7632 ABE ET AL.

mice suggests that other TLRs may be involved in IFN pro-
duction by AcNPV. However, PECs from mice deficient in
TLR3 and TLR7, which recognize dsRNA and single-stranded
RNA, respectively, exhibited no reduction of IFN-a produc-
tion upon infection with AcNPV (Fig. 1B). These results sug-
gest that a novel cytoplasmic DNA-sensing mechanism other
than TLR3, TLR7, and TLRY signaling pathways might be
involved in the production of type I IFN in PECs upon infec-
tion with AcNPV,

Although AcNPV contains a high level of unmethylated
CpG DNA comparable to that found in the genomes of E. coli
and HSV (1), the involvement of a TLR9/MyD88 signal path-
way in the production of type I IFN by the AcNPV genome
remains unclear. E. coli DNA and phosphorothioate-stabilized
mCpG oligonucleotides (ODN1668) were capable of produc-
ing a large amount of IL-12 in PECs through a TLR9/MyD88-
dependent pathway, whereas production of type I IFN was not
induced by the ligands (Fig. 1C). Production of IL-12 and
IFN-a in PECs transfected with the purified baculoviral DNA
was impaired by knockout of the TLRY or the MyD88 gene,
whereas substantial amounts of IFN-B were still produced in
PECs derived from MyD88- or TLR9-deficient mice (Fig. 1C).
These results suggest that a TLR9/MyD88-independent DNA
recognition pathway participates in the production of type I
IFN in PECs in response to the AcNPV genome.

pDCs are known as master producers of type I IFN upon
virus infection, and IFN production is largely dependent on the
TLR signaling pathway (11). IFN-a production in pDCs
derived from TLR9- or MyD88-deficient mice was severely
impaired in response to AcNPV stimulation (Fig. 1D), sug-
gesting that AcNPV induces IFN-a production in pDCs
through a TLR9/MyD88-dependent pathway. Next, to ex-
amine the mechanisms of induction of type I IFN by AcNPV
in vivo, AcNPV was intraperitoneally inoculated into wild-type
and MyD88- or TLR9-deficient mice, and levels of IFN-a and
IL-12 production in sera were determined. TLR9- or MyD88-
deficient mice exhibited a level of serum IFN-a similar to that
of wild-type mice upon infection with AcNPV, whereas IL-12
production in the deficient mice was severely impaired (Fig.
1E). These results suggest that non-pDCs participate in the
production of type I IFN through a TLR9/MyD88-indepen-
dent pathway in response to AcNPV in vivo, in contrast to the
TLR9/MyD88-dependent production of proinflammatory cy-
tokines. Collectively, these results indicate that both TLR-
dependent and -independent pathways are involved in the pro-
duction of type I IFN in immune cells, including PECs,
CD11c™ DCs, and pDCs, in response to AcNPV.

IRFE7 plays a crucial role in the production of type I IFN by
AcNPYV in immune cells and in mice. Both IRF3 and IRF7 are
required for the production of type I IFN through a classical
pathway activated by viral infection (18, 41). Therefore, we
examined the involvement of IRF3 and IRF7 in the production
of type 1 IFN in response to AcNPV by using PECs and splenic
CD11c*™ DCs derived from IRF3- and IRF7-deficient mice
(Fig. 2A). IFN-a production in the IRF7-deficient PECs and
splenic CD11¢™ DCs in response to ACNPV or VSV was im-
paired, whereas such production was still active in the IRF3-
deficient immune cells. IFN-8 production in PECs was im-
paired in the IRF3- or IRF7-deficient mice in response to
AcNPV, although significant amounts of IFN-B were produced
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in the IRF3- or IRF7-deficient PECs upon infection with VSV.
In contrast to the PECs, IRF3-deficient splenic CD11c* DCs
produced a level of IFN-B comparable to that in the wild-type
cells in response to AcNPV. In response to VSV infection,
production of IFN-B in the deficient immune cells was less
impaired. Although enhancement of IL-12 production in the
IRF3-deficient PECs and splenic CD11c™ DCs in response to
AcNPV or VSV was observed, similar levels of IL-12 produc-
tion were observed in the IRF7-deficient immune cells and in
wild-type cells in response to AcNPV or VSV,

There is circumstantial evidence that IRF7 plays a role in the
MyD88-dependent production of IFN-« by activating the TLR
in pDCs (17, 25). Therefore, we next examined the IFN-o
production in pDCs obtained from IRF7-deficient mice. Con-
sistent with the previous observations, IFN-a production in
response to AcNPV was completely abolished in the IRF7-
deficient pDCs (Fig. 2B). Furthermore, production of IFN-a,
but not that of IL-12 and IL-6, in response to AcNPV in
IRF7-deficient mice was severely impaired (Fig. 2C). These
results suggest that IRF7 plays a crucial role in the production
of type I IFN upon infection with AcNPV in the immune cells
and in vivo.

Involvement of the IFNR signaling pathway in the produc-
tion of type I IFN by AcNPV. The many subtypes of IFN-a and
IFN-B are released from infected cells and bind to a single
IFNR, and receptor-mediated signal transduction induces the
expression of numerous IFN-stimulated genes whose products
interfere with viral replication. To determine the involvement
of the IFNR-mediated signal transduction in the induction of
the innate immune response by AcNPV infection, production
of IFN-qa, IFN-B, and IL-12 in PECs and splenic CD11c™ DCs
derived from IFNR-deficient mice after stimulation with
AcNPV or poly(I:C) was examined. Production of IFN-a and
IFN-B was significantly impaired by AcNPV or poly(I:C) in the
IFNR-deficient PECs and splenic CD11¢” DCs (Fig. 3A and
B), whereas IL-12 production in the deficient immune cells was
comparable to that in the wild-type cells. In contrast to the in
vitro data, production of IFN-« in the sera of IFNR-deficient
mice was still detectable and exhibited a partial impairment at
6 h posttreatment (Fig. 3C). These results suggest that produc-
tion of type I IFN in vitro in response to AcNPV is regulated
mainly by an IFNR-mediated signal pathway, whereas an
IFNR-independent pathway is additionally involved in the pro-
duction of type I IFN in response to AcNPV in vivo.

Envelope glycoprotein gp64 does not participate in the im-
mune activation by AcNPV. A previous study demonstrated
that the recombinant envelope glycoprotein of AcCNPV lacking
a transmembrane domain (gp64ATM) did not produce proin-
flammatory cytokines or type I IFN in a murine macrophage
cell line, RAW264.7 (1). However, the ability of gp64ATM to
induce an innate immune response in primary mouse immune
cells and nonimmune cells has not yet been examined. To
determine the involvement of the envelope glycoprotein of
AcNPV in immune activation, we prepared a C-terminally
six-His-tagged gp64 lacking the transmembrane region (His-
gp64ATM), as described previously (1), and examined its abil-
ity to activate primary mouse cells, such as PECs, splenic
CD1l1c* DCs, and MEFs. His-gp64ATM was purified as a
homogeneous band and was clearly detected by anti-His and
anti-gp64 antibodies (Fig. 4A). Although infection with
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FIG. 2. IRF7 plays a crucial role in the production of type I IFN by AcNPV in immune cells and in mice. (A) PECs and splenic CD11c™ DCs
(2 X 10° cells/well) prepared from wild-type, IRF3-deficient, or IRF7-deficient mice were stimulated with the indicated amounts of ACNPV or VSV

(NCP mutant, MOI of 0.1). After 24 h of incubation, the production of IFN-

o, IFN-B, and IL-12 in culture supernatants was determined by ELISA.

(B) Splenic pDCs (2 X 10° cellsfwell) prepared from wild-type or IRF7-deficient mice were stimulated with the indicated amounts of ACNPV. After
24 h of incubation, production of IFN-a in cuiture supernatants was determined by ELISA. (C) AcNPV (100 pg/mouse) was intraperitoneally
inoculated into wild-type and IRF7-deficient mice, and levels of IL-12, IL-6, and IFN-« production in sera were determined by ELISA at the

indicated times. Data are shown as the means * standard deviations.

AcNPV produced large amounts of IL-12 and IFN-« in PECs
and splenic CD11c™ DCs, only a low level of IL-12 production
was detected after infection with His-gp64ATM (Fig. 4B). Fur-
thermore, infection with AcNPV resulted in rapid production
of IFN-8, inflammatory cytokines, and chemokines, including
IL-6, MCP-1, RANTES, and IP-10, in MEFs, in contrast to the
low level of production of the cytokines by infection with His-
gp64ATM (Fig. 4C). These results suggest that the envelope
glycoprotein, gp64, does not play an important role in the
immune activation by AcNPV.

AcNPV produces IFN-B and IFN-inducible chemokines
through a TLR-independent and IRF3-dependent pathway in
MEFs. We next examined the involvement of the TLR signal-
ing pathway in immune activation by AcNPV in MEFs. MEFs
were isolated from wild-type and MyD88/TRIF double knock-
out mice, and the production of cytokines after stimulation
with AcNPV, VSV, LPS, or poly(I:C) was determined by
ELISA and real-time PCR. In the MyD88/TRIF-deficient
MEFs, the production of IL-6 was severely impaired in re-
sponse to AcNPV and LPS, whereas no effect was observed
after treatment with VSV or poly(I:C) (Fig. 5A, top). In con-
trast, the production of IFN-$ in MEFs in response to AcNPV,
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VSV, or poly(1:C) was not affected by knockout of the MyD88/
TRIF genes. LPS did not induce IFN-B production in either
wild-type or MyD88/TRIF-deficient MEFs (Fig. SA, bottom).
Comparable levels of mRNA of IFN- and IFN-inducible
chemokines, including MCP-1, RANTES, and IP-10, were
detected in wild-type and MyD88/TRIF knockout MEFs in
response to AcNPV (Fig. 5B). These results suggest that a
TLR-dependent pathway participates in the production of
proinflammatory cytokines by AcNPV in MEFs, as seen with
the immune cells, while AcNPV produces IFN-$ and IFN-
inducible chemokines in MEFs through a TLR-independent
pathway.

Next, to determine the involvement of IRF3 and IRF7 in the
immune activation in MEFs by AcNPV, wild-type and IRF3-
or IRF7-deficient MEFs were treated with AcNPV, LPS, or
VS8V, and the production of cytokines was determined by
ELISA and real-time PCR. Production of IL-6 in IRF3 or
IRF7 knockout MEFs after treatment with AcNPV, VSV, or
LPS was comparable to that in wild-type MEFs (Fig. 5C, top).
In contrast, production of IFN-B was impaired in IRF3- and
IRF7-deficient MEFs in response to AcNPV and VSV, respec-
tively, while LPS induced no IFN production in either type of

6002 ‘2 AN uo Ausiaaiun exesQ e Blowse Al wolj papeojumog



7634 ABE ET AL. J. VIrROL.
A IFNa (ng/mf) IFNB (ng/ml) 1L-12 (ng/mi)
0 wild-type
M 12 - 25
2 X DI @IFNRY- T
10 T
1.5 S 8
PEC 1 T
1 { 5 i |
e
0.5 Lo [
I 2 : |
ﬂ foh ! !
Ll 1 ou : 0
0.8 04 2 10piC 08 04 2 10 piC 0.8 04 2 10 piC
e =2 - ; o s 2
AcNPV (ug/mi) ACNPV (pug/mtl) AcNPV (ug/mi)
B IFNa (ng/mi) IFNS (ng/ml) 1L-12 (ng/mi)
3 B [ wild-type
2 H IFNR/-
2 1.5
CD11c*DC
1
1
= 0.5 = i
olll 0 0
0.8 04 2 10 piC 08 04 2 10 piC 08 04 2 10 pIC
bl b N -t
AcNPV (ug/ml) AcNPV (ug/ml) AcNPV (ug/mi)
Cc IFNo: (ng/mi) IL-12 (ng/ml)
30
,Q 20
7 /O
/ 1/
20 / /
/
O wild-type
10 » B IFNR -
/
10 /7T
AT/
/ s
1 .
04./ 0
L] 2 6 0 2 6 (hr)

FIG. 3. Involvement of the IFNR signaling pathway in the production of type I IFN by AcNPV. (A and B) PECs (A) and splenic CD11c* DCs
(B) (2 % 10° cellsfwell) prepared from wild-type and IFNR-deficient mice were stimulated with the indicated amounts of ACNPV or poly(1:C) (pIC)
(50 ug/ml). After 24 h of incubation, the production of IFN-a, IFN-$, or IL-12 in culture supernatants was determined by ELISA. (C) AcNPV
(100 pg/mouse) was intraperitoneally inoculated into wild-type and IFNR-deficient mice, and levels of IFN-a and IL-12 production in sera were
determined by ELISA at the indicated time points. Data are shown as the means * standard deviations.

MEF (Fig. 5C, bottom). Although robust transcription of
IFN-B and IFN-inducible chemokines in response to AcNPV
was detected in wild-type and IRF7-deficient MEFs, transcrip-
tion of the genes in response to AcNPV was severely impaired
in IRF3-deficient MEFs (Fig. 5D). These results indicate that
AcNPV induces the production of IFN-B and IFN-inducible
chemokines through a TLR-independent and IRF3-dependent
pathway in MEFs, in contrast to the TLR-dependent and
IRF3/IRF7-independent production of IL-6.

AcNPYV induces antiviral status in MEFs through an IRF3-
dependent pathway. To further examine the involvement of
IRF3 in the induction of antiviral status in MEFs in re-
sponse to AcNPV, wild-type and IRF3-deficient MEFs were
transfected with the baculoviral DNA, and the mRNAs of
the cytokines were measured. Transcription of IFN-B, IFN-

ol, MCP-1, RANTES, and IP-10, but not that of IL-6, was
impaired in IRF3-deficient MEFs upon transfection with bacu-
loviral DNA (Fig. 6A).

To determine the involvement of endosomal maturation in
the immune activation by AcNPV, the effect of chloroquine on
the production of IFN-B and IL-6 in response to AcNPV or
LPS was examined. Pretreatment with chloroquine reduced
the secretion of IFN-B and IL-6 in MEFs in a dose-dependent
manner in response to AcNPV infection but exhibited no effect
on IL-6 production in MEFs by LPS treatment (Fig. 6B),
suggesting that the impairment of IFN-$ and IL-6 production
was not due to the cytotoxicity of chloroquine. These results
indicate that endosomal maturation is required for the induc-
tion of the innate immune response by AcNPV in MEFs,

Next, to determine the antiviral effects of the immune acti-
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FIG. 4. Immune activation by AcNPV is not mediated by gp64.
(A) His-gp64ATM expressed in S{-9 cells was purified and subjected to
sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis un-
der reducing conditions. Molecular size markers (lane M), purified
AcNPV particles (lanes 1), and His-gp64ATM (lanes 2) were visual-
ized by Coomassie blue (CBB) staining (left) and immunoblotting
using antihexahistidine monoclonal antibody (middle) and anti-gp64
antibody (AcVS) (right). (B) PECs and splenic CD11c* DCs (2 X 10°
cells/well) prepared from wild-type mice were stimulated with ACNPV
(10 pg/ml) or His-gp64ATM (gp64) (20 pg/ml). After 24 h of incuba-
tion, production of IL-12 and IFN-« in culture supernatants was de-
termined by ELISA. (C) MEFs (3 X 10° cellsiwell) prepared from
wild-type mice were stimulated with AcNPV (10 pg/ml) or His-
gp64ATM (20 pg/ml). At 4 h or 8 h poststimulation, total RNA was
extracted and expression of mRNA of IFN-B, IL-6, MCP-1, RANTES,
and IP-10 was determined by real-time PCR. Data are shown as the
means * standard deviations.

vation by AcNPV in MEFs, wild-type MEFs were pretreated
with AcNPV or poly(I:C) and challenged with VSV (GLPLF
mutant). Pretreatment with AcNPV (0.016 pug/ml to 2 pg/ml)
or poly(I:C) (0.2 pg/ml to 25 p.g/ml) conferred antiviral status
against VSV infection in MEFs in a dose-dependent manner
(Fig. 6C, left, and E). However, the induction of antiviral status
by AcNPV or poly(I:C) treatment was completely abrogated in
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IRF3-deficient MEFs (Fig. 6C, right). On the other hand,
pretreatment with IFN-a (10' to 10* U/ml) conferred antiviral
status against VSV infection in both IRF knockout MEFs in a
dose-dependent manner (Fig. 6D). These results clearly indi-
cate that IRF3 plays a crucial role in the induction of antiviral
status in MEFs by AcNPV.

Involvement of a TLR- and RIG-I/IPS-1-independent sig-
naling pathway in immune activation by AcNPV. TLR3 has
been shown to recognize viral dsRNA as well as a synthetic
dsRNA analogue, poly(I:C), in the intracellular compartment.
Recently, RIG-I and MDAS have been identified as TLR-
independent cytoplasmic RNA detectors and shown to induce
type I IFN production through an adaptor molecule, 1PS-1,
that localizes in mitochondria (26, 36, 42, 47). To examine the
involvement of TLR-independent cytoplasmic DNA-sensing
machinery in the immune activation by AcNPV, as seen in the
recognition of intracellular RNA, the production of type I IFN
and IFN-inducible chemokines in PECs and splenic CD11¢™
DCs derived from RIG-I-, MDAS-, or IPS-1-deficient mice was
examined. Type I IFN production in PECs and splenic
CD11c™ DCs in response to VSV and poly(I:C) was impaired
by knockout of IPS-1, whereas AcNPV produced a significant
amount of the IFNs in the IPS-1 knockout immune cells (Fig.
7A). Furthermore, IFN production in the immune cells in
response to VSV was abrogated by knockout of the RIG-I
gene but not by knockout of the MDAS gene; however,
AcNPYV produced significant amounts of the IFNs in the RIG-I
or MDAS knockout immune cells (data not shown).

Next, to determine whether IPS-1 is involved in the produc-
tion of type I IFN and IFN-inducible chemokines in MEFs in
response to AcNPV, production of the cytokines in the IPS-1-
deficient MEFs in response to VSV or AcNPV was examined
(Fig. 7B). Production of IFN-B, IL-6, MCP-1, RANTES, and
IP-10 was severely impaired in IPS-1-deficient MEFs upon
VSV infection, whereas AcNPV produced substantial amounts
of the cytokines in the IPS-1-deficient MEFs in spite of a slight
reduction in IFN-B and IL-6 production (Fig. 7B). Similarly,
production of the IFN-inducible chemokines in MEFs infected
with VSV, but not with AcNPV, was also severely impaired by
knockout of the RIG-I gene (data not shown). Collectively,
these results suggest that a novel TLR- and RIG-1/IPS-1-inde-
pendent signaling pathway(s) participated in the production of
type I IFN and the IFN-inducible chemokines in both immu-
nocompetent cells and MEFs in response to AcNPV infection.

DISCUSSION

Recent progress has been made in the identification of re-
ceptors, signal transduction molecules, and transcription fac-
tors that are required for the induction of type I IFN in cells
upon infection with RNA and DNA viruses, as well as for the
robust IFN production in pDCs, suggesting the presence of
multiple signaling pathways for type 1 IFN induction (17, 23,
25). Production of type I IFN was shown to be induced through
a number of different pathways in a cell-type-specific manner
upon infection with HSV (40), although the precise mecha-
nisms involved in sensing the foreign DNA of microorganisms
remain largely unknown. In this study, we have examined the
molecular mechanisms of type I IFN induction by AcNPV
infection both in professional immune cells, including pDCs,
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FIG. 5. AcNPV produces IFN-B and IFN-inducible chemokines through a TLR-independent and IRF3-dependent pathways in MEFs.
(A) MEFs (2 X 10* cellsfwell) prepared from wild-type or MyD88/TRIF double knockout mice were stimulated with AcNPV (10 pg/ml), VSV
(NCP mutant, MOI of 0.1), LPS (10 pg/ml), or poly(I:C) (pIC) (50 pg/ml). After 24 h of incubation, production of IL-6 and IFN-§ in cuiture
supernatants was determined by ELISA. (B) MEFs (3 X 10° cells/well) prepared from wild-type or MyD88/TRIF double knockout mice were
stimulated with AcNPV (10 pg/ml). Total RNA was extracted at the indicated time points, and the expression of mRNA of IFN-B, MCP-1,
RANTES, and IP-10 was determined by real-time PCR. (C) MEFs (2 X 10* cells/well) prepared from wild-type, IRF3-deficient, or IRF7-deficient
mice were stimulated with AcNPV (10 pg/mi), LPS (10 pg/ml), or VSV (NCP mutant, MOI of 0.1). After 24 h of incubation, the production of
1L-6 and IFN-B in culture supernatants was determined by ELISA. (D) MEFs (3 X 10° cells/well) prepared from wild-type, IRF3-deficient, or
IRF7-deficient mice were stimulated with AcNPV (10 pg/ml). Total RNA was extracted at the indicated time points, and the expression of mRNA
of IFN-B, MCP-1, RANTES, and IP-10 was determined by real-time PCR. Data are shown as the means * standard deviations.

PECs, and splenic CD11c¢* DCs, and in nonimmune cells and
raised the possibility of the involvement of a novel TLR- and
IPS-1-independent pathway in the production of type I IFN in
vitro as well as in vivo in response to AcNPYV infection.

The frequency of bioactive CpG motifs capable of inducing
immune activation through a TLR9-dependent pathway in the
AcNPYV genome was similar to that in E. coli and HSV and was
significantly higher than that in entomopoxvirus (1, 51). Fur-
thermore, it was shown that HSV and murine cytomegalovirus
produce inflammatory cytokines and type I IFN through both
TLRY-dependent and -independent pathways (7, 15, 29, 32,
44). Recently, it was also reported that adenovirus DNA pro-
duced 1L-6 and IFN-« through an entirely TLR/MyD88-inde-
pendent pathway in non-pDCs (53), although the presence of

the CpG motifs in the adenoviral genome has not yet been
determined. The current model of TLRY activation by viral
DNA is as follows. The virus particles are internalized into
cells and degraded within the endocytic vesicles, and the di-
gested viral genome subsequently actives TLR9 localized in the
endosomal compartments. Treatment with inhibitors for endo-
somal maturation or acidification efficiently inhibits TLR7 and
TLRY activation by viral RNA and DNA, respectively (8, 32,
33). Interestingly, the production of type I IFN in PECs upon
infection with AcNPV was resistant to pretreatment with en-
docytosis inhibitors, suggesting that the cytoplasmic recogni-
tion of AcNPV by TLR-independent immune sensors may be
required for type I IFN production in PECs. The purified
AcNPV DNA encapsulated in liposomes induced the produc-
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FIG. 6. AcNPV induces antiviral status in MEFs through an IRF3-dependent pathway. (A) MEFs (3 X 10° cells/well) prepared from wild-type
and IRF3-deficient mice were transfected with ACNPV DNA (25 pg/ml). Total RNA was extracted at the indicated time points, and the expression
of mRNA of IFN-8, IFN-a1, MCP-1, RANTES, IL-6, and IP-10 was determined by real-time PCR. (B) MEFs (2 X 10* cells/well) prepared from
wild-type mice were stimulated with AcNPV (10 pg/ml) or LPS (10 pg/ml) in the presence of the indicated concentrations of chloroquine. After
24 h of incubation, production of IL-6 and IFN-p in culture supernatants was determined by ELISA. (C) MEFs (2 X 10* cells/well) prepared
from wild-type and IRF3-deficient mice were incubated with AcNPV (0.016 pg/ml to 2 pg/ml) or poly(I:C) (0.2 ng/ml to 25 pg/ml). After
24 h of incubation, cells were washed extensively with warm medium and infected with VSV (GLPLF mutant, MOI of 0.1). Cell viability was
determined at 24 h postinfection by crystal violet staining and quantitated by spectroscopy. (D) MEFs (2 X 10* cells/well) prepared from
wild-type, IRF3-deficient, or IRF7-deficient mice were incubated with serial dilutions of murine IFN-a (10! to 10* U/ml). After 24 h of incubation,
cells were washed extensively with warm medium and infected with VSV (GLPLF strain, MOI of 0.1). Cell viability was determined at 24 h
postinfection by crystal violet staining and quantitated by spectroscopy. Values are plotted as means from the triplicate wells. Data are shown as
means * standard deviations. (E) Microscopic observation of MEFs from wild-type mice, showing the antiviral status against VSV infection by
the treatment with AcNPV or poly(I:C) in a dose-dependent manner. PC, infected cells; Mock, mock-infected cells. Samples are shown at a
magnification of X40.

tion of type I IFN through both TLR9/MyD88-dependent and
-independent pathways in PECs. These results indicate that
the genomic DNA of AcNPV is recognized by at least two
different pathways, TLR9-dependent endosomal recognition
and TLR9-independent cytoplasmic recognition, and that type
1 IFN production by AcNPV is totally dependent on the latter
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process. However, the precise mechanisms of the immune ac-
tivation of immunocompetent cells by AcNPV DNA through a
TLR-independent pathway remain unknown. Therefore, fur-
ther studies are needed to determine the molecular mecha-
nisms underlying the type I IFN production through a TLR-
independent cytoplasmic sensor for baculovirus DNA.
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FIG. 7. Role of IPS-1 in immune activation by AcNPV. (A) PECs and splenic CD11c¢* DCs (2 X 10° cells/well) prepared from wild-type and
1PS-1-deficient mice were stimulated with AcNPV (10 pg/ml), VSV (NCP mutant, MOI of 0.1), or poly(E:C) (pIC) (50 png/ml). After 24 h of
incubation, production of IFN-a and IFN- in culture supernatants was determined by ELISA. (B) MEFs (3 X 10° cells/well) prepared from
wild-type and IPS-1-deficient mice were stimulated with ACNPV (10 pg/mi) or VSV (NCP mutant, MOI of 0.1). Total RNA was extracted at the
indicated time points, and the expression of mRNA of IFN-B8, MCP-1, RANTES, IL-6, and IP-10 was determined by real-time PCR. Data are

shown as the means * standard deviations.

A novel TLR-independent cytosolic surveillance system for
transfected dsDNA that elicits type I IFN induction through a
TANK binding kinase 1 (TBKI1)/IkB kinase-related kinase
(IKKi)/IRF3 pathway has been shown to exist (19, 43). Our
preliminary data also indicate that type I IFN production was
severely reduced in TBKl-deficient MEFs in response to
AcNPV and insufficient to protect cells from VSV infection
(data not shown), suggesting the involvement of TBKI in
AcNPV-induced immune activation. Recently, a cytoplasmic
recognition receptor, DAI (DNA-dependent activator of
IRFs), was shown to be activated by dsDNA from a variety of
sources and to produce type I IFN through an IRF3 and
probably IRF7 pathway (45). However, there are conflicting
reports suggesting a lack of impairment of type I IFN produc-
tion in DAI knockout mice and DAI knockdown murine mac-

rophages or MEFs in response to dsDNA of synthetic B-form
DNA and from bacteria (4, 20). In this study, we have shown
that splenic CD11¢™ DCs derived from IRF3-deficient mice
produced a level of type I IFN compatible with that in wild-
type mice in response to AcNPV, in contrast to the lack of
IFN-B production in the PECs derived from the IRF3-deficient
mice. More recently, two groups reported the identification of
a membrane protein, termed mitochondrial mediator of IRF3
activation (MITA) or stimulator of IFN genes (STING), that
activates IRF3 to induce a type I IFN response to viral infection
(21, 52). Although both groups described slightly different char-
acterizations of MITA, or STING, in terms of localization and
signal transduction, both groups exhibited the opinion that MITA
or STING plays a critical role in type I TFN production by B-form
DNA. Although DAI-mediated type I IFN production was more
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dependent on IRF3 than on IRF7, the cytoplasmic DNA sensors,
including DAI and MITA or STING, may participate in the
induction of type I IFN upon infection with AcNPV.

In the cytoplasm, RIG-I and MDAS are critically involved in
the recognition of dsRNA, and the adaptor molecule IPS-1
interacts with RIG-I and MDAS to facilitate TBK1- and IKKi-
mediated IRF3 and IRF7 activation, which leads to termina-
tion of the replication of RNA viruses through the helicase
function. In addition, RIG-I has been shown to discriminate
viral RNAs from the vast number and variety of cellular RNAs
by recognizing a terminal 5' triphosphate, but not 5" OH or a
5’ methylguanosine cap (37, 39). In this study, both RIG-I- and
IPS-1-deficient MEFs but not immunocompetent cells partially
impaired the production of IFN-B and IL-6, but not that of
MCP-1, RANTES, and IP-10, in response to AcNPV, suggest-
ing the possible generation of dsRNA in MEFs upon infection
with AcNPV in spite of the lack of replication. Although there
is no evidence for the functional expression of the viral pro-
teins, transcription of immediate-early genes of baculovirus
was detected in HeLa and BHK cells upon infection with
AcNPV by DNA microarray analysis (10) and in HEK293 cells
and rat primary Schwann cells upon infection with Bombyx
mori NPV by reverse transcription-PCR (27). These reports
are consistent with our observations that the RIG-1/IPS-1 path-
way partially participates in type I IFN induction by AcNPV
infection in MEFs.

We have shown previously that an intranasal inoculation of
AcNPV induces protective immunity from a lethal challenge of
influenza A virus in mice (2) and that AcNPV produces type I
IFN in immune cells of mice via a TLR9/MyD8§8-independent
pathway (1). Our present studies further confirmed that
AcNPYV induces a strong antiviral immunity through a TLR-
independent pathway. Although further studies are needed to
clarify the precise mechanisms underlying the antiviral re-
sponses, a TLR-independent and probably TBK1-IRF3/IRF7-
dependent signaling pathway may contribute to the induction
of protective immunity against viral challenge induced by
AcNPV infection in vivo.
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We have previously reported on the ubiquitylation and degradation of hepatitis C virus core protein. Here we
demonstrate that proteasomal degradation of the core protein is mediated by two distinct mechanisms. One leads
to polyubiquitylation, in which lysine residues in the N-terminal region are preferential ubiquitylation sites. The
other is independent of the presence of ubiquitin. Gain- and loss-of-function analyses using lysineless mutants
substantiate the hypothesis that the proteasome activator PA28vy, a binding partner of the core, is involved in the
ubiquitin-independent degradation of the core protein. Our results suggest that turnover of this multifunctional
viral protein can be tightly controlled via dual ubiquitin-dependent and -independent proteasomal pathways.

Hepatitis C virus (HCV) core protein, whose amino acid
sequence is highly conserved among different HCV strains, not
only is involved in the formation of the HCV virion but also has
a number of regulatory functions, including modulation of
signaling pathways, cellular and viral gene expression, cell
transformation, apoptosis, and lipid metabolism (reviewed in
references 9 and 15). We have previously reported that the
E6AP E3 ubiquitin (Ub) ligase binds to the core protein and
plays an important role in polyubiquitylation and proteasomal
degradation of the core protein (22). Another study from our
group identified the proteasome activator PA28y/REG-vy as an
HCV core-binding partner, demonstrating degradation of the
core protein via a PA28y-dependent pathway (16, 17). In this
work, we further investigated the molecular mechanisms un-
derlying proteasomal degradation of the core protein and
found that in addition to regulation by the Ub-mediated path-
way, the turnover of the core protein is also regulated by
PA28y in a Ub-independent manner.

Although ubiquitylation of substrates generally requires at
least one Lys residue to serve as a Ub acceptor site (5), there
is no consensus as to the specificity of the Lys targeted by Ub
(4, 8). To determine the sites of Ub conjugation in the core
protein, we used site-directed mutagenesis to replace individ-
ual Lys residues or clusters of Lys residues with Arg residues in
the N-terminal 152 amino acids (aa) of the core (C152), within
which is contained all seven Lys residues (Fig. 1A). Plasmids
expressing a variety of mutated core proteins were generated
by PCR and inserted into the pCAGGS (18). Each core-ex-
pressing construct was transfected into human embryonic kid-
ney 293T cells along with the pMT107 (25) encoding a Ub

* Corresponding author. Mailing address: Department of Virology
11, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-
ku, Tokyo 162-8640, Japan. Phone: 81-3-5285-1111. Fax: 81-3-5285-
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moiety tagged with six His residues (His,). Transfected cells
were treated with the proteasome inhibitor MG132 for 14 h to
maximize the level of Ub-conjugated core intermediates by
blocking the proteasome pathway and were harvested 48 h
posttransfection. Hiss-tagged proteins were purified from the
extracts by Ni**-chelation chromatography. Eluted protein
and whole lysates of transfected cells before purification were
analyzed by Western blotting using anticore antibodies (Fig.
1B). Mutations replacing one or two Lys residues with Arg in
the core protein did not affect the efficiency of ubiquitylation:
detection of multiple Ub-conjugated core intermediates was
observed in the mutant core proteins comparable to the resulis
seen with the wild-type core protein as previously reported
(23). In contrast, a substitution of four N-terminal Lys residues
(C152K6-23R) caused a significant reduction in ubiquitylation
(Fig. 1B, lane 9). Multiple Ub-conjugated core intermediates
were not detected in the Lys-less mutant (C152KR), in which
all seven Lys residues were replaced with Arg (Fig. 1B, lane
11). These results suggest that there is not a particular Lys
residue in the core protein to act as the Ub acceptor but that
more than one Lys located in its N-terminal region can serve as
the preferential ubiquitylation site. In rare cases, Ub is known
to be conjugated to the N terminus of proteins; however, these
results indicate that this does not occur within the core protein.

To investigate how polyubiquitylation correlates with pro-
teasome degradation of the core protein, we performed kinetic
analysis of the wild-type and mutated core proteins by use of
the Ub protein reference (UPR) technique, which can com-
pensate for data scatter of sample-to-sample variations such as
levels of expression (10, 24). Fusion proteins expressed from
UPR-based constructs (Fig. 2A) were cotranslationally cleaved
by deubiquitylating enzymes, thereby generating equimolar
quantities of the core proteins and the reference protein, di-
hydrofolate reductase-hemagglutinin (DHFR-HA) tag-modi-
fied Ub, in which the Lys at aa 48 was replaced by Arg to
prevent its polyubiquitylation (Ub®*®). After 24 h of transfec-
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FIG. 1. In vivo ubiquitylation of HCV core protein. (A) The HCV
core protein (N-terminal 152 aa) is represented on the top. The posi-
tions of the amino acid residues of the core protein are indicated above
the bold lines. The positions of the seven Lys residues in the core are
marked by vertical ticks. Substitution of Lys with Arg (R) is schemat-
ically depicted. (B) Detection of ubiquitylated forms of the core pro-
teins. The transfected cells with core expression plasmids and pMT107
were treated with the proteasome inhibitor MG132 and harvested 48 h
after transfection. His¢-tagged proteins were purified and subsequently
analyzed by Western blot analysis using anticore antibody (upper
panel). Core proteins conjugated to a number of His.-Ub are denoted
with asterisks. Whole lysates of transfected cells before purification
were also analyzed (lower panel). Lanes 1 to 11, C152 to C152KR, as
indicated for panel A. Lane 12; empty vector.

tion with UPR constructs, cells were treated with cyclohexi-
mide and the amounts of core proteins and DHFR-HA-UbR*®
at the indicated time points were determined by Western blot
analysis using anticore and anti-HA antibodies. The mature
form of the core protein, aa 1 to 173 (C173) (13, 20), and C152
were degraded with first-order kinetics (Fig. 2B and D).
MG132 completely blocked the degradation of C173 and C152
(Fig. 2B), and C152K6-23R and C152KR were markedly sta-
bilized (Fig. 2C). The half-lives of C173 and C152 were calcu-
lated to be 5 to 6 h, whereas those of C152K6-23R and
C152KR were calculated to be 22 to 24 h (Fig. 2D), confirming
that the Ub plays an important role in regulating degradation
of the core protein. Nevertheless, these results also suggest
possible involvement of the Ub-independent pathway in the
turnover of the core protein, as C152KR is more destabilized
than the reference protein (Fig. 2C and 2D).

We have shown that PA28v specifically binds to the core
protein and is involved in its degradation (16, 17). Recent
studies demonstrated that PA28y is responsible for Ub-inde-
pendent degradation of the steroid receptor coactivator SRC-3
and cell cycle inhibitors such as p21 (3, 11, 12). Thus, we next
investigated the possibility of PA28y involvement in the deg-
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FIG. 2. Kinetic analysis of degradation of HCV core proteins. (A) The
fusion constructs used in the UPR technique. Open boxes indicate the
DHFR sequence, which is extended at the C terminus by a sequence con-
taining the HA epitope (hatched boxes). UbR*® moieties bearing the Lys-Arg
substitution at aa 48 are represented by open ellipses. Bold lines indicate the
regions of the core protein. The amino acid positions of the core protein are
indicated above the bold lines. The arrows indicate the sites of in vivo cleav-
age by deubiquitylating enzymes. (B and C) Turnover of the core proteins.
After a 24-h transfection with each UPR construct, cells were treated with 50
g of cycloheximide/m! in the presence or absence of 10 uM MG132 for the
different time periods indicated. Cells were lysed at the different time points
indicated, followed by evaluation via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and Western blot analysis using antibodies against the
core protein and HA. (D) Quantitation of the data shown in panels B and C.
At each time point, the ratio of band intensity of the core protein relative to
the reference DHFR-HA-Ub®* was determined by densitometry and is
plotted as a percentage of the ratio at time zero.

radation of either C152KR or C152. Since C152KR carries two
amino acid substitutions in the PA28y-binding region (aa 44 to
71) (17), we tested the influence of the mutations of C152KR
on the interaction with PA28y by use of a coimmunoprecipi-
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tation assay. When Flag-tagged PA28vy (F-PA28y) was ex-
pressed in cells along with C152 or C152KR, F-PA28y precip-
itated along with both C152 and CI152KR, indicating that
PA28y interacts with both core proteins (Fig. 3A). Figure 3B
reveals the effect of exogenous expression of F-PA28y on the
steady-state levels of C152 and C152KR. Consistent with pre-
vious data (17), the expression level of C152 was decreased to
a nearly undetectable level in the presence of PA28y (Fig. 3B,
lanes 1 and 3). Interestingly, exogenous expression of PA28y
led to a marked reduction in the amount of C152KR expressed
(Fig. 3B, lanes 5 and 7). Treatment with MG132 increased the
steady-state level of the C152KR in the presence of F-PA28y
as well as the level of C152 (Fig. 3B, lanes 4 and 8).

We further investigated whether PA28vy affects the turnover
of Lys-less core protein through time course experiments.
C152KR was rapidly destabilized and almost completely de-
graded in a 3-h chase experiment using cells overexpressing
F-PA28vy (Fig. 3C, left panels). A similar result was obtained
using an analogous Lys-less mutant of the full-length core
protein C191KR (Fig. 3C, right panels), thus demonstrating
that the Lys-less core protein undergoes proteasomal degra-
dation in a PA28y-dependent manner. These results suggest
that PA28vy may play a role in accelerating the turnover of the
HCV core protein that is independent of ubiquitylation.

Finally, we examined gain- and loss-of-function of PA28vy
with respect to degradation of full-length wild-type (C191) and
mutated (C191KR) core proteins in human hepatoma Huh-7
cells. As expected, exogenous expression of PA28y or E6AP
caused a decrease in the C191 steady-state levels (Fig. 4A). In
contrast, the C191KR level was decreased with expression of
PA28+y but not of EGAP. We further used RNA interference to
inhibit expression of PA28y or E6AP. An increase in the abun-
dance of C191KR was observed with PA28y small interfering
RNA (siRNA) but not with E6AP siRNA (Fig. 4B). An in-
crease in the C191 level caused by the activity of siRNA against
PA28+y or E6AP was confirmed as well.

Taking these results together, we conclude that turnover of
the core protein is regulated by both Ub-dependent and Ub-
independent pathways and that PA28vy is possibly involved in
Ub-independent proteasomal degradation of the core protein.
PA28 is known to specifically bind and activate the 20S pro-
teasome (19). Thus, PA28y may function by facilitating the
delivery of the core protein to the proteasome in a Ub-inde-
pendent manner.

Accumulating evidence suggests the existence of protea-
some-dependent but Ub-independent pathways for protein
degradation, and several important molecules, such as p53,
p73, Rb, SRC-3, and the hepatitis B virus X protein, have two
distinct degradation pathways that function in a Ub-dependent
and Ub-independent manner (1, 2, 6, 7, 14, 21, 27). Recently,
critical roles for PA28y in the Ub-independent pathway have
been demonstrated; SRC-3 and p21 can be recognized by the
208 proteasome independently of ubiquitylation through their
interaction with PA28vy (3, 11, 12). It has also been reported
that phosphorylation-dependent ubiquitylation mediated by
GSK3 and SCF is important for SRC-3 turnover (26). Never-
theless, the precise mechanisms underlying turnover of most of
the proteasome substrates that are regulated in both Ub-de-
pendent and Ub-independent manners are not well under-
stood. To our knowledge, the HCV core protein is the first
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FIG. 3. PA28y-dependent degradation of the core protein. (A) In-
teraction of the core protein with PA28y. Cells were cotransfected with
the wild-type (C152) or Lys-less (C152KR) core expression plasmid in
the presence of a Flag-PA28y (F-PA28y) expression plasmid or an
empty vector. The transfected cells were treated with MG132. After
48 h, the cell lysates were immunoprecipitated with anti-Flag antibody
and visualized by Western blotting with anticore antibodies. Western
blot analysis of whole cell lysates was also performed. (B) Degradation
of the wild-type and Lys-less core proteins via the PA28vy-dependent
pathway. Cells were transfected with the UPR construct with or with-
out F-PA28y. In some cases, cells were treated with 10 pM MG132 for
14 h before harvesting. Western blot analysis was performed using
anticore, anti-HA, and anti-Flag antibodies. (C) After 24 h of trans-
fection with UPR-C152KR and UPR-C191KR with or without F-
PA28y (an empty vector), cells were treated with 50 pg of cyclohexi-
mide/ml for different time periods as indicated (chase time). Western
blot analysis was performed using anticore and anti-HA antibodies.
The precursor core protein and the core that was processed, presum-
ably by signal peptide peptidase, are denoted by open and closed
triangles, respectively.
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FIG. 4. Ub-dependent and Ub-independent degradation of the
full-length core protein in hepatic cells. (A) Huh-7 cells were cotrans-
fected with plasmids for the full-length core protein (C191) or its
Lys-less mutant (C191KR) in the presence of F-PA28y or HA-tagged-
E6AP expression plasmid (HA-E6AP). After 48 h, cells were lysed and
Western blot analysis was performed using anticore, anti-HA, anti-
Flag, or anti-GAPDH. (B) Huh-7 cells were cotransfected with core
expression plasmids along with siRNA against PA28y or E6AP or with
negative control siRNA. Cells were harvested 72 h after transfection
and subjected to Western blot analysis.

viral protein studied that has led to identification of key cellu-
lar factors responsible for proteasomal degradation via dual
distinct mechanisms. Although the question remains whether
there is a physiological significance of the Ub-dependent and
Ub-independent degradation of the core protein, it is reason-
able to consider that tight control over cellular levels of the
core protein, which is multifunctional and essential for viral
replication, maturation, and pathogenesis, may play an impor-
tant role in representing the potential for its functional activity.
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from the Japan Society for the Promotion of Science, from the Min-
istry of Health, Labor and Welfare of Japan, and from the Ministry of
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RhoA is transiently activated by specific extracellular signals
such as endothelin-1 (ET-1) in vascular smooth muscle cells.
RhoGAP negatively regulates RhoA activity: thus, RhoA
becomes the GDP-bound inactive form afterward. Sustained
activation of RhoA is induced with high doses of the extracellu-
lar signals and is implicated in certain diseases such as vaso-
spasms. However, it remains largely unknown how prolonged
activation of RhoA is induced. Here we show that Rho-kinase, an
effector of RhoA, phosphorylated p190A RhoGAP at Ser’'*®and
attenuated p190A RhoGAP activity in COS7 cells. Binding of
Rnd to p190A RhoGAP is thought to enhance its activation.
Phosphorylation of p190A RhoGAP by Rho-kinase impaired
Rnd binding. Stimulation of vascular smooth muscle cells witha
high dose of ET-1 provoked sustained RhoA activation and
p190A RhoGAP phosphorylation, both of which were prohib-
ited by a Rho-kinase inhibitor. The phosphomimic mutation of
p190A RhoGAP weakened Rnd binding and RhoGAP activities.
Taken together, these results suggest that ET-1 induces Rho-
kinase activation and subsequent phosphorylation of p190A
RhoGAP, leading to prolonged RhoA activation.

RhoA small GTPase is the molecular switch for various
extracellular signals and is implicated in a variety of biological
functions, including cell contraction, cell migration, cell adhe-
sion, cell cycle progression, and gene expression (1, 2). RhoA
regulates these functions through its specific effectors such as
Rho-kinase/ROCK/ROK and mDia (2). We previously found
that Rho-kinase phosphorylates myosin phosphatase target
protein 1 (MYPT1)? of myosin phosphatase and thereby inac-
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tivates its phosphatase activity, resulting in an increase in the
phosphorylation of myosin light chain followed by smooth
muscle contraction (3-5). Rho-kinase increases the agonist-
induced Ca®* sensitivity and contributes to sustained contrac-
tion of smooth muscle (6).

RhoA cycles between the GTP-bound active and GDP-
bound inactive conformations. This cycle is under the direct
control of three groups of regulatory proteins: the guanine
nucleotide exchange factors (GEFs), which catalyze the
exchange of GDP for GTP to activate RhoA; GTPase-activating
proteins (GAPs), which enhance the intrinsic GTPase activity
of RhoA to promote hydrolysis of GTP to GDP to inactivate
RhoA; and the guanine nucleotide dissociation inhibitors,
which sequester the GDP-bound RhoA and may also regulate
its intracellular localization (1, 2).

The typical RhoGEFs contain a catalytic Dbl homology
domain and an adjacent pleckstrin homology domain. This Dbl
homology-associated pleckstrin homology domain interacts
with phospholipids, which may localize GEFs to the plasma
membrane and activate GEF activity (7, 8). RhoA activation is
often mediated by G protein-coupled receptors. Three Rho-
GEFs, which contain the regulator of G protein-signaling
domains, including leukemia-associated RhoGEF, PDZ-Rho-
GEF, and p115RhoGEF, directly link between Ga,,/Ga,; and
RhoA (9-11). Ga,, and Ga, 4 specifically interact with the reg-
ulator of G protein-signaling domains of these RhoGEFs and
positively regulate their GEF activity (12). The typical RhoGAPs
have a catalytic domain and various domains for protein-pro-
tein interaction. Recent studies suggest that RhoGAPs are reg-
ulated by various mechanisms, including protein-protein inter-
action, phospholipid interaction, phosphorylation, subcellular
translocation, and proteolytic degradation (13, 14). However,
the precise mechanisms that regulate RhoGAP activity remain
elusive in many cases.

When the smooth muscle cells are stimulated with agonists
such as ET-1, RhoA is transiently activated presumably through
RhoA-specific GEFs such as leukemia-associated RhoGEF and
inactivated later (11, 15). The RhoA-specific GAP appears to be
responsible for RhoA inactivation under physiological condi-
tions (16). Sustained RhoA/Rho-kinase activation occurs with

GTPase-activating protein; FL, full length; RBD, Rho-binding domain; WT,
wild-type; GFP, green fluorescent protein; GST, glutathione S-transferase;
aa, amino acid(s); HA, hemagglutinin; Ab, antibody.
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Phosphorylation of p190A RhoGAP by Rho-kinase

high doses of ET-1 (17). Prolonged activation of RhoA/Rho-
kinase is implicated in the pathogenesis of certain vascular dis-
eases, including subarachnoid hemorrhage-induced cerebral
vasospasm, coronary vasospasm, essential hypertension, and
pulmonary hypertension (18, 19). For example, RhoA activity is
higher in aortic smooth muscle cells derived from the stroke-
prone spontaneously hypertensive rat than from the wild-type
rat, although the expression levels of RhoA are not different
between mutant and wild-type rats (20). Rho-kinase activity
is up-regulated, and phosphorylation levels of MYPT1 are
increased in the coronary spastic lesion in a porcine swine
model (21). Subarachnoid hemorrhage induces sustained Rho-
kinase activation in the canine basilar artery and subsequent
cerebral vasospasm (22). Chronic hypoxia-induced pulmonary
hypertension in rats is associated with an increase of RhoA
activity in pulmonary artery (23). However, it remains largely
unknown how prolonged activation of RhoA is induced.

In light of these observations, we hypothesized that highly
activated RhoA/Rho-kinase can inhibit Rho-specific GAP and
lead to sustained RhoA activation. Here we show that Rho-
kinase phosphorylated p190A RhoGAP, the best characterized
RhoA-specific GAP, at Ser'**° in vitro and in vivo. Phosphoryl-
ation of p190A RhoGAP by Rho-kinase appeared to attenuate
its GAP activity.

EXPERIMENTAL PROCEDURES

Materials and Chemicals—The cDNA-encoding human
p190A RhoGAP (KIAA1722, p190A) was obtained from the
Kazusa DNA Research Institute (Chiba, Japan). Monoclonal
anti-GFP antibody was purchased from Roche Diagnostics
(Mannheim, Germany). Polyclonal anti-GFP antibody was
from MBL (Nagoya, Japan). Monoclonal anti-p190A RhoGAP
antibodies were from BD Biosciences Pharmingen (San Diego,
CA) and Upstate Biotechnology (Lake Placid, NY). Monoclonal
anti-RhoA antibody was from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Monoclonal anti-HA antibody (12CA5) was
from Boehringer (Ingelheim, Germany). Polyclonal anti-
MYPT1-pT853 antibody was from Upstate Biotechnology.
Polyclonal anti-total MYPT1 antibody was generated as previ-
ously described (24). A rabbit polyclonal antibody against
pl90A RhoGAP phosphorylated at Ser''*® was produced
against the phosphopeptide Cys-Arg!''*®-Gly-Arg-Lys-Val-
phospho-Ser!'®°-Ile-Val-Ser-Lys-Pro''®*> by Biologica Co.
(Nagoya, Japan). Y-27632, a Rho-kinase-specific inhibitor, was
provided by Mitsubishi Pharma Co. (Osaka, Japan). ET-1,
BQ-123, and BQ-788 were from Sigma. Other materials and
chemicals were obtained from commercial sources.

Plasmid Constructs and Protein Purification—p190A
RhoGAP fragments were amplified by PCR and subcloned into
pGEX-2T (GE Healthcare, Princeton, NJ) or pEGFP-C1 (Clon-
tech Laboratories, Mountain View, CA) plasmids, respectively.
The ¢cDNAs of p190A RhoGAP-4-S1150A, p190A RhoGAP-4-
S1150A/T1173A/S1174A (p190A RhoGAP-4-AAA), pl190A
RhoGAP-4-S1150E/T1173E/S1174E (p190A RhoGAP-4-EEE),
p190A RhoGAP-5-T1226A/S1236A (p190A RhoGAP-5-AA),
p190A RhoGAP-5-T1226A/T1241A, p190A RhoGAP-full-
length-S1150A (p190A RhoGAP-FL-S1150A), and pl190A
RhoGAP-FL-S1150E/T1173E/S1174E/T1226E/S1236E  (p190A
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GFP-RhoA + 4+ + +
GFP-p190A-FL - + - +
GFP-Rho-Kinase-CAT - - -+ +
GFP + + + -
GFP-RhoA-GTP R

GFP-RhoA
GFP-p190A-FL
GFP-Rho-Kinase-CAT
GFP

RhoA activity (A.U.)

GFP-
GFP  aoaFL OFP

GFP-
p190A-FL

GFP-Rho-Kinase-CAT

FIGURE 1. Counteraction of p190A RhoGAP function by Rho-kinase in
intact cells. COS7 cells transfected with the indicated constructs were lysed
with lysis buffer, and the lysates were incubated with GST-Rhotekin-RBD to
precipitate the GTP-bound active form of RhoA. The eluates were analyzed by
immunoblotting with anti-GFP Ab (top). The ratio of GFP-RhoA-GTP to total
GFP-RhoA is shown (bottom). Data represent the means * S.E. of four inde-
pendent experiments.

RhoGAP-FL-5E), in which Ala or Glu was substituted for
Ser''*®, Thr''73, Ser’17%, Thr'??¢, Ser'?3¢, and/or Thr'**! were
generated by site-directed mutagenesis. Rnd1 was isolated by
PCR from a ¢cDNA library and subcloned into pEF-BOS-HA
plasmid. All fragments were confirmed by DNA sequencing.
Glutathione S-transferase (GST) fusion proteins were pro-
duced in Escherichia coli BL21(DE3) and purified on glutathi-
one-Sepharose 4B beads (GE Healthcare). GST-Rho-kinase-
CAT (aa 6-553), a constitutively active form of Rho-kinase,
and GST-p190A RhoGAP-4 + 5 (aa 953-1499) were produced
in Sf9 cells with a baculovirus system and purified on glutathi-
one-Sepharose 4B beads.

Phosphorylation Assay—The phosphorylation assay was
performed as previously described (25). In brief, the kinase
reaction of Rho-kinase for p190A RhoGAP was carried outin
50 ul of the reaction mixture (50 mm Tris/HCL, pH 7.5, 1 mm
EDTA, 1 mm EGTA, 1 muM dithiothreitol, 5 mm MgCl,) con-
taining 100 um [y-*?PJATP (1-20 GBq/mmol), purified
GST-Rho-kinase-CAT (0.001-0.1 um), and 1 um purified
GST-p190A RhoGAP fragments. After incubation for 10 min
at 30 °C, the reaction mixtures were boiled in SDS sample
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FIGURE 2. Determination of phosphorylation sites of p190A RhoGAP by Rho-kinase. A, schematic
representation of domain structure and deletion constructs of p190A RhoGAP. 8, immunoprecipitated
GFP-p190A RhoGAP-FL from COS7 cell lysates was incubated with GST (left) or GST-Rho-kinase-CAT (right)
and 100 pm [y->?P]JATP for 30 min at 30 °C. The reaction mixtures were subjected to SDS-PAGE and
GFP-p190A RhoGAP was visualized by silver staining (lower panel). Phosphorylated proteins were imaged
by autoradiography (upper panel). C, mapping of the region in p190A RhoGAP phosphorylated by Rho-
kinase. The indicated GST-p190A RhoGAP fragments were phosphorylated by GST-Rho-kinase-CAT. The
phosphorylated proteins were imaged by autoradiography. D, the phosphorylation sites of p190A
RhoGAP are represented. Phosphorylated serine and threonine are in red. E, phosphorylation of GST-
p190A RhoGAP-4-S1150A/T1173A/S1174A (AAA) by GST-Rho-kinase-CAT. F, phosphorylation of GST-
p190A RhoGAP-5-T1226A/51236A (AA) by GST-Rho-kinase-CAT. These results are representative of three
independent experiments.

Life Sciences) in 25 ul of buffer con-
taining 50 mm HEPES, pH 7.4, 50
mM NaCl, 0.1 mm dithiothreitol,
0.1 mm EGTA, 5 mm EDTA, and 1
mg/ml bovine serum albumin for 10
min at 30 °C before the addition of
MgCl, to a final concentration of 10
mM. An aliquot of [y-*?P]GTP-
loaded GST-RhoA was mixed with
the GAP assay buffer, which con-
tained 25 mm HEPES, pH 7.5, 50 mM
NaCl, 1 mm MgCl,, 0.1 mm dithio-
threitol, 0.1 mm GTP, and 1 mg/ml
bovine serum albumin in the
presence of nonphosphorylated
GST-p190A RhoGAP-4 + 5 or phos-
phorylated GST-p190A RhoGAP-
4 + 5. The reaction was performed
for 5 min at 30 °C and terminated by
rapid addition of 5 ml of ice-cold
buffer containing 50 mm HEPES, pH
7.5, 50 mM NaCl, and 1 mm MgCl,.
The samples were then immediately
deposited onto nitrocellulose filters.
The radioactivity retained on the fil-
ter was then subjected to quantita-
tive analysis by scintillation count-
ing. RhoGAP activity was detected
as the remainder of [y-3?P]GTP
bound to GST-RhoA.

GTP-Rho Pulldown Assay—The
activity of RhoA was determined
by pulldown assay with the GST-
Rho-binding domain of Rhotekin
(GST-Rhotekin-RBD) as previously
described (27). Briefly, the cells were
washed with ice-cold phosphate-
buffered saline and lysed in 500 ul of
lysis buffer (50 mm Tris/HCl, pH
7.5,1 mm EDTA, 10 mm MgCl,, 500
mM NaCl, 0.5% Nonidet P-40, 0.1
mM (p-amidinophenyl)methanesul-
fonyl fluoride, 2.5 ug/ml aprotinin,
2.5 pg/ml leupeptin) containing 20
ug of GST-Rhotekin-RBD. The
lysates were centrifuged at 20,000 X
gfor 3 min at4 °C, and the superna-
tants were incubated with glutathi-
one-Sepharose 4B beads for 30 min
at4 °C. The beads were washed with
an excess of lysis buffer and then
eluted with SDS-sample buffer. The

buffer and subjected to SDS-PAGE. The radiolabeled bands
were visualized and estimated by an image analyzer
(BAS2000, Fuji, Tokyo, Japan).

GAP Assay—The RhoA GAP assay was performed as previ-
ously described (26). Briefly, recombinant GST-RhoA was pre-
loaded with 1 pm [y-*?P]GTP (222 TBq/mmol, PerkinElmer

A ENEN
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eluates were subjected to SDS-PAGE, followed by immunoblot
analysis with anti-GFP antibody or anti-RhoA antibody.
Rndl-binding Assay—COS7 cells were transiently trans-
fected with pEF-BOS-HA-Rnd1. The cells were washed with
phosphate-buffered saline and lysed with lysis buffer (20 mm
Tris/HCl, pH 7.5, 1 mm EDTA, 150 mm NaCl, 1 mwm dithiothre-
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itol, 1% Nonidet P-40, 0.2 pum Calyculin A, 1 mm sodium
orthovanadate, 0.1 mM (p-amidinophenyl)methanesulfonyl flu-
oride, 2.5 pg/ml aprotinin, 2.5 ug/ml leupeptin). The lysates
were centrifuged at 20,000 X g for 20 min at 4 °C, and the super-
natants were incubated with glutathione-Sepharose 4B beads
coated with 200 or 400 pmol of GST, 100 or 200 pmol of phos-
phorylated GST-p190A RhoGAP-4, and 100 or 200 pmol of
nonphosphorylated GST-p190A RhoGAP-4 for 1 hat4 °C. The
beads were washed, and the eluates were subjected to SDS-
PAGE, followed by immunoblot analysis with anti-HA
antibody.

Cell Culture and Agonist Stimulation—Human aortic
smooth muscle cells were obtained from Takara Bio Inc. (Shiga,
Japan) and cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, 100 units/ml penicillin, and
100 pg/ml streptomycin. Human aortic smooth muscle cells
at the sixth passage were transfected with GFP-pl190A
RhoGAP-FL. by using the Nucleofector system (Amaxa,
Cologne, Germany). 24 h after transfection, the cells were
starved for serum of 8 h and then stimulated with 1 um ET-1.
For the experiments with inhibitors, the cells were pretreated
with inhibitors 30 min before ET-1 stimulation.

Measurement of Cell Size—To measure the cell size, human
aortic smooth muscle cells were transfected with plasmids
by using the Nucleofector system and then seeded on glass
coverslips coated with fibronectin (BD Biosciences Pharm-
ingen). 24 h after transfection, the cells were fixed with 3.0%
formaldehyde in phosphate-buffered saline for 10 min and
then treated with phosphate-buffered saline containing 0.1%
Triton X-100 for 10 min. The cell area was measured with a
laser scanning confocal microscope (model LSM510, Carl
Zeiss, Oberkochene, Germany).

RESULTS

Counteraction of p190A RhoGAP Function by Rho-kinase—
p190A and p190B RhoGAPs are ubiquitously expressed in var-
ious tissues and display GAP activity exclusively toward RhoA
invivo (28, 29). p190RhoGAP activity accounts for ~60% of the
total RhoGAP activity detected in whole cell extracts in fibro-
blasts (30). Inhibition of p190RhoGAP activity is sufficient to
promote RhoA activation in fibroblasts (30). Knockdown of
p190A RhoGAP activity using siRNA increases RhoA activ-
ity in spreading microvascular endothelial cells (31). Thus,
p190RhoGAP appears to account for the majority of
RhoGAP activity.

Hence, we first examined whether Rho-kinase affects the
p190A RhoGAP function in intact cells. GFP-RhoA was trans-
fected into COS7 cells, and the amount of the GTP-bound form
of GFP-RhoA was monitored by pulldown assay (Fig. 1). The
expression of GFP-p190A RhoGAP-FL decreased the amount
of GTP-bound GFP-RhoA in COS?7 cells, suggesting that GEFP-
p190A RhoGAP-FL acts as RhoAGAP. The amount of GTP-
bound GFP-RhoA was greater in the cells expressing GFP-
p190A RhoGAP-FL and GFP-Rho-kinase-CAT than thatin the
cells expressing GFP-p190A RhoGAP-FL alone. This result
suggests that Rho-kinase counteracts the GAP activity of
p190A RhoGAP in COS7 cells.
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FIGURE 3. Rho-kinase-dependent phosphorylation of p190A RhoGAP at
Ser''5° A, specificity of the purified antibody against p190A RhoGAP phos-
phorylated at Ser''*®, One picomole of GST-p190A RhoGAP-4 containing the
indicated amounts of phosphorylated GST-p190A RhoGAP-4-WT or -S1150A
was subjected to SDS-PAGE, followed by immunoblot analysis with anti-
p190A RhoGAP-pS1150 Ab (upper panel) or anti-GST Ab {fower panel). B, phos-
phorylation of p190A RhoGAP by Rho-kinase in intact cells. GFP-p190A
RhoGAP-FL-WT or -51150A was transiently transfected together with either
GFP-Rho-kinase-CAT or GFP into COS7 celis as indicated. The transfected cells
were treated with 20 um Y-27632 or DMSO for the last 30 min of transfection.
The cell lysates were analyzed by immunoblotting with anti-p190A RhoGAP-
pS1150 Ab or anti-GFP Ab. These results are representative of three inde-
pendent experiments.

. —

In Vitro Phosphorylation of p190A RhoGAP by Rho-kinase—
We then examined whether p190A RhoGAP is phosphoryl-
ated by Rho-kinase in vitro. To make a full length of p190A
RhoGAP, we transiently transfected COS7 cells with GFP-
pl90A RhoGAP-FL, and immunoprecipitated GFP-p190A
RhoGAP-FL from cell lysates with a polyclonal anti-GFP
antibody. The immunoprecipitated GFP-p190A RhoGAP-
FL was effectively phosphorylated by GST-Rho-kinase-CAT
in vitro (Fig. 2B). We also found that Rho-kinase phospho-
rylated p190B RhoGAP (data not shown).

To determine the phosphorylation sites of p190A RhoGAP
by Rho-kinase, p190A RhoGAP was divided into five frag-
ments, including GST-p190A RhoGAP-1 (aa 1-333), p190A
RhoGAP-2 (aa 334-637), p190A RhoGAP-3 (aa 632-952),
p190A RhoGAP-4 (aa 953-1208), and p190A RhoGAP-5 (aa
1209-1499) (Fig. 2A). These fragments were produced from
E. coli and then purified. GST-p190A RhoGAP-4 and p190A
RhoGAP-5 were effectively phosphorylated by GST-Rho-ki-
nase-CAT, whereas GST-p190A RhoGAP-1, GST-pl90A
RhoGAP-2, and GST-p190A RhoGAP-3 were not phosphoryl-
ated (Fig. 2C). To identify potential phosphorylation sites in
p190A RhoGAP, liquid chromatography tandem mass spec-
trometry was performed and three potential phosphorylation
sites in pl90A RhoGAP-4 were identified, namely Ser''®°,
Thr'!73, and Ser''”* (Fig. 2D). To determine the major phos-
phorylation sites, we substituted Ser''*°, Thr'!”3, or Ser''”*
with Ala to produce GST-p190A RhoGAP-4-S1150A, GST-
pl90A RhoGAP-4-T1173A, and GST-pl90A RhoGAP-4-
S1174A. However, the single Ala substitution did not affect the
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FIGURE 4. Effect of phosphorylation of p190A RhoGAP by Rho-kinase on
its GAP activity in vitro. A, GST-p190A RhoGAP-4+5 was produced in 5f9
cells with a baculovirus system and purified on glutathione-Sepharose beads.
Hydrolysis of GTP-bound G5T-RhoA was monitored with GST (squares), non-
phosphorylated GST-p190A RhoGAP-4+5 {triangles), or phosphorylated GST-
p190A RhoGAP-4+5 (circles) for 5 min at 30 °C. The result is representative of
three independent experiments. 8, 1 um [y-*?P]GTP-bound GST-RhoA was
incubated with 1 nm nonphosphorylated RhoGAP-4+5 or phosphorylated
GST-p190A RhoGAP-4+5 for 5 min at 30 °C, Data are indicated as mean = S.D.
(n = 20, respectively, p = 0.82).

phosphorylation efficiency (data not shown). Then, Ser''*°,

Thr''”, and Ser'!”* were simultaneously substituted with Ala
to produce GST-p190A RhoGAP-4-S1150A/T1173A/S1174A
(GST-p190A RhoGAP-4-AAA). The phosphorylation effi-
ciency of GST-p190A RhoGAP-4-AAA was substantially
reduced compared with the wild type (Fig. 2E), suggesting that
at least two potential phosphorylation sites among these three
sites are efficient phosphorylation sites.

The phosphorylation sites in p190A RhoGAP-5 were not
identified by liquid chromatography tandem mass spectrome-
try. To identify potential phosphorylation sites in p190A
RhoGAP-5, we produced the additional deletion mutants,
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FIGURE 5. Binding of p190A RhoGAP to Rnd1. COS7 cells were transiently
transfected with pEF-BOS-HA-Rnd1. The cell lysates were incubated with glu-
tathione-Sepharose 4B beads coated with 200 or 400 pmol of GST, 100 or 200
pmol of phosphorylated GST-p190A RhoGAP-4, and 100 or 200 pmo! of non-
phosphorylated GST-p190A RhoGAP-4 for 1 h at 4°C. The beads were
washed, and the eluates were subjected to SDS-PAGE, followed by immuno-
blot analysis with anti-HA Ab. GST fusion proteins were visualized by silver
staining. The result is representative of three independent experiments.

including GST-p190A RhoGAP-AN1 (aa 1222-1499), p190A
RhoGAP-AN2 (aa 1229-1499), and p190A RhoGAP-ANS3 (aa
1249 -1499) (Fig. 2A4). GST-p190A RhoGAP-AN1 was highly
phosphorylated and GST-p190A RhoGAP-AN2 was interme-
diately phosphorylated by GST-Rho-kinase-CAT, whereas
GST-p190A RhoGAP-AN3 was not phosphorylated (supple-
mental Fig. S14), suggesting that phosphorylation sites exist in
aa 1222-1228 and aa 1229 -1248. Because (R/K)XX(S/T) or
(R/K)X(S/T) (X is any amino acid) is the consensus phospho-
rylation sequence by Rho-kinase, the potential phosphorylation
sites in p190A-5 are Thr'?*?% in aa 1222-1228, and Ser'?*® and
Thr'?*! in aa 12291248 (Fig. 2D), suggesting that Thr'??¢ is
the putative major phosphorylation site. To determine the
major phosphorylation sites in p190A RhoGAP-5, we pro-
duced GST-p190A RhoGAP-5-T1226A/S1236A (GST-p190A
RhoGAP-5-AA) and GST-pl90A RhoGAP-5-T1226A/
T1241A. GST-p190A RhoGAP-5-AA was minimally phospho-
rylated by GST-Rho-kinase-CAT (Fig. 2F). The degree of phos-
phorylation of GST-p190A RhoGAP-5-T1226A/T1241A by
GST-Rho-kinase-CAT was approximately half (supplemental
Fig. S1B). Taken together, these results suggest that Rho-kinase
phosphorylates p190A RhoGAP presumably at a minimum of
five sites, including Ser’*®*®, Thr'!'?3, Ser'!”*, Thr'*?®, and
Ser'?38 in vitro.

In Vive Phosphorylation of p190A RhoGAP by Rho-kinase—
To examine the phosphorylation state of p190A RhoGAP by
Rho-kinase in vivo, we prepared rabbit polyclonal antibodies
that specifically recognize p190A RhoGAP phosphorylated at
respective phosphorylation sites. Among them, the anti-p190A
RhoGAP-pS1150 antibody specifically recognized GST-p190A
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RhoGAP-4 phosphorylated by GST-Rho-kinase-CAT inadose-
dependent manner, but not phosphorylated GST-pl190A
RhoGAP-4-S1150A (Fig. 3A4), indicating that the antibody spe-
cifically recognized GST-p190A RhoGAP-4 that was phospho-
rylated at Ser''*°. The anti-p190A RhoGAP-pT1173 and
pS1174 antibodies only slightly recognized phosphorylated
p190A RhoGAP, suggesting that Thr''”® and Ser''’* are not

major phosphorylation sites. Alternatively, these antibodies did
not work well on phosphorylated p190A RhoGAP, although
they recognized the antigen phosphopeptides (data not shown).
The anti-p190A RhoGAP-pT1226 and -pS1236 antibodies
could recognize the phosphorylated p190A RhoGAP in vitro in
a manner similar to that of anti-p190A RhoGAP-pS1150 anti-
body (data not shown).
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To examine whether Rho-kinase phosphorylates p190A
RhoGAP in intact cells, GFP-p190A RhoGAP-FL was exog-
enously co-transfected with GFP-Rho-kinase-CAT into COS7
cells. Co-transfection of Rho-kinase-CAT resulted in an
increase of phosphorylated GFP-p190A RhoGAP-FL at Ser'!'*°
(Fig. 3B). Treatment of the cells with Y-27632 inhibited phos-
phorylation of GFP-p190A RhoGAP-FL by GFP-Rho-kinase-
CAT. GFP-Rho-kinase-CAT failed to phosphorylate GFP-
p190A RhoGAP-FL-S1150A. Under the same conditions,
phosphorylation of endogenous p190A RhoGAP at Ser!'*° was
not detected, presumably because the expression level of p190A
RhoGAP was low in COS7 cells. Taken together, these results
indicate that Rho-kinase can phosphorylate p190A RhoGAP at
Ser'’*® in COS7 cells. Similarly, the immunoblot analysis,
through the use of the anti-p190A RhoGAP-pT1226 and
-pS1236 antibodies, revealed that Rho-kinase can phosphoryl-
ate p190A RhoGAP at Thr'??¢ and Ser'?3® in COS7 cells (data
not shown),

Effects of Phosphorylation of p190A RhoGAP by Rho-kinase
on Its GAP Activity—Does phosphorylation of p190A RhoGAP
by Rho-kinase affect p190A RhoGAP functions? To examine
the effects of phosphorylation on the GAP activity of p190A
RhoGAP, we tried to produce and purify the full length of
p190A RhoGAP from E. coli and insect cells, but the procedure
failed. We then prepared nonphosphorylated and phosphoryl-
ated GST-p190A RhoGAP-4+5, which includes the identified
five phosphorylation sites and the RhoGAP catalytic domain,
and performed an in vitro GAP assay. Hydrolysis of GTP-bound
GST-RhoA was accelerated by using purified GST-pl190A
RhoGAP-4+5 in a dose-dependent and time-dependent man-
ner (supplemental Fig. S2). The GAP activity of GFP-p190A
RhoGAP-4+5 was not dramatically affected by phosphoryla-
tion (Fig. 4, A and B).

We here found that Rho-kinase appeared to inhibit the
p190A RhoGAP activity in COS7 cells (Fig. 1). How does Rho-
kinase regulate the GAP activity of p190A RhoGAP in intact
cells? Small GTPase Rnd is a member of the distinct subgroup
of the Rho family GTPases and regulates the organization of
actin cytoskeleton (32). Expression of Rnd inhibits the forma-
tion of the stress fibers in response to lysophosphatidic acid
stimulation in fibroblasts (33), suggesting that Rnd antagonizes
the action of RhoA. Consistently, Rnd binds to p190A RhoGAP
and increases its GAP activity toward GTP-bound RhoA,
resulting in RhoA inactivation (34, 35). This observation
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prompted us to examine whether phosphorylation of p190A
RhoGAP affects its interaction with Rnd1. HA-Rnd1 efficiently
interacted with GST-p190A RhoGAP-4 in the pulldown assay,
and phosphorylation of GST-p190A RhoGAP-4 by Rho-kinase
attenuated its interaction with Rnd1 (Fig. 5). Thus, itis conceiv-
able that Rho-kinase suppresses the GAP activity of p190A
RhoGAP by inhibiting the interaction with Rndl through
phosphorylation.

Phosphorylation of pI90A RhoGAP in Cultured Vascular
Smooth Muscle Cells—To understand the physiological func-
tions of p190A RhoGAP, we confirmed the expression profile of
p190A RhoGAP in various rat tissues and found that p190A
RhoGAP was highly expressed in brain, lung, and aorta (supple-
mental Fig. S3A). We also found that p190A RhoGAP was
highly expressed in primary human aortic smooth muscle and
endothelial cells (supplemental Fig. S3B).

Then, we monitored phosphorylation of endogenous p190A
RhoGAP in human aortic smooth muscle cells. The basal phos-
phorylation level of p190A RhoGAP at Ser'*® was not detected
(Fig. 6A4). ET-1 is known to activate the Rho/Rho-kinase path-
way (17). Stimulation of smooth muscle cells by ET-1 induced
phosphorylation of endogenous p190A RhoGAP at Ser*'*° (Fig.
6A). Treatment of the cells with Y-27632 inhibited ET-1-in-
duced phosphorylation of p190A RhoGAP. As a positive con-
trol, the MYPT1 phosphorylation level was monitored. Phos-
phorylation of MYPT1 at Thr®®*® decreases the activity of
myosin phosphatase in vascular smooth muscle cells: this phos-
phorylation is used as an indicator of the activity of Rho-kinase
(17). ET-1 induced phosphorylation of MYPT1 at Thr®3,
whereas Y-27632 completely inhibited this phosphorylation.
Taken together, these results suggest that ET-1 provoked phos-
phorylation of endogenous p190A RhoGAP at Ser''*® in a Rho-
kinase dependent fashion in cultured vascular smooth muscle
cells.

Of note, the immunoblot analysis using the anti-p190A
RhoGAP-pT1226 and -pS1236 antibodies revealed that p190A
RhoGAP was phosphorylated upon treatment with ET-1, but
these phosphorylations were not dramatically inhibited by
Y-27632, suggesting that these sites are not major phosphoryl-
ation sites by Rho-kinase in aortic smooth muscle cells {data
not shown).

A high concentration of ET-1 has been shown to induce acti-
vation of Rho/Rho-kinase and subsequent MYPT1 phosphoryl-
ation, thereby resulting in the sustained contraction of vascular

FIGURE 6. Phosphorylation of p190A RhoGAP by Rho-kinase in cultured vascular smooth muscle cells. A, phosphorylation of endogenous p190A RhoGAP
in cultured vascular smooth muscle cells. The cells were incubated with 20 um Y-27632 or DMSO for 30 min, and then treated with 1 pm ET-1 for 3 min.
Endogenous p190A RhoGAP was immunoprecipitated with anti-p190A RhoGAP Ab (Upstate). The amounts of phosphorylated p190A RhoGAP were deter-
mined by immunoblot analysis with anti-p190A RhoGAP-p51150 Ab. The amounts of phosphorylated and total MYPT1 were examined as a positive control.
B, effect of Rho-kinase-specific inhibitor on ET-1-induced sustained RhoA activation. After serum depletion for 8 h, the cells were incubated with 20 um Y-27632 or
DMSO for 30 min, and then stimulated with 1 um ET-1 for the indicated periods of time. The cells were lysed with lysis buffer, and the lysates were incubated
with GST-Rhotekin-RBD to precipitate the GTP-bound active form of RhoA. The eluates were analyzed by immunoblotting with anti-RhoA Ab. C, ET-1-induced
sustained phosphorylation of p190A RhoGAP in cultured vascular smooth muscle cells. The cells were transiently transfected with GFP-p190A RhoGAP-FL with
the use of the Nucleofector system. After serum depletion for 8 h, the cells were incubated with 20 um Y-27632 or DMSO for 30 min, and then stimulated with
1 umET-1 for the indicated periods of time. The cell lysates were subjected to SDS-PAGE followed by immunoblot analysis with anti-p190A RhoGAP-pS1150 Ab,
anti-p190A RhoGAP Ab (Pharmingen), anti-MYPT1-pT853 Ab, and anti-MYPT1 Ab. D, effect of ET-1 antagonists on RhoA activity. The cells were starved for
serum of 8 h and then stimulated with 1 umET-1 for 3 min after treatment with 1 um BQ-123 or 1 um BQ-788 for 30 min. The cells were lysed with lysis buffer,
and the lysates were incubated with GST-Rhotekin-RBD to precipitate the GTP-bound active form of RhoA. The eluates were analyzed by immunoblotting with
anti-RhoA Ab (top). The ratio of GTP-RhoA to total RhoA is shown (bottom). E, effect of ET antagonists on phosphorylation of p190A RhoGAP. The cells were
transiently transfected with GFP-p190A RhoGAP-FL. Twenty-four hours after transfection, the cells were starved for serum of 8 h and then stimulated with 1 um
ET-1 for 3 min after treatment with BQ-123 (1 um, 0.1 um) or BQ-788 (1 um, 0.1 um) for 30 min. The cell lysates were subjected to immunoblot analysis with
anti-p190A RhoGAP-p51150 Ab and anti-p190A RhoGAP Ab (Pharmingen). These results are representative of three independent experiments.
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