and HCV-QC43, which are known to be heavily glycosylated
and detected at 186 kDa and 190 kDa, respectively {17). Our
result is consistent with the data reported recently by Xiao
et al. who expressed the fuli-length S glycoprotein of SARS-
CoV Tor2 strain in 293 cells and showed that the protein ran
~180-20C kDa in SOS gels (18). The origins of the 120 kDa and
the faint 37 kDa bands were unknown. However, similar bands

Table L. Neutralizing activity in serum after vaccination

Reciprocal endpoint liter

Experiment 1 Experiment 2

Nonefalurn <5* <5*
Virion mouse 1 250 250

2 1250 250

3 1250 250
Virionfalum 1 250 1250

2 1250 1250

3 1250 1250

*All six mice examined did not have detectable neutralizing activity.
Sera were obtained from mice 1 week alter boost vaccination and
subjecled to SARS-CoV neutralizing activity assay as described in
Methods. The titer is a reciprocal number of minimum serum dilution
that inhibits the cylopathic effect.

(A} ®
: : 1,80+
- MW (kDa)
258 4,254
150
100 4001
; E
7 o
%_ 678
fan)
8
-G A0+
37
.25+
25 N
0.80+
2 25900, 500
Codtingdilution

Fig. 4. Specificity of the serum antibodies. {A) Purified Uv-inactivated
SARS-CoV viron (0.5 pg) was fractionaled by SDS-PAGE and
subjected to western blotting. Siluted pooled sera (1:1000) from mice
primed and boosted with virionfalum were exploited tc detect virus
proteins. Upper and lower arrows indicate the predicted band of
S (spike protsin} and N (nucleccapside protein) of SARS-CoV,
respactively, The size of molecular weight markers (kDa) is shown
on the left. (B) S protein- or N protein-specific ELISA. ELISA plates
were coated at the indicaled dilution with 1% NP40 lysates of chick
embryo fbroblasts that had been infected with § protein-expressing
vaccinia virus (circle), N protein-expressing vaccinia virus (triangle) or
uninfected {mock; square). Diluted serum (1:1000) frem mice prime
and boost immunized wilh viricn/alum, was exploited for detection of
virus proteins.
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were also detected on a fluorogram by using anti-N mAbs
{Chnishi, K., Sakaguchi, M., Takasuka, N. et al., unpublished
data), suggesting that it is related to N protein. The specificity
of 1gG in the immune sera was also determined by ELISA
plates coated with lysates of cells infected with either S- or
N-expressing recombinant vaccinia viruses (Fig. 48). The
resulis indicated that anti-S as well as anti-N protein 1gG
antibodies were elicited by virionfalum vaccination.

UVinactivated SARS-CoV whole virion induces T-celf
response

To examing whether or not subcutaneously vaccinated mice
gained an induced T-celi response against SARS-CoV, mice
were immunized either with virion/alum, virion, or alum only via
the footpad. T cells of these mice were enriched from the
spleen and regional lymph nodes 1 week after a booster
jmmunization and cultured with irradiated APCs in the
presence or absence of UV-inactivated SARS-CoV virion at
1 or 10 pg/ml. As shown in Fig. 5(A), regionai lymph nede
T cells proliferated i vitro in response to UV-inactivated virion
in virion/alur-immunized mice and, to a lesser extent, in virion-
immunized mice. Because mice inoculated with virionfalum
showed a high basal level of proliferation ¢f lymph node Tcells
in the absence of antigen, there is not much difference in the
net proliferative response of these cells batween the virion/
alum group and the virion only group. On the other hand, in
splenic Tcells, a low level of proliferation was observed only in
the virion/alum group of mice. The level of proliferation of these
T cells, however, was virion-dose independent. Therefore, our
results suggest that the subcutaneous injection of inactivated
virion, even without atum, does induce T cell activation 1o some
extent in the draining lymph ncde, a result which hardly occurs
systemically,

We also measured the level of cytokine production in the
supernatant of lymph nede T cells stimulated with inactivated
virion in vifro for 4 days. We found that the inactivated virion
induced the production of all the cytokines (IL-2, 1L-4, 1L-5,
IFN-y and TNF-w) in T cells of virian/alum-immunized mice, in
a dose-dependent manner (Fig. 58). Likewise, Tcells of virion-
immunized mice produced low, yet significant, levels of these
cytokines in a dose-dependent manner, except IL-5. In
contrasi, lymph node Tcells from normal mice did not produce
any cytokines at all in response to virion, suggesting that the
virion itself does not possess innate stimulating activity as
bacterial products [such as lipopelysaccharide (LPS) and
purified protein derivative of mycobacterium tuberculosis
(PPD)] do. Taken together, these results suggest that sub-
cutaneous vaccination with Uv-inactivated SARS-CoV is able
to activate CD4™ T celis in regional lymph nodes, where T celis
produce several immunoregulatory cytokines, including IFN-y.

Discussion

The present results demonstrated that even a single sub-
cutaneous administration of UV-irradiated virion without alum
adjuvant induced a high level of systemic anti-SARS-CoV
antibody response in mice, probably followed by the gener-
ation of long-term antibody-secreting cells and memory cells
in the bone marrow. Considering that polyvalent particulate
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Fig. 5. In vitroresponses of SARS-CoV-specitic Tcells taken from mice vaccinated with inactivaied SARS-CoV. Mice were subcutaneously primed
with 10 pg of Uv-inactivated SARS-CoV virion, or virian with 2 mg of alum, or none, and then Doosted with the same dose in their footpads at
7 weeks after psiming. Draining lymph nodes and spleens were isolated at 1 week after beost and stimulated with T-cell depleted splenocytes that
had been pulsed with the indicated concentration of U¥-inactivated SARS-CoV virion. These cells were cultured for 2—4 days and [*H]thymidine
was added 8 h prior to the harvest. The peak response on day 4 after cultivation is shown in (A). (B) Culture supernatant was collected at day 2-4
post cuitivation and the level of IL-2, IFN-y, IL-4, IL-5 and TNF-o was determined by CBA kit. The maximum cytokine productlion at day 4 is shown.

Results are representative of two separate experiments.

structures such as hepatitis B virus surface antigen-based,
HIV-1 Gag-based and Ty virus-like particles have been shown
to elicit humeral as well as celiular immune responses (19),
these particulates probably have comparable dimensions and
structures to the pathogens that are targeted for uptake by
APCs 1o facilitate the induction of potent immune responses.
The antibadies elicited in mice vaccinated by the current
protocol with or without adjuvant recognized both the S and N
proteins of SARS-CoV and were able to neutralize the infection
of virus to Vero E6 cells. However, serum anti-SARS-CoV IgA
antibody was not detectable, probably owing to the route of
vaccination. In addition, the present vaccination protocol
caused T cell response at the regional lymph nodes, although
it did not allow for the induction of a sufficient cetlular immune
response gystemically.

We show here the potentiality of subcutaneous injecticn of
inactivated virion with alum, which is utilized for mast of current
human vaccinations. Alum has been used as an adjuvant for
vaccinges such as diphtheria, pertussis and tatanus, and these
vaceines have a long safety record for human use (20). We
observed that the addition of alum to the vaccine formula
resulted in a large augmentation of serum |9G; production, but
not 19Gz, production. The level of 1gG; in alum-vaccinated
mice reached a level similar to that found in hyper-immunized
mice, which were subcutaneously injected with 5 ug of
inactivated virion emulsified with a complete Freund adjuvant,
follewed by consecutive three-times intravenous boosters
with 2 pg of virion. Alum is known to selectively stimulate an

IgG, dominant, type 2 immune response [reviewed in (21}].
Activation of complement by afum could contribute to the type
2-biased immune response partly via an inhibition of 1L-12
production. Interestingly, a quite recent report demonstrated
that an alum-induced Gr1* myeloid cell popuiation produced
IL-4 and activated B-cells (22),

There are various diseases associated with animal corena-
virus infecticn. The clinical manifestations cf the disease and
the correlates of protection with immunity have been studied
extensively in these animal coronavirus infections [reviewed in
(7)). Althcugh antibedies and T cells may play a rale in
exacerbating the pathology in soms animal coronavirus
infections (23,24), both humoral and cellufar immune re-
sponses are known to contribute 1o protection against corona-
virus infection, In murine hepatitis virus, a Group 2 coronavirus,
the mortality of susceptible mice was partially prevented by
the transfer of immune serum containing neutralizing anti-
body prior to challenge (25). Recently, Zhi-yong et al. reported
in the murine acute infection model that the neutralizing
antibody elicited by vaccination of DNA encoding S was
protective, but cellular cornponents of vaccinated mice were
not required for the inhibition of viral replication (26). Because
a twice parenteral administration of inactivated virion with alum
induced a high level of antibedies that are abte o neutralize
SARS-CoV, this vaccination protocol may have a certain affect
on the protection of humans fram SARS-CoV infection.

We observed that two successive inoculations with inacti-
vated virus at 7 week intervals generated SARS-CoV-specific
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T cells. These celis were restimulated with the irradiated virus
in vitro, but their response was low in terms of the level of
proliferation and production of INF-y and IL-2. However,
irrespective of vaccination protocols with or without alum
adjuvant, virus-primed T cells of vaccinated animals were
capable of producing IL-4 at high levels upon in vitro
stimulation, comparable to other reports for a variety of
vaccination studies {27,28). This cutlook seems compatible
with the idsa that the present vaccine protocol may tend to
select T-cell subsets with Th2 phenotype. However, it remains
to be elucidated whether such T cells may exhibit serclogical
memory phenotype and persist in the immune system after
vaccination as lang as memory B cells, which may persist
more than 180 days post vaccination. In addition, further
analysis is needed to clarify whether Tcell response is a crucial
factor for long-term protection against SARS-CoV infections,

Efforts to develop a SARS-CoV vaccine have been carried
out by many profitable or non-profitable organizations in
various ways. For example, it has recently been repocted that
the combination of adenovirus vector expressing SARS-S, -M
or -N protein slicited a neutralizing capacity in serum and N-
specific T-cell response in rhesus macaques (29), However, it
is still uncertain whethar or not the immunity against only these
components of SARS-CoV is sufficient for virus protection.
SARS-CoV tends to cause replication errors, which may allow
the virus to escape the host-immune response and result in
a seasonal cutbreak. From this point of view, it resembles
influenza virus. in influenza virus, inactivated HA vaccine
showed incomplete protection but had a certain efficacy and
safety record for a long period of time. Indeed, this approach
has been used in the veterinary field, such as with the bovine
coronavirus (30) and canine coronavirus (31). These advan-
tages make a whole killed virion & prime candidate for a SARS
vaccing, even if it rmay not have the best protective ability.

Unfortunately, no information is available so far on the
immune correlates of protection against human coronaviruses,
inciuding SARS-CoV. In consideration that SARS-CoV trans-
mission coours by direct contact with droplets or by the fecal
oral route, mucosal secretary IgA in both the lower respiratory
tract and digestive tract seem to be crucially important, Failure
te induce IgA-type antibodies in a current systemic vaccina-
tion method should be improved., Notably, IgA antibodies were
detectable in the sera and bronchoalveolar lavage fluid
abtained from mice hyper-immunized with Uv-irradiated virus
(dfata not shown). Therefore, if a non-toxic and more potent
adjuvant becomes available for human use, the subcutanecus
injection of inactivated virion would become an effective
vaccination method to reduce the number of susceptible
people.

In the future, it will be necessary to determine whether or
not the inactivated whole virion vaccine possesses protective
ability against SARS-CoV infection by the use of adequate
animal models. Furthermare, whether the alum addition
augmented the protection and the effective period of SARS-
CoV virion vaccination should be addressed, because
currently used inactivated influenza virus whele virion vaccine
is significantly eftective without any adjuvant. Meanwhile, we
also need to develop a potent adjuvant for induction of amuch
stronger mucosal immunity, in addition to evaluating available
methods of virion inactivation.

Immunogenicity of inactivated SARS-CoV virion 1429
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Abbreviations

ACE2 angiotensin-converting enzyme 2
ASC antibody-secreting cell

E envelope

M memprane

N nucleocapsid protein

SARS severe acute respiratory syndrome

SARS-CoV  SARS-associated coronavirus
5 spike protein
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Abstract

Severe acute respiratory syndrome {SARS) is an acute respiratory tract infectious disease that is associated with a pew coronavins
{SARS-CoV). Our recent study indicated that SARS-CoV infection induces activation of the p38 mitogen-activated protein kinase (MAPK)
signaling pathway and the p38 MAPK inhibitor partially inhibited its cytopathic effect in Vero E6 cells. The results of the present study
indicated that before cell death, Akt, which is an inhibitor of apopiosis, was also activated in response fo viral replication. Phosphorylation of
a serine residue on Akt was detected at least 8 h postinfection (hpi), which declined after 18 hpi. Thus, the phosphatidylinositol 3-kinase
(PI3K)/Akt pathway is activated in virus-infected Vero E6 cells. However, a threonine residne was not phosphorylated. A downstream target
of Akt, glycogen synthase kinase 3f (GSK-3p), was slightly phosphorylated, indicating that the level of activation of Akt was very low.
PKCZ, which is downstream of the PI3K pathway, was also phosphorylated in virus-infected cells. These results suggested that weak

activation of Akt carmot prevent apoptosis induced by SARS-CoV infection in Vero E6 cells.

@ 2004 Elsevier Inc. All rights reserved.

Keywords: SARS-CoV, Akt; PI3K; PKC

Severe acute respiratory syndrome (SARS) is a newly
described infections disease caused by a coronavirus (Rota
et al, 2003). Although the mechanism of SARS patho-
genesis in vive may invoelve both the effect of viral
replication in target cells and immune responses, there is a
lack of molecular pathological data including signaling
pathways of SARS-coronavirus (CoV) infection. Recently,
we reported that infection with SARS-CoV caused apopto-
sis in Vero E6 cells and that p38 mitogen-activated protein
kinase (MAPK} was activated dwing infection (Mizutani et
al., 2004). Thus, it is important to mvestigate the apoptotic
events that occur in SARS-CoV-infected cells to understand
the pathogenesis of SARS-CoV. Generally, both pro-
apoptotic and pro-survival signaling pathways are activated
after apoptotic signaling, and there are many pro- and anti-

* Comresponding author. Special Pathogens Laboratory, Department of
Virology 1, National Institute of Infectious Diseases, Gakuen 4-7-f,
Musashimurayama, Tokyo 208-0011, Japan. Fax: +31 42 564 4881,

B-mail address: tmizutan@nih.go.jp (T. Mizutani).

0042-6822/3 - see front matter € 2004 Elsevier Ine, All rights xesexved,
doi:10.1016/j.virol.2004.07.005

apoptotic proteins involved in these pathways in cells. The
present study was performed to clarify the activated signal-
ing pathways refated to apoptotic events in SARS-CoV-
infected Vero E6 cells,

In SARS-CoV-infected Vero E6 cells, cytopathic effects
were observed within 24 h postinfection (hpi). We have
recently shown that p38 MAPK and its downstream targets
are phosphorylated in SARS-CoV-infected Vero E6 cells
(Mizutani et al, 2004). These findings suggest that other
signaling pathways are also activated in SARS-CoV-
infected cells. To investigate such cellular responses in
SARS-CoViinfected Vero E6 cells before apoptosis, pro-
teins of SARS-CoV-infected and mock-infected cells were
analyzed by Western blotting analysis at I8 hpi using 125
antibodies to hwman cellular proteins. We found that
antibodies to proteins related to several signaling pathways
responded specifically in SARS-CoV infection (\ below and
unpublished data).

One such signaling pathway, protein kinase B (PKB),
known as Akt, has been studied intensively (Toker, 2000;
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Brazil and Hemmings, 2001; Scheid and Woodgett, 2003).
Akt is phosphorylated at both serine 473 and threonine 308
residues through a phosphatidylinositel 3-kinase {PI3K)-
dependent mechanism on stimulation by growth factors,
insulin, and hermones (Welch et al,, 1998), An important
function of activated Akt in cells js inhibition of apoptosis.
Downstream targets of Akt induce cell survival via
phosphorylation of the forkhead transcription factor
(FEKHR) family, glycogen synthase kinase 3B {GSK-3R),
caspase-9, and Bad (Cardone et al,, 1998; Cross et al., 1995;
Datta et al., 1997). To examine the phosphorylation of Akt
in virns-infected cells, Western blotting analysis was
performed using anti-phospho Akt antibodies. As shown
inFig. 1A, serine 473 of Akt was phosphorylated at 8 hipi by
SARS-CoV. The phosphorylated serine 473 of Akt began to
accumulate at least 8 hpi and maximal phosphorylation was
observed at 18 hpi. Western blotting analysis with a
phosphorylation-state-independent anti-Akt antibody
revealed the presence of Akt in Vero E6 cells, whereas a
theeonine 308 phosphorylation-state-dependent antibody
failed to demonstrate the presence of threonine 308
phosphorylated Akt in virus-infected cells (Fig. 1A). In
addition, serine phosphorylation was dependent on SARS-
CoV infection into Vero E6 cells, because the UV-
inactivated virus failed to induce serine phosphotylation.
Bref stimulation by epidermal growth factor (EGF} also
showed only serine 473 phosphorylation of Akt (Fig. 1B),
suggesting that threonine 308 of Akt is difficult to
phosphorylate in Vero E6 cells. Therefore, total activity of
Akt may be low in Vero EG cells. However, it is possible
that the anti-phospho Akt (threonine 308) antibody used i

A
SARS-CoV Mock SARS-CoV {UV)
Infection Infection infection

B 18 248 18 24 8 18 24 h.pi

A Akt

B
EGF (50ng/m)
4 5 10 15 min

¢ Phospho-Akt (Seré73)

Phespho-Akt (Thrins)

Akt

-Phoapha-Akt (Sar473)
-+ Phosphao-Akt (Thr38)

the present study is unable to recognize threonine phos-
phorylation of Akt in Vero E6 cells as the datasheet included
no description of cross-reactivity with monkey. To inves-
tigate whether SARS-CoV-induced Akt serine phosphor-
ylation represented a biologically active kinase, we
examined the in vitro kinase activity of phesphorylated
Akt in SARS-CoV-infected cells, The SARS-CoV-infected
Vero E6 cells were lysed at 18 hpi and serne 473-
phosphorylated Akt in the cell lysate was precipitated by
anti-serine 473-phosphorylated Akt antibody. GSK-3p
protein was added to the iramunoprecipitated phosphory-
lated Akt with ATP, and Westein blotting was perforined
using anti-phosphorylated GSK-3a/f (Ser21/9) antibody.
As shown in Fig. 1C, immunoprecipitated Akt was almost at
the same amount between SARS-CoVeinfected cells and
mock-infected celis at 18 hpi. The amount of serine 473-
phosphorylated Akt in SARS~-CoV-infected cells was higher
than that in mock-infected controls. The fevel of phosphor-
yiation of GSK-3a/f in virus-infected cells was slightly
higher than that in mock-infected controls. These results
strongly suggested that Akt in Vero E6 cells was phos-
phorylated only at serine residues by SARS-CoV infection,
but the level of activity of Alt was low.

To investigate phosphorylation of up- and downstream
targets of Akt in virus-infected cells, Western blotting
analysis was performed. Of the Akt targets mentioned above,
the level of phosphorylation of GSK-3p {Ser9) was slightly
ingcreased, while phosphorylated Bad and FKHR were not
detected (Fig. 1C). GSK-3 B is a pro-apoptotic signaling
molecule and is inactivated by phosphorylation of the N-
tetminal sering residue Ser9 (Pap amd Cooper, 1998).

&
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D sarscov
Infectionmock

B 18 24 24 hpl
; 4- Phospho-PDK-1

|4 Phospho-PTEN

-« Phospho-GSK3

<+ Phospho FKHR

Fig. 1. Phosphorylation of Akt in SARS-CoV-infected Vero B& cells, (A) Vero B6 cells were infected with SARS-CoV at mot of 5, and Western bloting was
then performed using proteins obtained at 8, 18, amd 24 hpi. FCS-free mediwm and UVeinactivated SARS-CoV were used as controls. Phosphorylated Akt was
detected by Western blotting analysis. (B EGF was added to Vero E6 cells for 5, 10, and 15 min. {C) In vitro Akt kinase assay was performed using proteins
from SARS-CoViinfected Vero E6 cells and mock-infeeted cells at 18 hpi. (D) Phosphorylation of up- and downstream targets of Akt was detected by Western

blotting analysis.
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Therefore, these results suggested that the phosphorylation
of Akt in Vero E6 cells results in a low level of anti-apoptotic
response to SARS-CoV infection. Recent studies explained
the activation cycle of Akt as outlined below (Toker, 2000;
Brazil and Hemmings, 2001; Scheid and Woodgett, 2003).
Activation of PI3K results in local accummlation of
phosphatidylinositol (PidIns)-3,4,5-triphosphate (P3) at the
plasma membrane, and PTEN phosphatase inhibits PI3K
signaling. Cytosolic Akt is inactive and the activity of
cytosolic PDK-1 is fow. PtdIns-3,4,5-P3 recrnits PDK-1 and
Akt to the plasma membrane, and then Akt is autophos-
phorylated at serine 473. After PDK-1 activation on the
plasma membrane, PDK-1 phosphorylates Akt on threonine
308, and then Akt shows a high level of activity. Thus,
activation of upstream kinases of Akt is important for the
activation of Akt. Fig. 1C shows that the amounts of both
phosphorylated PTEN and PDK-1 were not significantly
altered in SARS-CoV-infected Vero E6 cells. Therefore,
these results may explain why no increase in threonine 308
phosphorylation of Akt was observed on virus infection.
The PI3 kinase inhibitor LY294002 is widely used to
study Akt phosphorylation in stimulations in vitro, We
examined whether 1Y294002 inhibits serine phosphoryla-
tion of Akt induced by SARS-CoV infection. Verd EG cells
were treated with LY294002 (10 and 20 uM) for 1.5 I, and
then infected with SARS-CoV. Western blotting analysis
was performed on the cell Iysate at 18 hpi. As shown in Fig.
2A, the serine residue of Akt was not phosphorylated in
cells treated with either concentration of LY294002. This
result suggested that serine phosphorylation of Akt was
sensitive to the PI3K inhibitor and that PI3K was activated

Mock SARS-CoV
infection Infaction

20 10 0 20 10 ©

LY294002 (M}
Phospho-Akt {473}

{ SARS-CoV
N protain

lock infaction

SARS-CoV
Infectlon
2010 0

DNA markers

LY204002 (M)
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in virus-infected cells. In addition, DNA. fragmentations in
infected Vero E6 cells at 30 hpi were similar in the presence
and absence of LY294002 (Fig. 2B), sugpesting that weak
activation of Akt cannot prevent apoptosis induced by
SARS-CoV infection in Vero E6 cells.

As shown in Fig. 2A, the level of viral N protein
expression seemed fo be similar at 18 hpi among cells
treated with varous amounts of LY294002. Next, we
investigated whether enhancement of virus-specific protein
synthesis through Akt-serine 473 phosphorylation cccurs in
SARS-CoV-infected cells at early time points pi. Recently,
Simmons ot al. (2004) reported that acidification of endo-
somes was required for SARS-CoV S-mediated viral entry
using S glycoprotein pseudoviruses, after viral adsorption to
angiotensin-converting enzyme (AGE)2 (Li et al, 2003).
They reported that SARS-CoV § protein is cleaved in the
presence of trypsin and that the cleaved § induces cefl
fasion. Their resuits suggested that SARS-CoV enters cells
via endocytosis, Before a virus infection experiment, to
verify that LY294002 has no effect on acidification of
infracellutar compartments in Vero E6 cells, LY294002 was
added to the cells, followed by staining with acridine orange
to detect intracellular acidic compartments (Mizutani et al.,
2003). As indicated in Fig. 2C, neither 10 nor 20 pM
1Y294002 had any effect on the acidification of intracellular
compartments, suggesting that treatment with LY294002
did not inhibit endocytosis in Vero E6 cells. Next, Western
blotting analysis was performed at 6, 9, and 12 hpi using
anti-N antibody, As shown in Fig. 2D, the kinetics of SARS-
CoV-N protein accomutation in infected Vero E6 cells were
similar in the presence and absence of LY294002. These

Cc
LY294002 (um)

1] 10 20

SARS-CoV Mock
Infection Infaction
0 20 30 0 LY294002 (uM}

6§912691269 12 12 hpl

SARS-CoV
N protein

Fig. 2. Effects of LY294002 on SARS-CoV infection. (A) Vero E6 cells were prefreated with LY294002 and then infected with SARS-CoVat 1o of §. Western
blotting analysis was performed at 18 hpi. (B} Cellular DNA was extracted from Vero B6 cells in the presence or absence of LY294002 at 30 hpi. {C) Vero E6
cells were incubated for 1.5 h with LY294002 and stained with acridine orange. (D) Westem blotting analysis was performed at 6, 9, and 12 hypi for detection of

SARS-CoV N protein.
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results indicated that Akt serine phosphorylation induced by
SARS-CoV infection had no effect on viral replication.
Protein kinase C {PKC) is also 2 major cellular mediator
of biological functions. The PKC superfamily is divided
inte sub-superfamilies according to their activation profiles;
conventional PKC (cPKC «, R, RIL, -y novel PKC (WPKC &,
£, 1, §), atypical PKC (@PKCE, o), PKCWPKD, and PKCu
(Toker, 2000). PKCC was originally discovered as a unigque
PKC isotype (Ono et al,, 1989). B cell survival by nerve
growth factor (NGF) is mediated by PI3K-dependent
activation of PKC{ (Kronfeld et al,, 2802) and Akt could
interact with PKCY (Konishi et al., 1994). To determine if
PKCZ is phosphorviated by SARS-CoV infection, Western
blotting amalysis was performed using an anti-phospho
PKCY (Thrd10) antibodv. As shown in Fig. 3, PKCE was
phosphorylated at 8 hpi, suggesting that PKCY is activated
as an anti-apoptotic response to virus infection. The
antibody used in the present study can also detect
phosphorylated PKCX, and the fimction of PKC{ is still
not clear. A novel PKC subfamily PKC6 was also very
slightly phosphorylated by virus infection. In addition,

PKCo/PIl and & (Ser643) were always phosphorylated in -

both virus-infected and mock-infected cells, These results
suggested that the interaction of phosphorylation of PKCYE
with Akt plays an important role in protection against
SARS-CoV imnfection (Fig. 4).

In the present study, we showed that the PI3K/Akt
pathway including PKC{ is activated by SARS-CoV
infection, but that the level of activation of Akt in
infected cells is very low. In virus infection, two
conflicting cellular programs are triggered in calls:
apoptosis to eliminate virus-infected cells and cell
survival delaying cell death to alert naive cells by
producing antiviral cytokines. This raises the question
of how cell survival or death of SARS-CaV-infected cells
is determined. The control mechanisms that balance cell
survival against cell death are not well understood.

SARS-CoV

infaction mock

8 18 24 24 hpl

i - Phospho-PKCe/BI (Thr638/641)
l¢ Phospho-PKC5 (Thr505)
J« Phospho-PKCS (Sere4s)
Phospho-PKD/PKCy (Ser744/748)
Phospho-PKD/PKCy (Serd18)
Phospho-PKCS (Mhr538)
Phospho-PKCL/A (Thrd10/403)
PKCL

Fig. 3. Phosphorylation -of PKCs in SARS-CoV-infected Vere E6 cells.
Phosphorylated PKCs were detected by Western blotting analysis using
proteins isolated from SARS-CoV-infected Vero B6 cells al 8, 18, and 24
hpi.

SARS-CoV-infectiotrepiication

}

P PDK-1
PI4,5P; | PI3A,5Py ——roormecseency

PTEN l P-PDK-1

Al —————————p P-AKE (S6Y)-p P:Akt {Thr)
FTM/«\'\/:;W/

P-FKHR P-GSK3p

Fig. 4. Phosphorylation of AKWVPI3K signaling pathway in SARS-CoV-
infected Vero E6 cells. Bold lines indicate activated pathways in viral-
infected cells. Week or no activated pathways are indicated by thin fines.

Previously, we showed that activation of the p38 MAPK
signaling pathway induced by SARS-CoV infection has a
partially pro-apoptotic role in Vero E6 cells (Mizutani et
al., 2004). The role of p38 MAPK signaling in cellular
responses is diverse depending on the cell type and
stimulus. For example, p38 MAPK signaling has been
shown to promote cell death as well as to enhance celf
growth and survival (Juretic et al,, 2001; Liu et al., 2001;
Yosimichi ¢t al,, 2001). In virus-infected Vere EG cells,
CREB and HSP-27, which have anti-apoptotic roles, were
shown o be phosphorylated (Mizutani et al., 2004).
Therefore, pro-apoptotic molecules downstream of targets
of p38 MAPK may exist in Vero E6 cells, On the other
hand, Akt, which is a key regulator of cell survival
events, targets scveral different cytoplasmic proteins,
inchuding pro-apoptotic molecules, such as GSK3B,
caspase-9, Bad, and FKXHR. Phosphorylation of these
proteins by Akt generally results in their inactivation and
inability to activate pro-apoptotic pathways. In the present
study, phosphorylation of GSK3p3 serine 9 was found in
virus-infected cells. However, our results suggested that
the level of phosphorylation of GSK3p is not sufficient
to prevent apopiosis.

In conclusion, incomplete activation of Akt induces
spoptosis in SARS-CoV-infected Vero E6 cells. However,
we cannot exclude the possibility of the involverent of
other signaling pathways that strongly induce apoptosis.
These findings may facilitate the development of a new way
to block apoptosis upstream and help in the development of
anti-SARS-CoV agents.

Materials and methods
Cells and virus

Vero E6 cells were routinely subcultared in 75-cm? flasks
in Dulbecco™s modified Eagle’s medium (DMEM, Sigma,
St. Louis, MO, USA) supplemented with 0.2 mM L-
glutamine, 100 units/mi penicillin, 100 ug/ml streptomycin,
and 3% (v/v) fetal bovine serum (FBS), and maintained at
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37 °C in an atmosphere of 3% CO, For use in the
experiments, the cells were split once they reached 90%
confluence and seeded onto 6- or 24-well tissue culture plate
inserts. The culture medivm was changed to 2% FBS
containing DMEM before virus infection. In the present
study, we used SAR3-CoV (Drosten et al, 2003), which
was isolated as Frankfurt 1 (Thiel et al., 2003) and kindly
provided by Dr. J. Ziebuhr. Infection was usually performed
with a multiplicity of infection (inoi) of 5.

Western blotting

After virus infection, whole-cell extracts were electro-
phoresed in 12.5% and 10-20% gradient polyacrylamide
gels, and transferred onto PVDF membranes (Inimobilon-P,
Millipore, Bedford, MA, USA). We applied two sets of
sataples to polyacrylamide gels, and the blots were divided
into two sheets, The following antibodies were used at a
dilution of 1:1000 (Cell Signaling Technology Inc., Beverly,
MA, USA): Rabbit anti-phospho Akt (Serd73), rabbit anti-
phospho Akt (Th:308), rabbit anti-Akt, rabbit anti-phospho
GSK-33 (Ser9), anti-phospho FKHR (Ser256), anti-phos-
pho PTEN (Ser380), rabbit anti-phospho PDK-1, rabbit
Phospho-PKCa/pI (Thr638/641) antibody, rabbit anti-
phospho-PKCS§ (Thr505) antibody, rabbit anti-phospho-
PRCH (Ser643) antibody, rabbit anti-phospho-PKD/PKCu
(Ser744/748) antibody, rabbit anti-phospho-PKD/PKCu
(Ser916) antibody, rabbit anti-phospho-PRCE (Thr538)
antibody, and rabbit anti-phospho-PKCI/A (Thrd10/403)
antibody. Rabbit anti-PKC{ antibody (diluted 1:1000) was
purchased from Santz Cruz Biotechnology (Santa Cruz, CA,
USA). Rabbit anti-SARS N and M antibodies weré
described previously (Mizutani, 2004). After 15-h incuba-
tion, the membrane was washed with 0.1% TBS-Tween and
specitic proteins were detected with a ProtoBlot If AP
system (Promega Co., Madison, W1, USA), as described
previously (Mizutand et at., 2003).

Inn vitro GSK-3 activation assay

Vero E6 cells were infected with SARS-CoV at moi of 10
for 18 hpi, and then cell exfracts were obtained using the
lysis buffer supplied with the Akt kinase assay kit {Cell
Signaling Technology Inc., Bedford, MA, UUSA). Selective
immunoprecipitation of Akt was performed vsing immobi-
lized Akt (serine phosphorylation} antibody. After incuba-
tion of immunoprecipitated Akt in kinase buffer containing
GSK-3p fusion protein and ATP, GSK-3o/P (Ser21/9)
phosphorylation was analyzed by Western blotting using
anti-phosphe GSK-3 antibody.

DNA fragmentation
Vero EG cells were pretreated with LY294002 for 1.5 h,

and then 5 moi of SARS-CoV was inoculated. At 30 hpi,
DNA was extracted using MEBCYTO Apoptosis ladder

detection kit (Medical and Biclogical Laboratonies, Co.
LTD., Nagoya, Japan), as described previously (Mizutani
et al, 2004), The DNA was analyzed by electrophoresis
on 1% agarose gels and then stained with ethidium
bromide.

Endocytosis assay

Vero E6 cells at 50% confluency in 24-well plates were
incubated for 1.5 b with 16 or 20 pM LY294002 (Cell
Signaling Technology Inc.) or dimethyl suifoxide (DMSO}
in 1 mi of mediunm. The LY 294002 was dissolved in DMSO.
The mediwm was removed and 5 pg/ml of acridine orange
(Wako, Osaka, Japan) in Mg®'-free Hank’s solution was
added to the cells. After incubation for 5 nun, the cells were
washed twice with Hank’s solution, followed by addition of
0.5% trypan blue solution. Fluorescence micrographs were
taken at the same shutter speed for each experiment.
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Absfract

We performed yeast two-hybrid sereening of a human kidney cell cDNA library to study the biological role of the hantavirus nucleo-
capsid protein (NP). We found that Secul virus (SEOV) and Hantaan virus (HTNV) NPs were associated with small ubiquitin-like modifier
(SUMO)-1-interacting proteins PIASI, PIASx 3, HIPK2, CHD3, and TTRAP, which interacted with the SUMO-1 conjugating enzyme (Ube-9}
and SUMO-1 in the yeast two-hybrid assay. Interactions between the HIPK2, CHD3, and TTRAP profeins and SEOV NP were also shown in
a mammalian two-hybrid assay. However, there was no interaction between PIAS proteins and NP, which was probably due to the inhibitory
effect of PIAS on transcription in the mammalian two-hybrid assay. Nevertheless, a co-expression experiment suggested the existence of &
PIAS-NP interaction in the cytoplasm. The region spanning amino acids 100-125 of SEOV NP, which represents a critical region for NP-NP
polymerization, was found to be responsible for the interaction with SUMO- 1-related molecules in both the yeast and mamimalian two-hybrid

assays. These results add to the information on interactions of hantavirus NP and host cellular proteins.

@ 2003 Elsevier B.V. All rights reserved.

Keywords: Hantavirus; SUMO-1; NP; PIAS; Ubc9; HFRS; Two-hybrid assay

1. Introduction

Hantaviruses are tripartite negative-sense RNA viruses
in the Haptavirus genus of the Bunyaviridae family
(Schmaljohnt and Dalrymple, 1983). They are the eticlogic
agents of two distinet diseases in humans, hemorrhagic fever
with renal syndrome and hantavirus pulmonary syndrome,
which are transmitted from rodents to humans (Schmaljohn
and Hjelle, 1997).

The hantaviral genome contains large (L), medium
(M), and small (8) viral RNA segments that encode the
RNA-dependent RNA polymerase (L protein), two surface
glycoproteins (G1 and G2), and the nucleocapsid protein
(NP), respectively. NP is antigenically and genetically more

* Corresponding author. Tel.: +81-11-706-6905;
fax: +81-11-706-7879.
E.mail address: j_arika@med.hokudai.ac.jp (J. Arikawa}.

0168-1702/% - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/.virusres.2003.09.001

conserved than the envelope proteins among the various
hantaviruses (Elliott, 1990). In general, NP plays an im-
portant role in intracellular events, such as replication and
transcription. For example, the vesicular stomatitis virus
(VSV) NP modulates the transition from transcription to
replication (Patton et al., 1984), and the influenza virus NP
is required for RNA synthesis (Nakagawa et al., 1995). Se-
lective encapsidation of viral genomic or leader RNAs has
been reported for the VSV and rabies viruses (Patton et al.,
1984; Yang et al.,, 1999). Although little is known about the
mechanism of viral RNA encapsidation in hantaviruses, NP
clearly functions in the viral replication cycle through its in-
teractions with the viral nucleic acids, other viral structural
proteins, and host cell proteins (Severson et al., 1999).

One type of virus-host interaction that is well estab-
lished and widespread is the functional modulation of
viral proteins by post-translational modifications, such as
phosphorylation, glycosylation, and ubiquitinylation. More
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recently, a novel post-translational modification, sumoyla-
tion has been defined which involves the cenjugation of a
small ubiquitin-like modifier (SUMO-1} to the lysine side
chain of a target protein via isopeptide bonding (Saitoh
et al., 1997). The conjugation of SUMOQ-1 to cellular pro-
teins has been implicated in several vital cellular processes,
which include nuclear transport, cell eycle control, and
oncogenesis (Muller et al., 2001). The effect of sumoyla-
tion on viral proteins appears to be substrate-specific, but
has functional consequences that are likely to be impor-
tant for the viral replication cycle (Wilson and Rangasamy,
2001).

Several families of ubiquitin-like proteins have been
described, and SUMO-1 is the most prominent of these
molecules. As is the case with other ubiquitin conjugation
processes, the E1 (activation), E2 (conjugation), and E3
(ligation) enzymes are expected to be invoived in the sumnoy-
lation process. Previously, the E1 and E2 proteins were
reported as Aosl/Uba2 and Ube9, respectively {Desterro
et al., 1997; Gong et al., 1999; Lee et al., 1998). Recently,
several studies reported that proteins of the PIAS and Siz
families had E3-like activities for sumoylation in both mam-
mals and yeasts (Johnson and Gupta, 2001, Kahyo et al,,
2001; Takahashi et al., 2001},

Recently, it was reported that the NP of Puumala
vius (PUUV), which is a species of hantavirus, inter-
acted with Daxx (a Fas-mediated apoptosis enhancer) (Li
et al,, 2002), Ubc9, and SUMO-1 (Kaukinen et al., 2003).
We eclucidated the interactions of both SUMO-1 and the
SUMO-1-conjugating enzyme (Ube9) with the Hantaan
virus (HTNV) NP, using veast and mammalian two-hybrid
screens of a HeLa cell cDNA library (Maeda et al,, 2003). To
obtain further information on the host proteins that interact
with the hantavirus NP, we carried out a yeast two-hybrid
screening, using a human kidney cell ¢cDNA library. In this
report, we show that the NPs of the Seoul virus (SEOV),
which is a species of hantavirus, and of HTNV interact not
only with the SUMO-1 conjugating enzyme (Ubc9), but
also with the ligating enzyme (PIAS) and SUMO-1-related
molecules.

2. Materials and methods
2.1. Viruses and cells

Two species of hantavirus, Hantaan virus strain 76118
clone-1 (HTNV) and Seoul virus strain SR-11 (SEOV),
were used in this study. The E6 clone of the Vero cell
lines (American Type Culture Collection C1008, CRL1586)
was grown in the presence of 5% CO; air at 37°C in
Eagle’s minimal essential medium (MEM; Gibco BRL)
that was supplemented with 10% fetal calf serum (FCS),
100 uM MEM non-essential amino acids (Gibeo BRL),
kanamycin {(60mg/l), streptomycin (100mg/l), and peni-
cillin (100,000 U/1). The HEK 293 cells and Hela cells

(RIKEN cell bank) were maintained in the presence of 5%
COy air at 37 °C in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco BRL) that was supplemented with 10%
FCS, streptomyein (38 mg/l), and penicillin (50,000 U/L).

2.2. Plasmids for the yeast two-hybrid assay

The yeast-Escherichia coli shuttle plasmids that con-
tained the GAL4 DNA-binding domain {(pGBT9) and
the GAL4-activation domain (pGAD424) were obtained
from Clontech (Clontech, Pale Alto, CA). The plas-
mids pGBT9/SEOV 1-429 (entire NP}, pGBT9/SEOV
50-429, pGBT9/SEOV 100429, pGBTY/SEQV 125429,
pGBTY/SEOV 100-412, and pGBTYSECV 1-420 were
generated from the ¢cDNA for the SEQV NP (M34881),
which was fused in-frame with the GAL4-binding or
-activation domains. Plasmid pGBT%/SEOV 100412 was
generated from pGBTY/SEOV 100-429 using the in-
ternal Bglll restriction enzyme site. Similarly, plasmid
pGBTYHTNV 1-429 (entire NP) was generated from the
¢DNA for the NP of HTNV (M14626), which was fused
m-frame to the GAL4-binding domain. The GeneEditor in
vitro Site-directed Mutagenesis System (Promega, Madison,
WI) was used to produce mutant NP that had a tryptophan
to alanine alteration at residue 119 (W119A mutation). The
Ubc9 and SUMO-1 ¢DNAs were synthesized by reverse
transcription from mRNA that was extracted from HeLa
cells. The PCR products were digested with the BamHI
restriction enzyme and cloned into the BamHI site of the
binding vector pGBT, to clone the sequences in the sense
direction (referred to as pGBT/Ubc9 and pGBT/SUMO-1).
All of the plasmid constructs were sequenced, to confirm the
absence of any mutation in the junctions or inserts. These
plasmids were transformed into the yeast two-hybrid assay
according to the manufacturer’s instructions {Clontech).

2.3. Plasmids for the mammalian cell two-hybrid assay

For the mammalian cell two-hybrid assay, the cod-
ing sequences for the SEOV NP and SUMO-1-related
molecules were cloned into the pM and pVP plasmids
(Clontech). To generate the luciferase reporter plasmid
pGlue, the GAL4 promoter from pGS CAT {(Clontech)
was cloned into the pGL3-luc vector (Promega), as de-
seribed previously (Marmorstein et al., 1998). The plasmid
DNA was transfected transiently into cells using FuGENEG
(Roche Diagnostics, Mannheim, Germany). Approximately
2 x 10° cells were cotransfected with 50ng pVP, 50ng
pM, 100ng pGlue, and 1ng pRL-TK. The cells were har-
vested 48h after transfection, and luciferase activity was
measured using the Dual-luciferase Reporter Assay System
(Promega). The transfection efficiency was normalized by
measuring Renilla luciferase activities after cotransfection
of the cells with the pRL-TK Rewrilla Inciferase plasmid
(Promega).
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2.4. Two-hybrid screening of cDNA libraries

Human kidney cell cDNA (Matchmaker; Clontech) clon-
ed in the prey plasmid pACT (Clontech) was screened for
proteins that interacted with NP, using the yeast reporter
strain AH109 (MATa, trpl-901, leu2-3, 112, ura3-52, his3-
200, gald?, gal80?, LYS2::GALIyas-GALITara-HIS3,
GALzU‘qs-GALzm_TA-ADEZ, UM.?.‘.‘MELIUAs-MEL]TATA-
lacZ) according to the manufacturer’s instructions (PT-3183-
1; Clontech). The prey and bait plasmids were cotrans-
formed into AH109 using the lithivm-acetate method. The
transformed cells were plated directly onto minimal medium
that lacked adenine, histidine, leucine, and tryptophan, and
which was supplemented with 5mM 3-aminotriazole. Pos-
itive clones were isolated, and the permeated cells were
retested for B-galactosidase (B-gal) activity. Plasmids from
the positive isolates were transformed into E. coli strain
DHS5a, and the plasmid DNA was re-isolated and analyzed
by restriction enzyme digestion. Unique inserts were se-
quenced, and the sequences were compared with those in
the databases at the Center for Information Biology and
the DNA Data Bank of Japan (Lipman and Pearson, 1985).
Each insert was tested systematically in the 3-gal assay for
interactions with proteins that contained the GAL4-binding
domain (BD) fused to full-length and deletion derivatives
of NP.

2.5. Antibodies

The monoclonal antibody (MAD) clone ECO2 directed
against the SEOV NP was supplied by Dr. C.J. Peters
of the Centers for Disease Conirol and Prevention, At-
lanta, GA, USA. The MAb clone E5SG6, which is directed
against the HTNV NP, was prepared as described previ-
ously (Yoshimatsu et al., 1996). The MAbs were puri-
fied from mouse ascitic fluids using the Bio-Rad MAPS
I kit, which employs a protein A column system. The
purified anti-NP MAb was labeled with Alexa Fluor
647, using a monoclonal antibody labeling kit accord-
ing to the manufacturer’s instructions (Molecutar Probes,
Eugene, OR).

2.6. Localization of NP and PIAS

To analyze the colocalization of NP and PIAS, the
expression plasmid for the PIASxB-GFP fusion protein
(Miyauchi et al., 2002; gift from Dr. Hideyo Suzuki), and
the expression plasmid vectors containing either the entire
or truncated NP were cotransfected into Vero E6 cells. The
c¢DNA clones that contained the coding regions of the S
segment of HTNV and SEOV were kindly provided by
Dr. C.8. Schmaljohn, The ¢cDNAs of the § segments of
HTNV and SEOV were excised, and subcloned into the
expression vector pCAGGS/MCS (Niwa et al., 1991). The
plasmids that contained the S segment ¢DNAs of HTNV,
SEOV and SEQV NP 125-429 were designated pCHTNS,

pCSECS and pCSEOS125, respectively. Vero B6 cell mono-
layers (80% confluent) in LabTek chambers (Nalge Nunc,
Naperville, IL) were transfected with 50ng of the expres-
sion plasmid for GFP-PIASXP and 50ng of pCHINS or
pCSECS or pCSEQS125 using the TransIT LT1 Trans-
fection Reagent (Panvera, Madison, WI) as recommended
by the manufacturer. After 48h of transfection, the cells
were fixed with 10% formalin in PBS, and permeabilized
with 0.2% Triton X-100. The recombinant and truncated
NPs were detected using Alexa 647-labeled anti-N MAb.
Counter-staining for nucleic DNA was carried out using
Hoechst 33342 according to the manufacturer’s instractions
(Molecular Probes).

3. Results

3.1. Hdentification of cellular proteins that
interact with NP

Yeast two-hybrid screening was carried out using the
SEQV NP as bait. Seven positive clones were identified
from 1 x 10% library transformants (Table 1). A DNA
database search revealed 100% homology with the human
PIAS] (protein inhibitor of activated STAT 1), PIASxf,
TTRAP (TRAF and TNF receptor-associated protein) (Pype
et al.,, 2000), HIPK2 (human homeodomain-interacting pro-
tein kinase 2; Kim et al, 1998), CHD3 (chromodomain
helicase DNA-binding protein 3; Woodage et al, 1997),
and RanBPM (RanGTP-binding protein; Nishitani et al.,
2001). It has been reported that PIAS, CHD3, and HIPK2

_ associate with a number of novel SUMO-1 interacting pro-

teins (Minty et al., 2000). PIAS was reported initially as the
GWRNA helicase II-binding protein (Valdez et al., 1997),
and later as a STAT-1 inhibitor. PIAS1 binds to phosphory-
lated activated STAT1 dimer in the cytoplasm, and inhibits
STAT-mediated gene activation {(Lin et al., 1998). More re-
cently, it has been discovered that the PIAS family members
possess B3 enzyme activities for sumoylation (Johnson and
Gupta, 2001; Kahyo et al., 2001; Takahashi et al., 2001).

Table 1

[dentification of cellular proteins that interact with the SEOV NP
Clone number  Coding protein  Accession number  Amino acids
Cl-1 PLAS1T AF167160 284-651
Cl-2 PIASH AF167160 159651
Cl-3 PIASXB AF077954 28-621
Cl-4 HIPKZ XMO0167072794 474-932
Cl-3 TTRAP AJ269473 20-362
Cl-6 CHD3 AF006515 16431944
Cl-7 RanBPM ABO55311 141-729

These clones were isolated through the yeast two-hybrid screening as
pACT?2 plasmids that expressed proteins that were fused with the GAL4
AD. All of the plasmids were reacted with pGBT/SEOV 1429 (entire
NP} or pGBT {vector alone). The interactions were measured by the
B-galactosidase filter assay. All of the plasmids showed NP-specific in-
teractions (data not shown).
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Table 2

Interaction of cellular proteins with Ubc9 and SUMO-1

pACT2 pGBT/UbeS pGBT/SUMO-1
PIASI (cl-2) +++ +++
PIASXB (cl-3) 4+ + 4+

HIPK2 (cl-4) 4+ +4+
TTRAP (cl-6) +++ +++

CHD3 (cl-5) ++ + -+

RanBPM (cl-7} - -

The bait vectors pGBT/Ubcs and pGBT/SUMO-! were cotransformed
with the prey vectos pACT/PIASI, pACT/PIASxkd, pACT/HIPKZ,
pACT/CHD3, pACT/TTRAP, and pACT/RanBPM, which are listed in
Table 1. The bait demains (BDs) of Ubcd and SUMO-1 were assayed
for interactions with the prey domains (ADs) of PIASI, PIASxp, HIPKZ,
CHD3, TTRAP and RanBPM using the B-galactosidase assay. The in-
tensity of the interaction, s monitored by B-galactosidase activity, is
reported as follows: (=} <35; (+) 5-10; (+ +) 10-50; (+ + +) >30.

3.2. The SUMO-1- and Ubc9-interacting
cellular proteins

We investigated the associations between the cellular pro-
teins and sumoylation enzymes. The SUMO-1 and Ubc9 in-
teractions with PIAS 1, PIASxp, HIPK2, CHD3, TTRAP,
and RanBPM were tested in the yeast two-hybrid assay
(Table 2), SUMO-1 and Ubc9 (E2 enzyme) showed dis-
tinct interactions with PIAS1, PIASxB, HIPK2, CHD3, and
TTRAP, but not with RanBPM. These results confirm that
the five proteins that interact with SUMO-1 and Ubc% are
sumoylation-related molecules.

3.3. Determination of the interaction domains of the
SEOV and HINV NPs

As shown in our previcus study, the NP-NP interaction
was detected in the yeast two-hybrid assay. Although the
full-length NP and truncated NP (aa 100-429) showed ho-
motypic interactions, NP 125-429 did not. Two regions (aa
100-125 and aa 403-429) were crucial for homotypic in-
teractions between the NPs. In addition, the tryptophan (W)
to alanine (A} alteration at position 119 in the SEOV NP
(W119A mutant) led to the loss of the homotypic interac-

tion (Yoshimatsu et al., 2003). To investigate the regions that
are responsible for the interactions between cellular proteins
and NP, we used a series of truncated NPs (Table 3) in the
two-hybrid system. All of the cellular proteins, with the ex-
ception of SUMO-1, reacted with the full-length NPs from
SEOV and HTNV, SEOV 100429, SEOV 100412, and
SEOV 1420, but failed to react with SEOV 125-429 and
the W119A mutant of SEOV NP,

3.4. Aralysis of the interactions between NP and
SUMO-1-related molecules in the
mammalian two-kybrid assay

The mammalian cell two-hybrid assay was used to con-
firm the interactions between the hantavirus NP and cel-
lular proteins. As shown in Fig. 1A left panel, the inter-
actions between NP and the CHD3, HIPK2, TTRAP pro-
teins were confirmed in this assay. However, as shown in
right panel of Fig, 1A, NP interactions with PIAS] and
PIASxP were not observed in both HEK 293 and Hela
cells (data not shown). Results from mammalian two-hybrid
assay in Hela, Vero, and HEK 293 cells were virtually
identical. However, especially in HEK 293 cells, PIAS1
and PIASx showed inhibitory effects in the mammalian
two-hybrid assay. Therefore, interactions between the Pl-
ASs and NP were not detectable in this assay due to the
transcription-inhibition activities of the PIAS proteins. The
interaction profiles of HIPK2, CHD3, and TTRAP with the
truncated NPs were basically the same as those seen in the
yeast two-hybrid assay. Although the interaction of CHD3
with truncated NP 100-429 was confirmed, CHD3 did not
interact with truncated NP 125-429 (Fig. 1B, left panel).
HIPK2 and TTRAP showed basically the same profiles as
CHD3 (data not shown). In addition, the homotypic inter-
action profile in the mammalian two-hybrid assay was the
same as that seen in the yeast system. The region that con-
tains aa 100-125 of NP is critical for the NP-NP interaction
(Fig. 1B, right panel). These results indicate that the region
that is important for the NP-NP interaction is also impor-
tant for interactions between NP and the SUMO-1-related
molecules.

Table 3

Interactions between the hantavirus-truncated NPs and SUMO-1-related melecules

pGBTY SUMO-1 Ubc9 (B2) PIASY (E3) PIASXP (E3)} HIPK2 TTRAP CHD3 N®
SEOV 1-429 - + 4+ ++ ++ + 4 + + 4 ++
SEOV 100429 - ++ + 4+ 4+t +++ ++ ++ 4+
SEQV 125-429 - - - - - - - -
SEOV 100412 - + + ++ + + ++ ++ + + + +
SECV W119A - - — - - - - -
HINV 1-429 - ++ ++ ++ ++ ++ ++ ++

The bait constructs were prepared in the pGBT9 plasmid vector, as described previously (Yoshimatsu et al., 2003). The prey vectors pGAD424/SUMO-1,
pGAD424/Ube9, pACT2/PIAS] {clone-2), pACT2Z/PIASXB (clone-3), pACT2/HIPK2 (clone-4), pACT2/TTRAP (clone-5), pACT2/CHD3 (clone-6), and
PGAD424/SEQV 1-429 were cofransformed with the bait vector into yeast cells. The interactions were measured by the B-galactosidase assay, and the

intensity index was derived as described in Table 2.
* SEOV NP 1-429.
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Fig. 1. Interaction between the HTNV NP and SUMOQ-1-telated molecules in mammalian two-hybrid assays. (A) Left panel: interactions between the
truncated NP [00-429 {NP100) or pVP vector without an insert (emp) and SUMO-1-related molecules in Hela cells. The interactions between NP
and HIPK2, TTRAP, and CHD3 were confirmed. Right panel: interactions between the truncated NP100 and $UMO-1-related molecules in HEK 293
cells. The interactions between NP and the PIAS proteins were not confinned because of the transcription-inhibition activities of the PIAS proteins.
{B) Comparison of the homotypic interactions of NP and interactions between NP and the SUMOQ-1-related molecules. As shown in the left panel, the
binding profiles of NP and CHD3 in Hela cells were genetally in accordance with the results of the yeast two-hybrid assay (Table 3). The interaction of
CHD3 with the truncated NP 100-429 (NP100) was confimed. In contrast, neither the truncated NP 125-42% (NP125) nor the pVP vector without an
insert (emp) bound to CHD3. HIPK2 and TTRAP showed similar binding profiles t¢ that of CHD3 (data not shewn). This profile is in agreement with

the hometypic interaction of NP, which is shown in the right panel. NP100 interacted with NP100, but not with NP125 or emp.

3.5. Subcellular localization of NP and PI4AS

The localization patterns of NP and PIAS were investi-
gated in Vero E6 cells. The PIASxB3-GFP fusion protein was
expressed in Vero E6 cells. PIASxf was localized mainly in
the nuclei (Fig. 2A-C). However, when the SEOV NP and
PIASxB-GFP were co-expressed, the SEOV NP was local-
ized to the cytoplasm (Fig. 2E), and PIASXP remained in the
cytoplasm (Fig. 2D). Similar results were obtained by using
HTNV NP (data not shown). Truncated SECV NP125 did
not induce localization change of PIASx (Fig. 2G-1). These
result indicated that entire HTNV and SEOV NPs were in-
teracted with PIASxP in cytoplasm and SECV NP125 was
not. These results agreed with results in yeast and mam-
malian cell two-hybrid assay.

4. Discussion

In this paper, we reported association of hantavirus NP
and SUMO-I-related molecules, PIASI, PIASx@, HIPK2,
CHD3, and TTRAP, Previously, we reported that the HTNV
NP interacted with Ubc® (Maeda et al., 2003). In this
study, the HTNV NP interacted with SUMO-1 in the yeast
two-hybrid assay based on the LexA system. Kaukinen
et al. (2003) also reported that the PUUV NP interacted
with SUMO-1 and Ubc9 in a yeast two-hybrid assay that
was based on the LexA system. However, reactivity with
SUMO-1 was not observed in the present study {Table 3).
This discrepancy may be explained by the use of different
yeast cell lines and different two-hybrid assay based on
GAL4 system, which may have affected sensitivity.
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Fig. 2. Subceltutar localization of PIAS proteins and SEQV NP. The GFP-PIASx] fusion was expressed in Vere ES cells (A-C). Appreximately 80% of
the expressed PIASxP were localized to the nuclei using the GFP filter (A), as judged by the Hoechst 33345 DNA staining (C). No signal was cbserved
for the Alexa 647-stained hantavirus NP (B). GFP-PIASxP and the recombinant SEOV NPs were co-expressed in Vero E6 cells (D—F). Most of the
GFP-PIASXP was distributed in the cytoplasm (D}, as was NP (E). The locations of the nuclei were shown by DNA staining (F). GFP-PIASXp, and
the truncated SEQV NP 125429 (NP125) were co-expressed in Vero E5 cells (G-I}, Most of the expressed GFP-PIASkP was localized to the nuclei
(G}, as shown by DNA-staining (I), but the NP125 was localized to the cytoplasm (H).

In a previous report, we determined that the region
containing aa 101-238 was essential for NP-Ubc9 inter-
action (Maeda et al., 2003). As summarized in Table 3,
only the constructs that exhibited homotypic interactions
showed interactions with the SUMO-1-related molecules.
In particular, the aa 100-125 region was critical for this
interaction, Furthermore, the W119A mutant, which lost
NP multimerization ability, lacked reactivity with PIAS
and the SUMO-1-related molecules. These results strongly
suggest that the production of the correct NP conformation
following multimerization is needed for interactions with
the SUMO-1-related molecules.

The interaction profiles of the full-length and truncated
NPs seen in the mammalian cell two-hybrid assay basically
agreed with those observed in the yeast two-hybrid assay
{Table 3). However, the full-length NP showed extremely
poor interactions in the mammalian two-hybrid system com-
pared to the yeast system (data not shown). We checked the
localization of the fusions between NP and the pVP or pM
vector products {data not shown). Interestingly, the pVP-N
1-429 and pM-N 1429 products were localized mainly to
the cytoplasm. Approximately 50% of the pM-N 100429
product was localized to the nuclei. On the other hand, the

pVP-N 100-429 and pVP-N 125-429 products were trans-
ported to the nuclei. The pVP vector contains the SV40 nu-
clear localization signal (NLS) and the pM vector carries
GAL4 NLS. Since the full-length NP was incompatible with
these NLSs, NP-NP interaction in the nucleus appeats to be
undikely.

The localization patterns of PIAS from nuclei to cy-
toplasms were observed by coexpression of SECV and
HTNV NP. Previously, we reported a similar localization
change for Ube9 when it was co-expressed with NP (Maeda
et al., 2003}, As shown in Fig. 2D, since the amount of
PIASxP in the nuclei was reduced, the nuclear dot was
clearly observed. Nuclear dots may encompass promyelo-
cytic leukemia (PML) nuclear bodies, which are also called
PML oncogenic domains or PODs (Stemnsdorf et al., 1997).
During PUUYV infection, NP was reported to be associated
with the PML nuclear bodies (Li et al., 2002).

Both the SEOV and HTNV NPs contain the MKAR
motif at aa 188-191, which corresponds to the PKARE
(where s is a hydrophobic residue) consensus sequence for
SUMO-1 modification. In addition, we found that the E2
(Ubc9) and B3 (PIAS) enzymes for sumoylation interacted
with SEOV NP and HTNV NP. Based on these findings,
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we expected to see sumoylation of the hantavirus NPs. In
order to clarify this point, we performed an immunoprecip-
itation assay. Briefly, the NPs in hantavirus-infected Vero
E6 cells were immunoprecipitated with MAb ECO2 in the
presence of N-ethylmaleimide (an isopeptidase inhibitor),
and SUMO-1 that was covalently bound to NP was de-
tected by Western blotting with the anti-SUMO-1 antibody.
Unexpectedly, we detected only a poor signal in this assay,
despite numerous trials (data not shown). So far, we could
not conclude whether or not sumoylation of NP occurs,
because no SUMO-1 binding to NP was detected by im-
munoprecipitaion assay. However, since HTNV and SEOV
NPs in infected Vero cells were guite resistant against
the solubilization in the immunoprecipitation assay, it was
roughly estimated that less than 1% of NP present in the
immnoprecipitation assay was actually examined {data not
shown). Therefore, if NPs were sumoylated, partially this
could not be detected. In addition to the technical difficulty,
polymerization dependent interactions of SUMO-1 relating
molecules (Table 3) may indicate that sumoylation is also
dependent to polymerization. If sumoylation occur only in
highly polymerized NP, it would be difficult to detect by
ordinary immunoprecipitation assay.

Given that the interactions shown in this and previ-
ous reports between hantavirus NP and SUMO-1-related
molecules cannot be related to sumoylation, it is interesting
to consider altemative roles for these interactions. Increases
in the levels of PIAS message were reported in a screen
for pathogenetic hantavirus infection-specific host genes
using DNA array chips (Geimonen et al., 2002). In ad-
dition, PIAS was reported to have transcription-inhibition

activity. In the mammalian cell two-hybrid assay, we found
that PIASXpP strongly inhibited the positive control for the
two-hybrid reaction, which contained a combination of
p53 and the SV40 large T antigen {data not shown). Re-
cently, it was reported that members of the PIAS family
had transcription-inhibition activities (Coccia et al., 2002;
Nishida and Yasuda, 2002). In this respect, Kotaja et al.
(2002) reported that transcription inhibition was mediated
by the SUMO-1 ligase activity. Further investigations are
needed to clarify the role of PIAS in hantavirus infection.

We found that PIAS 1 (28-651), PIAS 1 (284-651),
and PIASx (full-length) interacted with the hantavirus NP
(Fig. 3A). Alignment of these protein sequences showed
that the C-terminal portions of the proteins were essential
for interaction with NP. PIAS] and PIASxB share signifi-
cant homology in their central regions around the ring-like
domain (Liu et al., 1998; Tan et al,, 2002). This ring-like
domain is conserved among PIAS family members, and is
functionally important for SUMOC-1 ligase activity (Johnson
and Gupta, 2001; Kahyo et al., 2001), This observation
suggests that PIAS interacts with the hantavirus NP via this
functional region (Fig. 3B).

In general, SUMO-1 conjugation of viral and cellular pro-
teins has been implicated in the regulation of proteiu—protein
interactions, subcellular localization, and stability. There
are published reports of four proteins from DNA viruses
that are medified by SUMO-1: cytomegalovirus (CMV)
IE1 and IE2 (Muller and Dejean, 1999; Hofmann et al.,
2000), Epstein-Barr virus (EBV) BZLF1 protein (Adamson
and Kenney, 2001), and papillomavirus E1 protein (Yasugi
and Howley, 1996). However, information that pertains to a
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Fig. 3. Functions of the NP-binding region of PIASI and PIASxP. (A) Isolation of three clones from the human kidney cell ¢DNA library. (B) A
schematic representation of the functional domains of PIAST and PIASxp. The PIAS functional domains have been mapped as follows: (1) NP-binding
region (this study); (2) PIAS1, PIASXS conserved region; (3) ring-like domain {Hochstrasser, 20€1}; and (4) SUMO-1-binding motif (Kotaja et al., 2002).
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possible functional role for SUMO-1 medification has not
been forthcoming, and to date, no RNA virus proteins have
been implicated in sumoylation.

In this paper, we showed that the hantavirus HTNV and
SEOV NPs interact with PLAS, Ubc9, and other celtular pro-
teins that are involved in sumoylation. However, unequivo-
cal sumoylation of the hantavirus NP was not detected. Our
observations concur with those of a previous report, which
showed PUUV NP interactions with SUMO-1 and Ubc9,
in the absence of covalent sumoylation (Kaukinen et al.,
2003). If the interaction of SUMOC-1-related molecules and
hantavirus NPs is not linked with sumoylation, the function
of these interactions in the virus life cycle remains to be

clarified,
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