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ine by NO synthases (NOSs), a family of enzymes that currently
includes three different isoenzymes in mammals (14). The
inducible isoform of NOS (iNOS or NOS2) is known to produce
a relatively large amount of NO because of its Ca*>*-indepen-
dent activity (14), and thus has been linked to numerous human
pathologies, including Alzheimer disease, asthma, cancer, cer-
ebral infarction, inflammatory bowel disease, arthritis, and
endotoxin shock (15, 16). Thus, NO production by iNOS needs
to be tightly regulated. iNOS activity can be controlled through
the regulation of its synthesis, catalytic activity, and degrada-
tion. Once iNOS is expressed, its degradation is the most criti-
cal option left for the regulation of iNOS activity. Eissa’s group
(17-19) has reported that iNOS is regulated by ubiquitination
and the proteasomal degradation pathway. Additionally, Kuang
et al. (20) recently reported that iNOS interacted with SPSB2,
and the half-life of iNOS was not only shortened in SPSB2-
transgenic macrophages but also extended in SPSB2-deficient
macrophages. These studies suggest that SPSB2 regulates the
ubiquitination and proteasomal degradation of iNOS. The
detailed mechanism by which SPSB2 regulates iNOS, however,
ins of the SPSB family also play arole in
regulating iNOS remain to be determmed
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EXPERIMENTAL PROCEDURES

Reagents—Ultra pure LPS from Salmonella Minnesota R595
(Re) was obtained from Alexis Biochemicals. 1400W and cyclo-
heximide were from Calbiochem. Doxycycline was from Clon-
tech. Anti-iNOS antibody was from Millipore. Anti-FLAG(M2)
antibody was from Sigma. Anti-HA antibody was from Cova-
nce. Antibodies to Cul5, COX-2, and GAPDH were from Santa
Cruz Biotechnology. Anti-JAK2 antibody and anti-Myc anti-
body were from Cell Signaling Technology. Anti-T7 antibody
was from Novagen. Anti-ubiquitin antibody (FK2) was from
Nippon Bio-Test Laboratories.

¢DNAs and Plasmids—cDNAs for human iNOS (hiNOS) and
mouse iNOS (miNOS) were kindly provided by H. Esumiand C.
Nathan, respectively. cDNAs for human SPSB1 (hSPSB1),
hSPSB3, and hSPSB4 were kindly provided by G. Wu (23).
cDNA encoding the residues 7-263 of hSPSB2 was isolated
from the positive yeast clone in yeast two-hybrid screening, and
then cDNA encoding the full-length hSPSB2 was amplified by
PCR with the following primers: 5'-CGCGGATCCGCCGCC-
ATGGGCCAGACAGCTCTGGCAGGGGGCAGCAGCAG-
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CAC-3'and 5'-CCGGAATTCCCTGGTAGAGCAGGTAGC-
GCTTC-3'. The cDNAs encoding residues 1-124-and 1-500 of
hiNOS were subcloned into the pGBKT?7 vector (Clontech).
The plasmid for expressing hiNOS carrying N27A mutation
(hiNOS(N27A)) was constructed by using the QuikChange™
Site-directed Mutagenesis kit (Stratagene) and pSG5-hiNOS
vector as a template. The cDNAs encoding hSPSB1, hSPSB2,
hSPSB3, hSPSB4, hSPSB1ASB (residues 1-231), hSPSB2ASB
(residues 1-221), and hSPSB4ASB (residues 1-231) were sub-
cloned into the pEFBOSEX-FLAG vector (24). The cDNAs
encoding hSPSB4, hiNOS(1-124) and hiNOS(1-124)(N27A)
were subcloned into the pEFBOSEX-HA vector (24). The
cDNAs encoding N-terminal Myc-tagged ubiquitin and 3xT7-
tagged Elongin C were subcloned into the pMXrmv5 retroviral
vector (25). The cDNAs encoding hiNOS and hiNOS(N27A)
were subcloned into the pMXrmv5-(G,S),-YFP retroviral vec-
tor (25). The cDNAs encoding hSPSB1 and hSPSB1ASB were
subcloned into the pMXrmv5-(G,S);-CFP retroviral vector
(25). The cDNA encoding the residues 1-118 of miNOS
(miNOS(1-118)) and miNOS(1-118)(N27A) with the C-ter-
mmal FLAG tag were subcloned into the pRevIRE vector
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clones were mfected with the pRevTRE Luc vector, and the

“on-off” regulation by DOX was tested using a luciferase assay.
The cells obtained at this step are referred to as RAW-TetOFF
cells. Then the pRevTRE-miNOS(1-118)**4¢ or pRevIRE-
miNOS(1-118)(N27A)* A€ vector was introduced to the
RAW-TetOFF cells by retroviral gene transfer and the positive
cells were selected for growth in medium containing 400 pg/ml
hygromycin B and 400 ug/ml G-418 for 2 weeks. The “on-off”
regulation by DOX in each clone was tested by immunoblotting
using an anti-FLAG antibody.

Cell Culture—HEK293T cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS). HEK293T-™°Ub cells and HEK293T-***7EloC
cells were grown in DMEM containing 10% FBS and 1 ug/ml
puromycin. RAW-TetOFF-miNOS(1-118)"A¢ and RAW-
TetOFF-miNOS(1-118)(N27A) A€ cells were grown in RPMI
containing 10% FBS, 1 mM pyruvate, 200 ug/ml G-418, 200
ug/ml hygromycin B, and 100 ng/ml DOX. When proteins of
interest were induced by removing DOX from the culture
medium, Tet System Approved FBS (Clontech) was used
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instead of regular FBS, because regular FBS may contain
tetracycline.

Yeast Two-hybrid Screening—Yeast two-hybrid screening
was performed using the Matchmaker GAL4 Two-Hybrid Sys-
tem 3 (Clontech). The human liver, spleen, heart, fetal brain,
and adult brain cDNA libraries (Clontech) were screened with
amino acids 1-124 of human iNOS as the bait, following the
manufacturer’s instructions.

Quantitation of Nitrite in Culture Medium—The production
of nitrite was measured using Griess reagent as described pre-
viously (26).

Co-immunoprecipitation—Both HEK293T cells and HEK293T-
3xT7E]oC cells in a 6-well plate were transfected with the indi-
cated plasmids for 24 h. The cells were lysed in 1 ml of buffer A
(50 mm Tris-HCI, 150 mm NaCl, 1% Nonidet P-40, 5 mm EDTA,
and a protease inhibitor mixture (Roche), pH 7.5). The lysates
were centrifuged at 20,000 X g for 10 min at 4 °C. The superna-
tants were pre-cleared with 40 ul of protein G-Sepharose 4FF
beads (GE Healthcare) for 30 min. The pre-cleared lysates were
incubated with the indicated antibodies for 4 h to overnight at
4. °C, and successively with 40 ul of protein G-Sepharose 4FF
beads for 4 h at 4 °C >
ml of buffer A. I
boiling with 40 w
and subjected tc
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ith 1 ml of buffer B. Inmunopre-
cipitated proteins were eluted by boiling with 40 ul of 2X
SDS-PAGE sample buffer for 1 min, and subjected to
immunoblotting.

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 a KEYENCE BZ-9000 or an Olympus IX-71 fluorescent
microscope.

Cell Viability Assay—RAW-TetOFF-miNOS(1-118)F-4¢
and RAW-TetOFF-miNOS(1-118) (N27A)F-AS cells were
washed with PBS, and then incubated with PBS containing 5
mum EDTA for 7 min. The cells were collected and stained with
100 ul of 0.25 ug/ml 7-aminoactinomycin D (7-AAD) in SB (PBS
containing 1% FBS and 0.09% sodium azide) for 10 min in the dark.
Then, 500 ul of SB was added to the cells, and the stained cells
were analyzed by flow cytometry using FACSCalibur (BD) and
Flow]o software (Tree Star).

Statistical Analysis—All data are presented as means and
S.D. Probability values were based on a paired ¢ test or one-way

A EVEN

analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test.

RESULTS

SPSB1 and SPSB4 Interact with iNOS in a D-I-N-N-N
Sequence-dependent Manner and Induce Its Subcellular Redis-
tribution in a SOCS Box-dependent Manner—To uncover the
molecular mechanisms of iNOS regulation, we sought to iden-
tify proteins that interacted with the N-terminal region located
before the oxygenase domain of human iNOS using yeast two-
hybrid screens. Using residues 1-124 of human iNOS as the
bait, we screened 3 X 107 independent clones from human
liver, spleen, heart, fetal brain, and adult brain cDNA libraries
and obtained three X-a-Gal positive clones. Sequencing analy-
sis and Blast searches of the GenBank™ databases indicated
that one of these clones encoded almost full-length SPSB2 (res-
idues 7-263; supplemental Fig. S1). Kuang et al. (10, 20)
recently bioinformatically identified iNOS as an SPSB2-inter-
acting protein by searching for proteins that contained putative
Drosophila SPSB recognition sequences ((D/E)-(I/L)-N-N-N).

They showed that the D-I-N-N-N motif was present inresidues

aged the cells using fluorescence microscopy. Both iNOS
and the iNOS(N27A) mutant were localized as discrete foci
scattered throughout the cytosol, while SPSB1 and the SOCS
box-deleted form of SPSB1 (SPSB1ASB) showed a diffuse cyto-
solic localization (Fig. 1B). Surprisingly, we found that when
iNOS and SPSB1 were co-expressed, iNOS was co-localized
with SPSB1 with a significant change in the subcellular distri-
bution from dense regions to diffuse expression similar to the
localization of SPSB1 (Fig. 1C). The subcellular redistribution
of iNOS was also observed when SPSB4 was co-expressed, and,
to alesser degree, when SPSB2 was co-expressed (supplemental
Fig. S2A). In contrast, the INOS(N27A) mutant did not co-lo-
calize with SPSB1 and the subcellular distribution of this
mutant was unchanged (Fig. 1D). Next, we examined whether
the SOCS box was involved in the subcellular redistribution of
iNOS. We found that the subcellular distribution of iNOS was
unaffected by the expression of SPSB1ASB, despite its strong
co-localization with SPSB1ASB (Fig. 1E). Instead, the subcellu-
lar distribution of SPSB1ASB changed substantially, from dif-
fuse to dense regions of expression, similar to the localization of
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t.manner. A, HEK293T cells were transfected with indicated expression plasmids for 24 hiThe cell lysates were prepared andisubjected
n and immunoblotting. B, in 12-well plates, HEK293T cells were transfected with an expfession plasmid for iNOS—YFPJNOS(N27A)—Y5FP,

SPSB1-CFP, or SPSB1ASB-CFP for:12 h. Then'the cells were placed into-a'35-mm glass bottomvdish. The next day;, the cellswere examined by fluorescence
microscopy. C-E, HEK293T cells wefe transfected withiexpression plasmids for iNOS-YFP and SPSBI-CFP (QJiNOS(N27A)-YFP and SPSB1-CFP (D), or iN@S-YFP
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iNOS. These results suggest that an extensive subcellular redis-
tribution of iNOS ‘in the cytosol was caused by SPSB1 and
SPSB4, and, to alesser extent, by SPSB2, and that the SOCS box
was required for this.

SPSB1 and SPSB4 Induce the Proteasomal Degradation of
iNOS More Strongly than SPSB2— Although Kuang et al. (20)
showed that SPSB2 targets iNOS for proteasomal degradation,
whether SPSB1 and SPSB4 also play a role in the proteasomal
degradation of iNOS remains unclear. Thus, we first examined
whether iNOS levels were down-regulated by the overexpres-
sion of SPSB1 and SPSB4. We found that iNOS levels were
slightly decreased when SPSB1 and SPSB4 were overexpressed,
while the overexpression of SPSB2 did not affect the iNOS level
(Fig. 24), different from the previous observations of Kuang et
al. We next examined whether the co-overexpression of SPSB1
and SPSB4 induced the down-regulation of iNOS more than
the expression of SPSB1 or SPSB4 alone. Surprisingly, the INOS
level was unchanged in cells expressing both SPSB1 and SPSB4
compared with the control cells (Fig. 2B). These results led us to
hypothesize that the down-regulation of iNOS is not always
proportional to the expression levels of SPSB proteins. To test
this, HEK293T cells in 24-well plates were transiently trans-
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fected with cDNIAs expressing iNOS (200 ng) and each SPSB
protein (0.01- 600ng) for 24 h, and then iNOS levels in the cells
and nitrite accumulation in the cell culture medium were ana-
lyzed by immunoblotting and the Griess reaction assay, respec-
tively. We found that both the iNOS level and nitrite accumu-
lation decreased substantially when SPSB1 and SPSB4 were
expressed by transfection with 200:1 to 200:10 ng cDNA ratios
of iNOS to SPSB (Fig. 2, Cand D). This effect was also observed,
toalesser degree, when SPSB2 was expressed. Surprisingly, this
effect was diminished when the expression level of SPSB1 and
SPSB4 was increased by transfection with 200:100 to 200:600 ng
cDNA ratios of iNOS to SPSB. Additionally, this effect was
completely abrogated when the expression level of SPSB2 was
increased. Consistent with the degradation of iNOS, the much
lower expression of SPSB2 induced the subcellular redistribu-
tion of iNOS (supplemental Fig. S2B). These results suggest
that the molar ratio of iNOS to SPSB is important for iNOS
regulation, and that SPSB1 and SPSB4 have a more potent effect
on the subcellular redistribution and down-regulation of iNOS
than SPSB2.

Next, to determine whether the down-regulation of iNOS
was caused by accelerated degradation of iNOS, we examined
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FIGURE 2. SPSB1 and SPSB4 induce the degradation of INOS more strongly than SPSB2. A, HEK293T cells in 12-well plates were transfected with expression
plasmids for iNOS (0.8 ug), FLAG-tagged SPSBs (0.2 g), and the pEFBOSEX vector (0.6 ng) for 24 h. Then, the cell lysates were prepared, and subjected to
immunoblotting. B, HEK293T cells in 12-well plates were transfected with expression plasmids for iNOS (0.8 ug), FLAG-tagged SPSB1 (0.2 ug), and/or HA-
tagged SPSB4 (0.2 ug) for 24 h. The pEFBOSEX vector was also transfected to ensure that a total of 1.6 g of DNA was used per transfection. Then, the cell lysates
were prepared, and subjected to immunoblotting. C and D, HEK293T cells in 24-well plates were transfected with expression plasmids for iNOS (200 ng) and
FLAG-tagged SPSBs (0.01- 600 ng) for 24 h. The pEFBOSEX vector was also transfected to ensure that a total of 800 ng of DNA was used per transfection. Then,
the cell lysates were prepared, and subjected toimmunoblotting (C). In addition, concentration of nitrite in the cell culture medium was assessed by the Griess
assay (D). Data represent mean = S.D., n = 3. Eand F, HEK293T cells in 6-well plates were transfected with expression plasmids for iNOS and FLAG-tagged SPSBs
at the indicated ratio of iNOS to SPSBs for 12 h. Then the cells were placed into 5 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.

the stability of iNOS protein in cycloheximide (CHX) chase
assays (27). We found that SPSB1 and SPSB4, but not SPSB2,
triggered iNOS degradation in cells transfected with cDNAs at
a 2:1 pg ratio of iNOS to SPSB (Fig. 2E). Consistent with the
results in Fig. 2, C and D, the much lower expression of SPSB1
and SPSB4 by transfection with cDNAs at a 2:0.02 pg ratio of
iNOS to SPSB induced more rapid degradation of iNOS (Fig.
2F) that was abolished in cells treated with the proteasome
inhibitor MG-132 (supplemental Fig. $3), indicating that both

BSPe\

SPSB1 and SPSB4 target iNOS for proteasomal degradation.
The lower expression of SPSB2 also triggered iNOS degrada-
tion, but this degradation was much weaker than that mediated
by SPSB1 and SPSB4.

To determine whether the physical interaction between
iNOS and SPSB proteins is necessary for the down-regulation
of iNOS, we performed the same experiments using the
iNOS(N27A) mutant. We found that, in contrast to wild-type
iNOS, the levels of the INOS(N27A) mutant and NO produc-
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were transfected with expression plasmids for the iNOS(N27A) mutantand FLAG-
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Then the cells were placed into 3 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.

tion via this mutant were not affected by the expression of any
of the SPSB proteins (Fig. 3, A and B). Additionally, the lifetime
of the iNOS(N27A) mutant was unchanged by SPSB1, SPSB2,
and SPSB4 (Fig. 3C), demonstrating that the iNOS(N27A)
mutant is resistant to protein degradation mediated by these
SPSB proteins.

SPSB1 and SPSB4 Induce the Ubiquitination of iNOS More
Potently than SPSB2—Because SPSB1 and SPSB4 have more
potent effects on the proteasomal degradation of iNOS than
SPSB2, we next investigated the relative contributions of
SPSB1, SPSB2, and SPSB4 to iNOS ubiquitination. To evaluate
the level of ubiquitinated iNOS, HEK293T cells stably express-
ing Myc-tagged ubiquitin were transfected with cDNAs
expressing iNOS and SPSB proteins for 24 h, followed by treat-
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iNOS(N27A),,

ment with MG-132 for 4 h to accumulate ubiquitinated pro-
teins. iNOS was immunoprecipitated with an iNOS antibody,
and then the levels of ubiquitinated iNOS were analyzed by
immunoblotting using a Myc antibody. We confirmed the
expression of transfected iNOS and SPSB proteins by immuno-
blotting (Fig. 4A). We found that the level of ubiquitinated
iNOS was enhanced, 4.6-, 2.9-, and 5.6-fold in cells transfected
with SPSB1, SPSB2, and SPSB4, respectively (Fig. 4, B and C).
These results indicate that, consistent with the degradation of
iNOS, SPSB1 and SPSB4 induce the ubiquitination of iNOS
more potently than SPSB2.

SPSB1, SPSB2, and SPSB4 Form a Bridge between iNOS and
the Elongin C-CulS E3 Ubiquitin Ligase Complex—It has been
shown that SOCS box-containing proteins interact with
Elongin C and Cul5, components of the ECS E3 ubiquitin ligase
complex (7), suggesting that SOCS box-containing proteins
may be substrate recognition subunits of the ECS E3 ubiquitin
ligase complex that polyubiquitinates substrate proteins, tar-
geting them for proteasomal degradation. However, no direct
evidence indicates that SPSB proteins mediate the interaction
between the substrate and the ECS E3 ub1qu1t1n ligase complex

SPSB4 were expressed
mediate an interaction between Elongin C and iNOS, although
SPSB3 was co-immunoprecipitated with Elongin C. The
SPSBASB mutants were not co-immunoprecipitated with
Elongin C, because they lack a SOCS box. These results dem-
onstrate that SPSB1, SPSB2, and SPSB4 form a bridge
between iNOS and the ECS E3 ubiquitin ligase complex in a
SOCS box-dependent manner.

The N-terminal Fragment of iNOS Could Inhibit iNOS Deg-
radation by Disrupting iNOS-SPSB Interactions—Cell and tis-
sue microarray expression data mined from the Genomic Insti-
tute of the Novartis Research Foundation (GNF) indicated that
SPSB1, SPSB2, and SPSB4 mRNAs are broadly expressed in
various murine cell types and tissues (supplemental Fig. S4).
We also confirmed by reverse transcription-polymerase chain
reaction (RT-PCR) that both SPSB1 and SPSB2 mRNAs were
expressed in cells of the mouse macrophage cell line RAW264.7
(supplemental Fig. S5). These results suggest that SPSBI,
SPSB2, and SPSB4 may compensate for each of the other’s loss
of function if the expression of a certain SPSB is lost, as a result
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FIGURE 4. SPSB1 and SPSB4 induce the ubiquitination of iNOS more potently than SPSB2. A and B, In 6-well plates, HEK293T cells stably expressing
Myc-tagged ubiquitin were transfected with expression plasmids for iNOS (2 ng) and FLAG-tagged SPSB (20 ng) for 24 h followed by treatment with 5 um
MG-132for4 h. Part of each cell lysate was subjected toimmunoblotting (A). The remaining part of each 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). C, quantification of the levels of
ubiquitinated iNOS shown in B. Data represent mean =+ S.D,, n = 3. ¥, p < 0.05, compared with samples from cells not transfected with SPSB. #, p < 0.05,
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of siRNA or gene kn . To investigate the biochemical
and physiological significance of SPSB1, SPSB2, and SPSB4
during iNOS induction in macrophages, we attempted to dis-
rupt iNOS-SPSB interactions by overexpression of the iNOS
N-terminal fragments containing a D-I-N-N-N motif, because
1) the interaction between iNOS and SPSB proteins is crucial
for iNOS degradation, 2) similar to full-length iNOS, the iNOS
N-terminal fragment, such as residues 1-124 of human iNOS,
could interact with SPSB1, SPSB2, and SPSB4, and thus would
both compete with full-length iNOS for interaction with these
SPSB proteins to prevent the degradation of iNOS, and 3) it is
much easier to express iNOS N-terminal fragments in macro-
phages than to introduce siRNAs against multiple gene targets
into cells or to generate multiple gene knock-out mice. As
expected, the overexpression of 1-124 iNOS fragments dis-
rupted iNOS interactions with SPSB1, SPSB2, and SPSB4 (Fig.
6A) and prevented both iNOS degradation and a decrease in
iNOS-mediated NO production (Fig. 6, B and C). In contrast,
the 1-124iNOS fragments carrying the N27A mutation did not
alter the down-regulation of iNOS and a decrease in NO pro-
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tion mediated by SPSB1, SPSB2, and SPSB4 (Fig. 6, D and E,
and data not shown). These results indicate that the iNOS
N-terminal fragment acted as an inhibitor of SPSB1, SPSB2,
and SPSB4.

Disruption of iNOS-SPSB Interactions Attenuates iNOS
Ubiquitination and Prolongs the Lifetime of iNOS in Lipopoly-
saccharide (LPS)-activated Macrophages—To determine the
biochemical and physiological significance of SPSB1, SPSB2,
and SPSB4 during iNOS induction in macrophages, we estab-
lished RAW-TetOFF-miNOS(1-118)FLA€ cells in which the
mouse iNOS N-terminal fragment (residues 1-118) was revers-
ibly expressed by a tetracycline-inducible system (residues
1-118 of mouse iNOS correspond to residues 1-124 of human
iNOS). We found that the iNOS level reached its peak within
12 h of LPS stimulation and was sustained for up to at least 48 h
in cells expressing the 1-118 iNOS fragments, whereas the
iNOS level in the control cells reached its peak within 6 h of LPS
stimulation and then declined (Fig. 7A4). We also examined the
levels of COX-2, JAK-2, and GAPDH as controls. COX-2 is an
LPS-inducible protein similar to iNOS, JAK-2 is degraded

JOURNAL OF BIOLOGICAL CHEMISTRY 7
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under the cont:
and GAPDH is a
The kinetics of ex

ment. Consistent wit ained iNOS levels, nitrite accumula-
tion in response to LPS stimulation was substantially elevated
in the cell culture medium of cells expressing the 1-118 frag-
ments (Fig. 7B). Next, we performed CHX chase assays to
examine the lifetime of iNOS in LPS-activated RAW?264.7
macrophages. We found that the lifetime of iNOS in cells
expressing the 1-118 fragments was markedly prolonged,
whereas the lifetime of control proteins was unchanged (Fig.
7C). We further examined the level of ubiquitinated iNOS 12 h
after LPS stimulation of RAW264.7 macrophages. We found
that the level of ubiquitinated iNOS was greatly diminished by
the expression of the 1-118 fragments (Fig. 7, D and E). We
confirmed the specificity of the 1-118 iNOS fragment to
SPSB proteins and the inhibitory effect of this fragment on
SPSB proteins using cells expressing the 1-118 iNOS frag-
ment carrying the N27A mutation (1-118(N27A); supple-
mental Fig. S6, A—E). These results demonstrate that SPSB1,
SPSB2, and SPSB4 negatively regulate the lifetime of iNOS
by promoting its ubiquitination and proteasomal degrada-
tion in LPS-activated macrophages.
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was used per

roteins and
cleic acids (29), we assessed NO-induced cell death 48 h after
LPS stimulation of RAW?264.7 macrophages. We found that
nearly 70% of RAW?264.7 cells expressing the 1-118 frag-
ments were 7-AAD positive cells (dead cells), but this cyto-
toxic effect was almost completely abolished in cells treated
with the iNOS inhibitor 1400W (30) (Fig. 7, F and G), sug-
gesting that cell death was caused by iNOS-derived NO. In
contrast, despite LPS stimulation, NO-induced cytotoxicity
was not observed in control cells and cells expressing the
1-118(N27A) fragments (supplemental Fig. S6, F and G).
These results indicate that SPSB1, SPSB2, and SPSB4 play an
essential role in protection against the cytotoxic effect of
iNOS in LPS-activated macrophages.

DISCUSSION

The three NOS isoforms have several distinct characteristics,
some of which depend on the N-terminal short region located
before the oxygenase domain, because this region contains a
domain or motif that is unique to each NOS isoform and thus
endows each NOS isoform with specific biochemical and phys-
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FIGURE 7. The biological and physiological significance of SPSB1, SPSB2, and SPSB4 during iNOS induction in LPS-activated RAW264.7 macrophages.
A, 1-118iNOS fragment was expressed by removing doxycycline (DOX) from the culture media of RAW-TetOFF-miNOS(1-118)™A cells for 24 h. Then the cells
were stimulated with 10 ng/ml LPS for the indicated periods. The cell lysates were prepared and subjected to immunoblotting. B, cells were treated as
described in A, and cell culture supernatants were collected at the indicated time points. Then nitrite accumulation in the supernatants was assessed by the
Griess assay. C, 1-118iNOS fragment was expressed as described in A. Then the cells were stimulated with 10 ng/mI LPS for 12 h followed by treatment with 100
um CHX for the indicated periods. The cell lysates were prepared and subjected to immunoblotting. D, 1-118 iNOS fragment was expressed as described in A.
Then the cells were stimulated with 10 ng/ml LPS for 12 h followed by treatment with 5 um MG-132 for 4 h. The cell lysates were prepared and subjected to
immunoprecipitation using an anti-iNOS antibody. Immunoprecipitants were then subjected to immunoblotting with an anti-ubiquitin antibody to visualize
the ubiquitinated iNOS. E, level of ubiquitinated iNOS shown in D was quantified as a ratio of the density of anti-ubiquitin inmunoblotting (Ub-iNOS) versus
anti-iNOS immunoblotting (IP-iINOS). Data represent mean * S.D,, n = 3.*, p < 0.05. F, 1-118 iNOS fragment was expressed as described in A. Then the cells
were treated with 10 ng/ml LPS with or without 100 um 1400W for 48 h. Cells were collected and cell viability was analyzed by 7-AAD staining. G, quantification

of cell viability shown in F. Data represent mean = S.D,, n = 3.

iological features (21, 22). Here, we present studies examining
the intrinsic mechanisms of iNOS regulation by identifying and
characterizing proteins that interact specifically with the N-termi-
nal region of iNOS. Our results reveal that SPSB1, SPSB2, and
SPSB4 interact with the N-terminal region of iNOS, induce the
subcellular redistribution of iNOS, and form a bridge between

A EVEN

iNOS and the ECS E3 ubiquitin ligase complex to target iNOS for
ubiquitin/proteasome-dependent degradation. SPSB1 and SPSB4
have greater effects on these biological processes of iNOS regula-
tion than SPSB2. The negative regulation of iNOS by these SPSB
proteins contributes importantly to protection against the cyto-
toxic effect of INOS in activated macrophages.
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Although more than 50 SOCS box-containing proteins have
been found and are thought to act as substrate recognition sub-
units of the ECS E3 ubiquitin ligase complex, only a few sub-
strates for SOCS box-containing proteins have been identified.
Our observation that iNOS was clearly immunoprecipitated
with Elongin C and Cul5 in the presence of SPSB1, SPSB2, and
SPSB4 is the first direct evidence that the SPSB family of pro-
teins links the substrate with the ECS E3 ubiquitin ligase com-
plex. The bioinformatic analysis by Kuang et al. (20) reported
that 11 mouse and 16 human proteins contained the (D/E)-
(I/L)-N-N-N sequence, suggesting that those proteins may also
be regulated by SPSB1, SPSB2, and SPSB4. Future analysis of
those proteins using the experimental systems described here
may identify new substrates of SPSB1, SPSB2, and SPSB4, and
contribute significantly to understanding the physiological
roles of these SPSB proteins.

The few studies that have investigated the subcellular local-
ization of iNOS have provided diverse findings. iNOS has been
reported to reside in cells as a diffuse cytosolic protein (31) and
vesicles of 50 —80 nm in size (32) or to be localized in the peri-
nuclear region (33) an
been reported that
C terminus of Hs
deacetylase 6, an
vesicle/aggresom
changed dramatically
SPSB1, SPSB2,.and SPS

SPSB1, SPSB2, and SP
aggresomes to digect the subc

may be depende on thésub I
the 'il:s TASE

locahzatlon of Elongi

and/or Cul5
the subcell

mental Fig. S2B).

We consistently observed a weak effect of SPSB2 on iNOS

regulation regarding the subcellular redistribution and ubiqui-
tin/proteasome-dependent degradation compared with the
effects of SPSB1 and SPSB4. A binding affinity analysis using
the SPRY domains of human SPSB1-4 together with human
Par-4 peptide recently demonstrated that the binding affinity of
SPSB2 to Par-4 was far inferior to those of SPSB1 and SPSB4
(35). Consistent with this, we found that despite the highest
co-immunoprecipitation efficiency of SPSB2 with Elongin C,
iNOS was co-immunoprecipitated less with Elongin C in cells
expressing SPSB2 than in cells expressing SPSB1 and SPSB4
(Fig. 5C), suggesting that the binding affinity of SPSB2 to iNOS
might also be weaker than those of SPSB1 and SPSB4. The
detailed mechanism responsible for the weak binding affinity of
SPSB2 is not clear presently, but the cause may be the lower
sequence conservation of SPSB2 relative to SPSB1 and SPSB4.

Intriguingly, iNOS was significantly degraded in the presence
of quite low levels of SPSB proteins, but this effect was dimin-
ished when the expression level of SPSB proteins was increased.
These results indicate that iNOS degradation is not always pro-
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olgi apparatus (31) It has recently

s iN ‘ g ves{es/ )
r redlstf‘ﬁ utlon of iNO

portional to the expression level of SPSB proteins. Unlike the
single molecule E3 ubiquitin ligase, the activity of the multi-
protein E3 ubiquitin ligase complex is likely to be affected by the
expression level of each component, especially the substrate
recognition subunit, as with SPSB proteins. This is because in
the presence of excessive levels of SPSB proteins, Elongin C and
Cul5 may be saturated by SPSB proteins, and free SPSB proteins
may capture the substrate before the substrate interacts with
the ECS-SPSB complex, and eventually SPSB proteins stabilize
the substrate. Indeed, we observed that the iNOS level was sig-
nificantly increased when SPSB2 was overexpressed in LPS-
activated RAW264.7 macrophages (data not shown). Interest-
ingly, mRNA expression data from GNF indicated that the
mRNA expression levels of SPSB2 and SPSB4 were decreased
markedly after stimulation with LPS in both bone marrow-de-
rived macrophages and thioglycolate-elicited peritoneal
macrophages (supplemental Fig. S4). Additionally, Kuang et al.
(20) found that SPSB2 mRNA was greatly downregulated after
LPS+IEN-vy treatment in bone marrow-derived macrophages.
Thus, our results and those observations suggest that
LPS(+IFN v)-induced down-regulation of SPSB proteins

is QQserva ion may be
d not co@ely dis
{ 3-ubiquitin

of iNOS.

'iNOS(N27A) mutant is completely resistant to protein degra-
dation mediated by ECS(SPSB1/2/4), the extent to which other
E3 ubiquitin ligases, such as CHIP, are involved in the protea-
somal degradation of iNOS could be determined by the degree
of degradation of the iNOS(N27A) mutant. Future studies
using iNOS(N27A) knock-in mice will provide important
insight not only into the physiological significance of the
ECS(SPSB1/2/4) E3 ubiquitin ligase complexes during iNOS
induction, but also the contribution of other E3 ubiquitin
ligases to the proteasomal degradation of iNOS in each cell type
and tissue.

NO production by iNOS in activated macrophages is consid-
ered to be essential for various bactericidal and tumoricidal
functions (38, 39). Macrophages themselves, however, are also a
target of NO by an autocrine action. Indeed, excessive NO pro-
duction via iNOS has been shown to induce apoptotic cell death
of activated macrophages (40 —42), which may allow some bac-
teria to survive in the host and exacerbate inflammation at the
infection site (43). In RAW264.7 macrophages, LPS stimulation
did not induce cell death for up to at least 48 h, whereas in
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RAW264.7 macrophages expressing the iINOS N-terminal frag-
ments to disrupt iNOS-SPSB interactions, LPS stimulation
caused substantial NO-dependent cell death (Fig. 7, F and G),
demonstrating the intrinsic mechanism mediated by SPSB pro-
teins for protection against the cytotoxic effect of iNOS in acti-
vated macrophages. Clearly, much remains to be learned
regarding how SPSB proteins regulate the balance of bacteri-
cidal and tumoricidal effects versus the cytotoxic effect of INOS
in activated macrophages.

In summary, our results indicate that iNOS is a common
substrate for SPSB1, SPSB2, and SPSB4, all of which link iNOS
and the ECS E3 ubiquitin ligase complex. SPSB1 and SPSB4
have more potent effects on various biological processes of
iNOS regulation than SPSB2. SPSB1, SPSB2, and SPSB4 nega-
tively regulate NO production and limit cellular toxicity
through rapid ubiquitination and proteasomal degradation of
iNOS in activated macrophages. A better understanding of the
physiological significance of iNOS regulation by these SPSB
proteins could lead to new therapeutic strategies for many dis-
orders in which iNOS-derived excessive NO is implicated.
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S-Nitrosylation is a well-characterized reaction involving the covalent binding of nitric oxide (NO) to
cysteine residues (Cys) in a protein. Similar to protein phosphorylation, S-nitrosylation is a post-
translational modification involved in the regulation of a large number of intracellular functions and

Keywords: signaling events. Moreover, like phosphorylation, S-nitrosylation is precisely regulated in time and space.
S-Nitrosylation A procedure known as the biotin-switch method that specifically detects S-nitrosylated proteins (SNO-P)
Nitric 9xnde was recently developed by Snyder’s group. They found that many proteins are substrates for NO, and
Screening several groups have attempted to identify other SNO-P by improving this method. In this review, we
describe the SNO-P identified using modified versions of the biotin-switch method.

© 2010 Elsevier Inc. All rights reserved.
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Introduction physiological stimuli involving both the receptor-mediated acti-

NO is an important signaling molecule that exerts diverse
physiological effects via S-nitrosylation, a reversible type of post-
translational modification that affects the activity, localization,
and stability of proteins [1]. S-Nitrosylation involves the oxidation
of Cys thiols by NO synthesized by NO synthase (NOS), and by
transnitrosylation from low-molecular-weight nitrosothiols such
as S-nitrosylated Cys or nitrosylated proteins (RSNO) [2-6]. The
specificity of S-nitrosylation is regulated by several factors,
including consensus sequences that increase the chemical
reactivity of Cys targets of NO [7], and adaptor proteins near the
NOS isoenzymes [8].

To date, a large number of targets of S-nitrosylation have been
identified and linked to functional consequences. Importantly,
protein regulation by S-nitrosylation has been coupled to
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vation of NOS and the stimulus-induced denitrosylation [2,8,9].
S-Nitrosylation (i.e., the covalent attachment of NO to Cys
residues) is a post-translational modification that regulates a wide
variety of cellular functions and signaling events. Comparable to
phosphorylation, S-nitrosylation is regulated precisely in time
and space [10]. Many reports have demonstrated the dynamic
regulation of protein function by reversible modifications; they
play a pivotal role in physiological and pathophysiological func-
tions [11]. The characterization of S-nitrosylated proteins (SNO-P)
and modification sites is an important part of understanding the
function of NO in cells. Thus far, several approaches have been
developed for the detection of protein S-nitrosylation [12]. They
can be divided into two categories: direct and indirect. Direct
detection methods are considered to be preferable, because
they reflect the in vivo situation and require minimal sample
preparation reducing the possibility of false positives. However,
the direct analysis of protein S-nitrosylation is difficult because
this type of modification is largely unstable and rare. Direct
detection by immunoprecipitation or Western blotting is not
generally conducted for protein S-nitrosylation analysis, because
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the S-nitrosylated (SNO) bond is degraded under the reducing
conditions of SDS-PAGE. Antibodies against SNO-P can sometimes
produce positive signals by immunohistochemistry [13]. Addition-
ally, the direct identification of S-nitrosylation sites by mass
spectrometry (MS) is difficult because the SNO bond is very
sensitive to UV light [14], and it is labile under conventional
collision-induced dissociation conditions [15]. On the other hand,
Wang et al. [16] recently identified the S-nitrosylation sites on
thioredoxin using electrospray ionization (ESI) quadrupole time-
of-flight (QTOF) MS. Both sample buffer composition and MS
hardware parameters were carefully adjusted to ensure that SNO
peptides could be ionized and fragmented with optimal signal/
noise ratios. However, the application of this strategy is limited
to certain types of instruments, and the adoption of this strategy
for the proteome-wide identification of protein S-nitrosylation
sites in complex protein mixtures remains challenging.

Most other approaches for detecting protein S-nitrosylation are
indirect, such as measuring free NO levels after cleavage of the
SNO bond or conversion of the SNO bond into a detectable tag
[12]. For example, chemiluminescence assays have been developed
to detect the light released upon the decay of electronically excited
nitrogen dioxide (NO; ), which is generated by the reaction of free
NO released from the SNO bond with ozone [17]. Such methods
can effectively determine the total level of protein S-nitrosylation
present in a biological sample, but they cannot identify specific
SNO-P. Fortunately, a number of indirect MS-based proteomics ap-
proaches have been developed for the identification of SNO-P and
their modification sites from complex biological samples [18,19].

The biotin-switch technique, an epoch-making SNO-P detection
method

Proteins that are susceptible to S-nitrosylation are difficult to
identify due to the lack of an effective detection method and the
development of such a method is complicated by the unstable oxi-
dation states of the proteins involved. However, the development
of the biotin-switch method by Jeffrey and Snyder for the detection
of SNO-P enabled researchers to overcome this problem by
exchanging the labile RSNO muodification for a readily detectable
biotin tag [20]. This method has facilitated the large-scale detec-
tion of cellular SNO substrates [18,20] (Fig. 1).

The biotin-switch method consists of three steps: the methylthi-
olation of free Cys thiols with methyl methanethiosulfonate
(MMTS), the reduction of SNO bonds to thiols with ascorbate, and
the ligation of the nascent thiols with N-[6-(biotinamido)hexyl]-
3'-(2'-pyridyldi thio)-propionamide (biotin-HPDP). In combina-
tion with MS, several potential SNO-P have been discovered in
Homosapiens, Mus musculus, and Arabidopsis thaliana [21-24]
(Fig. 1). However, it needs pay attention to the results performed
by this method, since there might be some cases where (1) ascor-
bate-induced reduction of SNO bonds to thiols is not complete,
and (2) other modifications (“soft” disulfides or sulfenic acid) could
also be reduced to thiol. In addition, NO sometimes leaves from the
protein due to destabilization when protein secondary/tertiary
structure is lost with SDS. Therefore, additional possible candidates
might be identified by using other reagents instead of SDS.

Identification of SNO-P by MS

The biotin-switch method is commonly used to detect endoge-
nous SNO-P, and has greatly advanced the field [18,20]; however,
numerous other methods have been developed for the detection
of SNO-P. Gross and co-workers [19,25] developed a method for
the application of an unbiased proteome that was recently shown
to identify predominant S-nitrosylation sites on Cys residues in
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1
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Fig. 1. Schematic representation for detecting S-nitrosylated proteins. Free thiols
are blocked by methylthiolation reagent with MMTS. Then, nitrosothiols are
specifically reduced with ascorbate to change the thiols. Finally, newly reformed
cysteines are reacted with thiol-modifying reagent biotin-HPDP and detected with
several protocols.

complex protein mixtures. This method, termed SNOSID, allows
for proteome-wide S-nitrosylation site identification. They ex-
tended the capability of the biotin-switch method by introducing
a proteolytic digestion step before avidin capture, which allows
for the selective isolation of peptides that previously contained
SNO Cys residues. In total, 68 SNO peptides from 56 rat cerebellar
proteins were identified in this way (Fig. 2).

On the other hand, Camerini et al. [26] used an N-terminally
modified His tag to selectively label and detect nitrosylated pep-
tides. However, the number of SNO-Ps detected was relatively
low, presumably due to the relatively large mass shift introduced
by the tag. A large tag seems to prevent the identification of large
peptides due to the limited mass detection window (Fig. 2).

A two-dimensional differential gel electrophoresis approach has
also been applied for the visualization of SNO-P. However, few
SNO-P have been identified using this method due to their low
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@®Receptor

AT1 receptor, EGF receptor, estrogen receptor, GABA, receptor, neurotensin receptor, NMDA receptor

@®Channel

Ca?* channels, TRP, Ca%*-activated K* channel, Na* channel, Cyclic nucleotide-gated channel

@®Kinase

ASK1, CaMK2, creatine kinase, G-protein-coupled receptor kinase, IKKB, JNK, MAPK, MEKK1, PKC,

pyruvate kinase, Src, Tyk,

@Phosphatase
PP1B, PP2A, PP2B, PP2C, PTEN

@ Signal transduction

ARF, Adenylyl cyclase, p-arrestin, BAX, caspase, COX-2, eNOS, FLICE, Guanylyl cyclase, Goa, iINOS, Ras

@ Ubiquitin-proteasome system

ISG15, Ubiquitin-conjugating enzyme E2, UCH-1L, Parkin, XIAP

@®Redox

DJ-1, peroxiredoxin, protein-disulfide isomerase, thioredoxin

@ Cytoskeletal proteins

a-tubulin, B-tubulin, -actin, dynamin, GFAP, Microtubule-associated protein, myosin, synaphin 1, 14-3-3

Fig. 2. Typical S-nitrosylated proteins. In this figure, the known S-nitrosylated proteins are classified into each function indicated. AT, angiotensin; EGF, epidermal growth
factor; GABA, y-aminobutyric acid; NMDA, N-methyl-p-aspartic acid; TRP, transient receptor potential; ASK, apoptosis signal-regulating kinase; CaMK, calcium/calmodulin-
dependent protein kinase; IKK, IkB kinase; JNK, Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MEKK, mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase kinase; PP, protein phosphatase; PTEN, phosphatase and tensin homolog; ARF, ADP ribosylation factor; Bax, BCL2-associated X protein; COX,
cyclooxygenase; FLICE, FADD-like interleukin-1 beta-converting enzyme; ISG, interferon stimulated gene; UCH, ubiquitin carboxyl-terminal esterase L1; XIAP, X-linked

inhibitor of apoptosis protein; GFAP, glial fibrillary acidic protein.

abundance and the low recovery of SNO peptides from in-gel
digestion [12].

Recently, a resin-assisted capture (RAC)-based method was
developed to isolate SNO-P. This method combines the “labeling”
and “pull-down” steps from the biotin-switch method into a single
step [27,28]. Using this approach, Forrester et al. [27] reported the
identification of 47 and 44 S-nitrosylation sites from RAW264.7
macrophages and Escherichia coli, respectively. However, neither
the biotin-switch method nor the RAC-based approach was effec-
tive for S-nitrosylation site identification. Additionally, to identify
stable protein nitrosothiols, a proteomic method for profiling
S-nitrosylation was examined. They developed a quantitative
nitroso-proteomic approach for the screening of dozens of known
and unknown SNO-P, and succeeded in finding a novel class of
target proteins that were capable of forming stable nitrosothiols

(Fig. 2).
Identification of SNO-P by protein arrays

As described above, the biotin-switch method, which converts an
S-nitrosothiol into an S-biotinylated Cys, has greatly facilitated the
identification of SNO-P and the specific SNO sites and aided in the
discovery of many new physiological or pathophysiological roles
for S-nitrosylation. The characterization of SNO proteomes using a
protein array has revealed several classes of S-nitrosylation-reactive
proteins. Microarray-based proteomic screens of S-nitrosylation
may reveal SNO-reactivity patterns for large classes of proteins.
Foster et al. [29] attempted to use a protein microarray-based
approach to investigate the determinants of S-nitrosylation in
biologically relevant low-mass S-nitrosothiols. They identified large
sets of yeast and human target proteins, among which those with
active-site Cys thiols residing at the N termini of a-helices or within
catalytic loops were particularly prominent (Fig. 2). Interestingly,
structural motifs such as a Cys at the N terminus of a helix were

highly variable with regard to S-nitrosylation-reactivity, and are,
therefore, unlikely to be universal motifs for S-nitrosylation.

Identification of SNO-P by computer analysis

Computational studies of post-translational modifications are
very attractive because more than 150 databases and computational
tools have been developed for such analyses. In fact, several ap-
proaches have been used to find the S-nitrosylation sites in proteins.
Xue et al. [30] developed an algorithm GPS 2.0 (Group-based predic-
tion system) for the prediction of kinase-specific phosphorylation
sites. They further reported substantial improvement of the method
and the release of GPS 3.0 algorithm, and they developed the novel
computational software of GPS-SNO 1.0 for the prediction of S-nitro-
sylation sites [31]. Leave-one-out and 4-, 6-, 8-, and 10-fold cross
validations were calculated to evaluate the prediction performance
and system robustness. By comparison, the performance of the GPS
3.0 algorithm was better than that of several other approaches, with
an accuracy of 75.80%, a sensitivity of 53.57%, and a specificity of
80.14% under low-threshold conditions. These proteins were de-
tected from large- or small-scale studies, and the exact S-nitrosyla-
tion sites had not been experimentally determined. They proposed
that GPS-SNO 1.0 is a useful tool for the identification of potential
S-nitrosylation sites (Fig. 2).
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Abstract. The mechanism for sustained Ca®* influx activated by G protein—coupled receptors
was examined. In Chinese hamster ovary cells expressing recombinant human endothelin type B
receptor (ETsR) and endogenous P2Y receptor (P2Y-R), endothelin-1 elicited a sustained Ca**
influx depending on Gg, protein, phospholipase C (PLC), Na'/H* exchanger (NHE), and p38
mitogen-activated protein kinase (p38MAPK), whereas P2Y-R—-induced sustained Ca** influx was
negligible. Functional studies showed that NHE activation by ETsR was mediated via p38MAPK
but not G¢/1/PLC, while that by P2Y-R involves only G,,,/PLC/p38MAPK. These results suggest
that Gg1/PLC-independent NHE activation via p38MAPK plays an important role in ETgR-

mediated sustained Ca®* influx.

Keywords: endothelin type B receptor, Na'/H* exchanger, p38 mitogen-activated protein kinase

G protein—coupled receptors (GPCRs) including en-
dothelin type A receptor (ETAR) and ETgR transduce the
binding of their agonists into activation of G protein—
regulated effectors and changes in levels of correspond-
ing second messengers. It is well-known that stimulation
of G, protein—coupled receptors induces formation of
second messengers such as inositol 1,4,5-trisphosphate
(IPs) and diacylglycerol (DAG) via phospholipase C
(PLC). Binding of IP; to its receptor on the endoplasmic
reticulum (ER) triggers Ca** release from the ER, result-
ing in a transient increase in intracellular free Ca** con-
centration ([Ca*];) (1). According to the classical theory,
this is followed by a sustained increase in [Ca®");, result-
ing from Ca?* influx through several types of voltage-
independent Ca*"-permeable cation channels such as
store-operated Ca** channels (SOCCs) (2). On the other
hand, DAG directly activates receptor-operated Ca*
channels (ROCCs), leading to sustained Ca** influx.
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Thus, the sustained increase in [Ca®*]; via SOCCs and
ROCCs results from activation of the Ggn/PLC
pathway.

Recently, we have reported that in addition to Ca®*
influx through SOCC and ROCC activated via G¢1,/PLC
(3, 4), ETAR induced Gy1)/PLC-independent activation
of sustained Ca®* influx that is not mediated through ei-
ther SOCC or ROCC: the Ca®" influx is mediated by the
reverse mode of the Na'/Ca®>* exchanger functionally
coupled with Na"/H* exchanger (NHE) via Na* transport
(5). Furthermore, NHE activation in response to ETsR
stimulation is mediated via p38 mitogen—activated pro-
tein kinase (p38MAPK), which is activated through G,
protein (6). Because Gy1;-coupled receptors can couple
to other G proteins, these findings imply that mechanisms
for sustained Ca®* influx might be different depending on
the type of GPCRs to be activated.

In the present study, in order to expand the functional
significance of G/PLC-independent, p38MAPK-de-
pendent NHE activation in sustained Ca*" influx to other
GPCRs coupled with G4 ,/PLC and G253, we examined
whether this mechanism is involved in the Ca*" influx
induced by recombinant ETgR and endogenous P2Y re-



Mechanism for ETsR-Induced Ca?* Influx

ceptor (P2Y-R) expressed in CHO cells (7).

To generate CHO cells stably expressing ETsR (ETgR-
CHO), the gene of human ETgR fused with yellow fluo-
rescence protein at the C terminus was introduced into
CHO cells by retroviral gene transfer as previously de-
scribed (5, 6). [Ca*"]; was monitored by using fluorescent
Ca*" indicators, fura-2/acetoxymethyl ester (fura-2/AM)
and fluo-3/AM (5, 6). To determine molecular mecha-
nisms for NHE activation upon stimulation of ETgR and
P2Y-R with ET-1 and adenosine triphosphate (ATP),
respectively, the change in extracellular acidification rate
(ECAR) was measured by the eight-channel Cytosen-
sor™ microphysiometer (Molecular Devices Corp.,
Sunnyvale, CA, USA) (5, 6). To estimate the degree of
p38MAPK activation after stimulation of ETgR and
P2Y-R, the phosphorylation levels of p38MAPK were
estimated by Western blot analysis (6).

The concentration-response curves for ET-1 and ATP
were constructed to evaluate its ECso value (M) using
GraphPad PRISM™ (version 3.00; GraphPad Software
Inc., San Diego, CA, USA). The ECs, values were con-
verted to negative logarithmic values (pECso) for analysis.
Results of Cytosensor™ microphysiometer studies are
expressed as percentages of the basal ECAR prior to
exposure to vehicle or inhibitors. All data were presented
as means + S.E.M., where n refers to the number of ex-
periments. The significance of the difference between
mean values was evaluated with GraphPad PRISM™ by
Student’s paired #-test or one-way analysis of variance
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(ANOVA) followed by Tukey’s multiple comparison
test. A P value less than 0.05 was considered to indicate
significant differences.

In ETgR-CHO, stimulation of ETsR with 1 nM ET-1
elicited a biphasic increase in [Ca*); consisting of an
initial transient peak (304.9+31.6 nM, n=5) and a
subsequent sustained increase (199.8 + 16.0 nM, n = 5).
The pECs, values for ET-1-induced increase in [Ca®'];
were 10.09 £ 0.13 for the transient phase and 9.72 + 0.18
for the sustained phase (Fig. 1: A and B). ATP also in-
duced a transient increase in [Ca*']; with a pECs, value
of 5.86 + 0.08 and the maximum increase in [Ca®]; of
386.4 £ 39.5 nM (n = 5). ATP can activate two families
of P2 receptors, the ligand-gated ion channels (P2X-R)
(8) and the G protein—coupled P2Y-R (7), which are en-
dogenously expressed in CHO cells. ATP-induced in-
crease in [Ca**]; seems to be mediated via P2Y-R but not
P2X-R, since the Ca** response was completely inhibited
by 1 uM YM-254890, a G, inhibitor (data not shown).
Notably, the sustained increase in [Ca®']; was very small
for each of the tested concentrations of ATP (Fig. 1B).
Interestingly, although the transient [Ca®']; increases in-
duced by 1 nM ET-1 and by 10 uM ATP in ETsR-CHO
are comparable with each other (Fig. 1A), there is a
marked difference in the amplitude of the sustained Ca®
responses. These results suggest that store depletion does
not necessarily activate SOCCs and hence that the ETsR-
induced sustained Ca®" influx is not due to SOCCs acti-
vated by the emptying of the intracellular Ca** store.
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Fig. 1. Characterization of the increases in [Ca?}; induced by ET-1 and ATP in ETgR-CHO. A) Representative traces showing
the [Ca®"); increases induced by stimulation of ETsR with ET-1 and of P2Y-R with ATP at indicated concentrations. B) Concen-
tration—response curves for the transient and sustained [Ca”"]; increases triggered by ET-1 and ATP. The sustained [Ca®*}; increases
were measured 10 and 20 min after addition of ET-1 and ATP, respectively. ‘P < 0.05, *“P < 0.01, sustained [Ca®'}; increases in-
duced by these agonists vs. basal Ca** level. C) Effects of YM-254890, U-73122, EIPA, and SB203580 on the 1 nM ET-1-induced
sustained increases in [Ca*'];. Data are presented as means + S.E.M. of the results obtained from 5 experiments. **P < 0.01, vs. its

control (1 nM ET-1 alone, open column).
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To determine the signaling molecules involving sus-
tained Ca®" influx induced by ET-1, a specific inhibitor
was added during the sustained phase of [Ca®']; increase.
Maximally effective concentrations of a G; inhibitor (1
uM YM-254890), a PLC inhibitor (3 uM U-73122), an
NHE inhibitor [10 4uM 5-(N-ethyl-N-isopropyl)amiloride,
EIPA], and a p38MAPK inhibitor (50 uM SB203580)
inhibited the ET-1-induced sustained increases, indicat-
ing that the sustained Ca** responses to ET-1 are medi-
ated via G, PLC, NHE, and p38MAPK. This result in
turn implies that like ETAR (6), an NHE/p38MAPK-de-
pendent mechanism is involved in the ETgR-induced
sustained Ca®* influx.

Recently, we have shown that a G;,/PLC-independent,
p38MAPK-dependent pathway regulates NHE activity
after ETAR stimulation (6). To clarify intracellular
mechanisms responsible for NHE activation by ET&R,
we used the Cytosensor™ microphysiometer, a valuable
tool for evaluating NHE function in living cells (5, 6).
Functional study with this instrument showed that 1 nM
ET-1 and 10 uM ATP evoked an increase in ECAR. The
increases by ATP were far smaller than those by ET-1
(e.g., 124.9% for ATP vs. 162.2% for ET-1 at 6 min)
(Fig. 2). The responses to ET-1 and ATP were markedly
inhibited by 10 uM EIPA, indicating the involvement of
NHE. To identify upstream signaling molecules in NHE
activation by ETgR and P2Y-R, the effects of YM-
254890, U-73122, and SB203580 on the ECAR response
were examined. In contrast to the Ca’* response, the
ECAR response was resistant to both YM-254890 and
U-73122, but sensitive to SB203580 (Fig. 2A). On the
other hand, the ATP-induced increase in ECAR was
sensitive to all of these inhibitors (Fig. 2B). These find-
ings suggest that activation of NHE is mediated via a
Ggn/PLC-independent, p38MAPK-dependent pathway
for ETsR and via a Gg://PLC/p38MAPK-dependent
pathway for P2Y-R.

1— ATP administration

Increasing evidence indicates that p38MAPK plays an
important role in both activation of NHE by GPCRs (9,
10) and sustained Ca** response induced by ET4R (5, 6).
In addition, activation of p38MAPK by ET4R is reported
to be independent of the Gg11/PLC pathway (6). To ex-
amine the role of p38MAPK activation in the signaling
for ETsR and P2Y-R, p38MAPK phosphorylation was
measured by western blot analysis. The p38MAPK
phosphorylation by 1 nM ET-1 was exceedingly strong
and persistent, whereas that by 10 uM ATP was very
weak and transient (Fig. 3A). At 15 min following stimu-
lation, ET-1 induced a concentration-dependent phos-
phorylation of p38MAPK with a pECs, value of
10.28 + 0.12 and the maximum level of 879.9 + 52.2%
(n =6, Fig. 3B), but ATP (1 — 30 uM) induced no signifi-
cant increase. To determine upstream regulatory mole-
cules for p38MAPK, the effects of inhibitors for Gy, and
PLC on the ET-1-induced p38MAPK phosphorylation
were examined. Like p38MAPK activation via ET4R (6),
YM-254890 (1 uM) and U-73122 (10 M) had little ef-
fect on p38MAPK phosphorylation by 1 nM ET-1 (data
not shown). Taken together with the above-mentioned
Cytosensor™ microphysiometer study, these data pro-
vide further evidence for the involvement of the Gy/1/
PLC-independent pathway in ETsR-induced p38MAPK
activation. We were unable to determine the upstream
molecules for ATP-induced p38MAPK phosphorylation
because its phosphorylation level was too weak to
analyze.

Like ETR, both ETgR and P2Y-R can couple with a
member of the G, family (G, and G5 proteins) in addi-
tion to Gy, protein (11 — 13), and activation of G,; pro-
tein is involved in ETsR-induced NHE activation via
p38MAPK, causing a sustained increase in [Ca®'); (6).
Interestingly, G; protein is a potential candidate respon-
sible for NHE activation mediated via ETgR (13), despite
stimulation of GPCRs coupled to G, (10) and G243 (14)

Fig. 2. Characterization of changes in
ECAR induced by 1 nM ET-1 (A) and 10
#M ATP (B) in ETgR-CHO. The change
in ECAR was measured by the Cytosen-
sor™ microphysiometer every 2 min. The
cells were treated with either vehicle
(0.2% dimethylsulfoxide) or inhibitors for
30 min before stimulation with ET-1 (ET-
1 administration) or ATP (ATP adminis-
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A. Time course
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Fig. 3. Characterization of p38MAPK
B. Concentration-dependency phosphorylation in response to ET-1 and
$000- . a5 . 15 mi ATP in ETgR-CHO. A) The time course of
g —.- 155 ; -l p38MAPK phosphorylation induced by 1
& (15min) [ ™ T3 58 S S S 1P-p38 M ET-1 and 10 4M ATP with, at the
8 RS, [ EBEmED e Ty ik e mmmoies Pk
ad phosphorylated p38MAPK; T-p38, total
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2'%5 5004 (5 min) log[ET-1] (M) curves for p38MAPK phosphorylation in
% R response to 15-min exposure to ET-1 and
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being able to activate NHE. In analogy with the case of
ETAR (6), the EIPA-sensitive part of the ETgR-induced
sustained increase in [Ca®']; is mediated by NHE, which
is in turn activated via p38MAPK: the remaining part of
the [Ca®']; increase that is resistant to EIPA is considered
to be mediated through ROCCs and/or SOCCs, whose
activation requires both Gy1:/PLC and p38MAPK. An
activator of p38MAPK may be Gy, protein. In contrast,
the minimum level of the sustained increase in [Ca®");
following stimulation of P2Y-R seems to be due to a low
level of p38MAPK activation, causing weak activation
of NHE and also ROCCs/SOCCs. The low level of
p38MAPK activation might be weak coupling of P2Y-R
with Gj2i3 protein. Further studies will be required to
confirm the possible involvement of G,, and/or Gi; pro-
teins in ETgR-mediated p38MAPK activation. In addi-
tion, the reasons for these differences in signaling cascade
and sustained Ca** response between ETgR and P2Y-R
are not known, but such phenomena may result from the
difference in receptor expression level that affects recep-
tor—G-protein coupling in recombinant expression sys-
tems (9, 15). Recently, we showed that a difference in

log[ATP] (M)

rylation induced by these agonists vs. basal
p38MAPK phosphorylation level.

expression level of human ET4R results in a multiplicity
of receptor signaling as follows: the ECAR response to
ET-1 in low-expressor clone is mediated via the Gg1/
PLC/p38MAPK/NHE pathway, while the response in
high-expressor clone is mediated via either Gg,,/PLC/
NHE or non-Gg:(Gi2)/p38MAPK/NHE cascades (6).
The signaling cascades for low- and high-expressor are
consistent with those utilized by P2Y-R and ETsR, re-
spectively. Therefore, there is the possibility that the
difference in intracellular signaling mechanism between
ETsR and P2Y-R are due to differences in their expres-
sion levels and/or the difference of receptor type.

In summary, the present study demonstrated that G,/
PLC-independent activation of NHE via p38MAPK is
involved in a sustained increase in [Ca®"); triggered by
ET3R but not P2Y-R. Taken together with our previous
reports indicating - the participation of G,./p38MAPK/
NHE cascade in the ET:R-mediated sustained [Ca®");
increase (6), these results imply that Gg1,/PLC-indepen-
dent, p38MAPK-dependent activation of NHE plays an
important role in the sustained Ca** response to stimula-
tion of ETgR in addition to ET4R.
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