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A Protein Kinase-A Inhibitor, KT5720, Suppressed Cytopathic Effect Caused by

Vesicular Stomatitis Virus
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I investigated the effect of KT5720, an inhibitor of protein kinase A, on the vesicular stomatitis virus
(VSV) infection in BHK- 21cell cultures . The virus inducted cytopathic effect (CPE) was almost com-
pletely suppressed by KT5720 at 5uM. The inhibitor, however, did not affect replication of the virus
nor the synthesis of viral macromolecules. KT5720, did not block the cytoskeletal disruption, while
the cell rounding was suppressed. And, the KT5720-sensitive function may be involved in developing
the VSV-induced CPE, but not essential for the virus replications.

Key words — Vesicular stomatitis virus (VSV), KT5720, cytopathic effect (CPE)

Introduction

The Nagative-stranded Rhabdovirus genomic RNA enc-
odes at least five species of viral proteins (N, NS, M, G,
and L), two of which, L and NS, serve as catalytic and reg-
ulatory subunits of the viral RNS polymerase, repectively
and are involved in the synthetic process of both viral
mRNAs and genomeic RNA [12]. In the case of productive
infection of rhabdoviruses, morphological changes of host
cells are usually associated with the virus replication, such
as the cell rounding, and finally with cell death and
cytolysis. Sequential destruction of cytoskeletal structures
seems to be related to these morphological changes of the
infected cell [2528]. At least two events have been sug-
gested to be involved in the VSV-induced CPE. One is the
inhibition of host macromolecule synthesis occurring in the
nucleus (shutoff), and another is the cytoplasmic events
which would cause dysfunction of cellular organelles in-
cluding cytoskeletons and may also cause morphological
changes of the cell. As for the former event, at least two
viral gene products are suggested to be involved. One is
plus-strand leader RNA produced during the course of vi-
ral transcription [6,17,31], that are supposed to enter the
nucleus and cause the shutoff [14]. Recently, however, the
viral matrix (M) protein has also been shown to inhibit the
host cell transcription [1]. The M protein is involved essen-
tially in the regulation of viral RNA synthesis [2,4] and vi-
rion formation through budding process at the cell mem-
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brane in collaboration with the viral glucoprotein (G) and
nucleocapsis [9,23]. Its interaction of M protein with both
the viral nucleocapsid and G protein have been demon-
strated in vivo and in vitro [5,9,29,32]. From the studies
with temperature-sensitive mutants, however, M protein
has been thought to display cytotoxicity in the infected an-
imal cells [24]. Recently, the cytotoxicity could be repro-
duced in the cells by transfecting the M cDNA with a help
of expression vector [2].

In my previous studies [13] on the antiviral screening of
several protein kinase inhibitors against the VSV repli-
cation in cultured animal cells, and I found that KT5720
(protein kinase A inhibitor) suppressed the VSV-induced
cytopathic effect without affecting the virus replication and
progeny vyield [13]. In this report, I further investigated the
inhibitory mechanism of KT5720 on the VSV induced CPE.

_Materials_and Methods

Viruses, cell culture and infectivity assay

The new jersey serotype of VSV (New Jersey serotype)
was used throughout this study [10] Stockes of the virus
were prepared by infecting to BHK-21 cells at a low m.oi.,
and assayed by plaque formation on BHK-21 cell
monolayers. Sindbis virus was the same strain described
previously [8], and also propaqated and assayed in BHK-21
cell cultures. BHK-21 cell was propagated in Eagle’s MEM
containing 10% Tryptose phosphate Broth (TPB; Difco
Laboratories, Detroit) and 5% calf serum[10, Kyoto
University. Akihiko Kawai Lab] and maintained in MEM
containing 1% fetal bovine serum[10, Kyoto University.
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Akihiko Kawai Lab]after the virus infection.

Assay of actinomycin D-resistant RNA synthesis.

BHK-21 cell monolayers prepared in 35-mm dishes were
infected with VSV at an m.o.i.. of 10 PFU/cell, and fed
with fresh medium containing 1% serum. Protein kinase
inhibitors were added at the initial step of virus infection
at various concentrations as noted in the text. After in-
cubation for 4.5 hr at 37C, the medium was replaced by
the radio-labelling medium which was composed of Eagle’
MEM and 5 pg/ml actinomycin D (act. D). After further
incubation for 30min, 1-10 pCi/ml [5-’H]uridine was add-
ed to the medium, and the culture were incubated for one
or two hours. Then, the cultures were washed twice with
PBS and lysed by adding one tenth volume of 10% sodium
dodecyl sulfate (SDS). After adding 1 mg bovine serum al-
bumin (BSA), the lysates were precipitated with 5% tri-
chloroacetic acid (TCA). The TCA-insoluble materials were
recovered onto glass filters (GF/C24-cm; Whatman
International Ltd, Maidstone) to determine the radio-
activity incorporated into the acid-insoluble fraction by us-
ing a liquid scintillation counter (Beckman LSC-70000).

Metabolic labeling of viral proteins with radioactive
precursor

Radioactive viral proteins were prepared for studies of
autoradiography and immunoprecipitation. Infected cul-
tures were prepared as described above, and fed with
fresh medium containing 1% serum. At zero time of in-
cubation, protein kinase inhibitors were added at various
concentrations as noted on the text. After incubation for 4.5
hr at 37°C, the medium was replaced by the radio-labelling
medium which contained a low concentration (1.5 mg/ml)
of cold l-methionine and 1% serum. After further in-
cubation for 30 min, ¥s-methionine was added to the cul-
ture, which were then incubated for metabolic labeling of
infected cells for one or two hourses as noted in the text.
The cells were lysed with SDS-sample buffer for SDS poly-
acrylamide gel electrophoresis (PAGE).

SDS-PAGE and autoradiographic analysis.

For the electrophoresis of viral proteins in an SDS-PAGE
gel, the infected cells were lysed with Laemmli’s sample
lysis buffer [15] and applied to 10% SDS-PAGE as noted
previously [26]. For better sepuratuin of VSV N and pro-
teins in the SDS-PAGE gel, pH of the separation gel was

adjusted to 9.5 instead of 8.8. The gels were dried onto
Whatmanfilter paper and exposed to an imaging plate for
autoradiography. The plate was subjected to the analysis in
a BAS-2000 Imaging Analyzer (Fuji Fiim Co. Ltd.,, Tokyo).

Antisera

Anti-VSV G antiserum was prepared by immunizing
rabbits with the G protein sample which was extracted
from SDS-PAGE gels after the electrophoresis of purified
VS virions. Anti-VSV NS antiserum was prepared by im-
munizing rabbits with synthetic oligopeptides which were
systhesized by mimicking the amino acid sequence of NS
protein.

Immunofluorescence studies

Infected BHK-21 cells were prepared on converslips and
fixed at the time indicated in the text with acetone or 3%
parafolmaldehyde for 10 to 15min at room temperature (In
the case of the paraformaldehyde-fixed specimens, cell
membrabe was permeabilized after the fixation by treat-
ment with 1% Triton x-100/PBS). The fixed specimens
were first stained with the first antibody against the viral
proteins or cytoskeletal components for 60 min at 37C,
and then washed for 1 hr. Then, the specimens were
stained with FITC or rhodamine-conjugated second anti-
body for 30 min at 37, and were washed (PBS). The im-
munostained specimens were observed under a Nikon epi-

fluorescence microscope.

Extraction of cellular DNA and agarose gel
electrophoresis.

Cellular DNA was extracted according to Gross-Bellard
et al. [7]. At various hours of infection, the virus infected
and mock-infected cells were recovered with rubber scra-
pers from the culture vessels, suspended in PBS and sedi-
mented by low speed centrifugation. Then the cells were
lysed with 0.1% SDS and treated with proteinase K (100 pg
/1 ml) for 90 min at 50, and then subjected to phenol/
chloroform extraction. The DNA samples obtained were di-
gested with RNase A in 0.IxTE for 30 min at 37C and
then applied to 1% agarose gel electrophoresis.

Immunoblot analysis

Infected and mock-infected cells were lysed with
SDSysis buffer. The lysates were applied to 10%
SDS-PAGE, and then blotted onto nitrocellulose filter(S &



S). After the blocking procedures, the filter was processed
for immunological detection voral proteins with rabbit an-
tisera against the VSV G, M and NS proteins and perox-
idase-conjugated anti-rabbit antibody. Color was developed
as described previouly [22].

Chemicals and buffers

PBS is composed of 140 mM NaCl, 2.6 mM KCl, 8§ mM
sodium phosphate, 05 mM MgS0 and 05 mM CaCl,
(pH7.8). PBS(-) means that magnesium and calcium are
omitted from PBS. NTE contained 150 mM NaCl, 10 mM
Tris- HCl (pH7.8) and 1 mM EDTA. TE contained 10 mM
Tris-HCl (pH 7.4) and 1mM EDTA. IP buffer is composed
of 0.1%SDS, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate
and 10 mM Tris-HCl (pH 7.5). K-252a-derived protein kin-
ase inhibitors, KT5720 and KT5926 (27,28) were purchased
from Kyowa Medex Inc. (Tokyo). “S-methionine or
Tran®Slabel (specific activity=~1000 Ci/mmol) and
[5-H]uridine (specific activity=~30 Ci/mmol were of ICN
Radiochenicals (Irvine, CA).

Results

Effect of K-252a derivatives on the VSV infection
in culture

In our previous studied on the antiviral activity of
K-252a derivatives against the VSV infection in cell cul-
tures, we found that VSV replication was inhibited by a
parent compound (k-252a), that is known to inhibit a
broad spectrum of protein kinases. Similar results were al-
s0 obtained with a myosin light chain kinase inhibitor,
KT5926 [13]. Contrasting effect was observed with KT5720,
a protein kinase A inhibitor, that suppressed the VSV-in-
duced CPE (cell rounding), but allowed almost a full ach-
ievement of VSV replication. The ICsy of KT5720 de-
termined on the basis of CPE suppression was about 0.55
uM, while that of KT5926 was 1.5 uM.

Table 1 showes the time course study of VSV-induced
CPE and the suppression by the inhibitors. When KT5720
and KT5926 were added to the VSV infected cultures at a
concentration of ten times of ICs ,they similarly inhibited
the CPE development under the same infection conditions.
In the control cultures, the yield of progency virus usually
reached the maximum level at around 8 to 10 hr of
infection, KT5926 decreased the yield in consistent with
suppression of the CPE (15 uM KT5926 reduced the yield
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Table 1. Time course study of the effect of KT5720 and KT5926
on the VSV-induced CPE in BHK-21 cell cultures.

Grade of CPE

Virus Drug Time pi. (hr)
infection addition ¢ 3 6 9 1
KT5720 - - - - -
KT5926
+ - - + T
KT5720 - - - - ¥
KT5926 - - - - i~

BHK-21 cell monolayer cultures were infected with VSV at
an m.oi. of 10 pfu./cell. After the viral adsorption, main-
tenance medium was added to the cultures, to which 5 pM
KT5720 or 15 pM KT5926 was added immediately. The cul-
tures were incubated at 37 and the grade of virus-induced
CPE was determined under a light microscope at 3-hr inter-
val up to 12 hr after the infection. The grade of CPE is de-
termined according to the cell population showing the cyto-
pathic effect (cell rounding and/or cytolysis): -, negative; +,
10-25%; ++, 50%; +++, 70-80%; ++++, 100%.

by 90% or more even at 12 hr), while 5 uM KT5720 only
slightly inhibited the virus replication, and the yield
reached the maximum level at around 12 hr, Similar effect
was observed with these inhibitors in the viral RNA syn-
thesis (data not shown). Fig. 1. compares the dose-response
curves: KT5926 decreased the viral RNA synthesis, while
almost a maximum level of viral RNA synthesis was ob-
served in the presence of 5 uM KT5720, that strongly sup-
pressed the VSV-induced CPE (Table 1). Effect of KT5720
was further investigated here as follows (Detailed studies
of the inhibitory effect of KT5926 on the VSV replication
will be described elsewhere).

Effect of VSV infection on the integrity of the
host cell DNA

Before starting further studies on the mechanism of CPE
suppression by KT5720, I checked whether the cellular
DNA is fragmented during the course of CPE development
and whether such event could be blocked by KT5720. As
shown in Fig. 2A, VSV infection did not seem to cause
fragmentation of cellular DNA in BHK-21 cells even when
the virus-induced cell rounding reached the maximum lev-
el and cytolysis began to occur at 24 to 36 hr. And, the in-
hibitor (KT5720) did not change the results of experiments
on the cellular DNA (Fig. 2A). In another experiment per-
formed in parallel with Sindbis virus (Fig. 2B), we detected
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Fig. 1. Dose-response curve of the effect of KT5720 and
KT5926 on the viral RNA synthesis. Various amount
of drugs were added to the cultures, that were then
incubated for 6 hr at 37°C. Actinomycin D (5 pg/ml)
and [5-*Hluridine (1 pCi/ml) were added to the cul-
tures at 1.5 and 2 hr after the infection, respectively.
The cells were recovered and lysed with 1% SDS and
then treated with 5% TCA on ice to determine the ra-
dioactivity incorporated into the acid-insoluble frac-
tion as described under materials and methods.
Symbols: @, KT5270; A, KT5926

(A) M1234567 (B)123456M

Fig. 2. Agarose gel electrophoretic analysis of host cell DNA
from the VSV and Sindbis virus infected cells. BHK-21
monolayers in 60 mm dishes were infected with VSV
(A) or Sindbis virus (B) at an m.o.d. of p.fu./cell, and
incubated at 37°C for up to 24 to 36 hr, the time when
the virus-induced cell rounding reached the maximum
level and the cytolysis began to occur. Mock-infected
cultures were also prepared in parallel. At 6 or 12 hr
intervals (VSV infection) or at 24 hr (Sindbis virus in-
fection), cells were recovered and subjected to DNA
extraction as described under materials and mathods.
In the case of VSV, DNA extracted from a 60-mm dish
was dissolved in 500 pl 0.1xTE, from which 15 pl (8 pg
DNA) was taken and applied to the agarose gel. In the
case of Sindbis virus infection, the DNA was dissolved
in 500 pl 0.1xTE, from 2 and 3: DNA from which 5, 10
and 15 pl were taken out and applied to the gel. (A)
Lanes 1, 2 and 3: DNA from uninfected control
(obtained at 6, 24 and 36 hr, respectively); lanes 4, 5,
6, and 7: DNA from uninfected (6, 16, 24, 36 hr, re-
spectively). (B) Lanes 1, 2 and 3: DNA from uninfected
control cells (2.7 pg, 53 pg and 8 pg DNA, re-
spectively); lanes 4, 5 and 6: DNA Sindbis virus in-
fected cells (1.3, 2.7, 4 pg DNA, respectively). Lane M
: size marker (Hind[l-digested 4 phage DNA).

the DNA fragmentation in the infected cells as reported by
Levine et al. [16]. In addition, we also observed the for-
mation of blebs and apoptotic bodies in the Sindbis virus
infected cultures, while such morpholigical changes were
not observed in the VSV infected cultures (data not
shown). These results suggest that the VSV infected cells
are killed by a non-apoptotic process.

Studies on the effect of KT5720 on the viral
protein synthesis

In order to investigate the mechanism of CPE sup-
pression by KT5720, we next examined whether the in-
hibitor affected the viral protein synthesis, post-transla-
tional processing or the intracellular behaviour of the viral
protein Effect on viral protein synthesis was first inves-
tigated as follows.

As shown in Fig 3, almost the same migration patterns
were observed in SDS-PAGE of the viral proteins pro-
duced in the presence and absence of KT5720. This figure
also shows that KT5720 did not affect the VSV-induced
shutoff of host protein synthesis. Similar results were also
obtained when treated from the earlier phase of infection
(data not shown). Immunoblot analysis with anti-G and
anti-NS antisera did not show any difference between the
viral proteins produced in the KT5720-treated and mock-
treated infected cells (Fig. 4). Semi-Quantitative immuno-
blot assay indicated that the rate of viral protein synthesis

Virus - - + +
KT5720 - + - +
=oomon
a—— gy G

o
oot et M
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Fig. 3. SDS-PAGE and autoradiographic analysis of the effect
of KT5720 on the viral protein synthesis. VSV infected
and uninfected BHK-21 cells were mock-treated with 5
uM KT5720 from 4.5 hr of infection, and labeled with
®s-methionine for one hour (from 5th to 6th hour of in-
fection). The cells were then washed with PBS and re-
covered by lysing with a sample lysis buffer, After elec-
trophoresis a in SDS-PAGE gel (pH 9.5), the gel was
subjected to autoradiography (see materials and meth-
ods). Lane 1: mock-treated control; lane 2: KT5720-treat-
ed control; lane 3: VSV infected and mock-treated; lane
4: VSV infected and KT5720-treated.
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Fig. 4. Immunoblot analysis of viral protein synthesis in the
KT5720 and KT5926-treated cultures. VSV infected
mock infected cells were prepared as described for Fig.
1, and incubated in the presence or absence of either
5 pM KT5720 or 15 uM KT5926 for 5 hr at 37°C. Then,
the cells were recovered with rubber srapers, and lysed
with a sample lysis buffer. The lysates were subjected
SDS-PAGE and immunoblot analysis with rabbit anti-
bodies against the viral G, NS and M proteins as de-
scribed under materials and methods (A and B).
Immunoblots stained with anti-G and anti-NS anti-
bodies, respectively: lane 1, uninfected untreated con-
trol; lane 2, KT5720-treated control; lane 3; KT5926-
treated control; lane 4, VSV infected untreated control;
lane 5, VSV infected and KT5720-treated; lane 6, VSV
infected and KT5926-treated.

did not seem to be altered by KT5720. These results sug-
gest that viral protein systhesis was not affected by
KT5720, in other words, the KT5720-sensitive functions are
not involved in the viral protein synthesis.

Studied on the distribution of viral antigens in the
cell

We next performed immunofluorescence studies on the
viral protein synthesis. Fig. 5. shows the time course stud-
ies on the synthesis and distribution of the viral glyco-
protein (G) in the KT5720-treated and mock-treated cells.
Most cells become antigen-positive at around 6 hr, and
morphological changes began to appear at around 6 hr in
the mock-treated culture. On the other hand, most viral
antigen-positive cells preserved the flat shape even at 12
hr, at which most infected cells displayed rounding in the
mock-treated culture,

Most of these antigen-positive cells still displayed a mo-
ral flat morphology even at control cultures (Fig. 5). KT5720
did not cause any changes in the uninfected cultures for at
least 12 hr of incubation. These observations indicate that
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Fig. 5. Immunofluorescence study of the effect of KT5720 on
the morphology of viral antigen-positive cells. VSV in-
fected BHK-21 cells sown on coverslips were incubated
in the presence and absence of 5 yM KT5720 for 12 hr.
At each 3-hr interval, the cells were fixed with acetone
for 15 min at room temperature. Acetone-fixed samples
were stained with rabbit anti-G antibody (first anti-
body) and then with rhodamine-conjugated second
antibody. Photos: (left column) mock-treated infected
cultures at 0, 3, 6, 9 and 12 hr (from top to bottom);
{right column) KT5720-treated infected cultures at 3, 6,
9, and 12 hr (from top to bottom).

KT 5720 suppressed the VSV-induced cell rounding without
affecting the distribution of M protein. When 5 uM KT5720
was added to the infected cultures, the morphological
change (cell rounding) was abolished (Fig. 5). In other
words, the inhibitor did not block the VSV-induced dis-
ruption of microtubules and intermediate filaments.

Discussion

In this study, I investigated the effect of a protein kinase
A inhibitor, KT5720, on VSV infection in cell cultures. The
inhibitor suppressed the VSV- induced cell rounding with-
out affecting the viral gene expression as well as progeny
virus production. In other words, the progeny virus pro-
duction can be achieved without causing the rounding of
host cells which is usually associated with the virus repli-
cation, and the cell rounding may depend on the
KT5720-sensitive function(s). Since the virus-induced shut-
off of cellular protein synthesis was not affected by KT5720
(Fig. 3) it was reconfirmed that the VSV-induced shutoff
and cell rounding are independent events, although both
depend on the viral gene expression. At present, I think
that the KT5720-sensitive function(s) involved in the
VSV-induced cell rounding is a cellular function(s), be-
cause our recent study suggests that the L protein-asso-
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ciated protein kinase activity is not sensitive to KT5720,
and other viral proteins are throught to have no enzymatic
activity.

Rounding of the cell may be caused by many kinds of
agents and biological products which affect the cytoskeletal
structures, such as microtubule-destroying agents (e.g.,
Vinblastine), virus infections, Simon, K.O. et al. [28] de-
scribed sequential disassembly of three cytoskeletal compo-
nents (i.e., microfilament, microtubule and intermediate fil-
ament) in the VSV infected cells. Melki et al. [18] reported
recently that the VSV-induced cell rounding may be re-
flection of the disruption of microtubule networks, which
might be caused by intersction between the viral M protein
and tubulin.

Our present study showed that KT5720 did not affect
the interaction between the viral M protein and cytoskele-
tal components (data not shown), however, the agent sup-
pressed the cell rounding. Concerning this problem, I
would like reconsider the recent studies performed in the
Kawai’s laboratory (Kyoto) on the functional interaction of
rabies virus proteins with cellular or cytoskeletal compo-
nents which may be involved in the viral replicative
process. They have assumed recently that some of such
components may also be incorporated into mature virions
as have been reported for the action in the virion [20].
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