJATP and purified GST-UL13 (lanes 1, 3, and 5) or GS

anes 3 and 4), and MBP-LacZ
T-UL13K176M (lanes 2, 4, and

6), separated on a denaturing gel. and stained with CBB. Molecular masses (kDa) are shown on the left. (C) Autoradiograph of the gel in panel

B. (D) Purified MBP-Us3-P1 incubated in kinase buffer containing [y-*2PJATP

treated with \-PPase (lane 2), separated on a denaturing gel. and stained

phosphorylates the Us3 peptide encoded by codons 405 to 481
in vitro.

UL13-mediated phosphorylation of Us3 does not affect Us3
protein kinase activity in infected cells. Phosphorylation of a
protein often leads to a change in function(s) of the target
protein. The result, described above, showing that Us3 is phos-
phorylated by ULI13 suggested three possible effects of this

and purified GST-UL13 and then either mock treated (lane 1) or
with CBB. (E) Autoradiograph of the gel in panel D.

modification: (i) UL13 may affect the intrinsic protein kinase
activity of Us3, (ii) ULI3 may affect the ability of Us3 to
regulate apoptosis, and (iii) UL13 may affect the ability of Us3
to determine the localization of UL31 and UL34.

To test the first possibility, two series of experiments were
done. In the first, Vero cells infected with HSV-1(F), R7041
(AUs3). or R7356 (AUL13) were harvested at 12 h postinfec-
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FIG. 3. Autoradiographic images of Us3 immunoprecipitates sub-
jected to in vitro kinase assay. (A) Vero cells were mock infected (lane
1) or infected with HSV-1(F) (lane 2), R7041 (lane 3), or R7356 (lane
4); harvested at 12 h postinfection; and immunoprecipitated with an-
tibody to Us3. The immunoprecipitates were incubated in kinase buffer
containing [y-P]JATP, separated on a denaturing gel, transferred to a
nitrocellulose membrane, and analyzed by autoradiography. (B) Im-
munoblot of the nitrocellulose membrane in panel A using anti-Us3
antibody. (C) Immunoprecipitates prepared as in panel A were either
mock treated (lanes 1 and 3) or treated with A-PPase (lanes 2 and 4),
separated on a denaturing gel, transferred to a nitrocellulose mem-
brane, and analzyed by autoradiography. Wi, wild type. (D) Immuno-
blot of the nitrocellulose membrane in panel C using anti-Us3 anti-
body.

tion, solubilized, and immunoprecipitated with antibody to
Us3. The immunoprecipitates were then used in kinase assays.
To reduce the possibility that the anti-Us3 antibody might
bring down contaminating kinase(s), the immunoprecipitates
containing Us3 protein kinase were washed with high-salt
buffer containing 1 M NaCl prior to in vitro kinase assays. As
shown in Fig. 3A, Us3 protein in immunoprecipitates from
HSV-1(F)- and R7356 (AULI13)-infected cells were labeled
with [y-**P]JATP at similar levels, but no labeled protein bands
at the apparent M, corresponding to Us3 were detected in
immunoprecipitates from R7041 (AUs3)-infected cells. The
labeling of Us3 proteins was due to phosphorylation, as deter-
mined by studies showing that the labeling was eliminated by
phosphatase treatment (Fig. 3C). The expression of each Us3
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FIG. 4. (A) Immunoblot of electrophoretically separated lysates
from Vero cells mock infected (lane 1) or infected with HSV-
1(F) (lane 2), R7041 (lane 3), or R7356 (lane 4) at an MOI of 5.
Infected cells were harvested at 12 h postinfection and immunoblotted
with anti-UL31 antibody. (B) Caspase 3/7 activity of infected SK-N-SH
cells after induction of apoptosis by osmotic shock. SK-N-SH cells
were mock infected or infected with HSV-1(F), R7041, or R7356. At
12 h postinfection, the cells were exposed to sorbitol for 1 h, incubated
for an additional 5 h. harvested, and assayed for caspase 3/7 activity
using a Z-DEVD-aminoluciferin substrate. The values are the means
and standard deviations for three independent experiments. Wt, wild

type.

protein and identification of the Us3 radiolabeled band were
verified by immunoblotting (Fig. 3B and D). These results
indicate that Us3 proteins in lysates from cells infected with
HSV-1(F) and R7356 (AUL13) have similar autophosphoryla-
tion activities.

We recently reported that Us3 directly phosphorylates UL31
i vitro and mediates postiranslational processing of UL31.
which involves phosphorylation, in infected cells (25). To ex-
amine whether UL13 affects the postiranslational modification
of UL31 in infected cells. in a second series of experiments.
Vero cells mock infected or infected with HSV-1(F). R7041
(AUs3). or R7356 (AUL13) were harvested at 12 h postinfec-
tion, solubilized. electrophoretically separated in a denaturing
gel, and subjected to immunoblotting with antibody to UL31.
These data showed that UL31 protein produced in cells in-
fected with R7041 (AUs3) migrated faster than that produced
in cells infected with HSV-1(F) (Fig. 4A, lanes 2 and 3). In
contrast, UL31 from cells infected with R7356 (AULI13) mi-
grated as slowly as UL31 from cells infected with HSV-(F)
(Fig. 4A, lanes 2 and 4). These results suggest that Us3 pro-
teins expressed in cells infected with wild-type virus and UL13
deletion mutant virus induce similar posttranslational modifi-
cations of UL31.

Taken together. these experiments suggest that UL13-medi-
ated phosphorylation of Us3 is not required for optimal Us3
protein kinase activity in infected cells. However, we cannot
completely exclude the possibility that UL13 affects the Us3
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protein kinase activity in vivo if cofactors are necessary for
optimal Us3 protein kinase activity and/or that UL13 modu-
lates the Us3 protein kinase activity against other Us3 sub-
strates, except UL31, in vivo.

Level of caspase 3/7 activity in virus-infected SK-N-SH cells
in which apoptosis was induced. To investigate whether UL13-
mediated phosphorylation of Us3 affects Us3 regulation of
apoptosis in infected cells, SK-N-SH cells were infected with
HSV-1(F). R7041 (AUs3). or R7356 (AUL13), and at 12 h
postinfection, apoptosis was induced by osmotic shock. The
cells were then harvested and assayed for caspase 3/7 activity.
As shown in Fig. 4B, caspase 3/7 activity induced by osmotic
shock was significantly reduced (26.3-fold) in HSV-1(F)-in-
fected cells (Fig. 4B). In R7041 (AUs3)-infected cells, there
was less reduction of caspase 3/7 activity (4.7-fold). probably
due to the lack of Us3 antiapoptotic activity. Similar results
were reported previously (7). In R7356 (AULI13)-infected cells,
caspase 3/7 activity was similar to that in HSV-1(F)-infected
cells. The activity of Us3 to regulate apoptosis was not detected
in SK-N-SH cells without induction of apoptosis, based on the
observation that the level of the caspase 3/7 activity in SK-
N-SH cells infected with R7041 (AUs3), without osmotic
shock. was comparable to that in cells infected with wild-type
virus (data not shown). These results suggest that the presence
of ULI3 does not affect caspase 3/7 activity in infected SK-
N-SH cells.

UL13 is required for proper localization of UL34 and UL31
in infected cells. To investigate whether UL13-mediated phos-
phorylation of Us3 affects the role of Us3 in UL34 and UL31
localization. Vero cells were mock infected or infected with
HSV-1(F), R7041 (AUs3). R7356 (AUL13), or R7356Rep (re-
pair) at an MOI of 5; fixed at 12 or 15 h postinfection; and
processed for indirect immunofiuorescence assay with antibod-
ies to UL34, UL31, and nucleoporin p62.

Previous studies reported that in HSV-1(F)-infected Vero
and HEp-2 cells at 8 and 12 h postinfection, the UL34 and
UL31 proteins colocalize at the nuclear envelope in a uniform
distribution (61, 65). However, as shown in Fig. 5, the UL34
and UL31 distributions observed in the studies reported here
differed from those results (61, 65), with both UL34 and UL31
showing nucleoplasmic localization in addition to nuclear-
membrane localization (Fig. 5A, E. 1, and M). The antibodies
to UL34 and UL31 used in these studies were not able to
detect any specific fluorescence in mock-infected cells (data
not shown). In R7041 (AUs3)-infected cells. in agreement with
previous reports (61, 65), UL34 and UL31 proteins were de-
tected as punclate structures at the nuclear membrane (Fig.
5B. F. 1, and N). However. although the previous studies found
only UL34 and UL31 localized at the nuclear membrane in
R7041 (AUs3)-infected cells, in the studies reported here.
UL34 and UL31 were also detected as punctate structures in
the nucleoplasm of R7041 (AUs3)-infected cells (Fig. 5B, F, I,
and N). The nucleoplasmic staining of UL34 and UL31 in
HSV-1{F)- and R7041 (AUs3)-infected cells did not appear to
be specific to rabbit polyclonal antibodies generated in our
laboratory. Thus, in HSV-I(F)- or R7041 (AUs3)-infected
cells, the patterns of UL34 fluorescence detected by chicken
polyclonal antibody to UL34, which was used in previously
published studies (61, 62, 65), were almost identical to those of
UL34 fluorescence detected by rabbit polyclonal antibody to
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UL34 generated in our laboratory (Fig. 6A, a, b, d. and e). As
reported earlier (61), UL34 detected by chicken polyclonal
antibody was clearly colocalized with UL31 detected by rabbit
polyclonal antibody to UL31 in discrete punctate structures of
R7041 (AUs3)-infected cells (Fig. 6B, b. {. and j). However, in
the studies reported here, the punciate regions containing both
UL34 and UL31 in R7041 (AUs3)-infected cells were detected
not only at the nuclear membrane. but also in the nucleoplasm
(Fig. 6B, b, I, and }).

In R7356 (AULI3)-infected cells, the UL34 protein was
detected as punctate structures in the nucleus by rabbit poly-
clonal antibody to UL34 (Fig. 5C and G and 6A, ¢), as well as
chicken polyclonal antibody 10 UL34 (Fig. 6A, {, and 6B, ¢).
Similarly, R7336 (AULI13)-infected cells showed UL31 local-
ization as nuclear punctate staining (Fig. 5K and O and 6B, g).
Furthermore. UL34 and UL31 colocalized in the nuclear punc-
tate structures of R7356 (AULI3)-infected cells (Fig. 6B. ¢, g,
and k). These localization features of UL34 and UL31 in
R7356 (AULI13)-infected cells seemed 1o be similar to those of
the viral proteins in R7041 (AUs3)-infected cells (61). It should
be noted, however, that the sizes of UL34 and UL31 stained
speckles in R7356 (AULI13)-infected cells appeared to be
larger than those in R7041 (AUs3)-infected cells, and the num-
ber of speckles in R7356 (AUL13)-infected cells was less than
in R7041 (AUs3)-infected cells (Fig. 5B. C. F, G, I, K, N. and
Oand6A,b,c.e.andf, and B.b, ¢, [, g, j, and k). Furthermore,
it appeared that the effect of UL13 deletion on localization of
UL31 was less than that on UL34 at 12 h postinfection. Thus,
in most (approximately 80%) of the R7356 (AUL13)-infected
cells, the UL34 protein appeared as punctate structures in the
nucleus, but in the remainder (approximately 209). UL34
staining was similar to that in HSV-1({F)-infected cells (Fig. 5C
and G). In contrast, most (approximately 80%) R7356
(AUL13)-infected cells showed UL31 localization similar to
that in HSV-1(I))-infected cells, and the remainder {approxi-
mately 209%) showed UL31 localization as nuclear punctate
staining (Fig. 5K and O). At later times of infection (15 h
postinfection), however, the UL31 protein appeared as punc-
tate structures in the nuclei of most R7356 (AUL13)-infected
cells, as observed with the UL34 protein (Fig. 6B, ¢ to g).

As expected, in R7356Rep-infected cells with the UL13 de-
letion repaired, UL34 and UL31 localization was similar to
that in HSV-1(F)-infected cells, confirming that the change in
localization of UL34 and UL31 proteins in R7356 (AUL13)-
infected cells was a result of the deletion of the UL13 open
reading frame (Fig. 5D, H, L, and P and 6B. d, h, and ).
Nucleoporin p62, a marker for the nuclear envelope, was
evenly distributed in HSV-1(I)-, R7041 (AUs3)-. R7356
(AUL13)-, and R7356Rep-infected cells (Fig. 5Q. R. S, and T).
These results indicate that UL13 plays a role in the proper
localization of UL34 and UL31 in HSV-1-infected cells.

DISCUSSION

Cellular protein kinases are often regulated by phosphory-
lation cascades organized by other protein Kinases (15, 77).
The question we have investigated in the studies reported here
is whether one HSV-encoded protein kinase can target an-
other HSV-encoded protein kinase and what effect this might
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FIG. 5. Digital confocal microscope images showing localization of UL34, UL31, and nucleoporin p62 proteins in Vero cells infected with
HSV-1I(F) (A, E, I, M, and Q), R7041 (B, F. J, N, and R), R7356 (C, G, K, O, and S), and R7356Rep (D, H, L, P, and T). At 12 h postinfection,
infected cells were fixed, permeabilized, and immunostained with rabbit polyclonal antibody to UL34 (A to H) detected with FITC-conjugated
anti-rabbit IgG antibody, rabbit polyclonal antibody to UL31 (I to P) detected with Alexa Fluor 488-conjugated anti-rabbit IgG antibody. or mouse
monoclonal antibody to nucleoporin p62 (Q to T) detected with Alexa Fluor 488-conjugated anti-mouse IgG antibody.

have on infected cells. The conclusions of these studies are as
follows.

First, UL13 phosphorylates Us3 in vitro and in infected cells.
Identification of the physiological substrate of a viral protein
kinase requires demonstration that the substrate is specifically
and directly phosphorylated by the kinase in vitro and that
phosphorylation of the substrate in cells infected with a mutant
virus lacking the protein kinase activity is altered. Although
about 10 potential substrates of UL13 have been reported, only
3 (including gl/gE. ICPO, and EF-18) appear to fulfill the
requirements to be natural UL13 substrates (4. 10, 20, 29, 32,
37, 44. 51. 57, 63). In the studies presented here. we have

shown that a purified Us3 preparation was phosphorylated in
vitro in the presence of purified recombinant UL13. The phos-
phorylation of Us3 was shown to be a direct effect of UL13
protein kinase activity and not of a contaminating kinase(s).
because a kinase-negative mutant (GST-UL13K176M) was un-
able to phosphorylate Us3 in vitro. Furthermore. we found that
Us3 phosphorylation was altered in cells infected with the
UL13 deletion mutant virus. Thus, Us3 also fulfills the require-
ments to be a natural substrate of UL13 in infected cells.
Second., UL13 plays a role in the proper localization of
UL34 and UL31 in infected cells. Previous studies have dem-
onstrated that Us3 regulates the normal localization of the
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FIG. 6. (A) Digital confocal microscope images showing localization of UL34 in Vero cells infected with HSV-1(F) (a and d), R7041 (b and
e), and R7356 (c and ). At 15 h postinfection, infected cells were fixed, permeabilized, and immunostained with rabbit polyclonal antibody to UL34
(a to ¢) detected with FITC-conjugated anti-rabbit IgG antibody or chicken polyclonal antibody to UL34 (d to f) detected with FITC-conjugated
anti-chicken IgG antibody. (B) Digital confocal microscope images showing localization of UL34 and UL31 in Vero cells infected with HSV-
I(F) (a, e, and i), R7041 (b, f, and j), R7356 (c, g, and k), and R7356Rep (d, h, and I). At 15 h postinfection, infected cells were fixed, permeabilized,
and double labeled with a combination of chicken polyclonal antibody to UL34 (a to d) and rabbit polyclonal antibody to UL31 (e to h) and then
detected with FITC-conjugated anti-chicken IgG antibody (green fluorescence) and Alexa-546-conjugated anti-rabbit IeG antibody (red fluores-
cence). Single-color images were captured separately and are shown in the upper (UL34) (a to d) and middle (UL31) (e to h) panels; the lower
panels (i to 1) represent simultaneous acquisitions of both colors. The yellow colors visualized in the merged images represent colocalization of

UL34 and UL31.
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HSV-1 envelopment factors UL34 and UL31. showing that
these viral proteins are localized abnormally in punctate struc-
tures at the nuclear membrane in cells infected with recombi-
nant viruses lacking a functional Us3 protein (61, 62. 65). In
the studies reported here, we have shown that the phenotype
of the UL13 deletion mutant virus with respect 1o UL34 and
UL31 localization is similar 1o that of the Us3 deletion mutant.
Together with the observation that UL13 phosphorylates Us3
in infected cells, a reasonable hypothesis is that UL13-medi-
ated phosphorylation of Us3 may regulate the ability of Us3 1o
determine the proper localization of the viral proteins UL34
and UL31. Although we have shown here that UL13-mediated
phosphorylation of Us3 is not required for optimal Us3 protein
kinase activity, such phosphorylation might alter some other
Us3 activity, such as substrate specificity or subcellular local-
ization. Further studies will be needed 1o clarify whether
UL13-mediated phosphorylation of Us3 is required for regu-
lation of UL34 and UL31 Jocalization. Such studies will need
to include identification of the Us3 site(s) for UL 13-mediated
phosphorylation, construction of a recombinant virus with a
mutated phosphorylaton site(s) in Us3, and investigation of the
phenotype of this mutant virus with respect to UL34 and UL31
localization.

Alternatively, UL13 may regulate UL34 and UL31 localiza-
tion independently of Us3. We previously reported that HSV-1
UL13 and its counterparts in other herpesviruses, including
human cytomegalovirus UL97 and EBV BGLF4, and cellular
protein kinase cde2 phosphorylate the same amino acid resi-
dues on target proteins (27-29). In addition, Advani et al. have
shown that HSV-1 infection activates cdc2 and that UL13 is
required for this activation (1). It is well known that cde2
modifies nuclear membranes by direct phosphorylation of nu-
clear envelope proteins (5, 46). In particular, phosphorylation
of nuclear Jamina and the lamin B receptor by cdc2 resuh% n
disassembly of nuclear lamina during mitosis (11, 16, 22. 38, 47,
48, 53, 72). Interestingly, both the UL34 and UL31 proteins
have been reported to interact in vitro with lamin A/C, a major
component of nuclear lamina, and to be required for HSV-
mediated modification of lamin A/C and chromatin (60, 67).
Therefore, UL13 may act like a cdc2 kinase or may activate
cdc2 kinase to phosphorylate nuclear envelope proteins for
proper targeting of UL34 and UL31 proteins at the nuclear
membrane.

The possibility that UL13 directly phosphorylates UL34
and/or UL31 10 regulate their localization seems less likely,
based on the following observations. First, we have shown here
that, in cells infected with UL13 deletion mutant virus, post-
translational processing of UL31, which is associated with
phosphorylation (25), could not be differentiated from that in
cells infected with wild-type virus. Second, Ryckman and
Roller (65) reported that UL34 phosphorylation was com-
pletely abolished in infected cells when the Us3 kinase target
sites in UL34 (threonine 195 and serine 198) (25, 58, 65) were
mutated, indicating that UL34 is phosphorylated only at thre-
onine 195 and serine 198. There are no reports that UL13 and
Us3 target the same substrate phosphorylation site(s).

In the present study, we have demonstrated that UL34 and
UIL31 exhibited nucleoplasmic localization, in addition to nu-
clear membrane localization. Although several laboratories
have investigated the localization of UL34 and UL31. it re-
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mains enigmatic. Thus, some laboratories clearly demon-
strated that UL34 and UL31 were detected only at the nuclear
membrane in HSV-1-infected cells and in cells cotransfected
with a UL34- and UL31-expressing plasmid (61, 62, 65). In
contrast. the others, including this laboratory. reported nucle-
oplasmic localization of UL34 and/or UL31, in addition to
nuclear membrane localization. in cells infected with HSV-1 or
HSV-2 and in cells transiently coexpressing UL31 and UL34
(8. 66,67, 73, 74). Furthermore, the nucleoplasmic distribution
of pseudorabies virus UL31 and UL34 homologues in infected
cells has also been reported (19). At present, we do not know
how to explain these discrepancies. Although it has been re-
ported that UL34 is a membrane-anchored protein (58, 59, 66).
UL34 could also function as a nucleoplasmic protein. There is
also a possibility that the methods for fixation of cells. staining
conditions, and equipment used in immunofluorescence assays
affect the detection of the viral proteins. Further studies will be
needed to clarify this sabject.

In conclusion, we have provided data showing that Us3 is a
physiological substrate of UL13 and that UL13 regulates the
localization of the HSV envelopment factors UL34 and UL31.
Although direct linkage between UL13-mediated phosphory-
lation of Us3 and the regulatory effects of Us3 on UL34 and
UL31 localization remains to be elucidated, our observations
raise the interesting possibility that UL13 is also involved in the
nuclear egress pathway of HSV-1. In agreement with this pos-
sibility, it has been reported that the ability of mutant human
cytomegalovirus UL97 to bud through the nuclear membrane
is severely impaired (33).
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Abstract

Canine herpesvirus (CHV) is an attractive candidate not only for use as a recombinant vaccine to protect dogs from a variety of canine path-
ogens but also as a viral vector for gene therapy in domestic animals. However, developments in this area have been impeded by the complicated
techniques used for eukaryotic homologous recombination. To overcome these problems, we used bacterial artificial chromosomes (BACs) to
generate infectious BACs. Our findings may be summarized as follows: (i) the CHV genome (pCHV/BAC), in which a BAC flanked by loxP
sites was inserted into the thymidine kinase gene, was maintained in Escherichia coli; (ii) transfection of pCHV/BAC into A-72 cells resulted in
the production of infectious virus; (iii) the BAC vector sequence was almost perfectly excisable from the genome of the reconstituted virus CHV/
BAC by co-infection with CHV/BAC and a recombinant adenovirus that expressed the Cre recombinase; and (iv) a recombinant virus in which
the glycoprotein C gene was deleted was generated by A recombination followed by Flp recombination, which resulted in a reduction in viral titer
compared with that of the wild-type virus. The infectious clone pPCHV/BAC is useful for the modification of the CHV genome using bacterial
genetics, and CHV/BAC should have multiple applications in the rapid generation of genetically engineered CHV recombinants and the
development of CHV vectors for vaccination and gene therapy in domestic animals.
© 2005 Elsevier SAS. All rights reserved.

Keywords: Bacterial artificial chromosome; Canine herpesvirus; Flp recombination

dogs. However, CHYV is the etiological agent of severe illness
of puppies of less than 2 weeks of age, causing a generalized
necrotizing and hemorrhagic disease, which is usually fatal
[2]. CHV is also transmitted transplacentally, resulting in fetal
death [3]. Although surveys have shown a relatively high prev-
alence of CHV in household and colony-bred dogs [4,5], CHV
is known to be associated with fertility disorders, which are
limited in breeding dogs. Due to its low inherent virulence,
CHV is an attractive candidate not only for use as an attenu-

1. Introduction

Canine herpesvirus (CHV) is a member of the Alphaher-
pesvirinae subfamily of the Herpesviridae [1]. Since the clin-
ical signs of CHV infection of adult dogs are usually mild or
undetectable, it is not considered to be a serious pathogen of

Abbreviations: CHV, canine herpesvirus; BAC, bacterial artificial chromo-
some; gC, glycoprotein C; GFP, green fluorescent protein; TK, thymidine
kinase.
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ated vector and a recombinant vaccine to protect dogs from
CHYV and a variety of canine pathogens [6] but also for gene
therapy of domestic dogs. As the host range of CHYV is limited
to dogs [2], the CHV vector can be used safely in other
species, such as humans.
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The gene structure of CHV has yet to be determined, since
no CHYV strain has been completely sequenced and only a few
genes have been identified [6,7]. Restriction mapping and par-
tial determination of nucleotide sequences have shown that the
overall structure of CHV resembles those of other alphaher-
pesviruses [8]. The availability of virus mutants and gene de-
letions would contribute significantly to the production of
CHV-based attenuated or recombinant vaccines, potentially
CHV-based gene therapies for domestic animals. Although
a CHV vaccine is not currently available clinically, a few
reports regarding the development of recombinant CHV
constructs have been published [§—12]. All of the recombinant
CHVs reported to date have been produced utilizing conven-
tional techniques that are based on eukaryotic homologous
recombination, which is technically difficult and time-
consuming due to the requirement of multiple rounds of puri-
fication of recombinant viruses. None of these approaches has
fully exploited the potential of CHV as a vector.

Recently, manipulations of the large herpesvirus genomes
have been made using bacterial artificial chromosomes
(BACs) [13]. Using this method, any genetic modification of
the herpesvirus genome can be introduced quickly in Escher-
ichia coli (E. coli) and generated efficiently without further
plaque purification in eukaryotic cells [14]. To date, the ge-
nomes of several animal and human herpesviruses have been
successfully propagated as infectious BAC clones [14—29].

In this study, we attempted to generate an infectious CHV/
BAC clone in which the BAC vector is inserted into the thymi-
dine kinase (TK) gene. The salient features of the CHV/BAC
produced in this way are: (i) the BAC vector sequence is effi-
ciently removed by a Cre/loxP site-specific recombination sys-
tem using a recombinant adenovirus that expresses the Cre
recombinase; (ii) the manipulation of the BAC-cloned CHV
infectious genome was confirmed by deletion of the glycopro-
tein C (gC) gene by A recombination followed by Flp recom-
bination; and (iii) this study is the first to describe the
construction of a herpesvirus cloned as an infectious BAC,
with the aim of exploitation in the vaccination and gene ther-
apy of companion animals in the future.

2. Materials and methods
2.1. Cells and viruses

Madin—Darby canine kidney (MDCK) cells [30] and A-72
cells [31] were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM,; Nissui, Tokyo, Japan) that was supplemented
with 5% heat-inactivated fetal calf serum (FCS), penicillin,
and streptomycin. The CHV DFD-6 strain [32] was used in
this study. A recombinant adenovirus AXCANCre [33] was
propagated, and titrated in 293 cells according to the instruc-
tions of the manufacturer (TaKaRa, Otsu, Japan).

2.2. Plasmids and vectors

p246MCS, which contains two loxP sites in direct orienta-
tion to each other, was constructed as follows. The 30-bp

BamHI—HindIll fragment of pBeloBAC11 (Research Genet-
ics) multi-cloning site (MCS) was cloned into pBS246 (Gibco,
Carlsbad, CA) by digestion with BamHI—HindIIl to replace
the MCS between the two loxP sites with the MCS of pBelo-
BACI11, thereby generating p246MCS. p246dBGFP, which
contains the green fluorescent protein (GFP) expression cas-
sette flanked by two loxP sites in direct orientation to each
other, was constructed as follows. The 1.6-kb AseI—Miul frag-
ment that contains the GFP expression cassette derived from
pEGFP-C1 (Clontech, Franklin Lakes, NJ), of which the
Bglll—BamH]I fragment in the MCS had been deleted, was
blunt-ended by Klenow (TaKaRa) and cloned into the BamHI
site of p246MCS, resulting in p246dBGFP.

pCTK, which contains the CHV TK gene and flanking re-
gion for homologous recombination, was constructed as fol-
lows. The 6-kb TK-flanking region, which includes the TK
gene, was amplified from purified CHV genomic DNA by
the polymerase chain reaction (PCR) using standard proce-
dures with the following primers: 5'-gacctcgagcatacctaaac-
tacctgg-3/, which contains an Xhol site at the 5’-end; and
5'-acactgcaggtgatgagaggggcttatt-3’, which contains a Pstl
site at the 5-end. The PCR product was digested with PstI
and Xhol, and cloned into the PstI—Xhol sites of pBluescript
II KS(+) (Stratagene, La Jolla, CA), thereby generating
pCTK. The transfer vector pCTKdEHGFP, which contains
the EcoRI—HindIII-deleted TK gene, TK-flanking region, and
a GFP expression cassette between two loxP sites, was con-
structed by ligation of the EcoRI—Spel fragment, which con-
tains the GFP expression cassette derived from p246dBGFP,
into EcoRI—HindIII-digested pCTK. The resultant linear frag-
ment, in which the protruding end generated by Spel still
remained, was blunt-ended by Klenow and self-ligated. The
BAC vector pBeloBAC11 was digested with Sall, purified,
and ligated into pCTKdEHGFP, which had been digested
with Sall and dephosphorylated. All of the constructs were
transformed into the E. coli strain XL-1 Blue strain. The trans-
formants were plated on selective agar that contained 100 pg/
ml ampicillin and/or 12.5 pg/ml chloramphenicol (Cm).

2.3. Virus construction

CHV/BAC was constructed as follows. Confluent MDCK
monolayers were transfected with pPCTKdEHBAC using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instruction. Briefly, for each transfection,
2 pg of linear Notl-digested vector pPCTKAdEHBAC and 10 pl
of Lipofectamine were diluted separately in 250 pl of Opti-
MEM (Gibco) in two tubes and incubated at room temperature
for 15 min. Then, the two dilutions were mixed and further in-
cubated at room temperature for 20 min to allow the formation
of lipid—DNA complexes. This reaction mixture was added to
monolayers cultivated in a six-well plate (Corning, New York,
NY), in which the growth medium had been replaced with
maintenance medium (DMEM that contained 1% FCS) and in-
cubated at 37 °C with 5% CO, for 24 h. Then, the cells were
infected with approximately 100 plaque-forming units (PFU)
of CHV and incubated for 3 days. The diluted virus pool
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was incubated with MDCK cells for 3 days in maintenance
medium. The progeny viruses (called CHV/BAC) were
plaque-purified based on the expression of GFP.

2.4. Isolation and transformation of viral DNAs

CHV nucleocapsid DNA was isolated according to the
methods developed by Sinzger et al. [34]. In brief, infected
cells were harvested when all the cells showed the cytopathic
effect (CPE), collected by low-speed centrifugation, and
washed twice with cold phosphate-buffered saline (PBS).
The cells were resuspended in cell permeabilization buffer
[10 mM Tris—HCI (pH 7.5), 320 mM MgCl,, 1% Triton X-
100], incubated on ice for 10 min, and then treated with
micrococcal nuclease (1500 U/ml; Amersham Biosciences,
Piscataway, NJ) at 37 °C for 60 min. After nuclease treatment,
the cells were digested with 100 pg/ml proteinase K (Invi-
trogen) at 50 °C overnight, and viral DNA was extracted
with phenol—chloroform and precipitated with isopropanol.
Circular viral DNA was isolated by the method of Hirt [35].
Briefly, confluent MDCK cells in a 60-mm tissue culture
dish (Corning) were infected with 3 PFU CHV/BAC per
cell, incubated for 7 h, harvested, washed once with PBS,
and lysed in 0.4 ml of buffer A (0.6% SDS, 10 mM EDTA)
for 30 min at room temperature. Then, 0.1 ml of 5 M NaCl
was added, and after incubation of the cell lysate at 4 °C for
24 h, the cell debris was clarified by centrifugation. The super-
natant was extracted twice with phenol—chloroform and the
DNA was precipitated with ethanol. For cloning of the
CHV/BAC genome, replicative intermediate (covalently
closed circular) CHV/BAC DNA was isolated and transformed
into E. coli DH10B (Invitrogen) by electroporation using the
ECM 830 Pulse Generator (Genetronics, San Diego, CA)
with 0.1-cm cuvettes and pulsing at 2.4kV for 99 ps. The
transformed cells were grown on LB plates that contained
12.5 pg/ml of Cm. BAC DNA samples were isolated from
the E. coli cultures by standard alkaline lysis procedures
[36] and the construct was designated as pCHV/BAC.

2.5. Reconstitution of infectious virus from BAC

A-72 cells were seeded on six-well plates at 5x 10 cells/
well 24 h prior to transfection and incubated at 37 °C in the
atmosphere of 5% CO,. Transfection of pCHV/BAC DNA
into the A-72 monolayer was performed using TransIT-LT1
(Mirus, Madison, WI), as described below. For each transfec-
tion, 12 pl of TransIT-LT1 reagent was diluted in 500 pl Opti-
MEM. Following a 15-min incubation at room temperature,
2 ng of pCHV/BAC DNA was added and the cells were incu-
bated at room temperature for 15 min. The resultant reaction
mixture was added to the monolayer, for which the growth me-
dium had been exchanged with new medium. The transfected
cells were monitored daily for the development of CPE. The
reconstituted virus was designated as CHV/BAC2.

2.6. Restriction enzyme analysis and Southern blotting

Genomic viral DNAs were treated overnight with restric-
tion endonucleases at 37 °C. The digested DNAs were sub-
jected to electrophoresis at 25 mA for 14h at 4 °C on a
0.5% agarose gel. After electrophoresis, the gels were stained
with ethidium bromide (1 pg/ml) and photographed on a
UV-light transilluminator. The DNA fragments were trans-
ferred to Hybond-N*" membranes (Amersham Biosciences)
by capillary action. The blots were hybridized with the
appropriate DNA probes labeled using the AlkPhos DIRECT
labeling kit (Amersham Biosciences) according to the manu-
facturer’s instructions, and detected using the CDP-Star detec-
tion reagent (Amersham Biosciences).

2.7. Modification of pCHV/BAC in E. coli

Recombination in E. coli was performed using the A phage
RED recombination system [37]. First, the gC open reading
frame (ORF) was amplified from the purified CHV genome
DNA using the primers: gCf, 5'-atgagttttaaaaatttttatct-3’ and
gCr, 5'-ttagatcttattattttttgaaC-3’. The amplified fragment was
cloned into the pCR2.1TOPO (Invitrogen) using the TA clon-
ing system and was designated as pCRgC. The minimal kana-
mycin resistance cassette (Kan®) was amplified by PCR from
the linear vector, pCR2.1 (Invitrogen) using the following
primers:  5'-cccggGAAGTTCCTATTCTCTAGAAAGTATA
GGAACTTCgacagcaagcgaaccggaat-3' and 5'-cccggGAAGT
TCCTATACTTTCTAGAGAATAGGAACTTCcggaaatgttgaata
ctcatactcttectttttc-3/, and each primer was phosphorylated be-
fore being subjected to PCR. Each primer contains the Flp rec-
ognition target (FRT) site (upper case) and an Smal site for
subsequent ligation. The PCR product was purified and ligated
into pCRgC, which had been digested with HincIl and Clal,
blunt-ended by Klenow, and dephosphorylated. The resultant
plasmid was amplified by the primer set of gCf and gCr, puri-
fied and resuspended in sterile water. This fragment has the
arms of the gC ORF and contains Kan' flanked by two FRT
sites in the middle of the ORF. The pCHV/BAC DNAs from
DH10B were electroporated into E. coli strain EL250 (kindly
provided from Dr. N. G. Copeland, National Cancer Institute-
Frederick, Frederick, MD, USA). The growth property of the
reconstituted virus was checked to be equal to that from
DH10B. The preparation of electrocompetent EL250 cells,
in which pCHV/BAC was maintained, was performed as de-
scribed below [38]. Overnight cultures of bacteria that con-
tained pCHV/BAC were grown from a single colony, diluted
50-fold in LB medium, and grown until the ODgqq of the cul-
ture was 0.5 at 32 °C. The cultures were then induced to ex-
press the Beta, Exo, and Gam proteins at 42 °C for 15 min,
followed by chilling on ice for 15 min. The cells were then
centrifuged for 5 min and washed three times with ice-cold
sterile water. After washing, the cells were resuspended in
ice-cold sterile water, added to 300 ng of the PCR product,
and electroporated under the conditions described above. Re-
combinant colonies were identified by plating on LB plates
that contained 12.5 pg/ml Cm and 50 pg/ml kanamycin
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(Kan). Recombination was verified by PCR and the electro-
phoresis pattern of the genome, and the recombinant DNA
was designated as pCHV/BAC—AgCkm. The pCHV/BAC—
AgCkm construct was transfected into A-72 cells and the
progeny virus was designated as CHV/BAC—AgCkm.

2.8. Removal of the kanamycin resistance cassette

Colonies that carried the correct BAC were inoculated into
LB medium that contained Cm and Kan and cultured over-
night. The cultures were then diluted 50-fold in LB medium
and incubated until the ODgqo was 0.5. The culture was in-
duced by the addition of 0.1% L-arabinose (Sigma Aldrich,
St. Louis, MO), incubated for 1 h, diluted, and plated on LB
plates that contained Cm. After overnight incubation, colonies
were picked and transferred to plates that contained either Cm
or Kan. Recombinant clones, which were selected for growth
on the plate with Cm, were confirmed by PCR and the electro-
phoresis pattern after EcoRI digestion. Purified DNA samples
from the positive clones (pCHV/BAC—AgC) were transfected
into A-72 cells. The progeny virus was designated as CHV/
BAC—AgC.

2.9. BAC excision

To test whether the BAC DNA backbone flanked by two
loxP sites was excisable from the viral genome, MDCK cells
were infected with the recombinant adenovirus AXCANCre,
which expresses Cre recombinase, at an M.O.I. of 50. After
2 h, the cells were washed and maintenance medium was
added. At 24 h post-infection, the cells were superinfected
with CHV/BAC or CHV/BAC—AgC at an M.O.I. of 0.03.
After an additional 24 h, the supernatants were harvested,
diluted, and incubated with MDCK cells for 3 days. The
progeny virus was plaque-purified based on lack of expression
of GFP, and designated as CHV/dBAC or CHV/dBAC—AgC,
respectively.

2.10. Replication kinetics

Confluent monolayers of MDCK cells were infected with
the DFD-6 wild-type (wt) or recombinants at an M.O.I. of
0.01 or 1.0 for 1 h at 37 °C. Uninfected virus was removed
by aspiration, and the infected cells were washed with PBS
and overlaid with maintenance medium. At different time-
points post-infection (p.i.), the cells and supernatants were
harvested, and the cells were frozen and thawed once, fol-
lowed by centrifugation to collect intracellular viruses. Fifty
percent tissue culture infectious dose (TCIDsg) values were
determined in A-72 cells. The experiments were performed
in triplicate.

2.11. Plaque morphology and plaque size

To examine differences in plaque morphology between
DFD-6 (wt) and the recombinants, CHV/BAC, CHV/dBAC

or CHV/BAC—AgC, 5 x 10° cells were seeded onto six-well
plates and cultured in growth medium for 3 days. Then, the
MDCK cells were infected with viruses and cultured with me-
dium that contained 0.5% methylcellulose and 0.01% DEAE-
dextran. Three days later, the plaques were observed for GFP
expression under a fluorescence microscope. The average size
of plaques in MDCK cells was measured after 5 days post-
infection. Fifty plaques were randomly selected and the size
of them was measured by using NIH Image software. Student’s
t-test was employed to compare the mean plaque sizes of the
viruses examined.

3. Results

3.1. Generation of recombinant viruses and
BAC plasmids

We have cloned the CHV genome into a BAC. To this end,
the recombinant plasmid pCTKdEHBAC, which contains the
BAC vector sequences and the selection marker GFP-expressing
cassette between the loxP sites and is flanked by the viral
sequence comprising the Up21, 22, 23 (TK), and 24 genes,
was constructed. The flanking sequence provided the substrate
for homologous recombination between the BAC and the CHV
genome. The BAC vector sequences comprise a chloramphen-
icol resistance gene (Cm") and elements from the E. coli F fac-
tor, which are required for the stable maintenance and partition
of large plasmids in E. coli [39]. The linearized recombination
plasmid pCTKdEHBAC was transfected into MDCK cells,
followed by infection with CHV. The correct insertion of the
BAC vector should result in the formation of a recombinant
CHV/BAC (Fig. 1A). CHV/BAC was selected under fluores-
cence microscopy based on the expression of GFP (Fig. 6A).
As shown in Fig. 2A, the 6.3-kb of the BAC sequence was
confirmed by Sall digestion. To confirm that the foreign genes
were inserted in the correct position in the TK gene, the CHV/
BAC genome was digested with EcoRI, and as expected, the
9.8-kb fragment [8] of the CHV genome, into which the for-
eign genes had been inserted, was fused into a fragment of
approximately 15.6 kb (Fig. 2A). These results indicate that
the foreign gene is inserted correctly in the TK gene and
that the construction of CHV/BAC is as expected.

Circular intermediates of the recombinant viral genome
were isolated from infected cells using the Hirt extraction pro-
cedure, and the DNA was electroporated into E. coli DH10B
(Fig. 1B). A BAC that carried the CHV genome, pCHV/
BAC, was isolated from the chloramphenicol-resistant bacte-
rial clones. To reconstitute infectious virus, the BAC plasmid
pCHV/BAC was transfected into A-72 cells (Fig. 1B). Viral
plaques typically appeared 4—5 days after transfection. The
Xbal restriction patterns of the genomes of reconstituted
CHV/BAC2 and parental CHV/BAC showed no differences
(Fig. 2B). These results confirm the cloning of the CHV
genome as an infectious BAC in E. coli.

To test whether the BAC DNA backbone flanked by two
loxP sites was excisable from the viral genome, MDCK cells
were infected with the recombinant adenovirus AxCANCre,
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Fig. 1. Strategy to clone the CHV genome into a BAC. Schematic representation of the genomic arrangement of CHV DFD-6 and the relevant domains of the
recombinant viruses and CHV/BACs. (A) A linear diagram of the CHV genome and expanded sections of the domain that encodes UL21 to UL25. The GFP
expression cassette (GFP) and BAC sequence (BAC) were inserted into the TK locus by homologous recombination with the transfer vector that carries the
GFP/BAC sequence flanked by loxP sites and excised by Cre/loxP recombination with a recombinant adenovirus that expresses the Cre recombinase. These re-
combination steps were carried out in MDCK cells. The unique sequences are represented as unique long (UL) and short (US) sequences, and the flanking repeats
are shown as rectangles, which designate terminal repeat long (TRL) and short (TRS) and internal repeats (IR). (B) Schematic representation of the reconstitution
of the CHYV infectious clone. The genomic DNA of CHV/BAC was electroporated into E. coli DH10B and the pCHV/BAC DNA was transfected into A-72 cells to
reconstitute the virus (CHV/BAC?2). (C) Schematic representation of the deletion of gC from CHV/BAC. The PCR fragment that contains the kanamycin resistance
cassette (Kan®) and FRT sites flanked by homologous sequences of gC was inserted into the gC locus of pCHV/BAC using the A phage RED recombination system
(CHV/BAC—AgCkm). These recombination steps were carried out in E. coli EL250 by means of positive selection with kanamycin. Furthermore, Kan® was
removed by Flp recombination in the absence of kanamycin, thereby generating pCHV/BAC—AgC. pCHV/BAC—AgC was transfected into A-72 cells to produce
the infectious virus (CHV/BAC—AgC). The positions of the gC gene located between ULA3 and ULAS5, as well as the Kan® and FRT sites are shown.
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The insertion of the BAC sequence into the CHV genome
and its subsequent removal were confirmed by Southern blot-
ting analysis (Fig. 3B). The PCR products amplified from the
Cm'" gene were labeled using the AlkPhos DIRECT labeling
kit and hybridized to the genomic DNAs of DFD-6, CHV/
BAC or CHV/dBAC, all of which had been digested with
EcoRI (Fig. 3B, lanes 1, 2, and 3). As expected, the probe hy-
bridized only to the 15.6-kb and 2.1-kb DNA fragments from
CHV/BAC. As described above, the BAC sequence was in-
serted into the 9.8-kb EcoRI fragment. The Cm" sequence in
the BAC sequence originally contained an EcoRI site, and
the probe hybridized to the DNA fragments that included the
partial sequence of the BAC (15.6 kb) and the GFP-expressing
cassette (2.1 kb) (Fig. 3A). The insertion of the BAC sequence
was confirmed using another probe. The probe derived from 1 2 3 4 1 2
the TK gene hybridized to the genomic DNA that had been di- EcoRI  Sall “bal
gested with HindIII (Fig. 3B, lanes 4, 5, and 6). In the wild-
type, the TK gene is located on fragments f (6.3 kb) and j Fig. 2. Restriction analysis. T‘hc digest‘ed .fragmejnts were sepa?ated in 0.5%

agarose gels. The fragment sizes are indicated in kilobase pair at the left-

(4.4Kkb), which result from digestion of the CHV genome 1.4 Gac () Purified viral DNA of CHV/BAC or DFD-6 was digested
with HindIII [8]. The HindIIl site in the TK gene disappeared with EcoRI or Sall. (B) Comparison of the restriction digestion patterns of
following conjugation of the TK gene, the GFP gene, and the =~ CHV/BAC and CHV/BAC2. The viral DNAs were digested with Xbal.
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Fig. 3. Southern blot analysis of the recombinant genomes. The fragments were separated in 0.5% agarose gels. The fragment sizes are indicated in kilobase pair at
the right-hand or left-hand sides. (A) Schematic representation of the domains of the recombinant viruses relevant to the construction of CHV/BAC and CHV/
dBAC. The EcoRI (E) and/or HindIIl (H) fragments are indicated. (B) Purified DNAs from the viruses were digested with EcoRI (lanes 1, 2, and 3) or HindIII
(lanes 4, 5, and 6). The fragments were transferred onto nylon membranes for Southern blotting with probes specific for Cm" (lanes 1, 2, and 3) or the TK gene
(lanes 4, 5, and 6). (C) Schematic representation of the relevant domains of the BAC DNAs used in generating CHV/BAC—AgCkm and CHV/BAC—AgC. The
EcoRI (E) fragment is indicated. (D) The DNAs from EL250 were digested with EcoRI and hybridized with probes specific for gC (lanes 1, 2 and 3) or Kan® (lanes

4, 5, and 6).

BAC sequence. However, the HindlIII site re-appeared between
the loxP site and the GFP gene. Thus, the size of subfragment
f in the CHV/BAC genome decreased to 5.8 kb. Since the
HindIII site inside the two loxP sites disappeared following
the removal of the BAC sequence, fragments f and j fused
and a 10.2-kb subfragment appeared in the CHV/dBAC
genome (Fig. 3A). The subfragment derived from fragment j
was detected as a faint 4.4-kb or 12.7-kb band, as the result
of digestion of DFD-6 or the CHV/BAC genome with HindIII,
respectively (Fig. 3B, lanes 4 and 5).

3.2. Site-specific recombination of the CHV
infectious clone

Recently, the A recombination system has been used to
modify efficiently and specifically genes carried by BACs in
E. coli [37]. To determine whether this procedure is adaptable
to the modification of pCHV/BAC, the gene that encodes

glycoprotein C of CHV was targeted for deletion. The pCHV/
BAC construct purified from DH10B was electroporated into
EL250, which expresses Beta, Exo, and Gam at 42 °C, and
flp recombinase was induced by the addition of L-arabinose.
The targeting cassette, which contained the Kan' gene flanked
by two FRT sites and a sequence homologous to the gC gene,
was constructed by PCR. The purified PCR product was elec-
troporated into EL250 cells that contained pCHV/BAC. After
electroporation, the cells were plated on medium that contained
Cm and Kan for the positive selection of pPCHV/BAC—AgCkm.
Furthermore, to remove the Kan" sequence from CHV/BAC—
AgCkm, the EL250 clone that contained pCHV/BAC—AgCkm
was induced with L-arabinose and clones that grew on the
Cm-containing plate but not on the Kan-containing plate were
selected. The recombinant virus CHV/BAC—AgC was obtained
from one of these clones (Fig. 1C).

The genomes of CHV/BAC and the two modified BACs,
CHV/BAC—AgCkm and CHV/BAC—AgC, were purified by
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the methods developed by Sinzger et al. [34], and the recombi-
nants were confirmed by sequence analysis and the electropho-
resis patterns following DNA digestion with EcoRI (data not
shown). The BAC DNAs from EL250 were analyzed by
Southern blotting (Fig. 3D). The probes were constructed
from PCR products that contained the gC gene (Fig. 3D, lanes
1, 2, and 3) or Kan' gene (Fig. 3D, lanes 4, 5, and 6). As ex-
pected, the probe that contained the gC sequence hybridized
with the 2.3-kb fragment derived from pCHV/BAC, whereas
it hybridized with the 2.7-kb fragment derived from pCHV/
BAC—AgCkm and the 1.7-kb fragment derived from pCHV/
BAC—AgC, respectively (Fig. 3C). The Kan'-specific probe
hybridized only with the 2.7-kb fragment that was derived
from pCHV/BAC—AgCkm, indicating that insertion and
excision of the Kan" cassette occurred as expected.

3.3. Characterization of recombinant viruses

To determine the effects of insertion, the replication kinet-
ics of the recombinants were compared to that of the parental
strain DFD-6. Monolayers of MDCK cells were infected at an
M.O.L of 1 or M.O.L. of 0.01. The titer of CHV/BAC de-
creased at every time-point compared to that of the wild-
type DFD-6 (Fig. 4A and B). However, when infected at an
M.O.I of 1, the differences between the virus titers were
smaller than the standard errors (Fig. 4A), while the difference
in titer was more than 10-fold when the cells were infected at
an M.O.I of 0.01 (Fig. 4B). This reduction of the titer seems to
be caused by deletion of the TK gene because growth proper-
ties of CHV/BAC and CHV/dBAC are identical even when
infected at an M.O.L. of 0.01 (Fig. 5A and B).

The CHV/BAC—AgC or CHV/dBAC—AgC titers were
markedly reduced at every time-point compared to CHV/
BAC or CHV/dBAC, which contains gC, with respect to the
viral titers in both the supernatants and the infected cells.
We investigated only a low M.O.I. for CHV/BAC—AgC or
CHV/dBAC—AgC because the titer of this recombinant virus
could not be increased sufficiently to prepare stock virus for
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infection at an M.O.I. of 1. These data demonstrate that the
gC of CHV is not essential for CHV replication, while the
deletion of gC impairs severely the growth of the virus.

To characterize the recombinants, MDCK cells were in-
fected with the viruses and observed 3 days later. The plaques
for CHV/BAC and CHV/dBAC appeared to be slightly smaller
than those for DFD-6 (p < 0.01), although the shapes of the
plaques were not different (Fig. 6A and B). Plaque morphol-
ogy and size of CHV/BAC was identical to that of CHV/
dBAC (data not shown). However, in the case of CHV/
BAC—AgC, the plaque morphology was not circular and the
plaque size was smaller than that of CHV/BAC (p < 0.01,
Fig. 6A and B).

4. Discussion

We have succeeded in cloning the CHV genome as a BAC
(pCHV/BAC). This is the first report describing the construc-
tion of a BAC for use as a basal vector in a recombinant vac-
cine or prospective gene therapy for companion animals. The
salient findings are summarized below.

The excision of the BAC sequence from the CHV genome
is necessary, as reported by several groups studying the BACs
of other herpesviruses [14,27,40]. In the present study, since
the GFP and BAC sequences were designed to be surrounded
by two loxP sites, we could easily select CHV/BAC in the
majority of the wild-type DFD-6 clones by picking a GFP-
positive plaque. Subsequently, the BAC sequence and GFP
were easily deleted by the Cre/loxP recombination system.
Therefore, this selection system with GFP can be used to as-
certain whether or not the BAC sequence is deleted from the
CHYV genome and is applicable to carrying out recombination
in herpesviruses, towards the goal of producing BACs.

The pCHV/BAC construct could be manipulated in E. coli.
Insertion of the exogenous gene (Kan® gene with flanking FRT
sites) and deletion of an endogenous gene (for glycoprotein C)
in pPCHV/BAC were conducted in E. coli strain EL250 using
A recombination followed by Flp recombination. Although
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Fig. 4. Growth kinetics of CHV/BAC. Monolayers of MDCK cells were infected with DFD-6 or CHV/BAC. The cells or supernatants were recovered at 6, 12, 24,
48, and 72 h p.i. and TCIDs, was determined using A-72 cells. The experiments were performed in triplicate. Shown are data on TCIDsq of recombinant viruses
from cells and supernatants with standard errors. (A) Cells were infected at an M.O.1. of 1. (B) Cells were infected at an M.O.L. of 0.01.



