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Abstract. Overexpression of constitutively active (CA)-Gai; significantly increased the
expression of interleukin (IL)-1f and IL-6 mRNAs and proteins in rat cardiac fibroblasts. IL-1f
mRNA induction by CA-Gais was suppressed by diphenyleneiodonium (DPI), an NADPH
oxidase inhibitor, but not by BAPTA-AM, an intracellular Ca®* chelator. In contrast, IL-6 mRNA
induction by CA-Gai; was suppressed by BAPTA-AM but not by DPL. However, both IL-18
and IL-6 mRNA induction was suppressed by nuclear factor kB (NF-xB) inhibitors. The
CA-Gayps-induced NF-«B activation was suppressed by DPI and BAPTA-AM, but not C3
toxin and the Rho-kinase inhibitor Y27632. IL-6 mRNA induction by CA-Ga;3 was suppressed
by SK&F96365 (1-[f-[3-(4-methoxyphenyl)propoxy]-4-methoxyphenethyl]-1H-imidazole hydro-
chloride), an inhibitor of receptor-activated nonselective cation channels, and the expression of
CA-Ga,; increased basal Ca?* influx. These results suggest that Gays regulates IL-15 mRNA
induction through the reactive oxygen species-NF-xB pathway, while it regulates IL-6 mRNA
induction through the Ca**-NF-xB pathway.
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Introduction

Cardiac fibroblasts play a central role in maintaining
extracellular matrix in the normal heart (1). These cells
also mediate inflammatory and fibrotic myocardial
remodeling in the injured and failing heart. Cardiac
fibroblasts serve as intermediate sensors and amplifiers
of signals from immune cells and myocytes through
production of autocrine and paracrine mediators such as
cytokines, growth factors, prostaglandins, and nitric
oxide (1—5). These mediators induce cardiac hyper-
trophy and transition of cardiomyocytes to fibroblast
phenotype, causing cardiac dysfunction (1, 2).

Interleukins, such as interleukin-14 (IL-15) or IL-6,
are humoral factors that elicit hypertrophy of cardio-
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myocytes and hyperplasia of cardiac fibroblasts (4 —9).
In these cells, receptor stimulation such as angiotensin
(Ang) 1T (8) or endothelin-1 (9) increases IL-6 expres-
sion, and stimulation of S-adrenergic receptor (4) or 5-
hydroxytryptamine 2B (5-HT:s) receptor (5) increases
IL-18. These cytokines regulate phenotype and func-
tions of the heart in autocrine and paracrine manners.
Recent studies have suggested that these indirect actions
are the major mechanism by which Angll controls
cardiac fibroblasts (2, 8). We have previously reported
that stimulation of Angll receptor activates the «
subunit of heterotrimeric Gizns proteins (Gaizz),
leading to production of reactive oxygen species (ROS)
through Rac-dependent activation of NADPH oxidase
and that Goi213 mediate activation of nuclear factor of
activated T cells (NFAT) in rat cardiac fibroblasts (10).
As NFAT is reported to regulate IL-6 mRNA induction
in vascular smooth muscle cells (11), Gaip/1; signaling is
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assumed to participate in induction of cytokine mRNA
in cardiac fibroblasts. However, it has not been
examined whether Gay,q3 actually regulate cytokine
mRNA induction in cardiac fibroblasts.

The Gy, family G proteins, Gi, and Gis, couple with
various G protein-coupled receptors and mediate
physiological responses by interacting with different
signaling proteins (12). The involvement of Gaiznz in
cardiac hypertrophy by receptor stimulation has been
well recognized as the stimulation of aj-adrenergic
receptor (13), endothelin-1 receptor (14), or Angll
receptor (15) induces hypertrophy through Gaia/is-
dependent activation of c-Jun NH,-terminal kinase
(JNK). However, the physiological role of Gays
signaling in cardiac fibroblasts has not been established.

In this study, we examine whether Gay, /3 participate
in the induction of IL-18 and IL-6 mRNAs in cardiac
fibroblasts by expressing constitutively active (CA)
mutants of Gay; and Gays. This study is the first report to
demonstrate that activated Gays, but not Gay,, increases
IL-18 and IL-6 mRNAs expression through NF-xB-
dependent, but Rho-independent mechanisms in cardiac
fibroblasts. We further demonstrate that IL-1§ mRNA
induction by CA-Gays requires ROS, and IL-6 mRNA
induction by CA-Gau; requires the increase in basal Ca**
influx. ‘

Materials and Methods

Materials and recombinant adenoviruses

BAPTA-AM, cyclosporine A, and Y27632 were
purchased from Calbiochem-Novabiochem Co. (San
Diego, CA, USA). Catalase, diphenyleneiodonium (DPI),
and  1-[f-[3-(4-methoxyphenyl)propoxy]-4-methoxy-
phenethyl]-1H-imidazole hydrochloride (SK&F96365)
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). 6-(Phenylsulfinyl)tetrazolo{1,5-6] pyridazine
(R0-106-9920) was from Tocris Cookson, Ltd. (Bristol,
UK). Dulbecco’s Modified Eagle’s medium (DMEM)
and penicillin/streptomycin were from Invitrogen Co.
(Carlsbad, CA, USA) Fura2/AM was from Dojindo
(Kumamoto). Collagenase and FuGENE 6 were from
Roche Diagnostics (Mannheim, Germany). Dual-
luciferase Reagents were from Promega Co. (Madison,
WI, USA). pNF (nuclear factor)-xB-Luc and pRL-SV40
were from Stratagene Co. (La Jolla, CA, USA) Recom-
binant adenoviruses of CA-Gag (R183C), CA-Gar
(Q229L), CA-Gas (Q226L), C3 toxin, and IxBa mutant
were produced as described previously (10, 15).

Cell culture
Cardiac fibroblasts were prepared from ventricles
of 1 —2-day-old Sprague-Dawley rats, as described pre-

viously (16). Briefly, after digestion of ventricles with
0.1% coliagenase, isolated fibroblasts were plated on a
non-coated dish in DMEM containing 10% fetal bovine
serum and 50 U/ml penicillin/streptomycin.  Sub-
confluent cells were serum-starved for 48 h and used
for the experiments.

Measurement of IL-1f8 and IL-6 mRNAs expression

Three hours after adenoviral infection (300 multiplicity
of infection (MOI)) in serum-free medium, fibroblasts
(3x 10° cells) in 6 well dishes were treated with the
chemical inhibitors indicated in the figures. Total RNA
was extracted 36 h after infection with RNeasy Mini Kit
(Qiagen, Inc., Valencia, CA, USA) and RNase-free
DNase set (Qiagen), and then 150 ng (in the case of IL-
14 and IL-6) or 5 pg (in the case of 18 S rRNA) of total
RNA was subjected to real-time reverse transcriptase
PCR (RT-PCR) for quantitative measurement. Oligo-
nucleotide primers and fluorescent-labeled TagMan®
probes were designed with Primer Express software
(Applied Biosystems, Foster City, CA, USA). IL-18
(forward primer, 5-GATGATGACGACCTGCTAGTG
TGT-3";, reverse primer, 5-GACAGCACGAGGCAT
TTTTGT-3"; TagMan® probe, 5'-ATTAGACAGCTG
CACTGCAGGCTTCGAGAT-3"), IL-6 (forward
primer, 5'-CAACTTCCAATGCTCTCCTAATGG-3';
reverse primer, 5'-CCGAGTAGACCTCATAGTGACC
TTT-3'; TagMan® probe, 5-TCACAGAAGGAGTGG
CTAAGGACCAAGACC-3"), TagMan® 18 S rRNA
primers, and a 5'-VIC™-labelled probe were used
according to the manufacturer’s instructions (Applied
Biosystems). All reactions were performed in TagMan®
One-Step RT-PCR Master Mix Reagents (Applied
Biosystems) and the Applied Biosystems 7500 Real-
Time PCR System (Applied Biosystems). The 18 S
ribosomal RNA was used as an internal control to
normalize the differences in the amount of total RNA in
each sample.

ELISA for IL-18 and IL-6

ELISA kits for Rat 11.-18 and 1L-6 were purchased
from Pierce (Rockford, IL, USA) and Immuno-Bio-
logical Laboratories (Hamburg, Germany), respectively.
Assays were performed according to the manufacturer’s
instructions.

Measurement of NF-xB activation

Two hours after adenoviral infection (100 MOI) in
serum-free medium, fibroblasts (3 x 10° cells) in 24-well
dishes were transiently co-transfected with 0.45 ug
pNF-xB-Luc and 0.05 ug pRL-SV40 control plasmid,
using Fugene 6 (10). Luciferase activity was measured
48 h after transfection with Dual-luciferase Reagents.
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Intracellular Ca®* measurement

The intracellular Ca®* concentration ([Ca®]) of
cardiac fibroblasts was determined by the previously
described method (10). Briefly, cells (1 x 10°) were
plated on glass-bottom, 35-mm dish and were loaded
with 1 uM fura-2/AM in the cultured medium at 37°C
for 30 min. The cells were washed with Tyrode solution
containing 118 mM NaCl, 5.4 mM KCI, 2 mM CaCl,
2mM MgCh, 10mM Hepes (pH7.4), 0.33mM
NaH,POs, 10 mM glucose, and 30 mM taurine. Fluores-
cence images of GFP-positive cells were recorded
and analyzed with a video image analysis system (Aqua-
cosmos, Hamamatsu Photonics Co., Shizuoka). Resting
[Ca®}; levels in CA-Gays-expressing cells were similar
(60—90 nM) to GFP-expressing cells as analyzed by in
vivo calibration. )

Statistical analyses

The results are presented as the mean+ S.E.M. The
data were accumulated under each condition from at
least three independent experiments. For the measure-
ment of [Ca>];, data of time course experiments were
plotted from one of three similar experiments that were
performed with more than 30 cells. The P values are the
results of one way ANOVA followed by Bonferroni’s
t-test. In the ELISA assay, the P values are the results of
Student’s 7-test.

Results

Activated Goys increases IL-1B and IL-6 mRNAs expres-
sion in cardiac fibroblasts '

To examine whether G proteins are involved in cyto-
kine production in cardiac fibroblasts, various CA
mutants of Ga were expressed at 300 MOL. Among the
various CA mutants, CA-Gai; increased IL-15 mRNA
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Fig. 1. Activated Gays increases 1L-1/ and IL-6 mRNAs expression
in cardiac fibroblasts. Cells were infected with LacZ, CA-Ga,,
CA-Gays, or CA-Gays at 300 MOI, and IL-18 (A) and IL-6 (B)
mRNAs expression were determined (n=11). The fold increases
were calculated by the values of CA-Gas-expressing cells set as 1.
*#P<0.05, **P<0.01 vs LacZ-expressing cells.

expression by 6.3-fold and IL-6 mRNA expression by
15-fold, compared to LacZ-expressing cells (Fig. 1). The
expression of CA-Gay; did not increase IL-15 and IL-6
mRNAs. Although CA-Ga, significantly increased IL-
18 mRNA expression, the increase in IL-6 mRNA
expression by CA-Ga, was not significant. These results
suggest that Gois predominantly regulates the induction
of IL-15 and [L-6 mRNAs in cardiac fibroblasts.

Involvement of NF-xB in activated Gos-induced cyto-
kine mRNA induction

It has been reported that the promoter regions of IL-18
and IL-6 contain a putative NF-xB binding site (17, 18).
Thus, we next examined whether NF-xB is involved in
CA-Gays-induced expression of IL-1f and IL-6 mRNAs
in cardiac fibroblasts. The induction of IL-14 and IL-6
mRNAs by CA-Gay; was significantly suppressed by
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Fig. 2. Involvement of NF-xB, NFAT, ROS, or Ca® in the induc-
tion of IL-15 and IL-6 mRNAs and proteins by Gau; activation. A, B:
Cardiac fibroblasts were infected with LacZ and CA-Gais at
300 MOI or co-infected with CA-Gays at 300 MOI and IxBom at
100 MOL. Three hours after infection, cells were treated for 33 h
with 3uM DPI, 4uM Ro-106-9920 (RO), 3uM BAPTA-AM
(BAPTA), or 500 ng/ml cyclosporine A (CsA), and IL-18 (A) or IL-
6 (B) mRNA expression were determined (n=3~6). C, D: Three
hours after infection of CA-Goys at 300 MOI, cells were treated for
33 h with 3 uM DPI or 3 uM BAPTA, and the concentration of IL-18
(C) or IL-6 (D) protein in cultured medium were determined by
ELISA assay (n=3). The fold increases were calculated by the
values of CA-Gais-expressing cells set as 1. *¥P<0.01 vs CA-Gays-
expressing cells.



Cytokine Induction by Gai; Activation 147

treatment with 4 uM Ro-106-9920, a selective inhibitor
of IxB phosphorylation, or by the expression of a non-
phosphorylated form of IkBa (IkBam) at 100 MOI
(Fig. 2). These results suggest that NF-xB regulates
the induction of IL-18 and IL-6 mRNAs by CA-Ga;s.

Involvement of Ca** in the induction of IL-6 mRNA
and protein by Ga,; activation

Abbottetal. reported that NFAT functions as a
cofactor of NF-«xB signaling, leading to IL-6 mRNA
induction by ATP receptor stimulation in vascular
smooth muscle cells (11). We have previously demon-
strated that the expression of CA-Gay; induces NFAT
activation in cardiac fibroblasts (10). As NFAT activity
is exclusively regulated by [Ca®];, we investigated the
involvement of Ca®* in CA-Gays-induced mRNA expres-
sion of IL-1§ and IL-6. Treatment with 3 uM BAPTA-
AM, an intracellular Ca** chelator, significantly sup-
pressed IL-6 mRNA induction by CA-Gays, but not 1L~
18 mRNA induction (Fig. 2: A and B). In addition, the
treatment with 500 ng/ml cyclosporine A, an inhibitor
of calcineurin, also suppressed IL-6 mRINA induction by
CA-Gais. However, cyclosporine A did not affect IL-15
mRNA induction by CA-Gays. As shown in Fig.2, C
and D, the expression of CA-Gas; increased the amounts
of IL-1f in cultured medium by 2.2-fold (from 11.5 to
249pg/ml) and IL-6 by 2.8-fold (from 8.7 to
24.7 pg/ml), compared to LacZ-expressing cells. Treat-
ment with 3 uM BAPTA-AM completely suppressed
the induction of IL-6 protein by CA-Gaus, but not the
induction of IL-15 protein. Furthermore, 3 uM BAPTA-
AM significantly suppressed CA-Gays-induced NF-xB
activation (Fig.3). These results suggest that Ca®'-
dependent NFAT and NF-xB activation by Gais acti-

-
[9;]
1

-
<
Y.

NF-xB activity
(fold vs CA-Galys)
[}
&

Fig. 3. Involvement of ROS and Ca*' in NF-xB activation induced
by Gay; activation. Cells were infected with LacZ and CA-Gay; at
100 MOI. Forty-two hours after infection, cells were treated for
6 h with 3 uM DPI, 100 U/ml catalase, 3 M BAPTA-AM (BAPTA),
or 30uM SK&F96365 (SK&F) (n=4-8). The fold increases
were calculated by the values of CA-Goys-expressing cells set as 1.
#%P<().01 vs CA-Gas-expressing cells.

vation mediates the induction of IL.-6 mRNA and pro-
tein, but not IL-~15.

Involvement of ROS in the induction of IL-1 and IL-6
by Gay; activation

A variety of evidence has suggested that ROS regulate
NF-xB activity in mammalian cells (3). Thus, we next
examined whether ROS participate in Gas-induced
NF-xB activation and cytokine induction in cardiac
fibroblasts. Treatment with 3 uM DPI, an inhibitor of
NADPH oxidase, suppressed the induction of IL-18
mRNA and protein by CA-Gay; (Fig.2: A and C).
Although, the treatment with 3 uM DPI did not affect
the CA-Gays-induced expression of IL-6 mRNA, DPI
inhibited the increase in IL-6 protein by CA-Gays.
Furthermore, the CA-Gags-induced NF-xB activation
was also suppressed by 3 uM DPI or 100 U/ml catalase,
an H,0,-degradating enzyme (Fig.3). These resuits
suggest that ROS mediate CA-Gais-induced increases
in NF-«B activity and induction of IL-15 mRNA, 1L.-18
protein, and IL-6 protein.

Rho and Rho-kinase are not involved in IL-18 and IL-6
mRNAs induction by Gay; activation

It is generally thought that Gais-induced responses
are exclusively mediated by small G protein Rho (19).
However, the expression of C3 toxin at 100 MOI or
treatment with 10 uM Y27632, a Rho-kinase inhibitor,
did not affect the CA-Gays-induced increases in 1L-18
and IL-6 mRNAs and NF-«B activation (Fig. 4). These
results suggest that Rho and Rho-kinase do not partici-
pate in Gais-induced NF-xB activation and induction of
IL-18 and IL-6 mRNAs.

Increased Ca** influx by Gay; activation

Our previous study has demonstrated that the expres-
sion of CA-Rho and CA-Rac promotes nuclear trans-
location of NFAT4 in cardiac fibroblasts (10). On the
other hand, the present data indicate that Gay; induces
NF-«B activation and IL-6 mRNA expression in a Ca*'-
dependent but Rho/Rho-kinase-independent mecha-
nisms. As shown in Fig.3, treatment with 30 uM
SK&F96365, an inhibitor of receptor-activated non-
selective cation channels (20), significantly suppressed
NF-xB activation induced by CA-Gais. These results
suggested that Gay; increases membrane Ca**-permeable
channel activity that is not regulated by Rho and Rho-
kinase. To examine whether Gai; regulates Ca?* perme-
ability in a Rho-independent manner, we determined the
basal Ca** influx in CA-Ga;s-expressing cardiac fibro-
blasts. Under the basal conditions in normal Tyrode
solution, [Ca®]; in CA-Gays-expressing cells was similar
(about 60 — 90 nM) to that in green fluorescent protein
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Fig.4. Rho-and Rho-kinase-independent increases in IL-18 and
IL-6 mRNAs induction by Gas activation. Cells were infected with
LacZ and CA-Gay; at 300 MOl or co-infected with CA-Goys at
300 MOI and C3 toxin at 100 MOL Three hours after infection, cells
were treated with 10uM Y27632, and IL-18 (A) and IL-6 (B)
mRNAs expression was determined (n=4-5). C: Effects of C3
toxin and Y27632 on CA-Gairinduced NF-xB transcriptional
activity were also determined. Forty-two hours after infection, cells
were treated for 6 h with 10uM Y27632, and NF-xB-dependent
Tuciferase activity was determined (n=4). The fold increases were
calculated by the values of CA-Gous-expressing cells set as 1.

(GFP)-expressing control cells. The resting [Ca®]i of
CA-Gays-expressing cells was decreased by removal of
extracellular Ca**, which was similar to the [Ca™];
level of control cells. The addition of 2 mM extracellular
Ca?* significantly increased [Ca®"]; of CA-Gays-express-
ing cells (Fig. 5). This increase in [Ca™]; was completely
suppressed by 30uM SK&F96365. These results
suggest that Ca®* influx is constitutively increased in
CA-Ga-expressing cells.

Discussion

In this study, we demonstrated that Gaus activation
increased the expression of IL-14 and IL-6 mRNAs and
promotes the release of IL-14 and IL-6 proteins from
cardiac fibroblasts (Figs. 1 and 2). It is generally thought
that Gay, and Gas share common signaling pathways to
induce cellular responses (19). However, the induction
of these cytokine mRNAs was rather specific for Gais
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Fig. 5. Increases in basal Ca*' influx induced by Ga; activation.
Four minutes after Ca®' measurement in Ca*'-free solution, basal Ca®'
influx was evaluated by the addition of 2mM Ca*, and [Ca®']; was
determined. SK&F96325 (SK&F, 30 uM) was treated for 10 min
before the addition of extracellular Ca®'. Representative time courses
of Ca* responses in cardiac fibroblasts expressing GFP (A) or
CA-Gays without (B) or with (C) SK&F are shown in the figure.
D: The amplitude of maximum [Ca®'); rises (4Ratio) induced by the
addition of 2 mM extracellular Ca*' was also calculated. **P<0.01 vs
CA-Gas-expressing cells.

(Fig. 1). We also found that the Ga, signaling pathway
was also involved in the expression of IL-15 mRNA in
cardiac fibroblasts. Thus, our results suggest that both
Gaq and Gais regulate the expression of IL-18 mRNA,
while only Gais regulates the expression of IL-6 mRNA
in rat neonatal cardiac fibroblasts.

Our results also demonstrated that NF-xkB was
involved in the induction of both IL-18 and IL-6
mRNAs. The NF-xB activity was dependent on [Ca®'];,
as BAPTA-AM totally inhibited the activation (Fig. 3).
However, the induction of IL-1f mRNA was not
inhibited by BAPTA-AM, and the expression of IL-6
mRNA was partially inhibited by BAPTA-AM (Fig. 2:
A and B). This apparent discrepancy may be explained
by the several transcriptional factors involved in
cytokine gene expression. The analysis of promoter
regions of IL-18 and IL-6 genes shows that these regions
contain several DNA binding sites for several transcrip-
tional factors in addition to NF-xB, for instance AP-1,
a ROS-sensitive transcriptional factor, and NFAT, a
Ca®-sensitive transcriptional factor. These transcrip-
tional factors synergistically regulate the transcription of
cytokine mRNAs. We previously reported that CA-Gaus
increases NFAT and AP-1 transcriptional activities in
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cardiac fibroblasts (10). Furthermore, the present results
indicate that the induction of IL-1f mRNA by Gay;
activation is mediated by ROS-dependent NF-xB acti-
vation, and that of IL-6 mRNA is mediated by Ca?'-
dependent NF-xB activation (Figs.2 and 3). This
implies that there are two kinds of NF-xB, which is
functionally compartmentalized and respond separately
to ROS or Ca*". We suggest that the expression of IL-15
mRNA induced by CA-Gays requires a ROS-responsive
NF-«kB and AP-1 pathway, while IL-6 mRNA requires
a Ca™-responsive NF-xB and NFAT pathway, even
though both species of NF-«kB synergistically regulate
the NF-xB-dependent luciferase activity.

The amount of 1L.-1§ released into culture medium
was increased by CA-Gay;, and this increase was
inhibited by DPI (Fig. 2C). Thus, the inhibition of the
expression of IL-1f protein by DPI was explained by the
inhibition of mRNA induction. In contrast to IL-14, the
amount of [L-6 in culture medium but not the induction
of IL-6 mRNA was inhibited by DPI (Fig. 2D). There-
fore, DPI may inhibit the step(s) at translation and/or
secretion of IL-6 protein,

As DPI suppressed Gajs-induced IL-18 mRNA induc-
tion, Gays-induced ROS production may occur through
NADPH oxidase activation. On the other hand, we
have previously demonstrated that Rho and Rho-kinase
mediate Rac-dependent NADPH oxidase activation
upon AngIl receptor stimulation (10, 15). However,
Rho and Rho-kinase did not participate in CA-Gas-
induced NF-xB activity and cytokine mRNAs induction
(Fig. 4). Thus, the Rho-independent pathway leading to
NADPH oxidase activation may be activated by Gais
activation in cardiac fibroblasts.

In non-excitable cells, voltage-independent receptor-
activated nonselective cation channels, including store-
operated Ca®* channels and transient receptor potential
(TRP) channels, regulate basal Ca* influx (21). In
fact, the CA-Gays-induced increases in [Ca®]; were
completely suppressed by the treatment with
SK&F96365. Thus, these results suggest that Gous-
induced increase in Ca®* influx is mediated by conti-
nuous activation of the nonselective cation channels in
rat cardiac fibroblasts. This idea is in part supported by
the previous report that stimulation of endothelin-1
receptor increased sustained Ca®* influx through acti-
vation of Gy, family G protein in rat arterial smooth
muscle cells (20). We have previously reported that
Racl is involved in JNK activation by regulating [Ca*'];
in the H9¢2 myoblast cell line (22). We have also
demonstrated that Gay; activation by Ang Il receptor
stimulation increases Rac activity in cardiomyocytes
(10, 15). However, the expression of CA-Racl did not
affect IL-6 mRNA induction (data not shown). There-

fore, another mechanism should be involved in Gays-
induced activation of Ca® signaling. Further study is
necessary for understanding the mechanism of sustained
increase in the resting [Ca*']; induced by Gas stimula-
tion.

We also examined the effects of SK&F96365 on IL-
1/ and IL-6 mRNAs expression. However, the treatment
of cells with SK&F96365 increased the basal expression
of these cytokine mRINAs for yet unknown reasons (data
not shown). Although SK&F96365 inhibited the further
increases in these mRNAs expressions, the inhibition
was partial. SK&F96365 also inhibited the increases in
[Ca*}; and NF-xB activity. However, these inhibitions
were not reflected by inhibition of mRNA expression.
The expression of dominant negative forms of TRP
channels or the suppression of TRP expression by RNAI
may be necessary to demonstrate the involvement of
TRP channels in IL-15 and IL-6 mRNAs expressions.

Several receptors are reported to couple to one or both
members of the Gy, family G proteins, based on direct or
indirect methods of evaluating G protein activation (23).
These receptors include angiotensin typel (ATI)
receptor, endothelin-1 receptor, lysophosphatidic acid
receptor, and 5-HT receptor. In the present study, we
have demonstrated that Gay; activation increases the
expression of IL-1f and IL-6 mRNAs and proteins in
cardiac fibroblasts. As the stimulation of 5-HT
receptor or AT1 receptor has been reported to increase
IL-18 or IL~6 production (5, 8), Gas signaling pathways
may participate in receptor-stimulated cytokine produc-
tion in cardiac fibroblasts. We have not yet examined
whether Gis-coupled receptor stimulation actually
increases the expression of IL-18 and IL.-6 mRNAs and
proteins through the above pathways. Further studies
will be necessary for the understanding of roles of Gays
signaling pathways in cytokine induction of cardiac
fibroblasts.

A recent report has suggested that the strength of
receptor signaling is centrally controlled through a
cooperative loop between Ca** and an oxidant signal in
B lymphocytes (24). We have previously demonstrated
that both ROS and Ca®* are required for Giy/13-mediated
NFAT activation upon Ang Il receptor stimulation in
cardiac fibroblasts (10). Thus, ROS and Ca** generated
by Gai; activation may cooperatively control the
amplitude and duration of Gis protein-coupled receptor
signaling in cardiac fibroblasts.

In conclusion, we have demonstrated a signal trans-
duction pathway of Gays-induced increases in IL-18
and IL-6 mRNAs expression through NF-«B activation.
NF-xB activation is regulated by both ROS and Ca®".
However, these two signaling mediators distinctly
regulate cytokine mRNA induction: ROS mediate IL-15
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mRNA induction and Ca®>* mediates IL-6 mRNA induc-
tion. The involvement of Gays in cytokine mRNA induc-
tion in cardiac fibroblasts will provide a new insight into
the cell-cell communication between cardiomyocytes
and cardiac fibroblasts.
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Nitric oxide activates TRP channels by cysteine

S-nitrosylation

Takashi Yoshidal-3, Ryuji Inoue?, Takashi Morii®, Nobuaki Takahashi', Shinichiro Yamamoto®, Yuji Haral,
Makoto Tominaga®?, Shunichi Shimizu®, Yoji Sato” & Yasuo Mori'

Transient receptor potential (TRP) proteins form plasma-membrane cation channels that act as sensors for diverse cellular stimuli.
Here, we report a novel activation mechanism mediated by cysteine S-nitrosylation in TRP channels. Recombinant TRPC1, TRPC4,
TRPC5, TRPV1, TRPV3 and TRPV4 of the TRPC and TRPV families, which are commonly classified as receptor-activated channels
and thermosensor channels, induce entry of Ca2* into cells in response to nitric oxide (NO). Labeling and functional assays using
cysteine mutants, together with membrane sidedness in activating reactive disulfides, show that cytoplasmically accessible Cys553
and nearby Cys558 are nitrosylation sites mediating NO sensitivity in TRPC5. The responsive TRP proteins have conserved
cysteines on the same N-terminal side of the pore region. Notably, nitrosylation of native TRPC5 upon G protein—coupled ATP
receptor stimulation elicits entry of Ca?* into endothelial cells. These findings reveal the structural motif for the NO-sensitive
activation gate in TRP channels and indicate that NO sensors are a new functional category of cellular receptors extending over

different TRP families.

Tonized caldum (Ca?*) is the most common signal-transduction
molecule in cells ranging from bacteria to brain neurons. Ca?t is
derived from two sources: from outside of cells, Ca?* enters by passing
through Ca?*-permeable channels in the plasma membrane; from the
inside of cells, it can be released from the endoplasmic reticulum (ER)
through channels embedded in internal membrane networks. Groups
of plasma membrane channels that are permeable to Ca?* (or cations
in general) act as sensors by translating cellular stimuli into electrical
signals—namely membrane potential changes—or chemical signals
such as changes in intracellular Ca®* concentration ([Ca?*])*™*

4515y Drosophila melanogaster TRP protein and its homologs are putative

six-transmembrane polypeptide subunits that assemble into tetramers
to form channels. In mammalian systems, TRP channels comprise six
related protein subfamilies: TRPC, TRPV, TRPM, TRPA, TRPP and
TRPML (ref. 5).

TRP channels are activated by diverse stimuli, including receptor
stimulation, heat, osmotic pressure, and mechanical and oxidative
stress from the extracellular environment and from inside the cell®*,
The TRPC homologs are receptor-activated Ca’*-permeable cation
channels (RACCs) that are activated upon receptor stimulation that
induces phospholipase C (PLC) to hydrolyze phosphatidylinositol-4,5-
biphosphate (PIP,) into inositol-1,4,5-trisphosphate (IP3) and diacyl-
glycerol®”. RACCs include store-operated channels (SOCs) activated
by IP;-induced Ca®* release and depletion of ER Ca®* stores. Among
seven TRPC homologs (TRPC1, TRPC2, TRPC3, TRPC4, TRPC5,

TRPC6 andTRPC7), TRPC1, TRPC3 and TRPC4 form SOCs, whereas
TRPC5, TRPC6, TRPC7 and some TRPC3 channels are distinguish-
able from SOCs. In contrast to TRPCs, TRPV Ca?'-permeable
channels can be functionally defined as thermosensors *%8°.
TRPV1, which was originally identified as the receptor for the
vanilloid compound capsaicin, is responsive to heat (>43 °C), to
proton concentration (pH < 5.6), to the intrinsic ligand anandamide
and to PLC-linked receptor stimulation®. High temperature’ also
activates TRPV2 (>52 °C), TRPV3 (>31 °C or >39 °C) and
TRPV4 (>27 °C). TRPV5 and TRPV6 comprise a different subfamily
because they are activated by [Ca?*]; (refs. 3,5). Thus, characteristic
activation triggers functionally distinguish sensor cation channels
formed by molecularly distinct TRPC- and TRPV-family proteins.
NO is another pleiotropic cell signaling molecule that controls
diverse biological processes'®!!. According to the classical view, cyclic
GMP is the mediator of NO signaling. However, the importance
of a cGMP-independent pathway through protein S-nitrosylation is
increasingly’ recognized by researchers in the field of NO signal
transduction!®!!, Because nitrosothiols are exceptionally labile
owing to their reactivity with intracellular reducing reagents such
as ascorbic acid, S-nitrosylation functions as a reversible post-
translational modification analogous to phosphorylation. Cysteine
modifications of proteins are also elicited by other NO-related species,
reactive oxygen species, glutathione disulfide and free sulfhydryl-
specific reactive disulfide!!!2. However, these modifications are rather
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Figure 1 -NO activates TRPC5-mediated Ca2* response. (a,b) [Ca®*]; rises (340:380-nm fluorescence
ratio; F340/F380) evoked by SNAP (a) and H,05 (b) applied during periods indicated by shaded bars
in the presence of 2 mM extracellular Ca2*. Representative time courses (left) and dose-response
relationships of maximal [Ca2*]; rises (AF340/F380) (right) in HEK cells transfected with TRP
homologs or vector (n = 6-61). Data points are mean + s.e.m. (c) Maximal [CaZ*]; rises induced

by NOR3 and SIN-1 (n = 19-31). ***P < 0.001.
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eNOS activation in endothelial cells and other
cell typesl*16. However, it is still unclear
whether activation of eNOS requires specific
modes of upstream Ca?"-mobilizing mechan-
ism or RACC subtypes formed by particular
TRPCs (refs. 16-20), wheréas NMDA (N-
methyl-D-aspartate) receptors in neurons and
L-type voltage-dependent Ca®* channels in
muscles are known to conduct nNOS-activat-
ing Ca?* influx?!. Feedback regulation of Ca%*
signaling by NO remains even more elusive?2:
both positive?2° and negative?®?’ regulation
by NO of Ca?" mobilization pathways inchud-
ing RACCs has been reported. Physiological
protein targets for cysteine S-nitrosylation
include postsynaptic NMDA receptors and
skeletal-muscle  ryanodine-receptor ~ Ca?*
release channels!l. However, these channels
involved in Ca?* signaling are very restricted
in tissue distribution and have specific physio-
logical functions, compared with the widely
recognized generality of NO signaling via
protein S-nitrosylation, Ca?* signaling, and
their cross talk. Therefore, to understand
more general molecular mechanisms that
link the two key signals, S-nitrosylation targets

pathophysiological, although they can be viewed as existing on a
continmm that relates concentrations of reactive species to the form
and consequences of modification. Thus, S-nitrosylation alone
conveys physiological redox-based cellular signals®.

Ca?* and NO signals are precisely coordinated with each other.
Among three distinct isoforms of NO synthases (NOSs) responsible for
NO production, [CaZ*); elevation is essential for activation of Ca?*-
dependent endothelial NOS (eNOS) and neuronal NOS (nNOS)13,
Furthermore, IP;-induced Ca?* release and RACC-mediated Ca?*
influx via PLC activation is efficiently evoked upon receptor stimula-
tion by physiological agonists such as vasodilators, thereby leading to

HOOC,

L Gy O

must be identified among more ubiquitous Ca’*-mobilizing ion
channels. This would ultimately provide insights into the activation
gating that underlies sensor function in TRP channels.

Here, we describe cysteine modification as a previously unknown
mechanism that triggers activation gating of TRP channels. Chemical
labeling assays using TRPC5 mutants reveal modification of Cys553
and Cys558 (whose counterparts are harbored by the NO-responsive
TRPC and TRPV members) on the N-terminal side of the pore-
forming region. Further studies using cultured endothelial cells, in
combination with the previously reported wide distribution of the
NO-responsive TRPC and TRPV channels among diverse tissues’,
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Figure 2 The TRPC5-activating action of NO can be probed by reactive disulfides. (@) Chemical § PDS (3 M) <
structures of reactive disulfides. (b) TRRC5-mediated Ca?* responses to 5-nitro-2-PDS: SNAP (0 M)
representative time courses (left) and dose-response relationships (right). (¢) TRPC5 responses o 1 200 p soo o o6 g 3-0
to various reactive disulfides (50 pM; n = 9-23): averaged time courses (left) and maximal [Ca2*); Time (5) Sboe T F T

rises (right). ***P < 0.001. (d) 30 uM SNAP and 3 uM 5-nitro-2-PDS induce only marginal Ca2*
responses by individual applications (n = 25 and n = 26, respectively), but in combination they
trigger robust TRPC5-mediated Ca2* responses (n = 18): averaged time courses (left) and maximal
[Ca2*]; rises (right). Data points are mean + s.e.m. ***P < 0.001.
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Figure 3 Chemical characterization and membrane sidedness of the action of NO and reactive disulfide in activating TRPC5 channels. (a,b) Ascorbate and
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maximal rises (n = 17-42). *P < 0.05, **P < 0.01 and ***P < 0.001. (c,d) Whole-cell TRPC5 currents are activated by DTNB (left) via internal dialysis
(10 uM) (c) but not via external application (30 uM) (d). |-V relations were determined using 50-ms positive-voltage ramps from —80 mV to +80 mV applied
at time points indicated as 1-4 (right). (e) Peak current densities (n = 22-27). *P < 0.05. (f) Ca2* responses to MTSEA or MTSET: average time courses
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suggest that the group of native S-nitrosylation-sensitive TRP
channels mediates a ubiquitous mechanism that is critical for feedback
regulation of Ca®* signals by NO.

RESULTS

NO activates TRPC5 channels via sulfhydryl modifications
Recombinant expression of TRPCS elicited robust elevation of [Ca?*);
in response to the NO domnor S-nitroso-N-acetyl-pi-penicillamine
(SNAP, 1) in human embryonic kidney (HEK) cells (Fig. 1).
A similar [Ca®"]; increase was induced by another NO donor, (+)-
(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide (NOR3, 2),
but not by the peroxynitrite donor 3-(4-morpholinyl)sydnonimine
hydrochloride (SIN-1, 3) (Fig. 1c). The SNAP-induced Ca?* response
is attributable mainly to Ca?* entry through the TRPC5 channel, as

 SNAP evoked only marginal [Ca?"); rises in TRPC5-expressing cells
" after omission of extracellular Ca** (Supplementary Fig. 1 online)

and in vector-transfected control cells (Fig. 1a). The sensitivity
of TRPC5 to SNAP was prominent among TRPC homologs: sub-
stantial [Ca?*]; rises distinguishable from the control were elicited
by TRPCS5 in response to SNAP at 10 uM, but such rises were elicited
by TRPC3 and TRPC7 and by the redox status—sensitive Ca**-perme-
able cation channel TRPM2 (ref. 28) only at much higher concen-
trations of SNAP, such as 300 pM. TRPM2 mediated pronounced
Ca?* responses to H,O, (Fig. 1b). TRPC5 was the only TRPC
homolog that elicited robust Ca?* responses to H,O, at 100 pM
(Fig. 1b). Furthermore, ATP/Mg**-sensitive Ca’*-permeable
cation channel TRPM7 (ref. 3), which responds to oxygen- and
glucose-deprived conditions?®, was responsive to H;O, but not to
SNAP (Fig. 1a,b). Thus, prominent sensitivity to NO is characteristic
of TRPC5 channels.

NO-induced Ca?* responses mediated by TRPC5 were resistant to
the guanylate cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3-a] quinoxa-
lin-1-one (ODQ, 4) (Supplementary Fig. 1). This suggests that NO
acts through cGMP-independent pathways such as nitrosylation of free
sulfhydryl groups of cysteine residues. Indeed, among reactive dis-
ulfides that selectively detect free sulthydryl groups of cysteine residues

in proteins (Fig. 2a), membrane-permeable pyridyldisulfides (PDS)
such as 2,2’-dithiobis(5-nitropyridine) (5-nitro-2-PDS, 5), 2,2"-dithio-
dipyridine (2-PDS, 6) and 4,4’-dithiodipyridine (4-PDS, 7) induced
robust [Ca?*]; rises in cells expressing TRPC5, whereas membrane-
impermeable analog 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB, 8)
elicited marginal [Ca®*]; elevation that was indistinguishable from the
control (Fig. 2b,c). Expression of other TRPCs and of TRPM2 and
TRPMY7 failed to elicit 5-nitro-2-PDS-induced [Ca?*]; incréases that
significantly surpassed the control. TRPC5 responses to SNAP, 5-nitro-
2-PDS and H,0, were preceded by time lags after application (time to
half peak was 305 + 14.4 s for 300 pM SNAP (1 = 52), 780 £ 50.1 s for
1 mM H,0, (n = 18), and 425 + 32.7 s for 30 pM 5-nitro-2-PDS (n =
17)). Robust TRPC5-mediated responses were evoked by simultaneous
application of SNAP (30 pM) and 5-nitro-2-PDS (3 pM), which both
induced slight TRPC5 responses when individually applied (Fig. 2d).
Furthermore, maximal responses elicited by 1 mM SNAP were not
potentiated by the addition of 30 pM 5-nitro-2-PDS, and vice versa
(Supplementary Fig. 2 online). These relationships may imply a
common action site (or sites) for NO and 5-nitfo-2-PDS in inducing
TRPCS5 responses. Thus, reactive disulfides are useful tools for identi-
fying the free sulfhydryl targets of NO in TRPC5 activation.

The reducing agent ascorbate (9) significantly (P = 0.008) dimin-
ished SNAP-induced TRPC5 responses (Fig. 3a) but not 5-nitro-2-
PDS-induced TRPC5 responses (Supplementary Fig. 2). Dithiothreitol
(DTT, 10) had a potent suppressive effect on both responses (Fig. 3b
and Supplementary Fig. 2). Considering the reported selective reduc-
tion of nitrosothiol by ascorbate to reform thiol?, this result supports
the notion that NO and reactive disulfides form nitrosothiols and
disulfide bonds, respectively, on cysteine residues in eliciting TRPC5-
mediated responses. After washout, the TRPC5 response to SNAP was
slowly attenuated (Fig. 3ab), in contrast to the sustained TRPC5
response to 5-nitro-2-PDS (Supplementary Fig. 2). This suggests
that the nitrosylation is reversed by intrinsic antioxidants in HEK
cells. The modification stability, the TRPC5 selectivity and the
substitutability for NO of reactive disulfides prompted us to use
them as tools in the following studies on TRPC5 activation.

598

VOLUME 2 NUMBER 11

NOVEMBER 2006 NATURE CHEMICAL BIOLOGY



:,4 © 2006 Nature Publishing Group htip://www.nature.com/naturechemicalbiology

ARTICLES

a 100 uM ATP b 30 uM 5-nitro-2-PDS c d 30uM5-nitro-2-PDS 1 pg mi~" anti-igM
,+| 30 M 5-nitro-2-PDS S
deded Kded ek
207 [ b 40 ; : 807l 081
1 '_T &6 TRPCS n P KO '
o o = & 40 2
g 8 8 40 i g
g 1.0 g 20 & TRPCSInWT  Vector g 04
B & S inWT £ op 2
< 35 S 20 < <
i Vector in [P3R KO
0.0 0.0+ . . - 0.0 0.0
TRPCS + + + + + TRPCS o+ o+ 4+ o+ 0 400 800 1,200 TRPCS + - + - + = A =
RGS4 - + - - - RGS4 - + - - - Time (s) (
BARK-Gt — - + — - BARK<ct — - 4+ - - WT IPaRKO WT IP,RKO
U732 - - - + - U7siz22 - - - 4+ -
u73343 - - - - + U73348 = =@ o= = 5-nitro-2-PDS
@ Vedtor (30 uM)

Figure 4 Cysteine modification activates TRPC5 channels via a pathway independent
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(n = 35-66) (a) and 5-nitro-2-PDS (n = 26-41) (b). Data points are mean + s.e.m.

*P < 0.05, **P < 0.01 and ***P < 0.001. (c,d) Effects of gene knockout (KO) of three
IP3 receptor (IP3R) subtypes on TRPC5 responses to 5-nitro-2-PDS in DT40 lymphocytes:
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TRPC5

500 ms 5pA

In TRPC5-expressing cells, 5-nitro-2-PDS—induced Ca®" responses
are due to Ca2* entry through the TRPC5 channel, as [Ca?*]; elevation
was evoked predominantly upon readdition of extracellular Ca®*
(Supplementary Fig. 2). The whole-cell mode of the patch clamp
method demonstrated 5-nitro-2-PDS-induced inward currents that
developed gradually in TRPC5-expressing cells (n = 6), but not in
control cells (n = 4), at a holding potential (Vy) of .60 mV
(Supplementary Fig. 2). Current-voltage (I-V) relationships of the
5-nitro-2-PDS-activated currents corresponded well with previously
reported receptor-activated TRPC5 currents®®. 5-nitro-2-PDS-acti-
vated TRPC5 currents showed a resistarice to washout that was slowly
reversed by DTT (n = 5), which supports [Ca%*]; measurements.

Membrane sidedness of modification in TRPC5 activation

The ineffectiveness of extracellular application of the membrane-
impermeable DTNB (Fig. 2c) suggests an agonistic modification site
(or sites) that is accessible only from the cytoplasmic side. We
explicitly evaluated this hypothesis using the patch clamp method.
Intracellular perfusion of DTNB from the patch pipette elicited TRPC5
currents at a Vi of =60 mV with a time lag of 1 to 2 min after the
whole-cell mode was established (Fig. 3c). The I-V relationship was
similar to that activated by 5-nitro-2-PDS (see above). However
extracellular DTNB exerted no significant effects on current levels or
LV relationships in TRPC5-expressing cells (Fig. 3d,e). The action of
methanethiosulfonate derivatives, which directly modify free cysteine
thiols by forming a disulfide bond®, resembled the action of reactive
disulfides in sidedness: membrane-permeable 2-aminoethylmetha-
nethiosulfonate hydrobromide (MTSEA, 11) but not membrane-
impermeable  [2-(trimethylammonium)ethyl]methanethiosulfonate
bromide (MTSET, 12) induced TRPC5 responses via extracellular
administration (Fig. 3f). These results support the cytoplasmic
accessibility of the site for cysteine modifications.

Identification of the site of cysteine modification in TRPC5
“We have previously demonstrated metabotropic ATP receptor subtype
P2Y-mediated activation of TRPC5 channels via the G-protein isoform

Gq and PLC-B in HEK cells®. Therefore, we examined the possibility
that the P2Y-activated signaling cascade has an action site (or sites) for
reactive disulfides in TRPC5 activation. The quenching of G protein
By complexes by the regulator of G-protein signaling 4 (RGS4)
(P = 0.011) and the C terminus of P-adrenergic receptor kinase
(B-ARK-ct) (P = 0.002), as well as the inhibition of PLC-B by the
PLC inhibitor U73122 (P < 0.001), significantly attenuated TRPC5
responses to P2Y stimulation but failed to affect TRPC5 responses
evoked by 5-nitro-2-PDS (Fig. 4a,b). Furthermore, disruption of the
three IP; receptor subtype genes®?, which suppressed IgM-induced
TRPC5 responses via B-cell receptors, significantly promoted 5-nitro-
2-PDS—evoked TRPC5 responses in DT40 B lymphocytes (Fig. 4c,d).
These results suggest that reactive disulfides activate the TRPC5
channel independently of P2Y-activated signals.

We examined whether reactive disulfides directly act on TRPC5
channels using the cell-excised, inside-out mode of patch clamp
recording. Single-channel currents with a unitary conductance of
44.1 pS were induced in TRPC5-expressing cells (but not in control
cells) by applying 5-nitro-2-PDS to the cytoplasmic side of excised
patches (Fig. 4e). On the basis of this result, we hypothesized that the
action site is localized at the plasma membrane and its associated
cellular components in TRPC5-expressing cells. Therefore, we inves-
tigated the incorporation of reactive disulfides into TRPC5 channel
complexes using DTNB-2Bio (13), a DTNB derivative that has
two biotin groups attached (Fig. 5a; Supplementary Scheme 1 and
Supplementary Fig. 3 online). In cells expressing green fluorescent
protein (GFP)-tagged TRPC5, we incorporated DTNB-2Bio into a
~130 kDa protein band, which yielded an adduct whose molecular
weight corresponds well with the calculated molecular weight of
TRPC5-GFP (139 kDa) (Fig. 5b). Simultaneous application of
SNAP inhibited the incorporation of DTNB-2Bio (Fig. 5c), which is
consistent with the observation in the [Ca?*]; measurements (Fig. 2d).
Thus, NO and reactive disulfides share a covalent modification site in
TRPC5-channel protein complexes.

Free cysteine sulthydryls are nitrosylated by NO (refs. 11,33) and are
modified by reactive disulfides via disulfide exchange reactions in
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Figure 5 S-nitrosylation in TRPC5 channel protein complexes. (a-c) NO and reactive disulfides share incorporation site. (a) Chemical structure of DTNB-

2Bio. (b) Detection of TRPC5-GFP among proteins incarporating DTNB-2Bio (1

00 uM) by western blot analysis (WB) using antibody to GFP. (c) Suppression

of DTNB-2Bio incorporation by 5 mM SNAP (left); the total band intensity (right). Data points are mean = s.e.m. *P < 0.05. (d) Cysteine residues mapped
on TRPC5 (top); cysteines were replaced with serine, or deleted in the AC mutant (in which Arg764 through Glu954 is deleted). Relative responses to

5-nitro-2-PDS (n = 15-48) and to SNAP (n = 14-31) of TRPC5 mutants in H
of mutations C553S and C558S on DTNB-2Bio incorporation. WB of total cell

EK cells (bottom). **P < 0.01, ***P < 0.001, compared to WT. (e) Effects
lysates indicates comparable TRPC5 expression (lysates). (f) Cysteine

S-nitrosylation of WT TRPC5-GFP and mutants C553S and C558S with and without SNAP treatment. IP, immunoprecipitation.

proteins2. Therefore, cysteine residues are the most likely modifica-
tion-site candidate. We subjected every cysteine residue in TRPC5 to
replacement with serine or to deletion, and then we tested the mutants
for their responses to 5-nitro-2-PDS and NO (Fig. 5d). Mutations
C553S and C558S abrogated TRPC5 responses to NO (5%, 16%
and 16% of wild-type (WT) response for- C553S, C558S and vector,
respectively) and TRPC5 responses to 5-nitro-2-PDS (13%, 15%
and 24% of WT for C553S, C558S and vector, respectively). The
resistance of the mutants is not attributable to localization defects,
as the mutants showed intact plasma-membrane expression (like the
WT protein) in assays using the biotinylation labeling method and

" in observations using an evanescent wave microscope that illuminates

only the subcellular area from the surface to a depth of less than
100 nm by total internal reflection (Supplementary Fig. 4 online).
TRPC5 responses to receptor stimulations were only partially
suppressed by C553S and C558S mutants (Supplementary Fig. 4),
in contrast to TRPC5 responses to NO. The DTNB-2Bio incor-
poration was also abolished by C553S, whereas it was unaffected by
C558S (Fig. 5e). Cysteine S-nitrosylation detected after selective
conversion into biotinylated cysteines!® was substantially enhanced
by SNAP in WT proteins (184% + 45% of basal level). TRPC5
nitrosylation was significantly suppressed by C5538 (38% = 21% of
WT with SNAP) but was suppressed less extensively by C558S (75% %
9.7% of WT with SNAP) (Fig. 5f). These results indicate that Cys553
is a main nitrosylation site and a predominant modification site for
reactive disulfides.

TRP channels with conserved cysteines are responsive to NO

We tested NO-sensitive channel activation for generality in the
TRP superfamily (Fig. 6). Notably, the alignment of amino acid
sequences surrounding Cys553 and Cys558 of TRPC5 with counter-
part sequences shows that TRPC5’s closest relatives, TRPC1 and

TRPC4, as well as thermosensor channels TRPV1, TRPV3 and
TRPV4, have cysteines conserved on the N-terminal side of the
putative pore-forming region H7 in the linker region located between
the fifth and sixth transmembrane domains S5 and S6 (the $5-S6
linker) (Fig. 6a)>“*. TRPC1, TRPC4 and TRPV1 contain two
cysteines separated by four residues (like TRPC5), whereas TRPV3
and TRPV4 have two and four cysteines, respectively, in sequences
distantly related to TRPC5. These cysteines predict the NO respon-
siveness of these TRPC and TRPV channels to cysteine modifications.

We tested the recombinants of the above TRP protein homologs
for susceptibility to SNAP, 5-nitro-2-PDS and H,0, in HEK cells
(Fig. 6¢-h). As shown in Figure 1, the differences in maximal [Ca®*];
rises (AF340/F380) statistically tested between control cells and the
total populations of cells expressing TRPC1 or TRPC4f (a splice
isoform of TRPC4) alone were not significant. However, in response
to SNAP (300 pM) and 5-nitro-2-PDS (30 pM), a larger fraction
(7%-9%) of expressing cells showed AF340/F380 > 0.5 relative to
control cells (2%-5%). Cells co-expressing TRPC4p and TRPC5
showed SNAP and 5-nitro-2-PDS responses comparable to those in
cells expressing TRPC5 alone (Fig. 6¢,d), whereas cells co-expressing
TRPC1 and TRPC5 showed slightly suppressed (yet robust) responses
(Fig. 6fg). In cells co-expressing TRPC5 and TRPC4p (Fig. 6e)
or TRPC1 (Fig. 6h), H,O, (1 mM) evoked significantly (TRPCI;
P = 0.003; TRPC4, P = 0.001) impaired responses. We immunopre-
cipitated TRPC5 with co-expressed TRPC1 or TRPC4f (Fig. 6b) and
the results suggest that heteromultimeric TRPC5/TRPC1 and TRPC5/
TRPC4P channels have intact NO sensitivity and H,O, resistance,
whereas homomultimetric TRPCS5 is sensitive to both NO and H,0,.

We also observed activation by NO for thermosensor channels
TRPV1, TRPV3 and TRPVY4, as predicted (Fig. 7). The augmentation
of [Ca?*]; rises by extracellular Ca’?* revealed NO- and 5-nitro-
2-PDS-activated Ca?* entry via TRPV1, TRPV3 and TRPV4

600

VOLUME 2 NUMBER 11

NOVEMBER 2006 NATURE CHEMICAL BIOLOGY



//www.nature.com/naturechemicalbiology

<
£
=
o
3
e
O]
=)
£
=
2
e
S
a
o
1
2
©
z
S
N
©

(Fig. 7a,b,d;e). TRPV1 and TRPV4 were responsive to HyO,, but
TRPV3 was relatively resistant, much like the heteromultimeric TRPC
channels (Fig. 6eh and Fig. 7¢,f). The TRPV1 mutant having sub-
stitutions at Cys616 and Cys621 (V1 mut) showed significantly (P =
0.005-0.031) suppressed responses to NO and other agents (Fig. 7d—f),
and to nitrosylation (Fig. 7g). Notably, the H* sensitivity and heat
sensitivity of TRPV1 was enhanced by NO (Fig. 7h;i). This enhance-
ment was abolished by the mutation, whereas H* and heat responses
without SNAP application (Fig. 7h,i) and surface expression (Supple-
mentary Fig. 4) of the mutant were intact. Thus, channel activation
regulated by nitrosylation is conserved among several TRP proteins.

Native TRP channels are activated by NO in endothelial cells
We characterized native Ca®* influx triggered in response to NO in
vascular endothelial cells (Figs. 8 and 9). As reported?®, cultured

ARTICLES

bovine aortic endothelial cells (BAEC) showed substantial enhance-
ments of TRPC5 protein expression (Fig. 8a) and Ca?" responses after
3 d of culture (Supplementary Fig. 5 online). To resolve involvements
of TRPC5 in native Ca®?* influx, we measured [Ca®*]; rises upon
readdition of extracellular Ca?" under agent stimulation after intro-
ducing TRPC5-selective small interference RNA (siTRPC5) and the
dominant negative construct of TRPC5 (TRPC5-DN)* in BAEC.
Ca?* influx evoked by NO and 5-nitro-2-PDS was significantly
suppressed by siTRPC5 and TRPC5-DN in BAEC (Fig. 9ab). In
contrast, H,0, induced only marginal Ca®* influx that was insensitive
to siTRPC5 and TRPC5-DN (Fig. 9c). This activator sensitivity is
similar to that observed in recombinant TRPC5/TRPC1 and TRPC5/
TRPC4P heteromultimers in HEK cells (Fig. 6¢-h) and is consistent
with confocal immunoimages showing superimposable distribution
of TRPC5 with TRPC1 and TRPC4 at the plasma membrane area
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Figure 6 Molecular conservation of NO-induced activation in TRP channels. (a) Conserved cysteine residues on the N-terminal side of putative pore-forming
regions in mouse TRPC1, TRPC2, TRPC3, TRPC4, TRPC5, TRPC6, TRPC7, TRPM2, TRPM7, TRPV1, TRPV3 and TRPV4 and D. melanogaster TRP and
TRPL. (b) Co-immunoprecipitation of TRPC5 with TRPC4p (top) and TRPC1 (bottom). Immunoprecipitates (IP) with antibody to Flag from HEK cells
expressing TRPCAB/TRPC5-Flag or TRPC1-Flag/TRPC5-GFP were subjected to WB with antibody to TRPC4 or GFP, respectively. pClneo is the mammalian
expression plasmid. (c-h) Ca?* responses mediated by TRPC4B/TRPC5 (c—e) and TRPC1/TRPCS5 heteromultimers (f-h) in HEK cells: average time courses
of responses to SNAP (c,f), 5-nitro-2-PDS (d,g) and Hz0; (e,h) (left) and dose-response relationships (n = 21-49) (right). Data points are mean + s.e.m.
*P < 0.05 and **P < 0.01 for TRPC5, compared to TRPC5/TRPC4 or TRPC5/TRPC1.
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Figure 7 Regulation of TRPV channel activation by nitrosylation. (a—f) Ca2* responses to SNAP (a), 5-nitro-2PDS (b) and H20> (c) mediated by rat

TRPV1 and its cysteine substitution C616W C621S mutant (V1 mut), and human TRPV3 and TRPVA: average time courses (a—c), SNAP dose-response
relationships (d), and maximal [Ca?*}; rises by 5-nitro-2-PDS (e). and H20> (f) in the presence and absence (EGTA) of 2 mM external Ca2* (n = 12-122).
Data points are mean = s.e.m. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to control (vector). (g) S-nitrosylation of TRPV1-GFP and the mutant.
(h,i) NO enhances H* and temperature sensitivity of TRPV1: effects of SNAP (300 uM) on pH (h) and temperature dependence (i) of responses mediated by
TRPV1 and the mutant are shown (n = 7-50). *P < 0.05 and ***P < 0.001, compared to TRPV1 in the absence of SNAP.

in endothelial cells.
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(Fig. 8b,c). Thus, heteromultimeric TRPC5/TRPC1 and TRPC5/
TRPC4 channels are likely to conduct native NO-activated Ca?* influx

ATP is a vasodilator that activates G protein—coupled receptors,
which results in endothelial NO production via eNOS (ref. 16). We
tested whether the NO produced by this physiological stimulation

d
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activates Ca?* influx in BAEC. ATP induced [CaZ*]; rises due to Ca?*
release in the absence of extracellular Ca?* and those due to Ca®*

influx after the readmission of external Ca?* (Fig. 9d). The NOS
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inhibitor N®-nitro-L-arginine methylester (L-NAME, 14) failed to
affect Ca?* release but significantly (P < 0.001) suppressed the
Ca?* influx (Fig. 9d) and NO production (Supplementary Fig. 5).

Figure 8 Physiological S-nitrosylation of native TRPC5 proteins in cultured endothelial cells. (a) WB reveals that TRPC5 protein expression is enhanced after
a 3-d culture in BAEC. (b—d) Confocal fluorescence immunoimages of TRPC5 (green), TRPC1 (b), TRPC4 (c) and eNOS (d) (all red), and overlay of images
(yellow) in BAECs. The bar indicates 10 um. (e) S-nitrosylation of native TRPC5 by ATP receptor stimulation, and its inhibition by NAC and ascorbate (top),

sieNOS (middle) and L-NAME (bottom) in BAECs.
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Figure 9 Native TRPC5 channels are essential for NO-induced Ca2* influx in
endothelial cells. (a-¢) Contribution of TRPC5 to native Ca2* influx induced
by SNAP (a), 5-nitro-2-PDS (b) and H20; (c) in BAECs. Representative Ca2*
responses after treatment with TRPC5-specific siRNA (siTRPC5), control
random siRNA (randomized siRNA) and without treatment (control) (all left),
and after transfection with TRPC5-DN (middle); maximal [Ca?*]; rises
attributable to Ca2* influx (n = 17-67) are shown on the right. Data

points are mean + s.e.m. *P < 0.05, **P < 0.01 and ***P < 0.001.
(d,e) Contribution of TRPC5 to both NOS-dependent and NOS-independent
components of native ATP receptor-activated Ca2* influx in BAECs.
Representative Ca2+ responses after treatment with siTRPC5 plus L-arginine
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This result, together with similar effects elicited by eNOS-targeted
siRNA (sieNOS) (Fig. 9e and Supplementary Fig. 5) and by
NO quencher N-acetyl-L-cysteine (NAC, 15) and S-nitrosocysteine-
selective reducing agent ascorbate (Supplementary Fig. 5), indicates a
critical role for endogenous eNOS in inducing ATP receptor—activated

2+ influx. siTRPC5 more extensively diminished the Ca?* influx and
abolished the 1-NAME sensitivity (Fig. 9d), which suggests that
TRPCS is essential for Ca?* influx activated by NO via eNOS upon
receptor stimulation. TRPC5-DN, which can also exert a suppressive
effect on Ca?* influx via nitrosylated TRPC5 (Supplementary Fig. 1),
similarly suppressed the Ca?" influx (Fig. 9¢). In BAEC, siTRPC5 by
contrast revealed lack of involvement of TRPCS5 in SOC (Supplemen-
tary Fig. 5). Native TRPC5 proteins were susceptible to the suppres-
sion of ATP receptor-induced nitrosylation by ascorbate, .-NAME,
NAC and sieNOS (Fig. 8e and Supplementary Fig. 5). Furthermore,
confocal immunoimages indicate localization of TRPC5 with eNOS
(Fig. 8d). These results provide evidence for activation of native
TRPC5 channels by nitrosylation via eNOS upon ATP receptor
stimulation in endothelial cells.

DISCUSSION

The present study describes a previously unknown activation mechan-
ism of TRP channels via‘cysteine S-nitrosylation, as well as a structural
motif essential for the activation gating. Among TRPCs coupled to
PLC-linked receptors, TRPC5 showed prominent sensitivity to NO,
and nitrosylated Cys553 and Cys558 mediated the responsiveness in

TRPC5. A critical contribution of native nitrosylated TRPC5 to Ca?*
entry was revealed by siRNA and dominant negative suppression in
endothelial cells. Notably, TRPCI and TRPC4P associated with
TRPC5, and thermosensors TRPV1, TRPV3 and TRPV4, which have
cysteines nearby the same putative pore-forming region, responded
well to NO. These TRPC and TRPV channels may comprise a new TRP
protein category whose members serve as ubiquitous cell-surface NO
sensors that are essential for integrating NO and Ca?* signals.

The data (Fig. 4) suggest that NO and reactive disulfides exert their
actions independently of receptor-induced cascades or Ca’* store
depletion in activating TRPC5. In fact, SNAP (at low concentrations)
and reactive disulfides failed to activate TRPC2, TRPC3, TRPC6 and
TRPC7, which ate all activated by receptor stimulation?~. SNAP also
failed to significantly affect endogenous SOCs in HEK cells (Supple-
mentary Fig. 1). The abolishment of DTNB-2Bijo incorporation by
SNAP co-application and by the C553S TRPC5 mutation, and the
suppression of nitrosylation by the C553S mutation (Fig. 5), further
indicate that both NO and reactive disulfides directly modify Cys553
in the TRPC5 protein. Compared to C553S, C558S weakly reduced
nitrosothiol concentrations. This, together with the partial resistance
of NO-induced TRPC5 response to ascorbate (Fig. 3a) may suggest
that the free sulfhydryl group of Cys558 nucleophilically attacks
nitrosylated Cys553 to form a disulfide bond that stabilizes the open
state. S-nitrosylation activates the ryanodine receptor channel®’ and
cyclic nucleotide-gated cation channels®, and it modulates NMDA
receptors’. Ryanodine receptors are also activated by reactive
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Figure 10 Model for TRP channel activation by NO and reactive disulfides.
Possible protein conformation change during activation of TRPC5 channels
by NO is shown. The activation trigger NO modifies the free sulfhydryl group
of Cys553 that is accessible from the cytoplasmic side. This direct thiol
S-nitrosylation induces a bend of S6 that opens the intracellular activation
gate. The cysteine modification is reversed by the hydrophilic reducing
agents DTT and ascorbate applied externally. SNO, S-nitrosothiol.

disulfides'2. In proteins with high NO sensitivity, basic and acidic
amino acids surrounding S-nitrosylated cysteines'! have been pro-
posed to enhance the nucleophilicity of sulfhydryl and its S-nitrosyla-
tion, as reported in acid-base catalysis of hemoglobin nitrosylation. In
this context, charged residues flanking Cys553 and Cys558 (Fig. 6a)
may confer modification susceptibility to their free sulthydryls and to
the free sulfhydryls of their counterpart cysteines in TRPC and TRPV
channels, which are commonly distinguished on the basis of their
characteristic activation triggers: receptor activation and heat, respec-
tively. Notably, so-called thermoTRPs are comprised of members of
several TRP protein families (TRPV, TRPM and TRPA)*>. Therefore,
together with NO-activated TRP proteins, thermoTRPs®>* can be
considered as one of the few functional categories that extends over
several TRP protein families. Our findings may provide the first clear
chemical biological basis for TRP categorization of this hierarchy.

Our results suggest that NO and reactive disulfides selectively
modify Cys553 and Cys558 residues that are coupled to the gating
apparatus in functionally critical domains of the TRPC5 protein.
Because C553S and C558S mutations of TRPC5 only partially sup-
press receptor-induced TRPC5 responses (Supplementary Fig. 4), the
cysteines are not absolute necessities but probably have an important
regulatory role in TRPC5 activation. Intact receptor-induced
responses after DTT treatment (unpublished data) further suggest
that the oxidative cysteine modifications are not required for receptor
stimulation to activate TRPC5. In TRPV1, the cysteine mutation that
impaired NO sensitivity failed to affect H* and temperature sensitiv-
ities under the control condition in the absence of NO. Therefore, the
role played by the nitrosylation-target cysteines in H'- and heat-
induced activation of TRPV1 may be qualitatively comparable to the
regulatory role played by the counterpart cysteines in receptor-
induced activation of TRPC5, assuming quantitative differences
between the mutations in severity of functional impairments attribu-
table to structural changes.

Surprisingly, despite the location of Cys553 and Cys558 in the
extracellularly disposed S5-S6 linker (according to previous studies™*),

the modifications are unlikely to affect the structure of the ion-
conducting pore, as similar single-channel conductances are observed
for the spontaneously activated TRPC5 channel (47.6 pS)* and the

5-nitro-2-PDS-activated TRPC5 channel (44.1 pS). Moreover, the

sidedness of action of DTNB and the time lags preceding the responses
after agent application support the hypothesis that modification
agents access from the cytoplasmic side to open the intracellular
activation gate of TRPC5 channels (Fig. 10). In D. melanogaster
Shaker voltage-gated K* channels, the activation gate formed by S6
residues near the intracellular entrance of the pore cavity has been
identified®!. Considering the longer S5-S6 linkers of TRPC5, TRPC1
and TRPC4, which are comprised of approximately 60 residues (in
comparison with 50 residues in TRPC2, TRPC3, TRPC6 and TRPC7
and 40 residues in the Shaker K+ channel), the TRPC5 S5-S6 linker
with modified Cys553 may be invaginated toward the cytoplasm to
reach the S6 activation gate (Fig. 10). However, external DTT and
ascorbate reversed the TRPC5 activation (Fig. 3a,b and Supplemen-
tary Fig. 2), and in TRPV1 the cysteine counterparts have been
suggested as sites for blockade by externally applied oxidizing
agents®®4l; also, an antibody raised against a peptide containing
Cys553 at the C terminus inhibits TRPC5 activity*’. Therefore,
Cys553 is very likely located at the interface between the inside and
outside of the cell.

The plasma-membrane expression of TRPC5 unaffected by C553S,
C558S or cellular stimulations except epidermal growth factor
(Supplementary Fig. 4) may suggest minimal contribution of protein
trafficking to NO-induced activation in HEK cells. However, involve-
ments of protein recruitments through the fusion of vesicles with the
plasma membrane and lateral movements within the plasma mem-
brane cannot be excluded. Ca?*-dependent BK-type K* channels are
modulated by several mechanisms, such as redox-sensitive extracel-
lular gates containing cysteine residues in the auxiliary p subunit®? and
heme bound to the pore-forming o subunit?. Therefore, conforma-
tional changes elicited by cysteine modification in an unidentified
associated protein may be transmitted to TRPC5 via Cys553, if the
protein association is maintained during the labeling assays. Thus,
cysteine modifications may exert their action via multiple pathways on
the pore-forming TRPC5 protein, which is consistent with the
previously reported multiplicity of signals responsible for channel
activation of TRPC5 (ref: 45).

Ca?* influx via nitrosylated TRP channels may mediate the positive
feedback regulation of Ca?*-dependent NO production. In support of
this view, native NO-activated Ca?* channels have been reported in
different systems including endothelial cells?»?>4647, in which cation
currents are activated by glutathione disulfide*®. However, suppressive
effects of NO on Ca’* entry have also been demonstrated in
endothelial cells?%?7. This discrepancy is at least in part attributable
to diversity in NO susceptibility of ion channels and signaling path-
ways that regulate Ca?* influx. In fact, Ca?* entry via SOCs is
potentiated indirectly by NO through the enhancement of Ca?*
release?®. In endothelial cells in which ¢cGMP mediates NO signals
(for example, as observed in smooth muscle?®27), NO suppresses Ca®*
entry. Moreover, NO has been shown to inhibit NOS!L. Thus,
ensembles of multiple NO-regulated mechanisms may determine net
Ca?* entry. Notably, in the NMDA receptor Ca?*-permeable channel
NR1/NR2A, nNOS physically coupled to the NR1 subunit through the
scaffolding protein PSD-95 nitrosylates the NR2A subunit to elicit
feedback inhibition of channel activity**. To resolve the complexity in
cross talk between NO amd Ca®* signals, precise identification of
physiological protein interaction between nitrosylated TRP channels
and NOSs is necessary.
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Our inmimunolocalization studies have revealed that TRPC5 is dis-
tributed on both the apical and basal membranes in the endothelial cell
layer of vascular tissue (unpublished data). Given that vasodilator
receptors are distributed at the apical luminal surface of endothelial cell
layers, NO that is initially produced there may diffuse across the
cytoplasm and activate TRPC5 proteins located at the basolateral
membrane. This may léad to an efficient propagation of Ca®* signals
vectorized toward the basal membrane. The feedback mechanism may
further contribute to global [Ca?*]; rises or oscillations and to full
activation of eNOS at the Golgi in endothelial cells, thereby leading to
synchronization of neighboring smooth muscle cells in vascular relaxa-
tion. Notably, TRPC5 is important in neurite extension®. Given that
NO signals are reported to regulate neurite extension®, the feedback
mechanism may also be important in growth-cone morphology. In
terms of TRPVs, our results may raise the possibility that nitrosylation-
induced Ca’?" entry is involved in heat or pain sensation. Thus, the
positive feedback regulation of Ca?* signals by NO-activated TRP
channels may be involved in diverse biological systems.

Impaired aortic vasorelaxation and reduced endothelial: [Ca?*];
increase upon agonist stimulation has been demonstrated in TRPC4-
deficient mice™. These results are notable in the context of our study,
considering that Cys553 and Cys558 counterparts are found in TRPC4.
TRPC5/TRPC4p and TRPC5/TRPC1 channels had intact NO. sensi-
tivity and significant H,O; resistance. These observations, together
with our immunohistochemistry and co-immunoprecipitation experi-
ments (Figs. 6 and 8), suggest that heteromultimerization with TRPC1
or TRPC4P may enable TRPC5 to maintain its NO-sensing function
while acquiring resistance to the pathological action of reactive oxygen
species!!?® in endothelial cells. To understand the mechanism under-
lying this sensitivity, three-dimensional structural analysis and detailed
studies of the binding pocket for the activation triggers using cysteine-
modification agents of different sizes is critical.

METHODS

Cell culture and cDNA expression. The TRPC5 mutants were constructed
using PCR techniques. TRPC1-Flag and TRPC5-Flag were first established in
plasmid pCMV-Tag4 (Stratagene). The culture of HEK cells and chicken DT40
B lymphocytes, as well as cDNA expression, were performed as described
previously?®32, BAECs were cultured in phenol red—free DMEM (Gibco)
containing 10% FBS, 30 units ml™ penicillin, 1 pM all-trans-retinoic acid

) and 30 pg ml™ streptomycin at 37 °C under 5% CO,. To remove retinoid

hormones, FBS was incubated with 0.5% dextran-coated charcoal (Sigma) at
4 °C overnight. TRPC5-DN was transfected using Lipofectamine 2000 (Invi-
trogen). Cells were trypsinized and diluted by DMEM and plated onto glass
coverslips 24 h after transfection. The cells were subjected to measurements
8-24 h after plating.

siRNA experiment. We used the sense siRNA sequences 5-AATGCCTTCTCC
ACGCTCTTT-3’ for bovine TRPC5 and 5"-AATATCCTGGAGGATGTGGCC-3"
for bovine eNOS. The randomized siRNA target sequences were 5-AATCGC
CTCTTACGCTCCTTT-3" and 5-AATGCGTGTTGCTAGACGCAG-3’, respec-
tively. Computer analysis confirmed this sequence to be a specific target that
does not have homology to other bovine genes. We used the Silencer siRNA
Construction Kit (Ambion) to construct siRNA oligomers, and we transfected
the siRNAs to cultured endothelial cells using Lipofectamine 2000.

Immunoprecipitation and western blot analysis. HEK cells (~3 x 106)
transfected with TRPCAB with TRPC5-Flag, TRPC5-GFP with TRPCI-Flag,
TRPC4P with pCMV-Tag4, and TRPC5-GFP with pCMV-Tag4 were lysed in
200 pl of RIPA buffer (pH 8.0) containing 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, | mM PMSF and 10 pg ml!
leupeptin. TRPC5-Flag and TRPCI-Flag were immunoprecipitated with M2
monoclonal antibody to Flag (Sigma) in the presence of sepharose A-agarose
beads (Amersham Pharmacia) rocked overnight at 4 °C. The immune
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complexes were washed eight times with RIPA buffer for 5 min at room
temperature (22 * 2 °C) and resuspended in SDS sample buffer. The protein
samples were fractionated by 7.5% SDS-PAGE and electrotransferred onto a
nitrocellulose membrane. The blots were incubated with an antibody to GFP
(BD Biosciences) or an antibody to TRPC4 (Sigma) and stained using
the enhanced chemiluminescence (ECL) system (Amersham Pharmadia).
Cultured BAECs were subjected to western blot analysis using anti-mouse
TRPC5 rabbit antiserum (H8Cl) directed against the C terminus (682-
CPKRDPDGRRRRHNLRS-698).

DTNB-2Bio labeling assay. DTNB-2Bio was synthesized by biotinylation of the
two carboxyl groups of DTNB (Dojindo) using EZ-link 5-(Biotinamido)
pentylamine (50 mg, Pierce) after converting DTNB to succinimidyl DTNB.
HEK cells transfected with TRPC5-GEP or vector (~5 x 105) were washed by
phosphate-buffered saline (PBS) three times. The surface membrane was
permeabilized by exposure to HEPES-buffered saline (HBS) containing
0.01% digitonin for 5 min. The cells were collected and exposed to HBS
containing 100 uM DTNB-2Bio for 20 min at room temperature. The cells were
washed with PBS three times, harvested, and lysed in RIPA buffer. Cell lysates
were incubated batch-wise with NeutrAvidin-Plus beads (Pierce) overnight at
4 °C with constant shaking. The beads were rinsed six times with RIPA buffer
by centrifugation at 14,000 r.p.m. for 30 s. The proteins were eluted in sample
buffer containing DTT (50 mM) at room temperature for 20 min and analyzed
by 10% SDS-PAGE and western blot detection using an antibody to GFP.

S-nitrosylation assay. The S-nitrosylation assay (biotin switch assay) was
performed as described previously!® with a few modifications. HEK cells
expressing TRPC5-GFP constructs were incubated with SNAP (5 mM) or with
control DMSO in the dark at room temperature for 10 min, and BAECs were
pretreated with ascorbate (10 mM), NAC (1L mM) for 15 min, or .-NAME
(10 mM) for 32 h, and then exposed to ATP (1 pM) in the dark at room
temperature for 5 min. The cells were washed with PBS two times,. harvested,
and lysed in RIPA buffer. The extracts were incubated with 100 mM methyl-
methanethiosulfonate (MMTS) and 2.5% SDS at 50 °C for 30 min, and MMTS
was removed by precipitation with an equal volume of —30 °C acetone. After
resuspending the proteins in HEN buffer (250 mM HEPES pH 7.7, 1 mM
EDTA and 0.1 mM neocuproine) containing 1% SDS, we added sodium
ascorbate (1 mM final concentration) and biotin-HPDP (1 mM final concen-
tration, Pierce). The mixtures were incubated for 1 h at 25 °C in the dark with
intermittent vortexing. Biotinylated nitrosothiols were then acetone-precipi-
tated with 2 volumes of —30 °C acetone to remove residual biotin-HPDP. After
centrifugation, the pellet was resuspended in 0.1 ml HEN buffer containing
1% SDS. Two volumes of neutralization buffer (20 mM HEPES, pH 7.7,
100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100) were added, and biotinylated
proteins were incubated with 20 pl of NeutrAvidin-Plus beads for 1 h at room
temperature. The resin was extensively washed in 10 volumes of neutralization
buffer containing 600 mM NaCl. The proteins were eluted in sample
buffer containing DTT (50 mM) at room temperature for 30 min and analyzed
by 7.5% SDS-PAGE and western blotting with an antibody to GFP to
detect TRPC5-GFP or an antibody to TRPC5 (Alomone) to detect native
bovine TRPC5.

Confocal immunovisualization in BAECs. Cultured BAECs were incubated
for 1 h at room temperature with goat polyclonal antibody to TRPC5 (1:100)
(Santa Cruz Biotech) plus each one of rabbit polyclonal antibodies to TRPCL
(1:100) (Sigma) and to TRPC4 (1:100) (Alomone), or plus mouse monoclonal
antibody to eNOS (1:500) (Calbiochem) in PBS containing 5% BSA, and for
1 h with the fluorescein isothiocyanate (FITC)-conjugated anti-goat IgG to detect
TRPC5, Cy3-conjugated anti-mouse IgG to detect eNOS and Cy3-conjugated
anti-rabbit IgG to detect TRPCl or TRPC4. The fluorescence images were
acquired with a confocal laser-scanning microscope using the 488-nm line of an
argon laser for excitation and a 505-nm to 525-nm band-pass filter for emission,
or the 543-nm line of a HeNe laser for excitation and a 560-nm long-pass filter
for emission. The specimens were viewed at high magnification using plan oil
objectives (%60, 1.40 numerical aperture (NA), Olympus).

Fluorescent [Ca?*]; measurements and electrophysiology. The fura-2 fluor-
escence was measured in HBS containing the following: NaCl, 107 mM; KCl,
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6 mM; MgSOy, 1.2 mM; CaCly, 2 mM; glucose, 11.5 mM; HEPES, 20 mM;
adjusted to pH 7.4 with NaOH. The 340:380-nm ratio images were obtained on
a pixel-by-pixel basis. Fura-2 measurements were carried out at 22 + 1 °C using
HBS adjusted to pH 7.4, or as otherwise stated. Whole-cell currents were
recorded at room temperature using the conventional whole-cell mode of the
patch clamp technique with EPC9 amplifier (Heka) as described previously”.
The standard pipette-filling solution contained the following: CsOH, 105 mM;
L-aspartate, 105 mM; CsCl, 40 mM; CaCl, 133 mM; MgCh, 2 mM;
ethyleneglycol-bis(B-aminoethyl) -N,N,N’,N'-tetraacetic acid (EGTA, 16),
5 mM; HEPES, 5 mM; Na,ATP, 2 mM; adjusted to pH 7.25 with CsOH
(50 nM calculated free Ca?*). The 2-mM Ca?*-NaCl solution contained: NaCl,
125 mM; MgCl,, 1.2 mM; CaCly, 2 mM; glucose, 10 mM; HEPES, 11.5 mM;
mannitol, 49 mM; adjusted to pH 7.4 with NaOH. The osmolarity of external
solutions was adjusted to about 325 mosM. For the inside-out patch recording,
the recording pipette contained the 2-mM Ca?*-NaCl solution, and the bathing
solution had the same composition as standard pipette-filling solution.
Recordings were filtered at 1 kHz. Linear regression was used to yield a
single-channel conductance from I-V relationship.

Statistical analysis. All data are expressed as means * s.em. The data were
accumulated under each condition from at least three independent experi-
ments. The statistical analyses were performed using the Student’s t-test.

Additional methods. Further details of cell culture, complementary DNA
expression, synthesis of DTNB-2Bio, confocal immunovisualization of proteins,
and fluorescence and electrophysiological measurements are in Supplementary
Methods online.

Accession codes. GenBank: bovine TRPC5, XM_617015; bovine eNOS,
NM_181037.

Note: Supplementary information is available on the Nature Chemical Biology website.
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Abstract

Nuclear receptors represent a very good family of protein targets for the prevention and treatment of diverse
diseases. In this study, we screened natural compounds and their derivatives, and discovered ligands for the retinoic
acid receptors (RARs) and the farnesoid X receptor (FXR). In the reporter assay systems of nuclear receptors
presented here, two fluorescent proteins, enhanced yellow fluorescent protein (EYFP) and enhanced cyan fluorescent
protein (ECFP), were used for detection of a ligand-based induction and as an internal control, respectively. By
optimizing the conditions (e.g., of hormone response elements and promoter genes for reporter plasmids), we
established a battery of assay systems for ligands of RARs, retinoid X receptor (RXR) and FXR. The screening using
the reporter assay system can be carried out without the addition of co-factors or substrates. As a result of screening of
more than 140 compounds, several compounds were detected which activate RARs and/or FXR. Caffeic acid
phenylethyl ester (CAPE), known as a component of propolis from honeybee hives, and other derivatives of caffeic
acid up-regulated the expression of reporter gene for RARs. Grifolin and ginkgolic acids, which are non-steroidal
skeleton compounds purified from mushroom or ginkgo leaves, up-regulated the expression of the reporter gene for
FXR.
© 2005 Elsevier GmbH. All rights reserved.
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Introduction cesses. The nuclear hormone receptor superfamily
includes receptors for thyroid and steroid hormones,

Nuclear hormone receptors are ligand-activated retinoids and vitamin D, as well as receptors for
transcription factors that are involved in a variety of ~ unknown ligands. These receptors share a highly
physiological, developmental, and toxicological pro- conserved DNA-binding domain and a discrete ligand-

binding domain, and bind to hormone response

T+ Cortesponding author. Tel.: -+81337009064; elements (HRESs) on the DNA during the formation of
fax: +81337009084. homodimers, heterodimers, or monomers. This ligand
E-mail address: kawanish@nihs.go.jp (T. Kawanishi). binding to nuclear receptors leads to conformational
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