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The ubiquitin-proteasome pathway is an important regulatory system for the lifetime of inducible nitric-
oxide synthase (iNOS), a high-output isoform compared to neuronal NOS (nNOS) and endothelial NOS
(eNOS), to prevent overproduction of NO that could trigger detrimental effects such as cytotoxicity.
Two E3 ubiquitin ligases, Elongin B/C—-Cullin-5--SPRY domain- and SOCS box-containing protein

KeyWO"de [ECS(SPSB)] and the C-terminus of Hsp70-interacting protein (CHIP), recently have been reported to tar-
iNOS get iNOS for proteasomal degradation. However, the significance of each E3 ubiquitin ligase for the pro-
EESISPSB) teasomal degradation of iNOS remains to be determined. Here, we show that ECS(SPSB) specifically

interacted with iNOS, but not nNOS and eNOS, and induced the subcellular redistribution of iNOS from
dense regions to diffused expression as well as the ubiquitination and proteasomal degradation of iNOS,
whereas CHIP neither interacted with iINOS nor had any effects on the subcellular localization, ubiquiti-
nation, and proteasomal degradation of iNOS. These results differ from previous reports. Furthermore, the
lifetime of the iNOS(N27A) mutant, a form of iNOS that does not bind to ECS(SPSB), was substantially
extended in macrophages. These results demonstrate that ECS(SPSB), but not CHIP, is the master regula-

Ubiquitination
Proteasomal degradation

tor of the iNOS lifetime.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Nitric oxide (NO) is an important multifunctional biomolecule
that is endogenously synthesized from 1-arginine by NO synthases
(NOSs) [1]. Inducible NOS (iNOS) is known to produce a relatively
large amount of NO because of its Ca?™-independent activity [1].
Excessive NO production via iNOS induces apoptotic cell death of
activated macrophages [2] and is linked to numerous human
pathologies, including asthma, arthritis, and endotoxin shock
[3,4]. Thus, the lifetime of iNOS needs to be tightly regulated. iNOS
is known to be degraded by the ubiquitin-proteasome pathway
[5,6]. The two E3 ubiquitin ligases, Elongin B/C—Cullin-5—SPRY
domain- and SOCS box-containing protein [ECS(SPSB)] and the

Abbreviations: ECS, Elongin B/C—-Cullin-5-SOCS box protein; SPSB, SPRY
domain- and SOCS box-containing protein; ECS(SPSB), ECS containing SPSB as a
SOCS box protein; NOS, nitric-oxide synthase; iNOS, inducible NOS; CHX, cyclo-
heximide; YFP, yellow fluorescent protein.
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C-terminus of Hsp70-interacting protein (CHIP), have been re-
ported to target iNOS for proteasomal degradation [7-10]. However,
the significance of each E3 ubiquitin ligase for the ubiquitination
and proteasomal degradation of iINOS has not been clarified.

Because CHIP has been shown to promote ubiquitination and
proteasomal degradation of non-native or misfolded proteins
rather than native or properly folded proteins [11-17], CHIP is in-
volved in the regulation of a wide range of proteins. In addition,
CHIP has been shown to regulate neuronal NOS (nNOS) and endo-
thelial NOS (eNOS) as well as iNOS [18,19]. In contrast, the specific-
ity of ECS(SPSB) is strict, because SPSB proteins, the substrate
recognition subunits of ECS(SPSB), recognize unique core
sequences, D/E-I/L-N-N-N [20]. Only 11 mouse proteins and 16
human proteins contain this sequence [10], and currently iNOS is
the only substrate identified for ECS(SPSB). Whether or not
ECS(SPSB) regulates nNOS and eNOS is unknown.

In the present study, we investigated both the specificity of
ECS(SPSB) for all NOS isoforms and the relative significance of
ECS(SPSB) and CHIP for ubiquitination and proteasomal degrada-
tion of iNOS. Our findings suggest that ECS(SPSB), but not CHIP,
is an iNOS-specific E3 ubiquitin ligase and is the master regulator
of the iNOS lifetime.



K. Matsumoto et al./Biochemical and Biophysical Research Communications 409 (2011) 46-51 47

2. Materials and methods
2.1. Reagents

Anti-Myc antibody was obtained from Cell Signaling Technol-
ogy. Anti-FLAG (M2) antibody and anti-CHIP antibody were from
Sigma. Anti-iINOS antibody was from Millipore. Anti-GAPDH anti-
body was from Santa Cruz Biotechnology. Anti-o-tubulin antibody
was from Invitrogen. Anti-6x His-tag antibody was from MBL.
Anti-GFP antibody (clone JL-8) was from Clontech. Cycloheximide
(CHX) was from Calbiochem.

2.2. Cell culture

HEK293T cells were grown in Dulbecco’s modified Eagle's med-
ium (DMEM) containing 10% fetal bovine serum (FBS). HEK293T
cells stably expressing myc-tagged ubiquitin (293T-"V°Ub cells
[9]) were grown in DMEM containing 10% FBS and 1 pg/ml puro-
mycin. RAW264.7 mouse macrophage cell line was grown in RPMI
containing 10% FBS and 1 mM pyruvate.

2.3. ¢cDNAs and plasmids

The ¢DNAs encoding full-length human iNOS (hiNOS), hnNOS
and heNOS were subcloned into the pCMV-Tag5A vector (Strata-
gene). The plasmids for expressing hiNOS mutants (N26A, N27A,
and N25-27A) were constructed by using the QuikChange™ Site-
Direct Mutagenesis Kit (Stratagene) and pSG5-hiNOS vector as a
template. The cDNAs encoding residues 1-263 (FL), 1-85 (N),
86-219 (SPRY), 220-263 (SOCS), 86-263 (AN), 1-85 fused to
220-263 (ASPRY), and 1-221 (ASOCS) of human SPSB2 (hSPSB2)
were subcloned into the pGEX-6P-2 vector (GE Healthcare). The
cDNAs encoding hiNOS and hiNOS(N27A) mutant were subcloned
into the pMXrmv5-(G,4S)s-YFP retroviral vector [21].

2.4. Co-immunoprecipitation

HEK293T cells in a 6-well plate were transfected with the indi-
cated plasmids for 24 h. The cells were lysed in 500 pl of buffer A
(50 mM Tris—-HCl, 150 mM NaCl, 1% Nonidet P-40, 5mM EDTA,
and a protease inhibitor mixture (Roche), pH 7.5). The lysates were
centrifuged at 20,000g for 10 min at 4 °C. The supernatants were
pre-cleared with 40 pl of protein G-Sepharose 4FF beads (GE
Healthcare) for 30 min. The pre-cleared lysates were incubated
with the indicated antibodies for 16 h at 4 °C, and successively
with 40 ul of protein G-Sepharose 4FF beads for 4h at 4°C.
The beads were washed five times with 1ml of buffer A.
Immunoprecipitated proteins were eluted by boiling with 40 pl
of 2x SDS-PAGE sample buffer for 5min, and subjected to
immunoblotting.

2.5. GST-pull down assay

GST fusion proteins were expressed in BL21-CodonPlus(DE3)-
RILP bacteria (Stratagene) and were purified by using the Glutathi-
one Sepharose 4B (GE Healthcare) as described previously [22].

HEK293T cells were transfected with pSG5-hiNOS. After 24 h,
lysates were prepared, and the supernatants (200 ug proteins)
were incubated with 5 pig of GST fusion proteins for 3 h at 4 °C.
The GST fusion protein-bound beads were washed five times with
buffer A, boiled with 75 pl of 2x SDS-PAGE sample buffer, and
12 pl of each sample was subjected to immunoblotting using
anti-iNOS antibody.

2.6. Quantitation of nitrite in culture medium

The production of nitrite was measured using Griess reagent as
described previously [23].

2.7. Detection of ubiquitinated iNOS

293T-"YUb cells in 6-well plates were washed with PBS and
lysed with 1 ml buffer B (PBS containing 0.1% SDS, 0.5% deoxychol-
ic acid, 1% Nonidet P-40, 0.5 mM EDTA, 5 mM N-ethylmaleimide,
1 mM NaF, and a protease inhibitor cocktail). The lysates were cen-
trifuged at 20,000g for 20 min at 4 °C, and the supernatants were
then pre-cleared with 50 pul protein G-Sepharose 4FF beads for
30 min, and centrifuged at 20,000g for 10 min at 4 °C. The pre-
cleared lysates were incubated with 3 pig of anti-iNOS antibody
for 90 min at 4 °C, and successively with 50 pl protein G-Sepharose
4FF beads for 90 min at 4 °C. The beads were washed five times
with 1 ml buffer B. Immunoprecipitated proteins were eluted by
boiling with 40 pl 2x SDS-PAGE sample buffer for 1 min, and sub-
jected to immunoblotting.

2.8. Microscopy

HEK293T cells transfected with the indicated plasmids were
placed into a glass bottom dish (IWAKI) coated with poly-L-lysine
(Sigma). The next day, images were acquired using an Olympus
1X-71 fluorescent microscope.

2.9. Expression of YEP fusion proteins in RAW264.7 macrophages

Introduction of genes into RAW264.7 macrophages was carried
out by retroviral gene transfer as described previously [23].

3. Results
3.1. Neither nNOS nor eNOS are regulated by ECS(SPSB)

We have recently reported that the ECS E3 ubiquitin ligase con-
taining SPSB1, SPSB2, or SPSB4 as a SOCS box protein (ECS(SPSB))
targets iNOS for proteasomal degradation [9]. The SPSB recognition
sequence (DINNN) is present in the N-terminal region of iNOS
(amino acids 23-27) [10,20]. The N-terminal region located before
the oxygenase domain of three NOS isoforms contains a domain or
motif that is unique to each NOS isoform and thus endows each
NOS isoform with specific biochemical and physiological features
[24,25]. To examine whether ECS(SPSB) specifically regulates iNOS,
we compared the amino acid sequence of N-terminal regions of
three NOS isoforms and found that the DINNN motif is conserved
in iNOS proteins from various animals (data not shown), but is
not present in either nNOS or eNOS (Fig. 1A). Consistent with this
finding, iNOS interacted with SPSB2 (Fig. 1B) and was rapidly de-
graded in the presence of SPSB1 (Fig. 1C), whereas neither nNOS
nor eNOS interacted with SPSB2 and were degraded despite SPSB1
expression. These results demonstrate that ECS(SPSB) specifically
regulates iNOS.

The authors have previously reported that asparagine 27 of
iNOS is a key residue for interactions with SPSB1, SPSB2, and SPSB4
[9,10]. However, it remains unclear which part of SPSB is involved
in the interaction with iNOS. To map the iNOS binding site on SPSB,
we generated selective deletions of the SPSB2 sequence (Fig. 1D),
and analyzed the interaction with iNOS by GST pull-down assays.
We found that the entire molecule, except the SOCS box, is
required for the interaction with iNOS, although the SPRY domain
alone faintly bound to iNOS (Fig. 1E).
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Fig. 1. iNOS, but not nNOS and eNOS, interacts with ECS(SPSB) and is rapidly degraded by ECS(SPSB). (A) Alignment of amino acid residues at the N-terminal region of NOSs.
Amino acid residues at the N-terminal region of human iNOS (GenBank: AAI30284), human nNOS (GenBank: NP_000611), and human eNOS (GenBank: ABY87544) were
aligned by introducing gaps (-) to obtain maximum homology. The SPSB recognition motif in iNOS is shown in red, the PDZ domain in nNOS is shown in green, and both the
myristoylation site (Gly-2) and palmitoylation sites (Cys-15 and -26) in eNOS are shown in orange. A colon indicates amino acid similarity and a star indicates amino acid
identity. (B) Interactions between SPSB2 and three NOS isoforms. HEK293T cells in 6-well plate were transfected with expression plasmids for FLAG-tagged SPSB2 (1 ug) and
myc-tagged NOS isoforms (0.5 ug) for 24 h, The empty vector was also transfected to ensure that a total of 4 jig of DNA was used per transfection. The cell lysates were
prepared and subjected to immunoprecipitation and immunoblotting. (C) HEK293T cells in 6-well plate were transfected with expression plasmids for FLAG-tagged SPSB1
(1 pg) and myc-tagged NOS isoforms (0.75 pg) for 12 h. The empty vector was also transfected to ensure that a total of 4 g of DNA was used per transfection. Then the cells
were placed into 4 wells of a 24-well plate. After 12 h, the cells were treated with 100 uM CHX for the indicated periods. The cell lysates were prepared and subjected to
immunoblotting. (D) A schematic representation of SPSB2 mutants. (E) An immunoblot of an iNOS pull-down with various GST-tagged SPSB2 fragments bound to Glutathione
Sepharose 4B (left panel). The amounts of each GST-tagged SPSB2 fragment were estimated from Coomassie blue staining (right panel).

3.2. ECS(SPSB), but not CHIP, regulates the subcellular redistribution
and proteasomal degradation of iNOS

CHIP js the first E3 ubiquitin ligase that has been reported to
promote the ubiquitination and proteasomal degradation of iNOS
[7,8]. To determine which E3 ubiquitin ligase, ECS(SPSB) or CHIP,
is essential for iNOS regulation, we examined the down-regulation
of iNOS levels when SPSB1 or CHIP was co-expressed. We found
that both the iNOS level and NO production via iNOS were substan-
tially decreased when SPSB1 was co-expressed, whereas the
co-expression of CHIP affected neither the iNOS level nor NO pro-
duction via iNOS (Fig. 2 A and B), which differs from previous
observations [7,8]. We next examined the stability of iNOS proteins
in cycloheximide (CHX) chase assays [26]. We found that SPSB1
triggered iNOS degradation, and in particular, that the much lower
expression of SPSB1 induced more rapid degradation of iNOS
(Fig. 2C), consistent with our previous report [9]. In contrast, CHIP
did not induce the degradation of iNOS, though CHIP down-regu-
lated the basal levels of all proteins tested, especially GAPDH, in
a dose-dependent manner.

Next, we examined the interactions of iNOS with SPSB1 and
CHIP. FLAG-tagged SPSB1 and 6x His-tagged CHIP were expressed

together with iNOS in HEK293T cells, and then those proteins were
immunoprecipitated with antibodies for iNOS, FLAG-tag, and 6x
His-tag. Co-immunoprecipitation with each protein was deter-
mined by immunoblotting. We found that SPSB1 was co-immuno-
precipitated with iNOS in anti-iNOS immunoprecipitants (Fig. 2D,
lane 5) and iNOS was also co-immunoprecipitated with SPSB1 in
anti-FLAG immunoprecipitants (Fig. 2E), suggesting that iNOS
interacts with SPSB1. In contrast, the interaction between iNOS
and CHIP was not detected in either anti-iNOS or anti-6x His-tag
immunoprecipitants (Fig. 2 D and F). Although a faint signal was
seen under overexposure conditions on an anti-CHIP immunoblot
for anti-iINOS immunoprecipitants (Fig. 2D, lane 6), it was uncer-
tain whether this signal was derived from CHIP or not, because a
similar signal was also observed in control IgG immunoprecipit-
ants (Fig. 2D, lanes 1-3). Consistent with the fact that CHIP was
originally identified as a protein interacting with Hsp70 [17], we
found that endogenous Hsp70 was co-immunoprecipitated with
6x His-tagged CHIP in anti-6x His-tag immunoprecipitants
(Fig. 2F), suggesting that 6x His-tagged CHIP functioned properly.

Given that we have recently reported that SPSB1, SPSB2, and
SPSB4 can induce the subcellular redistribution of iNOS from dense
regions to diffused expression [9], we next examined whether the
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subcellular localization of iNOS is affected by CHIP. As shown
in Fig. 2G, the subcellular localization of C-terminal yellow
fluorescent protein (YFP)-tagged iNOS was unaffected by the
co-expression of CHIP.

Finally, we investigated the levels of ubiquitinated iNOS when
SPSB1 or CHIP was expressed. To evaluate the level of ubiquitinat-
ed iNOS, HEK293T cells stably expressing myc-tagged ubiquitin
were transfected with cDNAs expressing iNOS, SPSB1, and CHIP
for 24 h, followed by treatment with MG-132 for 4 h to accumulate
ubiquitinated proteins. iNOS was immunoprecipitated with an
anti-iNOS antibody and then the levels of ubiquitinated iNOS were
analyzed by immunoblotting using an anti-myc antibody. We con-
firmed the expression of transfected iNOS, SPSB1, and CHIP by
immunoblotting (Fig. 3A). We found that the level of ubiquitinated
iNOS was enhanced more than 3-fold in cells transfected with
SPSB1, whereas it was unchanged in cells transfected with CHIP
(Fig. 3B and C). Taken together, our data demonstrate that CHIP
is not involved in the regulation of iNOS.

3.3. The lifetime of the iINOS(N27A) mutant is much longer than that of
wild-type iNOS in macrophages

Because the iNOS(N27A) mutant, a form of iNOS that does not
bind to ECS(SPSB), is completely resistant to the protein degrada-
tion mediated by ECS(SPSB) [9], the amounts of ECS(SPSB) and

49

CHIP critical for the proteasomal degradation of iNOS could be
determined by the degree of degradation of the iNOS(N27A) mu-
tant, Thus, we examined the degradation rates of wild-type iNOS
and the iNOS(N27A) mutant in RAW264.7 macrophages, in which
endogenous SPSB1, SPSB2, and CHIP are expressed [8,9]. YFP,
iNOS-YFP, or the iINOS(N27A)-YFP were retrovirally expressed in
RAW264.7 macrophages and the stabilities of those proteins were
examined in a CHX chase assays. Approximately 80% of iNOS-YFP
was degraded within 4 h after CHX treatment, whereas approxi-
mately 70% of the iNOS(N27A)-YEP was still present 8 h after
CHX treatment (Fig. 4A), with a similar kinetic of degradation of
YFP alone (Fig. 4B). These data suggest that the ECS(SPSB) E3 ubig-
uitin ligase is the master regulator of the iNOS lifetime in
macrophages.

4. Discussion

We performed experiments to investigate whether ECS(SPSB)
specifically regulates iNOS among all NOS isoforms, and to deter-
mine the degree to which ECS(SPSB) and CHIP are fundamental
to iNOS regulation. Our results show that ECS(SPSB) binding is
iNOS-specific, and ECS(SPSB) targets iNOS, but not nNOS and eNOS,
for proteasomal degradation. In addition, the lifetime of the
iNOS(N27A) mutant, a form of iNOS not bound to ECS(SPSB), is
substantially extended in macrophages. In contrast, CHIP had
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Fig. 2. ECS(SPSB), but not CHIP, regulates the subcellular redistribution and proteasomal degradation of iNOS (A) and (B), HEK293T cells in 6-well plates were transfected
with expression plasmids for iNOS (2 pig) and FLAG-tagged SPSB1 (0.25 pug) or 6x His-tagged CHIP (0.25 pg) for 24 h. The empty vector was also transfected to ensure that a
total of 4 pg of DNA was used per transfection. Then, the cell lysates were prepared, and subjected to immunoblotting using anti-iNOS, anti-FLAG, anti-CHIP, and anti-GAPDH
antibodies. The concentration of nitrite in the cell culture medium was assessed by the Griess assay (B). Data are presented as mean # standard deviation (SD), n=3. (C)
HEK293T cells in 6-well plates were transfected with expression plasmids for iNOS (2 pg) and FLAG-tagged SPSB1 (0.02 and 1 pg) or 6x His-tagged CHIP (0.02, 0.1, and 1 pug)
for 12 h. The empty vector was also transfected to ensure that a total of 4 jig of DNA was used per transfection and the cells were placed into 4 wells of 24-well plate. After
12 h, the cells were treated with 100 uM CHX for the indicated periods. The cell lysates were prepared and subjected to immunoblotting. (D-F) The lysates from A (800 pg
proteins) were subjected to immunoprecipitation and immunoblotting. A star indicates the light chain of the antibody. (G) In 12-well plates, HEK293T cells were transfected

with expression plasmids for iNOS-YFP (1 pg) and FLAG-tagged SPSB1 (0.1 pg) or 6x

His-tagged CHIP (0.1 pg) for 12 h. The empty vector was also transfected to ensure that a

total of 1.6 pg of DNA was used per transfection. The cells were then placed into a 35 mm glass bottom dish. The next day, the subcellular localization of iNOS-YFP proteins

was examined by fluorescence microscopy.
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Fig. 3. ECS(SPSB), but not CHIP, induces the ubiquitination of iNOS. (A, B) In 6-well plates, 293T-"Y°Ub cells were transfected with expression plasmids for iNOS (2 pg) and
FLAG-tagged SPSB1 (0.1 pg) or 6x His-tagged CHIP (0.1 pg) for 24 h followed by treatment with 5 UM MG-132 for 4 h. A portion of each cell lysate was subjected to
immunoblotting (A). The remaining cell lysate was subjected to immunoprecipitation using an anti-iNOS antibody, and the ubiquitinated iNOS was analyzed by
immunoblotting using an anti-myc antibody (B). Each sample was prepared and loaded in triplicate. (C) The quantification of the levels of ubiquitinated iNOS shown in (B).
Data represent mean + 8D, n=3,
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Fig. 4. The lifetime of the INOS(N27A) mutant, a form of iNOS that does not bind to ECS(SPSB), is significantly extended in macrophages. (A) RAW264.7 macrophages were
infected with retroviruses carrying YFP alone, iNOS-YFP, or the iINOS(N27A)-YFP. After 12 h, the cells were placed into 4 wells of 24-well plate. After 12 h, the cells were
treated with 100 uM CHX for the indicated periods. The cell lysates were prepared and subjected to immunoblotting. (B) The quantification of the levels of YFP, iNOS~YFP, and
the iNOS(N27A)-YFP shown in (A). Data represent mean + SD, n = 3.

absolutely no effect on the regulation of iNOS. These results dem- proteins containing those sequences. A total of 17 human proteins
onstrate that ECS(SPSB), but not CHIP, is an essential E3 ubiquitin were identified, only 4 of which contain those sequences across
ligase for the regulation of the iNOS lifetime. species, suggesting that ECS(SPSB) functions mainly to maintain

Eissa et al. first reported the ubiquitin/proteasome-dependent appropriate iNOS levels through the ubiquitin/proteasome-depen-
degradation of iNOS [5,6,27]. Furthermore, Eissa et al. as well as dent degradation of iNOS to prevent overproduction of NO during
Yin et al. independently reported that CHIP facilitates the ubiquiti- iNOS induction. Further studies using iNOS(N27A) knock-in mice
nation and proteasomal degradation of iNOS [7,8]. In addition, we, may more clearly determine the significance of ECS(SPSB) E3 ubiq-
along with Nicholson et al. recently reported that ECS(SPSB) targets uitin ligase in the regulation of the iNOS lifetime.
iNOS for proteasomal degradation [9,10]. In contrast to the previ-
ous reports by Eissa et al. and Yin et al, in the present study we  conflict of interest
did not see any effects of CHIP on iNOS regulation in terms of the
interaction with iNOS, the subcellular redistribution of iNOS, and None.,
ubiquitin/proteasome-dependent degradation of iNOS. Many re-
ports have demonstrated that CHIP promotes ubiquitination and
proteasomal degradation of non-native or misfolded proteins,
rather than native or properly folded proteins [11-17]. The previ-
ous findings that CHIP mediated the proteasomal degradation of
iNOS may have resulted from the expression of iNOS proteins as
misfolded proteins in the respective experimental systems. In this
study, iNOS was expressed in HEK293T cells by transfection with
pSG5-hiNOS plasmid at physiological levels, because the iNOS lev-
els expressed by this plasmid were quite similar to those expressed
in RAW264.7 macrophages stimulated with 10 ng/ml LPS for 24 h
(data not shown). In this case, most iNOS proteins are present in
detergent soluble fractions (data not shown). It is possible that
the previous studies used iNOS expression constructs that carry
much stronger promoters, and therefore a portion of the iNOS pro-
teins were misfolded and recognized as such by CHIP.

Currently, iNOS is the only substrate identified for ECS(SPSB).
SPSB1, SPSB2, and SPSB4 recognize unique core sequences, D/E-I/ [1] O.W. Griffith, DJ. Stuehr, Nitric oxide synthases: properties and catalytic
L-N-N-N [20,28]. We performed a BLAST search to search for any mechanism, Annu. Rev. Physiol 57 (1995) 707-736.
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Nitric oxide (NO) physiologically regulates numerous cellular
responses through S-nitrosylation of protein cysteine residues.
We performed antibody-array screening in conjunction with bio-
tin-switch assays to look for S-nitrosylated proteins. Using this
combination of techniques, we found that phosphatase with se-
quence homology to tensin (PTEN) is selectively S-nitrosylated by
low concentrations of NO at a specific cysteine residue (Cys-83).
S-nitrosylation of PTEN (forming SNO-PTEN) inhibits enzymatic ac-
tivity and consequently stimulates the downstream Akt cascade,
indicating that Cys-83 is a critical site for redox regulation of PTEN
function. In ischemic mouse brain, we observed SNO-PTEN in the
core and penumbra regions but found SNO-Akt, which is known to
inhibit Akt activity, only in the ischemic core. These findings sug-
gest that low concentrations of NO, as found in the penumbra,
preferentially S-nitrosylate PTEN, whereas higher concentrations
of NO, known to exist in the ischemic core, also S-nitrosylate Akt.
In the penumbra, inhibition of PTEN (but not Akt) activity by
S-nitrosylation would be expected to contribute to cell survival
by means of enhanced Akt signaling. In contrast, in the ischemic
core, SNO-Akt formation would inhibit this neuroprotective path-
way. In vitro model systems support this notion. Thus, we identify
unique sites of PTEN and Akt regulation by means of S-nitrosylation,
resulting in an “on-off” pattern of control of Akt signaling.

apoptosis | ischemia | oxidation

Nitric oxide (NO) exerts pleiotropic cellular responses on
proliferation, apoptosis, neurotransmission, and neurotox-
icity in several types of cells by means of protein S-nitrosylation.
This modification occurs by means of oxidative reaction between
NO and cysteine (Cys) thiol in the presence of an electron acce-
ptor (such as O, or a transition metal) or through transni-
trosylation from S-nitrosothiol to another Cys thiol (1-3).
Several methods have been published to detect S-nitrosylated
proteins (SNO-Ps) by using antibodies, photolysis, and mercury
affinity (4). In particular, the biotin-switch assay is a modified
immunoblot developed by Jaffrey and Snyder that has been
commonly used to detect endogenous SNO-Ps; this method has
greatly advanced the field (5). Subsequently, other methods have
been developed to detect SNO-Ps (6), but some of them involve
samples treated with high concentrations of NO donor. In the
presence of high concentrations of NO, however, it is possible
that some Cys residues are artifactually S-nitrosylated.
Antibody arrays have been used to profile protein expression
levels with high sensitivity. Each spotted antibody can be vali-
dated for its ability to bind proteins in the assay. Samples hy-
bridizing to each antibody on the array can be easily detected.
Although a number of proteins have been identified as substrates

www.pnas.org/cgi/doi/10.1073/pnas. 1103503108

for S-nitrosylation in the past several years (3-6), we hypothe-
sized that many more candidates modified by physiological levels
of NO might still remain to be identified. We therefore tested
whether an antibody array might be adapted for identification of
additional SNO-Ps and their (patho)physiological functions.

In the present study, we attempted to isolate SNO-Ps in phys-
iological condition by an antibody array. We prepared extracts
from cells treated or untreated with NO and specifically labeled
with biotin. We found that phosphatase with sequence homol-
ogy to tensin (PTEN) is preferentially S-nitrosylated by low
concentrations of NO. Although other reports have shown that
PTEN can undergo S-nitrosylation by high concentrations of NO
(7-13), here we found a significance of the (patho)physiological
function of S-nitrosylated PTEN (SNO-PTEN) on the Akt path-
way using in vivo and in vitro systems. Our results suggest that
inhibition of PTEN activity through S-nitrosylation augments Akt
signaling, thereby contributing to cell survival in ischemic brains
and activation of endothelial NO synthase (eNOS).

Results

Screening for S-Nitrosylated Neural Proteins. Initially, we developed
a unique screening system for isolating previously undescribed
SNO-Ps in neuronal systems using an antibody array. Samples
were prepared from human neuroblastoma SH-SY5Y cells that
had been exposed to calcium ionophore A23187, which activates
endogenous neuronal NO synthase (nNOS) and eNOS to pro-
duce physiological concentrations of NO. S-nitrosylated Cys
residues in cell lysates were converted to their biotinylated form
by using the biotin-switch technique (5). These samples, con-
taining biotinylated cysteines, were subjected to antibody array,
and fluorescent intensities were detected (Fig. S1). Twenty-five
candidates were identified, including known SNO-Ps such as
caspase, NOS, and HDAC (Table S1; refs. 14-16). Among the
other candidates, we focused on the effect of S-nitrosylation on
PTEN activity and its physiological functions. PTEN is an in-
hibitory regulator of the PI3-kinase/Akt signaling pathway,
thereby attenuating cell growth, migration, and survival (17-21).
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S-Nitrosylation of PTEN. To validate S-nitrosylation of PTEN, we
examined whether PTEN was significantly S-nitrosylated by a low
concentration of the physiological NO donor S-nitrosocysteine
(SNOC). SNOC markedly enhanced the level of SNO-PTEN in
cell lysates and intact cells. SNO-PTEN was not detected in
control biotin-switch assays performed without ascorbate to
remove NO, thus preventing replacement of NO by biotin (Fig.
14). As expected, PTEN was highly sensitive to NO; SNO-PTEN
formation was detected in human embryonic kidney (HEK) 293
cells after treatment with 1-10 pM SNOC (Fig. 1 B and C).
Furthermore, this modification was also found in cells exposed to
various other types of NO donors, including S-nitroso-glutathione
(GSNO) and 2-(N,N-diethylamino)-diazenolate-2-oxide (DETA-
NONOate; Fig. S2). .

Next, to investigate whether endogenously generated NO
also induces SNO-PTEN formation, we used HEK cells stably
expressing nNOS. PTEN was S-nitrosylated by endogenous NO
in response to A23187 in a NOS-inhibitor-sensitive manner
(Fig. 1D and Fig. S3). Mammalian PTEN has five cysteines in its
phosphatase domain (17). To determine the target site of
S-nitrosylation on PTEN, we mutated each cysteine to serine and
assayed for SNO-PTEN formation using the biotin-switch method.
HEK cells were transfected with expression vectors encoding ei-
ther wild-type (WT) FLAG-PTEN or mutant forms of the protein.
After 24 h, cells were exposed to SNOC or control conditions and
monitored for SNO-PTEN. We found that C83S mutant PTEN
produced almost no signal, suggesting that Cys-83 was the pre-
dominant S-nitrosylation site (Fig. 1E). Furthermore, we per-
formed a chemical assay on purified recombinant PTEN to detect
S-nitrosylation using 2,3-diaminonaphthalene (DAN). DAN
stoichiometrically converts to fluorescent 2,3-naphthyltriazole in
the presence of NO released from S-nitrosothiol. SNOC-treated
PTEN resulted in significant SNO-P formation, whereas the

PTEN(C83S) mutant was completely devoid of fluorescent sig-
nal (Fig. S3).

PTEN is known to be oxidized by high concentrations of H,O,
(>0.5 mM), which result in disulfide bond formation between
Cys-71 and active site Cys-124 (22). Thus, we tested whether NO
also induced disulfide bond formation in PTEN. However, even
high concentrations of NO did not result in disulfide formation
(Fig. 1F), consistent with the notion that S-nitrosylation of PTEN
occurred solely at Cys-83. Thus, disparate Cys residues appear
to be involved in S-nitrosylation and H,O,-mediated oxidation
of PTEN.

SNO-PTEN Inhibits Phosphatase Activity Through €83. To determine
whether S-nitrosylation affected PTEN activity, we initially
monitored recombinant PTEN enzyme activity. Phosphatase ac-
tivity was evaluated with a standard assay by measuring phosphate
released from phosphatidylinositol-3,4,5-trisphosphate [P1(3,4,5)
P3], a physiological substrate (23). Exposure of recombinant
PTEN to SNOC significantly decreased the level of phosphate in
a dose-dependent manner (Fig. 24). This decline was reversed to
basal levels after incubation with the chemical-reducing agent
DTT, indicating that S-nitrosylation in PTEN was reversible (Fig.
2B). Next, we assessed the enzymatic activity of WT recombinant
PTEN and Cys mutants. Cys-124 is essential for PTEN activity;
thus, even in the absence of SNOC exposure, the C124S mutant
completely lost its enzyme activity (Fig. 2C). In contrast, the C83S
mutant maintained its enzymatic activity even after exposure to
high concentrations of SNOC (Fig. 2C). Therefore, we made the
observation that not only is Cys-83 the principal target site for
PTEN oxidation by S-nitrosylation, but that this modification
influences enzymatic activity by a mechanism distinct from that
of oxidation by H,O,.
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Fig. 1. S-nitrosylation of PTEN in vitro and in vivo. (4, Upper) Cell lysates from HEK293T cells were incubated with 50 yM SNOC or control solution for 20 min,
followed by assay for SNO-PTEN using the biotin-switch assay. Control samples were subjected to decayed (old) SNOC. (Lower) Total PTEN in cell lysates was
detected by Western blot. (B, Upper) HEK293T cells were exposed to varying concentrations of SNOC for 20 min, followed by assay for SNO-PTEN. (Lower)
Total PTEN. (C) Biotin-switch assay and Western analysis were quantified by densitometry; the relative ratio of SNO-PTEN to total PTEN was calculated for
each sample. Values are means + SEM, n = 3. (D, Upper) HEK cells expressing nNOS were assayed for endogenous SNO-PTEN. nNOS was activated by Ca**
ionophore A23187 (5 pM) in the presence or absence of NOS inhibitor (NS-Nitro-t-arginine methyl ester, .-NAME, 1 mM). (Lower) Total PTEN. (£, Upper)
S-nitrosylation of Cys-83 in PTEN. HEK cell lysates transduced with WT or C-to-S mutant FLAG-PTEN proteins were exposed to 10 pM SNOC or control for
20 min. SNO-PTEN was detected by biotin-switch assay using anti-FLAG antibody. Mutation of a critical cysteine thiol group in the phosphatase domain of
PTEN(C83S) prevented S-nitrosylation by SNOC. (Lower) Total PTEN. (F) Effect of NO on oxidation of PTEN. HEK293 cells were incubated with the indicated
concentration of SNOC or H,0, for 20 min. Cell protein extracts were prepared in lysis buffer (pH 6.8) containing 40 mM N-ethylmaleimide and fractionated
by nonreducing SDS/PAGE followed by Western analysis with anti-PTEN antibody.

10350 | www.pnas.org/cgi/doi/10.1073/pnas.1103503108 Numajiri et al.



!
g
o
|

n w

-t

Phosphate released
(nmol/pg of protein)

0 1 10 50 100 100
SNOC (uM) (old)

120

—
o
o

PTEN activity

(% of control)
D
o O

PTEN activity
(% of control)

SNOC (uM)

Fig. 2. S-nitrosylation of PTEN regulates its phosphatase activity. (A and B)
Effect of S-nitrosylation on PTEN phosphatase activity. (A) In vitro expressed
GST-fused PTEN was incubated with the indicated concentrations of SNOC
and evaluated by phosphatase assay. (8) Recombinant PTEN and SNO-PTEN
were assayed for lipid phosphatase activity against PI(3,4,5)P3 with or
without DTT. Release of phosphate was detected colorimetrically with Bio-
mol green reagent. Values are means + SEM, n = 5; *P < 0.01 by ANOVA. (C)
GST-fused WT-PTEN (white), PTEN(C83S) (green), and dominant-negative
PTEN(C1245) (black) were expressed and purified from bacteria, exposed to
SNOC, and assayed for phosphatase activity. Values, expressed as percentage
of WT in the absence of SNOC, are means + SEM, n=5; *P < 0.01 by ANOVA.

Low Concentrations of NO Inhibit PTEN to Increase Akt Activity. Be-
cause PTEN phosphatase activity negatively regulates the PI3-
kinase/Akt signaling cascade and acts upstream of Akt (17-19),
we speculated that PTEN inhibition induced by S-nitrosylation
might activate the Akt pathway. Therefore, we first investigated
how various concentrations of SNOC affected Akt activity and
its downstream cascade. We found that a relatively low con-
centration of SNOC (10 pM) markedly increased the level of
phosphorylated Akt (pAkt; at Thr-308 and Ser-473) in a time-
dependent fashion (Fig. 3 A and B). In contrast, high SNOC
concentrations (e.g., 250 pM) did not result in increased pAkt
(Fig. 34), even though SNO-PTEN formation was still evident
at >50 pM SNOC (Fig. 1B). Thus, under these conditions the in-
crease in pAkt levels appeared only after exposure to low con-
centrations (10 uM) of SNOC and not after high concentrations
(250 uM). We next monitored Akt activity in cells in response to
various concentrations of SNOC. Low concentrations of SNOC
(<10 pM) enhanced, whereas high concentrations (>250 pM)
attenuated, substrate phosphorylation by Akt (peNOS at Ser-
1177; Fig. 3 C and D).

Next, we expressed PTEN(C83S), the nonnitrosylatable mu-
tant of PTEN, in cells to further confirm that attenuation of
PTEN phosphatase activity by NO is involved in Akt activation.
After transfection with PTEN(C83S), low concentrations of
SNOC no longer enhanced pAkt levels, consistent with the no-
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tion that inhibition of WT PTEN enzymatic activity that we
observed after S-nitrosylation leads to stimulation of a down-
stream cascade involving Akt (Fig. 3E). In contrast, we observed
that after exposure to high concentrations of an NO donor (2100
uM), not only PTEN but also Akt was S-nitrosylated, and thus
Akt was directly inhibited (Fig. 3F), which is consistent with prior
reports (24-26).

We then determined whether SNO-PTEN was formed after
exposure to endogenous NO in nNOS- and eNOS-expressing
cells. Treatment with A23187 to increase Ca®*, and thus stim-
ulate NOS, resulted in formation of SNO-PTEN, but not SNO-
Akt, in both cell types. As a measure of NO generated, the
amount of nitrite produced by nNOS or eNOS cells was appro-
ximately the same as that generated by 10-30 pM SNOC (Fig. S4).
These findings showed that S-nitrosylation of PTEN is inde-
pendent of NOS isoform and that it occurred in the presence of
low (physiological) levels of NO (Fig. S4). In contrast, exposing
primary cortical neurons to neurotoxic concentrations of NMDA
(2200 pM), which is known to generate high levels of NO,
resulted in the formation of both SNO-PTEN and SNO-Akt
(Fig. S5). From these results, we conclude that S-nitrosylation of
PTEN occurred with physiological levels of NO derived from
eNOS or nNOS, while Akt was also nitrosylated in the presence
of pathological levels of NO generated by neurotoxic concen-
trations of NMDA. Moreover, our findings suggest that low (<10
pM) concentrations of SNOC, although nitrosylating PTEN,
could not S-nitrosylate Akt; this modification led to PTEN in-
hibition and consequently Akt phosphorylation/activation. Thus,
the sensitivity of PTEN to NO was higher than that of Akt under
physiological conditions in our experiments.

Formation of SNO-PTEN Results in Phosphorylation of Akt Substrates.
We next asked whether activation of Akt after exposure of cells
to low concentrations of SNOC led to phosphorylation of Akt
substrates. Akt activity was assessed by measuring the level of
phosphorylated mTOR (pmTOR; at Ser-2448), an Akt substrate
(27). Levels of pmTOR were markedly increased after exposure
to 10 pM SNOC, after a time course that paralleled Akt phos-
phorylation (Fig. 3 G and H). These functional observations
were also consistent with the notion that low NO concentrations
(<10 uM) induced formation of SNO-PTEN, but not SNO-Akt,
and consequently activated the Akt signaling cascade. To further
substantiate our conclusion that activation of Akt after exposure
to low concentrations of NO is dependent on S-nitrosylation and
resultant inhibition of PTEN, we investigated the effect of
wortmannin, a PI3-kinase inhibitor, on NO-induced Akt activa-
tion. Treatment with wortmannin resulted in significant attenu-
ation of pAkt formation in response to low concentration of
SNOC (Fig. 3I). This observation is consistent with the notion
that NO stimulates Akt signaling through formation of SNO-PTEN
with resultant inhibition of PTEN activity because this increase in
pAkt would occur by means of increased PI3-kinase activity.
Additionally, it had been shown that eNOS is activated by
Akt-dependent phosphorylation (28, 29). We therefore asked
whether Akt activation after SNO-PTEN formation led to eNOS
phosphorylation/activation in endothelial cells. We found that
the level of phosphorylated eNOS (peNOS) protein rapidly in-
creased and was sustained for up to 2 h after exposure to 10 pM
SNOC in the mouse F2 endothelial cell line (Fig. 4 4 and B).
This SNOC-induced eNOS phosphorylation (at Ser-1177) was
abrogated by Akt inhibitors (Fig. 4C; refs. 30 and 31). Next, we
monitored eNOS activity by measuring the conversion of [*H]
arginine to [*H]citrulline (32). We found that SNOC significantly
augmented the formation of citrulline from arginine in an Akt
inhibitor-sensitive manner (Fig. 4D). These findings are consistent
with the notion that enhanced Akt activity, resulting from PTEN
nitrosylation, leads to eNOS phosphorylation and activation.
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Fig. 3. S-nitrosylation of PTEN by low concentrations of
SNOC activates the Akt pathway. (A and B) HEK293T celis
were exposed to 10 or 250 uM SNOC for the indicated period.
pAkt (Upper) and total Akt (Lower) were detected by Western
analysis with anti-pAkt(Ser-473), anti-pAkt(Thr-308), and anti-
Akt antibodies. (C and D) Akt kinase activity was enhanced by
low and suppressed by high concentrations of SNOC. Kinase
activity was monitored in F2 cells 30 min after exposure to
SNOC by assessing phosphorylation of substrate protein eNOS
using peNOS(Ser-1177) antibody. Values are means + SEM,
n=4; *P < 0.01 by ANOVA. (E) WT and PTEN(C83S) mutant-
expressing HEK cells were treated with 10 pM SNOC for 1 h,
and phosphorylation of Akt (Thr-308) was assessed by West-
ern blot. (F) Low concentrations of SNOC did not produce
SNO-Akt. (Upper) F2 cells were incubated with the indicated
concentration of SNOC and SNO-Akt detected by biotin-
switch assay. (Lower) Total Akt. (G) SNOC stimulates phos-
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SNO-PTEN Inhibits Neurenal Apoptosis. To study the effect of SNO-
PTEN on apoptotic cell death, we initially used an in vitro model
system. For this purpose, we exposed human neural SH-SYSY
cells to staurosporine while overexpressing either WT or C83S
mutant PTEN (Fig. S6). After treating the cultures with a low
concentration of SNOC to activate the Akt pathway by means of
SNO-PTEN formation, we found that apoptosis was significantly
attenuated in WT, but not NO-insensitive C83S-PTEN mutant-
expressing cells. This finding is in accord with the fact that Akt
is known to be important in cell survival signaling and that it
ameliorates apoptosis (33, 34).

Next, we studied the effect of SNO-PTEN formation in vivo in
a rodent model of cerebral ischemia (stroke). In ischemic brain,
the generation of NO contributes to neuronal cell death, and NO
production is mediated, at least in part, by excessive stimulation
of NMDA-type glutamate receptors (35, 36). Within 24 h of
focal cerebral ischemia induced by middle cerebral artery oc-
clusion (MCAO), cell death occurs by necrotic and apoptotic
mechanisms (37). We surmised that the difference observed
between the ischemic core (subcortex, including striatum) and
penumbra (cortex) might be partly dependent on Akt/PTEN
inactivation through S-nitrosylation. Although SNO-PTEN was
observed in both the ischemic core and penumbral regions, SNO-
Akt formation was detected only in the ischemic core and not in
the penumbra (Fig. 54). To compare semiquantitatively SNO-P
levels in the core and penumbral regions of ischemic brains, we
analyzed our blots by densitometry to calculate the ratio of SNO-
PTEN or -Akt (determined by biotin-switch assay) to total PTEN
or Akt (by Western blot; Fig. 5B). We found that the ratios of
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phorylation of the Akt substrate mTOR. HEK293T cells were
treated with 10 pM SNOC for the indicated periods of time.
pmTOR (at Ser-2448) and Akt were detected by Western
analysis. (H) Ratio of SNO-PTEN/PTEN, SNO-Akt/Akt, pAkt/Akt,
and pmTOR/mTOR levels after exposure to 10 uM SNOC.
Relative intensity was quantified by using NIH Image soft-
ware. Values are mean + SEM, n = 4-7. (/) HEK293T cells were
pretreated with 10 nM wortmannin for 10 min and then
stimulated with 10 pM SNOC for 2 h. pAkt and total Akt were
monitored as in A.

both SNO-PTEN/total PTEN and SNO-Akt/total Akt were sig-
nificantly enhanced in both the ischemic core and penumbra, but
only SNO-PTEN/PTEN was elevated in the penumbra. In line
with these data, we also found that the levels of nitrosothiol in
the core were higher than in the penumbra, as estimated by
the Saville reaction on tissue samples (Fig. 5C). Additionally, we
precipitated and then separated on SDS/PAGE biotinylated
proteins (representing proteins that had been S-nitrosylated and
subsequently labeled by the biotin-switch method) followed by
silver staining to estimate the number and intensity of total SNO-
Ps in the ischemic core and penumbra. The number of SNO-Ps in
the ischemic core was distinctly increased compared with the
penumbral region (Fig. S7). These results reveal that SNO-P
formation in vivo depends upon the concentration of NO in the
ischemic areas of the brains.

Our finding of enhanced levels of SNO-PTEN, but not SNO-
Akt, in the penumbra led us to look for phosphorylation/acti-
vation of Akt in this region to determine whether it was indeed
phosphorylated after ischemia, as would be predicted. In fact, we
found that the predominant location of pAkt-positive cells was in
the penumbra and not in the core. Moreover, we found that the
pAkt-positive cells mostly coincided with PTEN signal in the
penumbral region. In addition under our conditions, we detected
fewer TUNEL-positive cells, representing apoptotic neurons, in
the penumbra region than in the core region (Fig. 5 D and E and
Fig. S8). These findings are consistent with the notion that in the
face of low concentrations of NO in the ischemic penumbra,
neuroprotection may be enhanced by Akt activation through
SNO-PTEN. Hence, the ischemic model provides in vivo support

Numajiri et al.
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Fig. 4. S-nitrosylation of PTEN promotes eNOS phosphorylation by means
of Akt activation. (A) Human endothelial F2 cells were exposed to 10 pM
SNOC for the indicated periods of time. peNOS (at Ser-1177; Upper) and
total eNOS (Lower) were detected by Western analysis. (B) Ratio of increased
peNOS levels. Intensity level was quantified from blots by using NiH Image
software. Values are means + SEM, n = 3; *P < 0.01 by ANOVA. (C) Akt
inhibitors block phosphorylation of eNOS stimulated by exposure to SNOC.
Cultures were treated with 10 pM Akt inhibitor Il or IV (or control) for 30 min
and then incubated with 10 pM SNOC or control solution. The levels of
peNOS and eNOS were examined 30 min later by Western analysis. (D) eNOS
activity in protein homogenates was measured with a citrulline assay. Values
are means + SEM, n = 5; *P < 0.01 by ANOVA.

for the dependence of the positive and negative regulatory sys-
tem of Akt signaling on NO concentration.

Discussion

Protein Cys thiols undergo a range of reactive nitrogen species
(RNS)-dependent or reactive oxygen species (ROS)-dependent
electrophilic and oxidative modifications. Through these reac-
tions, nitrosative and oxidative stress affect the physiological
function of proteins (38-41). Reversible modifications are asso-
ciated with homeostatic maintenance by means of cellular redox
state, but excessive amounts of RNS/ROS can elicit irreversible
protein dysfunction. Here, we show that PTEN is highly sensitive
to relative low concentrations of NO and that its enzymatic ac-
tivity is inhibited by the resulting S-nitrosylation of Cys-83. In
comparison, high H,O, concentrations result in the oxidation of
Cys residues on PTEN and formation of a disulfide bond be-

B

SNO-Akt
Akt

SNO-PTEN
PTEN

SNO-P/total protein
(fold increase)
O = N W Hh OO

~ C
o, Uy e

&

[
/70/776,‘?

tween Cys-78 and -124. Heretofore, it has not been reported that
distinct Cys residues react with NO and H,0,. Clues for the
underlying mechanisms for these disparate reactions may lie in
the 3D structure of PTEN. The atomic structure of PTEN
reveals that Cys-83 is located between the po2 and pp4 regions
(42). Asp-77, located proximal to the pa2 region, and Glu-114,
located distal to the pa3 region, are both situated in the vicinity
of Cys-83 in the 3D structure, showing that Cys-83 is surrounded
by a motif favoring nitrosylation (43).

In the present study, we demonstrate that Cys-83 is a direct
target of NO, indicating that the modification site and mode of
oxidation caused by NO completely differs from H,0,. In con-
trast to Cys-83, Cys-124 is located in the enzymatic active site of
PTEN and forms a disulfide bond with Cys-71 after exposure to
high concentrations of H,O, (22).

Because S-nitrosylation of PTEN inhibits its enzymatic activity,
we also found that low concentrations of NO result in less de-
phosphorylation on Akt and thus increased Akt activity. In con-
trast to S-nitrosylation of PTEN, SNO-Akt formation results in
inhibition of Akt activity (24-26). However, in the present study
we show that higher concentrations of NO are necessary to S-
nitrosylate Akt than PTEN. Thus, in the presence of low (physi-
ological) concentrations of NO, SNO-PTEN formation would
enhance Akt signaling activity, whereas high (pathological) levels
of NO would S-nitrosylate Akt to inhibit its function directly or
might act on an unknown upstream target to attenuate Akt
phosphorylation. Transnitrosylation from one SNO-P to another
has recently been demonstrated for several proteins (1-3, 44), so
it is possible that under some circumstances SNO-Akt could
transfer NO to PTEN because PTEN is a better NO acceptor than
Akt. However, for the same reason, it is unlikely that the converse
is true—i.e., that Akt activity is attenuated by transnitrosylation
derived from SNO-PTEN at physiological concentrations of NO.

Additionally, we explored possible pathophysiological roles
of S-nitrosylation of PTEN and Akt in vitro and in vivo. In-
terestingly, we found that SNO-PTEN is detected in both the
core and penumbral regions of a stroke, whereas SNO-Akt is
only found in the core region. Although it has been reported that
PTEN can react with NO (7-13), the pathophysiological con-
sequences of this reaction have not yet been fully elucidated.
Recently, Pei et al. (11) reported that formation of SNO-PTEN
occurred during brain ischemia, but the effect of S-nitrosylation
on Akt signaling was not determined. Based on our findings, we
speculate that a possible contributing factor to rescue of the
penumbral region in the ischemic brain is that the lower levels

Fig. 5. S-nitrosylation of PTEN promotes neuroprotection
through Akt activation in vitro and in vivo. (4) S-nitrosylation
of PTEN and Akt after cerebral ischemia in mice. Brain tissue
from infarcted hemispheres was harvested 24 h after a 2-h
MCAO and subjected to biotin-switch assay to detect in vivo
S-nitrosylation of PTEN and Akt. (B) Ratio of increased SNO-P
OOf@ to total protein. Blots from biotin-switch assays and Western
analyses were quantified by densitometry, and the relative
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ratio of SNO-PTEN to total PTEN or SNO-Akt to total Akt in
both hemispheres was calculated. Values are means + SEM,

. n=4;*P <0.01 by ANOVA. (C) NO levels, as reflected by total

nitrosothiol (RSNO) in ischemic brain tissue, were measured by
the Saville reaction. A significant increase in RSNO was found
in both the ischemic core and penumbra. Values are means +
SEM, n =7; *P < 0.05 by ANOVA. (D) Number of pAkt-positive
cells in the core and penumbra of ischemic brain. Values are
means + SEM, n = 4; *P < 0.05 by ANOVA. (E) Number of
TUNEL-positive apoptotic neurons in the core and penumbra
of ischemic brain. Values are means + SEM, n = 4; *P < 0.05

Penumbra by ANOVA.
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of NO found in the penumbra result in S-nitrosylation of PTEN
rather than Akt. Thus, from our findings, the penumbra, where
SNO-PTEN is present in the absence of SNO-Akt, would be
expected to have increased Akt neuroprotective signaling activ-
ity compared with the core of the infarct where Akt is also
S-nitrosylated because of higher concentrations of NO.

In summary, although there have been other reports that
oxidation/S-nitrosylation suppresses PTEN activity (22, 45), our
results demonstrate the unique finding that high concentrations
of NO affect not only PTEN but also downstream Akt, which
thus inhibits Akt signaling and hinders cell survival in the is-
chemic core. Our work shows the need to characterize the sen-
sitivity to NO of several proteins in a signaling cascade in order
to determine the net effect of S-nitrosylation events (46).

In conclusion, our findings provide mechanistic insight into
S-nitrosylation of PTEN, showing that PTEN is negatively reg-
ulated by lower NO concentrations than Akt and suggesting that
NO could be the physiological oxidative modulator of PTEN
rather than high concentrations of H,O,. Moreover, the fact that
high concentrations of NO directly inhibit Akt activity through
S-nitrosylation suggests the presence of a previously undescribed
on-off regulatory system for Akt signaling depending on NO
concentration, with low concentrations of NO activating Akt
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through formation of SNO-PTEN, whereas high concentrations
of NO directly deactivate Akt signaling.
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Abstract. The purpose of this study is to identify transient receptor potential canonical (TRPC)
channels responsible for receptor-operated Ca** entry (ROCE) triggered by activation of endothe-
lin type A receptor (ETAR) and to clarify the importance of calmodulin (CaM) / inositol 1,4,5-tris-
phosphate (IP:) receptor binding (CIRB) domain at the C terminus of TRPC channels in ETAR-
activated channel regulation. In HEK293 cells coexpressing ETAR and one of seven TRPC
isoforms, ETAR stimulation induced ROCE through TRPC3, TRPCS, TRPC6, and TRPC7. The
TRPC3- and TRPC6-mediated ROCE was inhibited by selective inhibitors of G, protein, phospho-
lipase C (PLC), and CaM. The CIRB domain deletion mutants of TRPC3 and TRPC6 failed to
induce ETAR-mediated ROCE. Either deletion of the CIRB domain or pharmacological inhibition
of CaM did not inhibit the targeting of these channels to the plasma membrane. These results
suggest that 1) TRPC3, TRPCS, TRPC6, and TRPC7 can function as ETsR-operated Ca* chan-
nels; 2) Gq protein, PLC, and CaM are involved in TRPC3- and TRPC6-mediated ROCE; 3)
ETAR-mediated activation of TRPC3 and TRPC6 requires the CIRB domain; and 4) abolition of
ETsR-induced ROCE by CIRB domain deletion and CaM inhibition is due to loss of CaM binding
to the channels but not loss of cell surface TRPC3 and TRPC6.

[Supplementary Figures: available only at http://dx.doi.org/10.1254/jphs.11162FP]

Keywords: endothelin type A receptor, receptor-operated Ca®” influx,
transient receptor potential canonical (TRPC) channel, calmodulin,
CaM/IP; receptor binding domain (CIRB)

Introduction

Endothelin type A receptor (ETaR) is one of the G,
protein—coupled receptors (GyPCRs) linked to phospho-
lipase C (PLC) that hydrolyzes a phosphoinositide,
phosphatidylinositol bisphosphate (PIP;), in the plasma
membrane to form two potent second messengers, cyto-
solic inositol 1,4,5-trisphosphate (IP;) and membrane-
bound diacylglycerol (DAG) (1 — 3). In general, a rise in
the production of IP; and DAG after stimulation of ETAR
with its agonist endothelin-1 (ET-1) results in a transient
increase and a subsequent sustained increase in intracel-
lular free Ca™ concentration ([Ca>])) (4). The binding of
IP; to its receptors on the endoplasmic reticulum (ER)
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triggers Ca’ release from the ER, followed by slowly
developing store-operated Ca** entry (SOCE) through
store-operated Ca** channels (SOCCs) (5). On the other
hand, DAG can activate directly or indirectly receptor-
operated Ca®" channels (ROCCs) that induce receptor-
operated Ca’* entry (ROCE) (6). Our previous studies
using whole-cell patch clamp and [Ca®"]; measurement
have shown that stimulation of endogenous ETAR in
vascular smooth muscle cells and of human recombinant
ETAR expressed in Chinese hamster ovary cells induces
ROCE via nonselective cation channels (NSCCs) that are
activated independently of store depletion (1, 7-9).
However, the molecular entity of ETsR-activated ROCC
is not fully elucidated.

Transient receptor potential canonical (TRPC) chan-
nels have been identified as potential candidates for
SOCCs and ROCCs (receptor-activated NSCCs), and
they are operated by the emptying of the intracellular
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Ca™ store and/or PLC-mediated DAG production fol-
lowing stimulation of G,PCRs. The TRPC family con-
sisting of TRPC1-7 is divided phylogenetically into four
distinct subfamilies (TRPC1; TRPC2; TRPC3, 6, and 7,
TRPC4 and 5) (10). Although the downstream molecule
of the G, protein/PLC pathway responsible for activating
the receptor-operated TRPC channels is still controver-
sial, it is well established that exogenous application of
DAG directly activates TRPC3 and its close relatives,
TRPC6 and TRPC7, independently of IP; action or store
depletion (6, 11). Consequently, DAG-sensitive TRPC3,
TRPC6, and TRPC?7 are predicted to function as G,PCR-
activated ROCCs rather than SOCCs. TRPC4 and TRPCS5
are also reported to form NSCCs that integrate signaling
pathways from G, protein—coupled muscarinic receptors
and some types of receptor tyrosine kinases indepen-
dently of store depletion, indicating their nature as
ROCCs (12). However, it is still unknown which TRPC
channels form ETaR-operated Ca’™ channels that can
function independently of store depletion.

Increasing evidence demonstrates that the calmodulin
(CaM) / inositol 1,4,5-trisphosphate (IP) receptor bind-
ing (CIRB) domain conserved in the C terminus of all
mammalian TRPC channels is involved in the regulation
of TRPC channel function (13, 14), but its effects on the
channel activity appear to vary among different TRPC
isoforms. Previous studies have reported that the associa-
tion of Ca*"-activated CaM to the CIRB domain of TRPC
channels attenuates the interaction of TRPC channels
with IPsR, resulting in loss of activation of TRPC1 (15),
TRPC3 (16), TRPC4 (17), and TRPC6 (18), while the
association induces activation of TRPCS5 (19), TRPC6
{14), and TRPC7 (19). These studies were mainly based
on functional studies such as [Ca®"]; measurement and
patch clamp studies with inside-out patches. Therefore,
it has been unknown whether the functional changes of
TRPC channels by CaM binding to the CIRB domain are
accompanied by changes in the subcellular localization
such as translocation of TRPC channels from the intra-
cellular compartments to the plasma membrane.

Wedel et al. (13) have simultaneously examined
changes in the subcellular localization of TRPC3 and in
the ROCE following the deletion of CIRB domain in
TRPC3. This study has implicated an important role of
the CIRB domain in the targeting of TRPC3 to the plasma
membrane, based on the finding that the deletion of the
CIRB domain in TRPC3 induces loss of ROCE and
translocation of the channel from the plasma membrane
to intracellular compartments. The conclusion about the
subcellular localization of TRPC3 in this study is based
mainly on confocal microscopic imaging. However, it is
well-known that quantitative assessment of target pro-
teins localized to the cell surface by confocal microscopic

imaging is not necessarily accurate. Thus, it remains to
be determined whether the CIRB domain is involved in
the subcellular distribution of TRPC channels.

In the present study, we first tried to elucidate TRPC
channels functioning as ET,R-operated Ca®" channels
and subsequently, the regulatory mechanism of the chan-
nels, focusing on the role of CIRB domain of TRPC
channels in the regulation of channel function by itself
and of targeting of the channels to the plasma membrane.
To obtain quantitative data regarding targeting of the
channels to the plasma membrane, we used a biotinyla-
tion assay in addition to confocal microscopic imaging.

We have identified ETAR-operated TRPC channels
including TRPC3 and TRPC6. The ET R-mediated
ROCE via TRPC3 and TRPC6 was dependent on G,
protein, PLC, and CaM. In contrast to previous results
from confocal microscopic imaging (13), we have dem-
onstrate that the deletion of the CIRB domain in TRPC3
and TRPC6 results in abolition of ETAR-induced ROCE
without loss of cell surface TRPC3 and TRPC6.

Materials and Methods

Materials

YM-254890 was kindly provided by Astellas Pharma,
Inc. (Tokyo). The following drugs and reagents were
used in the present study: synthetic human ET-1 (Peptide
Institute, Osaka); fura-2/acetoxymethyl ester (fura-2/
AM) and Pluronic F-127 (Dojindo Laboratories,
Kumamoto); gadolinium (III) chloride, G418, thapsi-
gargin (TG), probenecid, puromycin dihydrochloride,
aprotinin, leupeptin, pepstatin, sodium deoxycholate,
sodium dodecyl sulfate (SDS), phenylmethylsulfonyl
fluoride (PMSF), Na; VO, NaF, and bovine serum albu-
min (BSA) (Sigma-Aldrich Co., St. Louis, MO, USA);
U-73122  {1-[6-((174-3-methoxyestra-1,3,5(10)-trien-
17-yl)amino)hexyl]-1H-pyrrole-2,5-dione}, W-13 hy-
drochloride [N-(4-aminobutyl)-5-chloro-2-naphthalene-
sulfonamide, HCI], 1-oleoyl-2-acetyl-sn-glycerol (OAG)
(Calbiochem, San Diego, CA, USA). Dulbecco’s modi-
fied Eagle’s medium (D-MEM), penicillin—streptomycin
solution, and fetal calf serum (FCS) were obtained from
Wako Pure Chemical Industries, Ltd. (Osaka), Sigma-
Aldrich Co., and Invitrogen Corp. (Grand Island, NY,
USA), respectively. Monoclonal antibody for green
fluorescent protein (GFP) was obtained from Clontech
Laboratories, Inc. (Mountain View, CA, USA). Mono-
clonal antibodies for f-actin and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA).
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Construction of retrovirus vectors

The pClI-neo mammalian expression vectors encoding
TRPC1 to TRPC7 were generously provided by Dr.
Yasuo Mori (Kyoto University, Kyoto). The insert
¢DNAs of wild-type TRPC1 to TRPC7 were generated
from these vectors as templates by a PCR reaction with
specific primers containing the restriction enzyme sites
for subcloning into the pCR™-Blunt II-TOPO™ vector
(Invitrogen Corp.). The resulting pCR™-Blunt II-
TOPO™ vectors and the pEGFP-N1 vector encoding a
red-shifted variant of GFP (Clontech Laboratories, Inc.)
were digested with two restriction enzymes simultane-
ously. The cDNA fragments were ligated into the
pMXrmvS5 retrovirus vector to yield the pMXrmv5 vec-
tors encoding GFP and TRPC tagged with GFP at the C
terminus  (TRPC1-GFP, TRPC3-GFP, TRPC4-GFP,
TRPC5-GFP, TRPC6-GFP, and TRPC7-GFP). The
CIRB domain at the C terminus of TRPC3-GFP and
TRPC6-GFP were deleted by using the KOD-Plus-
Mutagenesis Kit (TOYOBO Co., Ltd., Osaka) to generate
TRPC3(4749-783)-GFP and TRPC6(4840-874)-GFP.
All of the constructs were verified by DNA sequencing.

Cell culture

Human embryonic kidney 293 (HEK293) cells were
grown in D-MEM supplemented with 10% (v/v) FCS,
penicillin (100 units'ml™), and streptomycin (100
ug'ml™) at 37°C in humidified air with 5% COs.

Stable expression of human ET4R in HEK293 cells

The pDisplay mammalian expression vector contain-
ing cDNA of human ETAR fused with an influenza he-
magglutinin (HA) epitope tag at the N terminus (HA-
ETAR) was transfected into HEK293 cells by using the
TransIT™-293 transfection kit (Mirus Bio Corporation,
Madison, W1, USA) according to the manufacturer’s in-
structions. Stable transformants were selected in medium
containing 800 pg-ml™ G418 for 3 weeks. Clonal cell
lines were obtained by limiting dilution. Clones were
expanded and screened for expression levels by western
blot analysis. The resulting suitable clone was grown up
for further experiments,

Stable expression of TRPC3, TRPC6, and their mutants

To generate HEK293 cells stably expressing one of the
following proteins: GFP, TRPCI1-GFP, TRPC3-GFP
TRPC4-GFP, TRPC5-GFP, TRPC6-GFP, TRPC7-GFP,
and GFP-tagged TRPC mutants, these genes were intro-
duced into HEK293 cells stably expressing HA-ET4R by
retroviral gene transfer. Briefly, retroviruses were pro-
duced by triple transfection of HEK293T cells with ret-
roviral constructs along with gag-pol and vesicular
stomatitis virus G glycoprotein expression constructs

(20). The supernatants containing virus were collected 24
h after transfection and added to HEK293 cells stably
expressing HA-ETAR. The HEK293 cells were then
centrifuged at 900 x g for 45 min at 25°C followed by
incubation for 6 h at 37°C in 5% CO, 95% air. Then,
fresh culture medium was added to dilute supernatants
containing virus. GFP- or TRPC-GFP-positive cells
were selected for growth in medium containing 5 ug-ml™
puromycin for a week.

Measurement of intracellular free Ca’* concentration
([Ca”])

[Ca™]; was monitored by using a fluorescent Ca>* in-
dicator, fura-2/AM, as described previously (21 - 23).
Briefly, HEK293 cells grown in a 3.5-cm dish were in-
cubated with 4 M fura-2/AM admixed with 2.5 mM
probenecid and 0.04% Pluronic F-127 at 37°C for 45 min
under reduced light. After collecting and washing cells,
the cells were suspended in Ca**-free Krebs-HEPES so-
lution (140 mM NaCl, 3 mM KCI, 1 mM MgCl,-6H,0,
11 mM p-(+)-glucose, 10 mM HEPES; adjusted to pH
7.3 with NaOH) at 4 x 10° cells-mI™. CaCl, was added to
a 0.5-ml aliquot of the cell suspension at the final con-
centration of 2 mM, when necessary. Changes of [Ca*"];
in cells were measured at 30°C using a CAF-110 spec-
trophotometer (JASCO, Tokyo) with the excitation
wavelengths of 340 and 380 nm and emission wavelength
of 500 nm (bandwidth + 10 nm).

Confocal microscopy

Confocal microscopic images were collected by using
FluoView™ FV300 (Olympus Corporation, Tokyo) with
a 63 x oil-immersion lens.

Biotinylation of cell surface TRPC proteins

HEK?293 cells stably coexpressing HA-ET4R and one
of TRPC proteins [TRPC3-GFP, TRPC6-GFP,
TRPC3(4749-783)-GFP, or TRPC6(4840-874)-GFP]
grown in a 3.5-cm dish were washed twice with Ca**-free
Krebs-HEPES solution. The cells were treated with drugs
as indicated in Fig. 7, when necessary. The reactions
were stopped 12 min after the last addition of drug by
aspiration of the solution and by quick cooling on an ice/
water bath. The cells were washed three times with ice-
cold PBS (pH 7.4) and labeled with biotin [0.6 mg EZ-
Link™ Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific,
Inc., Rockford, IL, USA) in 0.6 ml of PBS for each
sample] at 4°C for 1 h. The reactions were quenched by
adding 0.4 ml of 50 mM Tris-HCI (pH 8.0) in PBS. The
cells were washed twice with ice-cold PBS and lysed
with 0.35 ml RIPA buffer [150 mM NaCl, 1.5 mM
MgCl,, 50 mM Tris-HCI (pH 6.8), 1% NP-40, 0.5 %
sodium deoxycholate, 0.1% SDS, 1 mM PMSF, | mM
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Na;VO,, 20 mM NaF, 10 gg'ml™ leupeptin, 10 ug-ml™
aprotinin, and 10 zg-ml™' pepstatin] supplemented with
EDTA-free, protease inhibitor cocktail (Thermo Fisher
Scientific, Inc.). The cell lysates were sonicated for 10 s
on setting 10 of a handy sonicator (UR-20P; TOMY
SEIKO Co., Ltd., Tokyo) and centrifuged at 20,000 x g
for 20 min at 4°C. Protein content of the supernatant was
measured according to the method of Bradford (24) using
BSA as a standard.

To assay for biotinylated TRPC proteins, the lysates
were incubated with 25 4l of NeutrAvidin agarose beads
(Thermo Fisher Scientific, Inc.) at 4°C for 1 h. The pre-
cipitates were washed three times with the washing buffer
[150 mM NaCl, 1.5 mM MgCl,, 50 mM Tris-HCl (pH
6.8), 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS]
and the biotinylated proteins bound to the beads were
eluted by adding 50 ul of SDS sample buffer {62.5 mM
Tris-HCl (pH 6.8), 10% glycerol, 5% 2-mercaptoethanol
(2-ME), 2.5% SDS, 0.1% bromphenol blue] followed by
incubation at 37°C for 30 min. The resulting supernatant
containing biotinylated proteins was subjected to western
blotting analysis to determine plasma membrane TRPC
proteins. The supernatant was also analyzed for the pres-
ence of f-actin and GAPDH to determine whether cyto-
solic proteins were also biotinylated by our procedure.
Although both f-actin and GAPDH can be easily detected
in the whole cell lysates, these proteins were not biotiny-
lated (data not shown), indicating no biotinylation of
cytoplasmic proteins.

Western blot analysis

The proteins in precipitates and whole cell lysates
were separated on a 5% —20% polyacrylamide gel
(SuperSep™; Wako Pure Chemical Industries, Ltd.) and
electrotransferred to a polyvinylidene fluoride membrane
(Immobilon™-P, pore size 0.45 um; Millipore Corp.,
Bedford, MA, USA) with a semidry electroblotter. After
transfer, the membranes were washed three times for 5
min with Tris-buffered saline~Tween 20 [TBS-T; 10
mM Tris-HCl (pH 8.0), 100 mM NaCl, and 0.1%
Tween 20] followed by blocking (2% non-fat dry milk in
TBS-T) of nonspecific binding for 1 h at room tempera-
ture. The membranes were incubated with a monoclonal
antibody for GFP, f-actin, or GAPDH as a primary anti-
body overnight at 4°C. The primary antibody was de-
tected with a secondary horseradish peroxidase-conju-
gated anti-mouse IgG antibody and enhanced
chemiluminescence (ECL; GE Healthcare UK, Ltd.,
Little Chalfont, Buckinghamshire, UK) or ImmunoStar™
LD (Wako Pure Chemical Industries, Ltd.). The blots
were exposed to Amersham Hyperfilm™ ECL (GE
Healthcare UK, Ltd.). The amounts of biotinylated TRPC
proteins were analyzed with National Institutes of Health

Imagel 1.37 software.

Data analysis

Data regarding change in [Ca™]; were collected and
analyzed by using a MacLab/8s with Chart (v. 3.5) soft-
ware (ADInstruments Japan, Tokyo). The concentration—
response curves for ET-1 were constructed to evaluate its
ECs value, which is the effective ET-1 concentration
(M) eliciting a half-maximal response, using GraphPad
PRISM™ (version 3.00; GraphPad Software Inc., San
Diego, CA, USA). The ECs values were converted to
negative logarithmic values (pECs) for analysis. All data
are presented as the mean = S.E.M. where n refers to the
number of experiments. The significance of the differ-
ence between mean values was evaluated with GraphPad
PRISM™ by Student’s paired or unpaired r-test. A P-
value less than 0.05 was considered to indicate significant
differences.

Results

Identification of TRPC isoforms functioning as ETR-
operated Ca’™ channels

To identify TRPC isoforms functioning as ETsR-acti-
vated Ca*" channels, HEK293 cells stably coxpressing
HA-ETAR and GFP or one of the TRPC channels tagged
with GFP at the C terminus were generated as indicated
in “Materials and Methods”. To distinguish between
SOCE and ROCE, we employed the TG-induced Ca**-
depletion/Ca**-restoration protocol to measure SOCE
followed by ETAR stimulation to measure ROCE (25).
Extracellular medium containing 10 uM Gd** was used
throughout the experiments to inhibit the endogenous
capacitative Ca*” entry (SOCE) that masks the ROCE via
TRPC3 and TRPC7 in HEK 293 cells (19). As shown in
Fig. 1, in nominally Ca**-free solution, 2 uM TG evoked
Ca® mobilization from the ER, causing a transient in-
crease in [Ca**); that promptly returned to near baseline.
In the TG-treated HEK293 cells expressing GFP as a -
control, addition of 10 nM ET-1 after restoration of ex-
tracellular Ca** to 2 mM did not produce further increase
in [Ca™]; (Fig. 1A), indicating that ETAR stimulation
fails to elicit either Ca®* release from the Ca®" store,
SOCE, or ROCE in cells not transfected with TRPC
channel. Similar results were obtained in the TG-treated
cells stably expressing TRPCI-GFP (Fig. IB) and
TRPC4-GFP (Fig. 1D). On the other hand, stimulation of
ETAR with 10 nM ET-1 elicited Gd**-insensitive ROCE
in the TG-treated cells expressing TRPC3-GFP (Fig.
1C), TRPC5-GFP (Fig. 1E), TRPC6-GFP (Fig. 1F), and
TRPC7-GFP (Fig. 1G) in a different manner. The ROCE
via TRPC3-GFP consists of a transient peak (145.1 + 13.6
nM, n=5) and a subsequent sustained increase (47.2 £
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Fig. 1. Representative traces for thapsigargin (TG)-induced SOCE and ETsR-activated ROCE after store depletion in the pres-
ence of 10 #M Gd*' in GFP- (A), TRPC1- (B), TRPC3- (C), TRPC4- (D), TRPCS- (E), TRPCG- (F), and TRPC7- (G) transfected
HEK293 cells stably expressing human ETsR. TG (2 M)-induced Ca** release from ER in nominally Ca™-free medium followed
by SOCE upon restoration of 2 mM extracellular Ca®’. ROCE was triggered by stimulation of ET4R with 10 nM endothelin-1

(ET-1) 12 min after the addition of extracellular Ca*'.

5.2 nM, n =5), while the transient influx via TRPC6-
GFP (324.7 = 29.2 nM, n = 5) and TRPC7-GFP (36.2 =
3.4 nM, n=15) was not accompanied by a sustained
phase. Unlike TRPC6-GFP and TRPC7-GFP, ROCE via
TRPCS5-GFP was composed of a transient phase and a
weak but significant sustained phase (155.2 +17.2 nM
for the initial phase and 31.7 = 1.0 nM for the sustained
phase, n=5). These results suggest that TRPC3-GFP,
TRPC5-GFP, TRPC6-GFP, and TRPC7-GFP are in-
volved in ROCE induced by stimulation of ET4R. In the
present study, we focused on TRPC3- and TRPC6-medi-
ated ROCE, since these channels are known to play an
important role in onset and development of idiopathic
pulmonary arterial hypertension (IPAH) that is associ-
ated with an increase in endogenous ET-1 and/or its re-
ceptor (26, 27).

Figure 2 summarizes the concentration-response
curves for transient and sustained Ca** influx via TRPC3-
GFP and transient Ca® entry via TRPC6-GFP. The esti-
mated pECs, values for ET-1-induced transient and
sustained increase in [Ca®]; via TRPC3-GFP were
9.75+0.15 and 9.42 + 0.17 (n = 4), respectively, and the

value for transient Ca® influx via TRPC6-GFP was
9.14 £ 0.06 (n = 4). To determine molecular mechanisms
responsible for activation of TRPC3-GFP and TRPC6-
GFP, subsequent experiments focused on the responses
to ET-1 at 10 nM.

As described above (Fig. 1), the TRPC3-mediated
ROCE consists of a transient peak and a subsequent
sustained increase, while the TRPC6-mediated transient
ROCE was not accompanied by a sustained phase. This
finding suggests the possibility that the sustained Ca*
influx via TRPC6 does not occur, since TRPC6 is rapidly
inactivated by stimulation of ETAR. To examine this
possibility, we used the ET-1-induced Ca®" release from
the ER/Ca*"-restoration protocol. In ETsR-transfected
HEK293 cells expressing GFP, TRPC3-GFP, or TRPC6-
GFP, in nominally Ca®-free solution containing 10 UM
Gd™, 10 nM ET-1 induced Ca®** release from the ER,
resulting in a transient increase in [Ca™}; that quickly
returned to near baseline. There was no significant differ-
ence in the transient increases in [Ca*"]; between them
(Supplementary Fig. 1A: available in the online version
only). The sustained increase in [Ca®*'); in TRPC3-ex-
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pressed cells was slightly higher than that in the cells
expressing GFP or TRPC6. The restoration of extracel-
lular Ca™ to 2 mM after addition of 10 nM ET-1 evoked
transient and sustained Ca®” entry in these cells. Interest-
ingly, the Ca® responses in TRPC3-expressing cells
were bigger than those in GFP-expressing cells, whereas
there was no significant difference in the Ca®” responses
between GFP-expressing and TRPC6-expressing cells
(Supplementary Fig. 1B: available in the online version
only). The TRPC3-mediated transient Ca*" influx was
insensitive to 10 uM Gd** (666.7 = 72.4 nM in the ab-
sence of Gd*" and 693.9 + 95.8 nM in the presence of 10
uM Gd**, n = 4 for each), ruling out the involvement of
SOCE. Thus, overexpression of TRPC6 had no effect on
Ca* influx induced by the ET-1-induced Ca** release/
Ca**-restoration protocol, in contrast to ET-1-induced,
TRPC6-mediated ROCE after the TG-induced Ca**-de-
pletion/Ca**-restoration (Fig. 1F). These results indicate
that ETAR stimulation inactivates TRPC6, leading to the
failure to induce sustained Ca®* entry.

Determination of signaling molecules responsible for
TRPC3- and TRPC6-mediated Ca’™ entry in response to
ET R stimulation by using several types of inhibitors

To determine signaling molecules regulating the
TRPC3- and TRPC6-mediated Ca®* entry, we examined
the effects of several types of inhibitors on ROCE in-
duced by ET4R stimulation. As shown in Fig. 3, TRPC3-
and TRPC6-mediated Ca”* entry triggered by ET-1 was
significantly inhibited by either 1 uM YM-254890 (a G,
protein inhibitor) (7.0% % 1.9% of the control Ca*" re-
sponse for TRPC3; 1.8% = 0.3% for TRPC6, n= 5 for
each) or 3 M U-73122 (a PLC inhibitor) (31.4% % 7.9%
for TRPC3, 32.7% + 7.2% for TRPC6, n =5 for each).
In addition, 30 uM W-13, a CaM inhibitor, greatly re-
duced ET-1-induced ROCE via TRPC3 (18.9% = 3.5%,
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Fig. 3. Effects of YM-254890, U-73122, and W-13 on TRPC3- and
TRPC6-mediated transient Ca* influx triggered by 10 nM ET-1. Data
are presented as the mean + S.E.M. of the results obtained from 4 - 6
experiments. ¥*P < 0.01 vs. its vehicle.

n=4) and TRPC6 (12.3% + 2.2%, n = 4), contrary to a
previous report where CaM negatively regulated the ac-
tivities of TRPC3 (16) and TRPC6 (18).

Both TRPC3 and TRPC6 are reported to be activated
by elevated endogenous DAG or application of a mem-
brane-permeable DAG analogue, OAG (11). As shown
in Supplementary Fig. 2 (available in the online version
only), addition of 100 uM OAG to extracellular solution
induced an increase in [Ca*"]; (63.2 = 4.9 nM for TRPC3-
GFP and 87.4 + 8.5 nM for TRPC6-GFP, n = 5 for each).
Although, either 1 M YM-254890 or 3 M U-73122
had no effect on OAG-induced Ca** influx via TRPC3
and TRPC6, the responses to OAG were inhibited by 30

4M W-13 (Supplementary Fig. 3: available in the online
version only).



Characterization of ET,R-Operated TRPC 301

Importance of CIRB domain in subcellular localization
and channel activity of TRPC3 and TRPC6

The CIRB domain present in the C terminus of TRPC
protein (i.e., residues 749 — 783, ESHSFNSILNQPTRY
QQIMKRLIKRYVLKAQVDKE for TRPC3 and 840 —
874, EDYHLNSFSNPPRQYQKIMKRLIKRYVLQAQ
IDKE for TRPC6) is conserved among all TRPC homo-
logues (17). To gain insight into the role of the CIRB
domain of the TRPC3 and TRPC6 in regulating either
channel activity or intracellular localization, we made
GFP-tagged CIRB domain deletion mutants of TRPC3
(TRPC3(4749-783)-GFP) and TRPC6 (TRPC6(A4840-
874)-GFP). ‘

To estimate the channel activity of the CIRB domain
deletion mutants, we have performed a [Ca**]; measure-
ment study. These experiments revealed that
TRPC3(4749-783)-GFP (Fig. 4A) and TRPC6(A4840-
874)-GFP (Fig. 4B), both of which lack the CIRB do-
main, completely lost their ability to trigger ETAR-oper-
ated Ca® influx, whereas wild-type TRPC3 and TRPC6
induced the ROCE upon ETxR stimulation. Similarly,
the OAG-induced Ca™ entry was significantly depressed
in the CIRB domain—deletion mutants of TRPC3 and
TRPC6, when compared with its wild type (Supplemen-
tary Fig. 4: available in the online version only).

TRPC3 and TRPC6 expressed in HEK293T cells are
reported to be present mainly on the plasma membrane
(28). In our experimental systems, TRPC3-GFP (wild-
type) and TRPC3(4749-783)-GFP were distributed dif-
fusely throughout the cytosol as well as in punctate ve-
sicular structures (Fig. 5A). Wild-type TRPC6-GFP was
mainly targeted to the plasma membrane, whereas
TRPC6(4840-874)-GFP was present in the cytoplasm
(Fig. 5B). The fluorescence of GFP observed with confo-
cal microscopy seems to reflect the localization of TRPC
proteins but not that of GFP itself derived from the deg-
radation of fusion proteins with GFP (29), since western
blot analysis detects no signal of GFP (approximately 27
kDa) (data not shown). This is also supported by the
findings that the GFP protein alone diffuses passively
through the pores of the nuclear envelope due to its low
molecular mass of 27 kDa and it is mainly localized in
the nucleus rather than the cytoplasm and plasma mem-
brane (30).

Plasma membrane localization of wild-type and mutant
TRPC3 and TRPC6

To clarify whether the abolition of ET,R-mediated
ROCE was due to failure of mutant channels to distribute
to the plasma membrane, we compared quantitatively the
expression levels of these channels localized on plasma
membrane by using cell surface biotinylation experi-
ments. We first confirmed that f-actin and GAPDH, both

of which are cytosolic proteins as a negative control for
surface expression, were not biotinylated (data not
shown), indicating that this method allows us to estimate
specifically cell surface biotinylation of TRPC3 and
TRPC6 proteins. We detected biotinylated TRPC3 and
TRPC6 proteins in cells expressing wild-type and the
CIRB domain deletion mutant (Fig. 6A). Notably, the
levels for biotinylated and total proteins of mutant
TRPC3 were significantly higher than the values of wild-
type TRPC3: they were 336.5% +48.7% (n=4) and
279.0% £ 36.2% (n = 4), respectively, of the values for
wild-type (Fig. 6B). In contrast, mutant TRPC6 showed
lower levels for biotinylated (70.3% = 10.2%, n = 4) and
total proteins (69.8% = 10.4%, n = 4) compared with the
wild-type (Fig. 6C). However, there was no significant
difference between the ratio of mutant TRPC3 to wild-
type TRPC3 for biotinylated protein and the ratio of
mutant TRPC3 to wild-type TRPC3 for total protein (Fig.
6B). Similar results were obtained for wild-type and
mutant TRPC6 (Fig. 6C). These results indicate that the
deletion of CIRB domain does not inhibit targeting of
TRPC3 and TRPC6 to cell surface.

Effects of the CaM inhibitor W-13 on the levels of cell
surface TRPC3 and TRPC6

Finally, we attempted to clarify whether CaM plays an
important role in the targeting of TRPC3 and TRPC6 to
the plasma membrane. TG-induced Ca**-depletion/Ca’*-
restoration followed by ET 4R stimulation did not induce
significant changes in the levels of biotinylated TRPC3
and TRPCG6 (Fig. 7). In addition, pharmacological inhibi-
tion of CaM by 30 xM W-13, which suppressed the
TRPC3- and TRPC6-mediated ROCE (Fig. 3), had no
effect on cell surface biotinylation of TRPC3 and TRPC6.
Therefore, the inhibitory effects of the CaM inhibitor
W-13 on the ETAR-mediated ROCE were not due to de-
creases in surface expression of TRPC3 and TRPC6.

Discussion

Extracellular Ca* influx is an important machinery to
trigger various physiological and pathophysiological
events such as cell proliferation, cell differentiation,
neurotransmitter release, muscle contraction, apoptosis
and activation of immune cells. Non-excitable cells can
mainly utilize non-voltage gated, Ca**-permeable chan-
nels which are at least subdivided into two main types,
either SOCC activated by the depletion of ER or ROCC
activated by second messengers (e.g., DAG) generated
by activation of PLC-linked G,PCRs (31). Evidence is
accumulating that all seven TRPC homologs form SOCC
and/or ROCC by the homo- or hetero-multimerization of
TRPC subunits in a manner similar to voltage gated K*



