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Figure 6 Expression of APJ in embryo. (A) Whole-mount staining of E8.5 mouse embryo with anti-CD31 (red) and anti-APJ (green) antibodies
(B) Staining of E9.5 mouse embryo section with anti-CD31 (red) and anti-APJ (green) Abs. The left panel shows high-power view of the area
indicated by the box. Note that the DA stained by anti-CD31 Ab did not express AP) and APJ expressed on ECs sprouting from DA. Scale bar
indicates 500 ym
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Figure 7 Defect of the enlargement in blood vessel caliber in apelin-deficient mice. (A) Whole-mount immunchistostaining of WT (a, b) and
apelin-deficient (¢, d) embryos at E9,5 with anti-CD31 Ab, (b) and (d) are higher magnifications of the areas indicated by the box in (a) and (c),
respectively. Scale bar indicates 300 um. (B) Sections containing ISVs (arrowheads) from WT and apelin-deficient (KO) embryos at E9.5 were
stained with anti-CD31 antibody. The level of the sectioning position is indicated by a white bar in (b) and (d). Scale bar indicates 30 um
(C) Quantitative evaluation of the vascular diameter of intersomitic blood vessels from apelin-deficient (KO) versus WT mice. *P<0.001
(30 vessels from 5 embryos were examined), Detalls of the measurement of vascular diameter are shown in Supplementary Figure 7
(D) Representative plctures of microvessels sprouted from aortic ring using apelin-deficient mice. Aortic ring was cultured in the presence or
absence of VEGF (10ng/ml) or apelin (100 ng/ml). PBS was used as a negative control. Pictures In the right panel show a high-power view of
the area indicated by the box, respectively. Scale bar indicates 300 pm. (E) Quantitative evaluation of the vascular size of sprouted microvessels
from the aortic ring cultured as described in (D). Vascular size was measured as the length between two parallel lines as indicated in (D)
*P<0.003 (n=30)

absence of blood flow. It is known that blood flux regulates ECs. However, the results were contrary to our expectation
vessel size (Koller and Huang, 1999). Therefore, it is In vitro shear stress on HUVECs attenuated apelin mRNA
possible that shear stress may induce apelin expression in expression in HUVECs (Supplementary Figure 13)

The EMBO J VOL 27 | NO 3 | 2008 ©2008 European Molecular Biology Organi

179



Apelin regulates lumen size of blood vessels

H Kidoya #r al

WT KD
mI—I
0

WwT KO

m
8

Vascular density (%)
3

m

Vascular size (m)

Figure 8 Lectin staining of racheal blood vessels. (A-D) Comparison of tracheal blood vessels in 8-week-old WT (A, B) and apelin-deficient
(C, D) mice stained by intravenous injection of fluorescein-labelled lectin. a in (C) means avascular area. (B) and (D) show a high-power view
of the area indicated by the box in (A) and (C), respectively. Scale bar in (C) indicates 200 um (A, C) and 60 pm (B, D). (E) Quantitative
evaluation of vascular density from apelin-deficient (KO) versus WT mice. *P<0.00L Vascular density from 10 random fields was counted
(F) Quantitative evaluation of vascular size of blood vessels in the trachea from apelin-deficient (KO) versus WT mice. Vascular size was
measured as the length between two parallel red lines as indicated In (B) and (D). *P<0.001 (100 vessels from 3 mice were examined].

Role of apelin in Ang1-induced enlargement

of capillary size

We isolated apelin from ECs under the activation of Tie2 by
Angl. Next, using apelin-deficient mice, we observed
whether Angl-induced enlargement of blood vessels is sup-
pressed in the absence of apelin. In this experiment, we
mated apelin-deficient mice with AnglTg mice and observed
the caliber size of the capillaries in the dermis (Figure 9).

In apelin-deficient mice, the caliber size of the capillary in
the dermis was narrower compared with that in WT mice
(Figure 9A and B and Supplementary Figure 11). We con-
firmed that CD31-positive cells are from blood vessels but not
from lymphatic vessels, by double staining with LYVEI1, a
specific marker for lymphatic ECs (Supplementary Figure 11).
As previously reported (Suri et al, 1998), AnglTg mice
showed enlarged capillary formation in the dermis, but this
effect of Angl was abolished by the lack of apelin (Figure 9A
and B). However, apelin deficiency did not completely sup-
press Angl-induced enlargement of blood vessels, suggesting
that other molecules upregulated by Tie2 activation might
be involved in the caliber size determination of capillaries
in vivo. On the other hand, the generation of extremely
enlarged blood vessels, with a caliber size of more than
10* ym?, observed in AnglTg mice, was completely sup-
pressed in the absence of apelin (Figure 9A and C).
Therefore, we concluded that one of the molecules affected
by Angl for enlargement of the capillary was apelin in ECs.

Apelin induces an enlarged endothelial sheet

in P-Sp culture system

In vive analysis suggested that apelin regulates the caliber
change of blood vessels. Next, we observed blood vessel
formation by using in vitro (P-Sp) organ culture system,
which has previously been shown to mimic in vivo vasculo-
genesis and angiogenesis (Takakura et al, 1998, 2000). P-Sp
explants from mice at E9.5 contain early developed DA. In the
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P-Sp culture system, ECs show two different morphologies.
One is a sheet-like structure (vascular bed) that develops in
the early stages of the culture. The other is a network-like
structure, constructed from the ECs sprouting from the
vascular bed. Previously, we identified that the sheet-like
formation mimics vasculogenesis and the network formation
mimics angiogenesis, which is a process of capillary sprout-
ing from pre-existing vessels (Takakura er al, 2000). There-
fore, as apelin-mutant embryos showed narrow [5Vs, which
were sprouted from the DA, this suggests that the P-Sp culture
system can reproduce the in vivo effects of apelin.

In the P-Sp culture system, OP9 stromal cells were used as
feeder cells for P-Sp explants, We induced apelin expression
on OP9 cells (Figure 3B) and observed the effect. Compared
to the control culture (Figure 10Aab), network-forming ECs
became thick and the vascular density of the network area
was high (Figure 10Acd), although the amount of branching
was the same. By contrast, the suppression of apelin/APJ
function, by blocking antibody against apelin, induced thin
network formation by ECs (Figure 10Aef). When the network-
forming area of ECs was evaluated, it was higher in apelin-
expressing OP9 cells (OP9/apelin) than in control OP9 cells
(OP9/vector); this effect by apelin was completely blocked by
anti-apelin mAb (Figure 10Ag).

In the P-Sp culture system, we found that APJ is expressed
in the network-forming ECs sprouted from the vascular bed
as observed in the ISVs, but not in the ECs forming the sheet
(Figure 10B). In vitro analysis indicated that the apelin/AP]
system might affect cell-to-cell aggregation or assembly, and
therefore we stained network-forming ECs by anti-VE-cadher-
in antibody. As observed in Figure 10C, apelin enhanced the
assembly of ECs. Interestingly, in the control P-Sp culture, the
network-forming endothelial layer, composed of one or two
ECs, migrated in a peripheral direction along with the
ECs at the tip (Figure 10Cab). On the other hand, when
apelin was overexpressed on OP9 cells, many aggregated
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Figure 9 Apelin/APJ system is Involved In Angl-induced vascular
enlargement. (A) Sections of ear skin stained with anti-CD31 mAb.
Ear skin was prepared from 8-week-old WT, apelin-deficient (apelin
KO), AnglTg mice, or apelin-deficient mice mated with AnglTg
mice (apelin KO/Angl Tg). Scale bar indicates 30um. (B, C)
Quantitative evaluation of the ber of enlarged blaod vessels
composed of a luminal cavity of more than 5000 um* (B) or more
than 10* um? (C) in the skin from mice as described in (A). Thirty
random fields were observed from sections of three independent
mice as described in (A). *P<0.01.

ECs migrated along with the ECs at the tip (Figure 10Ccd),
and this effect was completely suppressed by anti-apelin mAb
(Figure 10Cef). These results indicated that apelin induces an
enlarged endothelial sheet when angiogenesis is taking place.

Discussion

The knowledge of how vascular cells commit from their
progenitor cells and generate a closed cardiovascular circu-
latory system has accumulated in recent years, mostly by the
isolation and functional analysis of molecules associated with
blood vessel formation. However, little is known regarding
the molecular events that regulate EC morphogenesis, espe-
cially the caliber size determination of blood vessels. Data
documented here, from both in vitro and in vivo analysis,
showed that apelin regulates the enlargement of newly
developed blood vessels during angiogenesis.

530 The EMBO Joumal VOL 27 | NO 3 | 2008

In angiogenesis, how blood vessels ‘decide’ their appro-
priate size is very important to the organization of the
adjustment of tissue and organ demand for oxygen and
nutrients. Qur analysis clearly showed that APJ expression
was induced by VEGF, which, in turn, is well known to be
induced by tissue hypoxia (Liu et al, 1995), This indicates
that, under tissue hypoxia, blood vessels have an opportunity
to enlarge their size and the reduction of APJ expression
finalizes the enlargement of blood vessel caliber under tissue
normoxia. Indeed, in the retina, APJ was observed temporally
in the radial vessels and the associated capillaries of retina
from day 3 to day 12 after birth, but APJ expression on ECs
was attenuated in the later stage (Saint-Geniez et al, 2002).
As reported in the retina, we also found that APJ expression
was observed in ECs sprouted from the DA and ECs on blood
vessels in the neonatal dermis of mice (data not shown), but
that it gradually disappeared with maturity. These expression
patterns strongly suggested that APJ plays a spatio-temporal
role in the maturation of blood vessels by transient expres-
sion on ECs of blood vessels where angiogenesis is taking
place. Therefore, we concluded that one of the molecules
associated with the regulation of blood vessel diameter was
apelin in the ECs.

Based on our results presented here, it appears that VEGF,
Angl and apelin regulate caliber size in a concerted fashion,
as follows. Upon stimulation by VEGF, ECs sprouted from
pre-existing vessels may express APJ. Subsequently, Angl
stimulates these sprouted ECs to induce apelin expression. In
the presence of both VEGF and apelin, the ECs start to
proliferate, adhere and form contacts with each other through
junctional proteins, and construct enlarged blood vessels.
Apelin has been reported to induce angiogenesis in the
Matrigel plug assay (Kasai et al, 2004) and also chemotaxis
(Cox et al, 2006). In our experiments using the Matrigel plug
assay, we found that apelin induced migration, rather than
proliferation, of ECs (Supplementary Figure 14). Moreover,
we confirmed that like VEGF, apelin modified the cytos-
keleton structure (Supplementary Figure 15). Therefore, ape-
lin may induce mobilization of ECs in the process of EC-to-EC
assembly.

As we found, apelin deficiency suppressed the enlarge-
ment of ISVs during early embryogenesis. Furthermore, it has
been reported elsewhere that Angl and VEGF are expressed
in intersomitic or somitic tissues (Davis et al, 1996; Lawson
et al, 2002) and that apelin is coexpressed with APJ-positive
ECs in I1SVs. Indeed both Tie2 and Angl mutant embryos
showed impaired ISV formation (Dumont et al, 1994; Sato
et al, 1995). Therefore, it appears that these three compo-
nents may be involved in the regulation of caliber size change
of the ISVs,

Transgenic overexpression of Angl in the keratinocyte
induced enlarged blood vessels in the dermis (Suri et al,
1998) and administration of a potent Angl variant was also
reported to induce enlargement of blood vessels (Cho et al,
2005; Thurston et al, 2005). Therefore, Angl expression may
be a key determinant of caliber size during angiogenesis.
Angl is usually produced from MCs in cells composing blood
vessels (Davis et al, 1996), However, we previously reported
that hematopoietic stem cells (HSCs) producing Angl migrate
into avascular areas before the ECs start to migrate, and that
this Angl from HSCs induces angiogenesis by promoting the
chemotaxis of ECs (Takakura et al, 2000). Moreover, recently,
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Figure 10 Effect of apelin on the P-Sp culture system. (A) Effect of apelin on the network-like structure of ECs in the P-Sp culture system. P-Sp
explants from E9.5 mouse embryos were cultured for 7 days on OP9/vector (a. b) or OP9/apelin, In the presence of B220 control mAbs (c, d) or
anti-apelin mAbs (e, f), and then stained with anti-CD31 mAb. (b), (d) and (f) are higher magnifications of areas indicated by the box in (a), {c)
and (e), respectively. Arrows indicate network-forming ECs. Scale bar indicates 1 mm (a, ¢, e) or 200 um (b, d, f). (g) Quantitative evaluation of
the vascular network area cultured as above. Endothelial space per 500 um length of network-forming ECs was measured in 10 random fields.
*P<0.001. (B) Expression of APJ in ECs of P-5p culture. Cells on culture plates were stained with anti-CD31 (red) and anti-APJ (green)
antibodies. Tip, tip EC. Dotted line indicates the border of the vascular bed (vb). Note AFJ expressed on ECs forming a network-like structure.
Scale bar indicates 100 pm. (C) Network-forming ECs derived from P-Sp explants cultured on OP9/vector (a, b), OP9/apelin in the presence of
contral B220 mAbs (c, d) or OP9/apelin in the presence of anti-apelin mAbs (e, f) for 7 days were stained with anti-VE-cadherin (red) mAbs.
Scale bar indicates 20 pm. Because nuclear staining cannot distinguish the nuclei of ECs from those of OP9 cells, only VE-cadherin expression
was revealed. Therefore, the EC-to-EC boundary expressed by VE-cadherin is presented (b, d, f). Tip, tip EC. Migration direction of tip EC is
indicated by the arrow,

we found that HSCs induce enlargement of blood vessels Knockout studies of the apelin gene suggested that mole-
observed in the fibrous cap surrounding tumors (Okamoto cular cues other than apelin rescue the narrow caliber size of
et al, 2005) and Angl from HSCs in embryos, as well as blood vessels by compensational upregulation, because in the
adults, induces structural stability of newly developed carly stage of embryogenesis the narrow caliber of ISVs,
blood vessels as a physiological function during angio- observed in apelin-mutant embryos, was rescued in the
genesis (Yamada and Takakura, 2006). Therefore, it is later stage (data not shown). As observed in apelin knockout
possible that Angl from the HSC population, which are mice, APJ mutant mice appeared healthy as adulis (Ishida
frequently observed in ischemic regions, is the one source et al, 2004); however, the requisite role of the apelin/APJ
of Tie2 activation and results in the production of apelin system in blood vessel formation was reported in Xenopus
from ECs. (Cox et al, 2006; Inui et al, 2006). The reason of this discre-
It has been suggested that apelin mediates phosphoryla- pancy is not known, but functionally redundant ligand/
tion and activation of endothelial NO synthase in ECs, caus- receptor or signalling pathways may be present in mice.
ing NO release from ECs (Tatemoto et al, 2001; Ishida et al, Tube formation is a fundamental mechanism for organ and
2004). NO is well known to induce relaxation of MCs, tissue generation in most major organs, such as lung and
resulting in dilation of blood vessels. Therefore, it is possible kidney, as well as the vasculature. The molecular mechanism
that apelin causes endothelium-dependent vasodilatation by involved in tube generation is not clearly understood.
triggering the release of NO from ECs. In our analysis, During angiogenesis, neovessels must be generated by both
however, we observed that apelin induced enlarged cord single cell hollowing and cord hollowing methods. Through
formation of HUVECs on Matrigel, and enlarged spheroids the analysis of the precise functional relationship between the
of HUVECs in the liquid culture, These culture conditions do molecules described above including the apelin/APJ system,
not contain MCs, which indicates that apelin can induce anatomically described diverse tube formation of the vascu
enlargement of blood vessels without affecting MCs. lature will be further clarified at the molecular level.
© 2008 European Molecular Biclogy Organization Tha EMBO Journal VOL 27 | NO 3| 2008 531
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Materials and methods

Animals

C57BL/6 mice and ICR mice were from Japan SLC
(Shizuoka, Japan) at 8 weeks of age and used between 8 and 12
weeks of age. AnglTg mice (Suri et al, 1998) with a C57BL/6 back-
ground were provided by Dr GD Yanchopoulos (Regeneron
Pharmaceuticals Inc., Tarrytown, NY). Animal care in our labo-
ratory was In accordance with the guidelines of Kanazawa and
Osaka Unlversity for animal and recombinant DNA experiments.

Plasmids and transfection

The mouse Apelin gene was cloned Into the pC&GSIH upnmion
vector. Lipofectamine Plus reagent (Invi Life

Carlsbad, CA) was used to transfect cells with this plamud “and
clones of cells exhibiting stable transfection were obtained by anti-
biotic resistance selection using G418 (Gibco, Grand Island, NY).
Primer pairs for PCR to detect transfected gene are listed in
Supplementary Table $1.

Tissue prep
cytometry
Tissue fixation, preparation of tissue sections and staining of
sections or cultured cells with antibodies were performed as
described previously (Takakura et al, 2000). An biotin-conjugated
anti-CD31 mAb (Pharmingen, San Diego, CA), anti-apelin Ab (4G5;
Kawamata et al, 2001) and anti-APJ polyclonal Ab were used in the
staining of tissue sections or cultured cells. To obtain a specific
antibody against mouse APJ, a rabbit was immunized with a
synthetic peptide (CHEKSIPYSQETLVD) derived from the C-
terminal region of APJ. Antisera were affinity purified with the
same peptide. Preimmunized rabbit immunoglobulins were used as
a negative control to confirm specific staining. Sections were
counterstained with hematoxylin or propidium lodide. The sections
were observed using an Olympus [X-70 microscope (Olympus
Tokyo, Japan) and images were acquired with a CoulSuap d:.gital
camera (Roper Scientific, Trenton, NJ). Whole-mount immunchis-
tochemistry using anti-CD31 mAb or anti-APJ was performed as
previously described (Takakura et al, 1998). Stained embryos were
observed under a Leica MZ16FA stereomicroscope (Leica, Solms,
Germany) and photographed with a DC120 digital camera (Pixera,
Los Gatos, CA). In all assays, we used an isotype-matched control Ig
as a negative control and confirmed that the positive signals were
not derived from pecific background. Investigation of the
density and morphology of microvessels in lectin-stained whole
mount of tracheal blood vessels was performed as described
(Yamada and Takakura, 2006). In brief, after anaesthesia with
sodium pentobarbital, mice were injected into the tall vein with
fluorescein-labelled Lycopersicon esculentum lectin (Vector Labora-
tories, Burlingame, CA), which binds uniformly to the luminal
surface of ECs and adherent leukocytes. Lectin-stained tracheas
were removed from apelin-deficlent and WT mice and analysed
under a fluorescence microscope. were processed using
Adobe Photoshop 6.0 software (Adobe Systems, San Jose, CA).
Flow cytometric analysis was performed as previously described
(Yamada and Takakura, 2006). FITC-conjugated anti-CD45 mAb and
PE-conjugated anti-CD31 mAb (P ) were used. The
stained cells were analysed by FACS Calibur (Becton Dickinson,
Franklin Lakes, NJ) and sorted by EPICS flow cytometer (ALTRA;
Beckman Coulter, Fullerton, CA).

tion, i histochemistry and flow

Cell culture

4 % 10™ HUVECs were cultured in six-well plates for 12 h in Humedia
EC2 (Kurabo, Osaka, Japan). Cells were then incubated in M199
medium supplemented with 1% fetal bovine serum (FBS), After 3h
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of serum deprivation, cells were incubated with basal medium
containing 500ng/ml of Angl (R&D Systems, Minneapolis, MN),
100 ng/m! of apelin (Bachem, Bubendorf, Switzerland) or 20 ng/ml
of VEGF-A, s (PeproTech, Rocky Hill, NJ)

The culture of P-Sp explant was performed as previously
reported (Takakura et al, 2000). OPS cells stably transfected with
a pCAGSIH expression vector carrying the cDNA for mouse apelin
or mock vector were used as feeder cells (OP9/apelin or OP9/
vector, respectively) in the presence or absence of antl-apelin
monoclonal blocking antibody (4G5; see Supplementary Figure 16
for functional analysis of this antibody in the Inhibition of the
apelin/APJ system) or control anti-B220 mAb. After 7 days of
culture, the cultured cells on OP9 cells were fixed and stained with
mAbs. For the culture of dissociated ECs from the ACM region, the
regions were excised from E11.5 ICR embryos and dissociated by
dispase 1l (Boehringer Mannheim, Mannheim, Germany) as pre-
viously described (Yamada and Takakura, 2006). Cells were
suspended in DMEM supplemented with 15% fetal call serum
and cultured in OP9/vector or OP9/apelin seeded on 24-well plates
In the presence of murine SCF (100 ng/ml; PeproTech), bFGF (1 ng/
ml; R&D Systems) and OSM (10ng/ml; R&D Systems). To this
culture, we added 10 pg/ml anti-apelin or anti-B220 mAb. After 6
days of culture, the cells were fixed and double stained with anti-
CD31 mAb and anti-VE-cadherin mAb (BD Pharmingen, San Jose,
CA), or anti-CD31 mAb and claudin5 mAb (Abcam Inc., Cambridge,
MA). Stained samples were analysed by confocal laser
microscopy (LSM510, Carl Zeiss, Germany). For the evaluation of
apelin In promoting proliferation of HU\FECs HUVECs were
cultured for 24h in medium plus growth supplements and then
for an additional 48 h in medium with or without apelin (10-100 ng/
mi), VEGF (10ng/ml) or apelin plus VEGF. Cell proliferation was
then evaluated by directly counting the cell number.

Aortie ring culture for an

Descending thoracic aortas were u.olated trom apelin-deficient
mice. Under a stereomicroscope, multiple 1-mm-thick aortic rings
were prepared. Rings were then placed between two layers of type 1
collagen gel (Cellmatrix Type IA, Nitta Zeratin, Osaka, Japan),
supplemented with Medium 199, 20% FBS in the presence or
absence of VEGF (20ng/ml) or apelin (200 ng/ml). The cultures
were kept at 37°C in a humidified environment for a week and
examined every second day under an Olympus microscope (1X70).

Statistical analysis

All data are presented as mean-standard deviation (s.d.). For

statistical analysis, the statcel2 software package (OMS) was used

with analysis of variance performed on all data followed by Tukey-

Kramer multiple comparison test. When only two groups were
d, two-sided Student’s t-test was used.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(hitp://www.embojournal org).
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The angiotensin Il type 1 (AT,) receptor is a G protein-coupled
receptor that has a crucial role in the development of load-induced
cardiac hypertrophy. Here, we show that cell stretch leads to
activation of the AT, receptor, which undergoes an anticlockwise
rotation and a shift of transmembrane (TM) 7 into the ligand-
binding pocket. As an inverse agonist, candesartan suppressed the
stretch-induced helical movement of TM7 through the bindings of
the carboxyl group of candesartan to the specific residues of the
receptor. A molecular model proposes that the tight binding of
candesartan to the AT, receptor stabilizes the receptor in the
inactive conformation, preventing its shift to the active conforma-
tion. Our results show that the AT; receptor undergoes a
conformational switch that couples mechanical stress-induced
activation and inverse agonist-induced inactivation.
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INTRODUCTION

Mechanical stress to cardiomyocytes is the most important
stimulus that triggers hypertrophic responses (Komuro & Yazaki,
1993), and the hypertrophic responses to mechanical stretch are
significantly inhibited by pretreatment with angiotensin Il (Angll)
type 1 (AT,) receptor blockers (ARB; Sadoshima et al, 1993;
Yamazaki et al, 1995). Therefore, the AT, receptor is crucial in the
development of load-induced cardiac hypertrophy. We have
recently shown that mechanical stress leads to activation of the
AT, receptor without the involvement of Angll (Zou et al, 2004),
Mechanical stretch did not activate extracellular signal-regulated
protein kinases (ERKs) in human embryonic kidney (HEK) 293
cells with no detectable expression of AT, receptor, but forced
expression of the AT, receptor conferred the ability to respond to
stretch. Candesartan, an ARB, inhibited mechanical stress-induced
AT, receptor activation and pressure overload-induced hyper-
trophy even in angiotensinogen-null mice. However, it remains
unclear how AT, receptor detects mechanical stress and translates
it into biochemical signals inside the cells, and how candesartan
inhibits Angll-independent activation of AT, receptor.

Here, we show that there is a change in the conformation of the
AT; receptor when activated by mechanical stress. We refer 1o this
as a ‘stretch-induced’ conformational change, but whether the AT,
receptor directly absorbs the mechanical energy that drives this
conformational change remains unclear. Studies using substituted
cysteine accessibility mapping (SCAM) showed that trans-
membrane (TM) 7 of the AT, receptor showed an anticlockwise
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Fig 1| Mechanical stress-induced anticlockwise rotation of TM7 in the AT, receptor. (A) Alteration of cysteine accessibility by mechanical stretch in >
HEK293-AT, cells. Cell membranes were prepared before (0 min) and after the indicated stretch time, and subjected to a SCAM study. *P<0.05 versus
0Omin. (B) Alteration of cysteine accessibility by mechanical stretch in COS7 cells expressing wild-type (WT) and mutant AT, receptors. The cells were

stretched for 8 min. Cys(=) rep a

¥

in which all the cysteine residues were replaced with alanine. *P<0.05 versus stretch (-),

*P <0.05 versus stretch (=) in wild-type, P<<0.05 versus stretch (—) in Cys76Ala/Cys289Ala. (C) Alteration of cysteine accessibility by mechanical
stretch in COS7 cells expressing Cys76Ala/Cys289Ala mutant receptors in which TM7 residues ranging from Thr 287 to Asn 295 were successively
substituted to cysteine. *P<0.05 versus stretch (=), *P<0.05 versus stretch (=) in Cys76Ala/Cys289Ala. (D) Helical wheel representation of TM7

I cysteine residues and the p

of their reactivity to MTSEA *, Positions of MTSEA * -reacted cysteine residues in TM7 that affected

135 labelled (Sar', lle*) Angll binding are shown in a helical wheel representation viewed from the extracellular side without (left) or with (right)

stretch, Black circles cor d to the residues that inhibi

1 35].1abelled (Sar’, lle*) Angll binding by 50% or more when substituted to cysteine,

whereas dark grey circles indicate those that inhibited by around 30%. Light grey circles indicate those that had no inhibitory effect. White circles

d. Angll, angi
pping; TM7, tr brane 7,

indicate receptors that were not
substituted cysteine accessibility

rotation and a shift into the ligand-binding pocket in respanse to
mechanical stretch. Candesartan suppressed the stretch-induced
helical movement of TM7, and the binding of the carboxyl group
of candesartan to GIn257 in TM6 and Thr287 in TM7 was
responsible for the potent inverse agonism. Our results provide a
previously unknown basis for the structural switch of the AT,
receptor that couples mechanical stress-induced activation and
inverse agonist-induced inactivation.

RESULTS AND DISCUSSION

First, by using immunofluorescence analysis, we confirmed that
the AT, receptor was localized predominantly in the plasma
membrane of HEK293 cells expressing this receptor (HEK293-AT;
cells) before and after stretch (supplementary Fig 51 online). Next,
to examine whether mechanical stretch can induce changes in the
conformation of the AT, receptor, we carried out a SCAM study
with or without stretch. The SCAM study has been used to
investigate relative conformational changes by validating the
presence of cysteine residues within the ligand pocket (see
supplementary information online). As we reported previously
(Miura et al, 2003), the percentage inhibition of '5|-labelled (Sar', llef)
Angll  binding by methanethiosulphonate ethyl-ammonium
(MTSEA*) reagent was approximately 30% in HEK293-AT, cells,
because Cys76 in TM2 is accessible to water within the ligand
pocket (Fig 1A). We found that the percentage inhibition of
1251 Jabelled (Sar', lle®) Angll gradually increased after stretch,
reaching approximately 60% after 8min (Fig 1A), indicating that
stretch induces a conformational change in the AT, receptor. To
identify the native cysteine residues that gain accessibility to
MTSEA*, we replaced individual cysteine residues with alanine
and analysed the accessibility with or without stretch (Fig 1B).
The affinities of these mutants for 'l-labelled (Sar', 1lef)
Angll were equivalent to that of the wild-type receptor (supple-
mentary Table S1 online). Consistent with our previous results
(Miura & Karnik, 2002; Miura et al, 2003), the reactions to
MTSEA* were enhanced in the Cys296Ala mutant, because
this mutation increases the accessibility of Cys 289 without altering
the accessibility of Cys76 (Fig 1B). Interestingly, Cys289Ala,
Cys76Ala/Cys289Ala, Cys76Ala/Cys289Ala/Cys296Ala and Cys(—)
mutants, which contain a cysteine to alanine mutation at Cys 289
in TM7, did not show a stretch-induced increase in percentage
inhibition of '2I-labelled (Sar', lle®) Angll binding. These results
indicate that mechanical stretch increases the accessibility of
Cys 289 by inducing a change in the conformation of TM7.

180 EMBO reports VOL 9| NO 2 | 2008
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To determine the stretch-induced helical movement of TM7,
we carried out a series of SCAM experiments by using Cys76Ala/
Cys289Ala mutant receptors in which TM7 residues ranging
from Thr287 to Asn 295 were substituted with cysteine one at a
time. Cys76Ala/lle288Cys/Cys289Ala and Cys76Ala/Cys289Al8/
Ala291Cys mutants showed higher percentage inhibitions than
Cys76Ala/Cys289Ala (Fig 10), indicating that Ile 288 and Ala 291
are accessible to the ligand-binding pocket. Stretch increased
accessibility in Cys76Ala (Cys289) and in Cys76Ala/lle288Cys/
Cys289Ala mutants, but decreased it in the Cys76Ala/Cys289Ala/
Ala291Cys mutant (Fig 1C). These results indicate that mechanical
stress induces anticlockwise rotation of TM7 (Fig 1D), In general,
G protein-coupled receptors (GPCRs) are maintained in an
inactive conformation by interhelical interactions that constrain
the receptor structure (Gether, 2000). Although interactions
between TM3 and TM6 might be a conserved mechanism for
conformational stabilization of GPCRs (Gether, 2000; Yao et al,
2006), stabilizing interactions between TM3 and TM7 have been
reported in the AT, receptor (Groblewski et al, 1997). Relaxation
of the constraining interhelical interactions triggers activation of
GPCRs when bound to agonists; therefore, we propose that the
stabilizing interaction between TM3 and TM7 in the AT, receptor
might be disrupted by mechanical stress independently of Angll
and that the anticlockwise rotation of TM7 might cause activation
of intracellular signalling pathways.

As shown in Fig 2A, candesantan completely suppressed
a stretch-induced increase in the percentage inhibition of
125)_|abelled (Sar', Ile®) Angll binding in the SCAM experiments,
indicating that candesartan blocked mechanical stress-induced
conformational change in the AT, receptor. ARBs show diverse
inhibitory patterns ranging from surmountable inhibition (parallel
rightward shift of agonist concentration-response curves) to
insurmountable inhibition (waning of the maximal response;
Vauquelin et al, 2001). We found that a derivative of candesartan
(candesartan-7H), which lacks the carboxyl group at the
benzimidazole ring (Fig 2B), showed a much lower inhibitory
effect than candesartan on Angll-induced activation of ERKs in
HEK293-AT; cells, with a rightward shift of the concentration-
response curve (Fig 2C). Importantly, 1 x 10~*M of candesartan-7H
inhibited almost equally the activation of ERKs induced by
1% 10°7M of Angll as did 1 x 10-7M of candesartan (Fig 2D).
However, stretch-induced ERK activations were inhibited by
1x10-7M of candesartan, but not by candesartan-7H even at
1 % 10~5M (Fig 2D). Consistently, candesartan-7H did not show a
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suppressive effect on stretch-induced increase in the percentage
inhibition of '25|.labelled (Sar’, le® Angll binding in the
SCAM experiments (Fig 2A). In addition, candesartan, but not
candesartan-7H, reduced the basal activity of wild-type AT, receptor
or a constitutively active AT;-N111G mutant, which contains an
Asn111 to glycine mutation (Boucard et al, 2003; supplementary
Fig 52 online). These results indicate that the carboxyl group of
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candesartan is responsible both for the insurmountable inhibition of
Angll-dependent receptor activation and for the potent inverse
agonism against Angll-independent receptor activation.

To establish the specific amino acids that bind to the the
carboxyl group of candesartan, we selected candidate residues—
His 256, Gln257, Thr287 and Tyr 292—on the basis of a molecular
model of the AT, receptor (Noda et al, 1995; Takezako et al, 2004)
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Fig 21 The carboxyl group is a crucial structure for i wgonism of candesartan. (A) Alteration of cysteine accessibility by mechanical stretch with

or without ARBs in HEK293-AT, cells. The cells were pretreated with 1 x 107 M candesartan (Can) or its derivative, candesartan-7H (Can-7H), and
then stretched for 0 or 8 min. *P<0.05 versus stretch (=), *P<0.05 versus stretch (+ ) without pretreatment of Can. (B) Chemical structures of Can
and Can-7H. Can contains a carboxyl group at the benzimidazole ring (circled COOH), whereas Can-7H does not have this structure. (C) Response
curves of Angll-mediated activation of ERKs (upper panels). HEK293-AT, cells were pretreated with 1 x 10~?M of Can or Can-TH and stimulated by
Angll at the indicated concentrations (lower panels). The activation of ERKs was determined by using a polyclonal antibody against phosphorylated
ERKs (p-ERKs). (D) HEK293-AT, cells were pretreated with the indicated concentrations of Can or Can-7H and stimulated by Angll (left)

or mechanical stretch (right). The activation of ERKs was determined. Angll, angiotensin II; ARB, AT, receptor blocker; AT, Angll type 1;

ERK, extracellular signal-regulated protein ki HEK, human embryonic kidney cells.

and examined the binding affinities of candesartan to AT, mutant  the interactions of the carboxyl group of candesartan with Gin 257
receptors with a substitution of each candidate residue to alanine.  and Thr287 might be involved in a tight drug-receptor binding.
The affinities of candesartan were reduced by approximately Insurmountable inhibition by candesartan was not observed in
tenfold in GIn257Ala and Thr287Ala mutants compared with the  these AT, receptor mutants, because candesattan could not
wild-type receptor (supplementary Table 52 online), indicating that  suppress the activation of ERKs mediated by higher concentration
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Fig 3| Interactions of the carboxyl group of candesartan with Gln 257 and Thr 287 in the AT, receptor. (A) HEK293 cells expressing wild-type AT,

GIn257Ala or Thr287Ala mutant receptors were pretreated with 1 x 1077 M of cand

(Can) and

d by Angll at the indicated

concentrations. The activation of ERKs was determined. *P<0.05 versus wild-type AT,. (B) Alteration of cysteine accessibility by mechanical stretch in
COS7 cells expressing wild-type AT, Gln257Ala or Thr287Ala receptors. The cells were pretreated with or without 1 x 10-"M Can and stretched for

0 or 8min. *P<0.05 versus stretch (=), *P<0.05 versus stretch (4 ) in each receptor. (C) HEK293 cells expressing Gln257Ala (left) or Thr287Ala
(right) mutant receptor were pretreated with the indicated concentrations of Can and stimulated by mechanical stretch. The activation of ERKs was
determined. Angll, angiotensin I11; AT;, Angll type 1: ERK, extracellular signal-regulated protein kinase; HEK, human embryonic kidney cells.

of Angll in HEK293 cells expressing these mutants (Fig 3A).
Furthermore, we found that GIn257Ala and Thr287Ala mutants,
similar to the wild-type receptor, showed an increase in the
percentage inhibition of 125]-labelled (Sar', lle®) Angll binding after
stretch, which was not significantly suppressed by candesartan
{Fig 3B). In addition, inverse agonist activity of candesartan was
also abolished in GlIn257Ala and Thr287Ala mutants, because
candesartan could not inhibit the stretch-induced activation of ERKs
in HEK293 cells expressing these mutants (Fig 3C). Collectively,
these results indicate that the tight binding of the carboxyl group
of candesartan to Gln 257 and Thr 287 in AT, receptor is crucial for
the potent inverse agonism.

Finally, we constructed molecular models on three states:
(i) AT, receptor model without stretch, (i) AT, receptor model
with stretch, and (i) AT, receptor with stretch in the presence
of candesartan (Fig 4A; see supplementary information online).

©2008 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

As shown in Fig 1C, mechanical stress induced anticlockwise
rotation of TM7 and eventually the Cys289 residue, originally
faced in the direction of TM1, became accessible to the ligand-
binding pocket. As lle 288 becomes more accessible after stretch,
TM7 might shift inside the ligand-binding pocket. By contrast,
TM7 would shift away from the ligand-binding pocket in a
constitutively active AT,-N111G mutant (Boucard et al, 2003).
We reported previously that an amino-aromatic bonding inter-
action between Asn 111 in TM3 of the AT, receptor and Tyr4 of
Angll triggers Angll-dependent receptor activation (Miura et al,
1999), and that the AT;-N111G receptor mimics the state of the
wild-type receptor partly activated by Angll (Miura & Karnik,
2002). Therefore, an active conformation of the AT, receptor
induced by mechanical stress might be substantially different from
that in Angll-dependent receptor activation. The ‘AT, receptor
model with stretch in the presence of candesartan’ fulfils both
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Fig 41 Molecular model of stretch-induced changes in the conformation of the AT, receptor. (A) A molecular model was constructed with three states:
AT, receptor model without stretching, with stretch and with stretch in the presence of candesartan (Can). (B) The AT, receptor is predicted to adopt
distinct conformations. [R] is an unaligned inactive state and [Ry] is an inactive state stabilized by an inverse agonist candesartan. [R*] is an active
state stabilized by the agonist Angll and [Riyes] is another active state stabilized by mechanical stretch, Angll, angiotensin II; AT, Angll type 1.

conditions in which the tetrazole group of candesartan binds to
Lys 199 (Noda et al, 1995; Takezako et al, 2004) and in which the
carboxyl group of candesartan stably forms two hydrogen bonds
with the side chains of GIn257 and Thr287.

According to a sequential binding and conformational model
for the molecular mechanism of ligand action on GPCRs (Gether,
2000), the unaligned receptor exists in a unique state [R] that can
undergo transitions to at least two other stabilized states, [Ry] and
[R*]. [Rq) is an inactive state of the AT, receptor that is stabilized
by an inverse agonist candesartan, and [R"] is an active state

164 EMBO reports VOL 9| NO 2 | 2008

stabilized by Angll (Fig 4A,B). Mechanical stretch might stabilize
the AT, receptor to another active state [Ryyeichl, independently of
Angll (Fig 4A,B). In this study, the carboxyl group of candesartan
was found to bind to GIn257 in TM6 and to Thr287 in TM7, and
these interactions might constrain two TM domains until the
receptor is stabilized in the inactive state [Rgl. According to the
model of mechanical stress in the presence of candesartan, TMé
rotates clockwise and TM7 moves to the same paosition in the
inactive state [R] with clockwise rotation (Fig 4A). The clockwise
rotations of TM6 and TM7 in this model were consistent with

©2008 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION
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the result of a SCAM experiment showing a decrease in the
accessibility of His 256, an increase in the accessibility of lle290
and a decrease in the accessibility of Ala291 to the ligand-binding
pocket (supplementary Fig 53 online). The distances the carboxyl
group of candesartan from the hydroxyl group of Thr287 and
the carboxyl group of GiIn 257 are 2.06 A and 2.09 A, respectively,
which are reasonable for causing interactions through electrostatic
and/or hydrogen bonds.

Here, we have shown compelling evidence that the AT,
receptor shows a conformational switch when mechanical stress
of the whole cell leads to receptor activation. Recent evidence has
shown that mechanical force directly alters the conformation or
folding of cytoskeletal proteins, which enhances enzymatic
activities or susceptibility to enzymatic reactions (Sawada et al,
2006). However, mechanical stretch activated the AT, receptor
even when the actin cytoskeleton was disorganized by treatment
with cytochalasin D (supplementary Fig 54 online). Alternatively,
stretch-activated ion channels (SACs) might trigger activation of
the AT, receptor after stretch. Although the rapid changes of
membrane potential or intracellular Ca?+ within seconds of the
initiation of stretching could not be measured, we found that
treatment with GsMtx-4, a specific blocker for SACs, did not
inhibit stretch-induced activation of the AT, receptor (supple-
mentary Fig S5 online). It will be of particular interest to describe
the precise mechanism through which mechanical force is directly
or indirectly transmitted to the AT, receptor. Reconstitution of a
mechanosensitive channel of large conductance from Escherichia
coli (Perozo et al, 2002) in synthetic phosphatidylcholines with
different chain lengths showed that a thin bilayer favoured
the open state of channels, whereas a thick bilayer stabilized
the clased state. In addition, a recent study using a fluorescence
resonance energy transfer approach showed that membrane
fluidity affected the conformational dynamics of the bradykinin
B2 receptor in endothelial cells (Chachisvilis et al, 2006). It might
be possible that membrane tension causes thinning of the lipid
bilayer, which triggers tilting of TM7 in the AT, receptor to avoid
hydrophobic mismatch and to rectify a lateral pressure profile
(Orr et al, 2006).

Furthermore, our present study provides a structural basis for
how inverse agonists can inhibit receptor activation in the absence
of agonists. According to our molecular model (Fig 4A.B),
candesartan, as an inverse agonist, might forcibly induce a
distinct transition from [R] to an inactive conformation [Rgl,
preventing the shift of equilibrium to an active conformation
[Ryreicr], Which translates mechanical stress into the activation of
ERKs through phosphorylation of Janus kinase 2 and Gq protein
coupling (Zou et al, 2004). This is consistent with the result of a
recent study that used a fluorescence resonance energy transfer
approach and showed that agonists and inverse agonists for
a2A-adrenergic receptor induced distinct conformational changes
in the receptor (Vilardaga et al, 2005). Recently, we reported that
potent inverse agonism of almesartan to suppress the constitutive
activity of the AT)-N111G receptor required cooperative inter-
actions between olmesartan and Tyr113 in TM3 and His256 in
TM6 (Miura et al, 2006). Many drugs, previously considered to be
neutral antagonists, have been shown to behave as an inverse
agonist for GPCRs. Therefore, elucidation of the molecular basis of
inverse agonism is of great importance to pharmacotherapy
targeted GPCRs,
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METHODS

Application of mechanical stretch. The passive stretch of cultured
cells by 20% was conducted as described previously (Zou et al, 2004;
supplementary Fig 56 online).

Substituted cysteine accessibility mapping. SCAM was carried
out as described previously (Miura & Karnik, 2002; Miura et al,
2003, 2005).

Molecular modelling of the AT, receptor, Amino-acid sequence
alignment between the human AT, receptor and bovine rhodopsin
was carried out using the CLUSTAL W program, Homology model
structures of the human AT, receptor were then constructed based
on the crystal structure of bovine rhodopsin (Protein Data Bank 1D:
1F88) by using the homology module in the Insight 1l program
package (Accelrys Inc, San Diego, CA, USA). Conformations of
extracellular loops were constructed by using the Search/
Generate-Loops function of Insight Il (see supplementary informa-
tion online). The complete structure was subjected to energy
minimization using the MMFF94 x force field in the programme
MOE (version 2005.06, Chemical Computing Group) with a
harmonic force constraint against the initial atomic positions to
prevent the large movement of TM helices, Further methods can
be found in the supplementary information online.
Supplementary information is available at EMBO reports online
(http:/iwww.embareports.org).

ACKNOWLEDGEMENTS

We are grateful to Dr 5.5, Karnik for providing cONAs. This work was
supported, in part, by grants from the Japanese Ministry of Education,
Science, Sports and Culture (to LK., S.-i.M. and H.A.); from Health and
Labor Sciences Research Grants, Japan Health Sciences Foundation,
Takeda Medical Research Foundation, Takeda Science Foundation,
Uehara Memorial Foundation, Kato Memorial Trust for Nambyo
Research and the Japan Medical Association (to 1.K.); and from Mochida
Memarial Foundation, Japanese Heart Foundation/Novartis Research
Award on Molecular and Cellular Cardiology, and Japan Intractable

Di R h F fation (to H.A.).

REFEREMCES

Boucard AA, Roy M, Beaulieu ME, Lavigne P, Escher E, Guillemette G,
Leduc R (2003) Constitutive activation of the angiotensin 1l type 1
receptor alters the spatial proximity of transmembrane 7 to the
ligand-binding pocket. J Biol Chem 278: 36618-36636

Chachisvilis M, Zhang YL, Frangos JA (2006) G protein-coupled receptors
sense fluid shear stress in endothelial cells. Proc Natf Acad Sci USA 103:
15463-15468

Gether U (2000) Uncovering molecular mechanisms involved in acti of
G protein-coupled receptors. Endocr Rev 21: 90-113

Groblewski T, Maigret B, Larguier R, Lombard C, Bonnafous |C, Marie |
(1997) Mutation of Asn111 in the third transmembrane domain of the
AT, A angiotensin Il receptor induces its constitutive activation, J Bio/
Chem 272: 1822-1826

Komuro |, Yazaki ¥ (1993) Control of cardiac gene expression by mechanical
stress. Annu Rev Physiol 55: 55-75

Miura 5, Kamnik 55 (2002) Constitutive activation of angiotensin Il type 1
receptor alters the orientation of transmembrane Helix-2. J Biol Chem
277: 24299-24305

Miura §, Feng YH, Husain A, Karnik 55 (1999) Role of aromaticity of agonist
switches of angiotensin 1 in the activation of the AT, receptor. | Bial
Chem 274: 7103-7110

Miura 5, Zhang |, Boros |, Karnlk S5 (2003) TM2-TM7 interaction in coupling
mo of b helices to activation of the angi in Il
type-1 receptor. | Biol Chem 278; 3720-3725

Miura 5, Karnik 55, Saku K (2005) Constitutively active homo-oligomeric
angiotensin Il type 2 receptor induces cell signaling independent of receptor
conformation and ligand stimulation, | Biol Chem 280: 18237-18244

EMBO) reports VOL 9| NO 2| 2008 185

= 192=



scientificreport

Miura § et al (2006) Molecular mechanism underlying inverse agonist of
in Il type 1 receptor. | Biol Chem 281: 19288-19295

Noda K, Saad Y, Klnmlunﬂ, Boyle TP, GnhamRMHmln& Karnik 55
(1995) T le and ¢ late of receplor
antagonists bind 1o the same  subsite by different mechanisms. | Biol
Chem 270: 2284-2289

Orr AW, Helmke BP, Blackman BR, Schwartz MA (2006} Mechanisms of
mechanotransduction. Dev Cell 10: 11-20

Perozo E, Cortes DM, Sompornpisut P, Kloda A, Martinac B (2002) Open
channel structure of Mscl and the gating mechanism of
mechanosensitive channels. Nature 418: 942-948

Sadoshima |, Xu Y, Slayter HS, lzumo 5 (1993) Autocrine release of
angiotensin Il mediates stretch-induced hypertrophy of cardiac myocytes
in vitro. Cell 75: 977-984

Sawada Y, Tamada M, Dubin-Thaler B), Cherniavskaya O, Sakai R, Tanaka S,
Sheetz MP (2006) Force sensing by mechanical extension of the Src
family kinase substrate p130Cas. Cell 127: 1015-1026

186 EMBO reports VOL 9| NO 2 | 2008

Conformational switch of the AT, receptor by stretch
N. Yasuda et al

Takezako T, Goguneic Saad Y, NodaK.KamkSSﬂm‘] Ncwarkh:nlng’

as a mect 8 of the in
type 1 recep by- n-pepti gonists. | Biol Chem 279:
15248-15257

Vauquelin G, Fierens F, Verheljen |, Vanderheyden P (2001)
AT(1) receptor anugonlwn the need for different antagonist hindlng
states of the receptor. Trends Pharmacol Sci 22: 343-344

Vilardaga JP, Steinmeyer R, Harms GS, Lohse M| (2005) Molecular basis
of inverse agonism in a G protein-coupled receptor. Nat Chem Biol 1:
25-28

Yamazaki T er al (1995) Angiotensin Il partly mediates mechanical
stress-induced cardiac hypertrophy. Circ Res 77: 258-165

Yao X, Parnot C, Deupi X, Ratnala VR, Swaminath G, Farrens D, Kobilka B
umm Cuupllng figand structure to specific conformational switches in

or. Nat Chem Blou' 2: 417422
Zou ~r anf (2004) Ma:hnnlul stress activates angiotensin Il type 1 receptor
the i in Il. Nat Cell Biol 6: 499-506

€2008 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

= 193~



RRENELTO FSYRK—F—

11. Na*/H* 3SIaixd : SEEReEMENE LT

DEFR

A (FER) KE - “HElE - AKX

& - SHBTF - ENEX

Na'/H* Ssi#%4s (Na'/H* exchanger : NHE, SLC9™") |, #I§EA pH, Na'i®ZE, i
SMOBE L E, 14 BERHCHMOIFTEL NI VAR -2 -ThHd, NHEICES1F =~
B, R RPLRBICBRENBHINEL R XA HINVEIRE EHR2 L 2 THILC &) EMEE
éhétw.ﬁ%ﬁﬁtbfﬁuﬁgfééo%mtmﬁ(#%mﬁﬁﬁ%@%%ﬁ%ﬁé
h, SBLEBYELSUE{OERICHEITZ NHEOMSFfr@E&h T4, ARTH, BIC
NHE1 OEMAEF DIEA - DFLBECHAEBRICEY 23 EVHIEESOREOHRZF
DR, BEBTRI3 522K -4 —OFESTEREFRREETCE HHIMEL, B8Rk
EFYLIERBRTAIBRIDYTFNIEN IBZEEBITT %o

FUSHIC

b AR =& — MR Lo TRAO LM
Thh, MiroA i+ LRER L KSR L
709 A CHRACETARLY, SLHAEDHE
MR T 2 L v BEELBRULELLT
WVh, SO T XAK—F —HH 2R RIRE
LHBEREIZ X MNP DES LT 7 A
ik, BIEZZEZIL)ATAKERELEHTH 5,
Na*/H* 2235k (NHE) (ZMHaR pH (pHJ) |
Na i, MBEEMOMI % £EDA F+ AR ERN
CMbLAFER TV AH—F —TdHb, LA,
L7 3I074 Fifliths & NHE OfF R4 B A3
HHEEEN, EBETEURAL LML OMED
WIS hTE7:. NHEIZFRILE > - BRET - 88
WS & d 6w AN 7 iz Lo Tl

ELHFRELTEETHAS, 2R, NHER
Mo L@ (57 ) ICREL, #ilk
e 7uBBEICET5 HHBIMICEETHS L
FT AR ENTE Y, EBREOMEIZE
WT b Hi el ic e AT REMEA B B KRR TIE,
NHET7 4 ¥ 7 #—4A (NHEI~11) @3 5¥E5E
NHE!CIRSEL T T LG EM@EIcMy 2880
FE vy AFMBICHTLAOL, NHEI &R
BEOMME(ZOWTHES O 2 flZi~ 7
i,

1. NHE1 5F&EERIEH

NHEI MBS &4 NEWO WX
2 FAL 7ECKMOMBEIE) K &M
B FAL VD22 KELHFHBIENTE
5 (H@)". FElcidANy=a2—1) 7B#¥
35 (CHP)Y, ANEF 22Dy N

5o AM— 42—, Na/H Z#RE%EE (NHE) , Na'/Ca» 3cikAfd (NCX1) ,
HYRS A K, MR Ca BRAT, FF7-AV1=v Y, LBK LAR

A= 2—1) 2 (CN)/NFAT#E, CaMKI /HDAC i, Ca> iFLIEX> 77

- 194

255



EsR BWEONELTOPIAAFR—-8— ————

HQ@ NHE1SFELUHEEATIINIH

CHP2NHEI AT F K|

HRER S

w OO

HOOC

“w &

{2 @i, NHEQOYEMEBETFTH
Nck#&4 %+ —+, ROCKI : Rho ¥+ —+¥1,
T FS—¥1,: PKC: TUFAIFT—
EL : SEREZbL— 7. IL : @lmL—7

PIP; ©

ﬂ%ﬁﬂ)ﬁ%ﬁjﬁd

4 CHP2 ¥ NHE| D#Ila HEAH L WS HORFMETT N TH L, NIK
FATTFINA =) B CADl : H —K
£C. CaM : ANET Y 7,

= " EHp-unique region

FIEARBE

Ca*
PKC
etc.

=y
R:ZEM®E, Rloop: BRAIL—T,
(5 ET7HEEM)

f/-; F=n) AiRH (PIP2) %

Etha e
CHP!X NHE1 (NHE 2~5
b E7) é’;*ﬂl:h BREEOHERF W2 Ca B E
F—F% BT AEHTA= 9y b7 20 TH S,
NHEI ¥kt snTY, HEBRET
{ NHEI/CHPAT O A v —A 36 ZBE*®
2r#EZLEND & 51 CHP &

(T5A4=—%

A f7 T

NHEIBIO#ELS KA - LOMEHOEREBEL
QIAOBGETHL ML, M 'é’fr.ﬂ'h_.'.' e @

HEMAEe I LY. NHEHIZABMIZ X Na
FoTHKE21A Na* |&Jﬂ‘]ﬁdi
| Ab4EFA M) —TH®HHTS

07 el flf g
r——a
L dan

256

BA, SFOMPKMIZIE [pH 4 2 —m | &
IS H BT L. SV E R

I L TED H EREMAIELT 5.
NHEIO#EBREOMETES 2 Z L3, NHEI
f;ﬁﬂiﬂdﬁh&ﬁl&i FRAAZANAPLALESRS
WARBMIZL o TEEIEENRLLEVIEETD
%, NHEIA'EfiLahTEFRI A2 L, @
MHAA T LAY @MRA N RE SR, G
ALl v 320 /A B THE (E
91.- HEaM T VAV LI, OBEEEEO LR
*L7-56 L, @i, gk dEE G, i
G EOMBREE TET S, #EAMIRTIZ NHEI



E@® NHE1 OFEE(LICfED 1 4 (b L ETEMEE

|
NH :
* HEEEF R LOUALFLLT, BRERS (B=2)
« BEROAN, BBICEHRT

Ca"i!@!{l‘.

NHE1E{E{k SBA7IL DL NHE1E{2 & - 8RN M LR
C HAOBEEEOLR + NCXEDWEIzk SEmCa LR
+ ERAAEE » ToAUMBRESLISHE SRR
- EEROENFHF RIS (RVI) '

- BIEHERESO R : * MaONa EFIERERA~OESEE

2, BREORMLE

NHE1 DEME b S 2 &, QAR 7 v# Y (L, @AM Na- i EJ
BLUGHEBRNOBREZEELE VI 30D F VEEIES 2.
NHEI2fEHZ 7 b ERiTh ABES AR/ ARICBEL. BEFH
A+ yBEELIIFSTLUREENS ), hond4 BRI
iy ERBRECEMIMETZ, ChITHS(OEY 212N
IDE AL EANERICTFET A LACSE AN TSN, NHEL & O
MO S L (RIETE LT, A LEIZHAMY &

Z £(ZiE®) . TRPC : wansient receptor potential channel canonical type,
NCX : Na*/Ca* ZZ {2 85 3% {6, AC : cAMP & BEBEE. PMCA ! plasma
membrane Ca*-ATPase. GPCRs ' G ¥ » /{2 WESEEH

(72 ETHER)

NRERABLT 7 MIOEELTHFEET 2HCIEERY S5 bIT TR 2V |

AEFEMICEELE N TED,
THIEEO pH A 72~77 L BEIZ@L, LA,
iR PI Na* i@ FE LA (I ERABICMET 5130,
Lofif e E O REMHIIE T Na/Car iR E%F
(NCX1) @€ — F %4 L P Ca B R &
Lizht (). fE, FESIEOBEIZL
ACaBEHNTABIAINTT 4 - DERE

- 196 -

IEH ARSI ThasizoHiz,
THWiEE R #ERFCE
(2 NHE| 04 BBk - imiEf) @l 2+ B T 5 20
ICEETHE). BETLHIAHIIEFLESZ(DHA
BhosAHRALENES S .

11, NavH ZCiss - RAEWMN - BB L LTOER

HizbMbhEILEHELAY. O
1LE T NHELCMB+ 2 W0F98 (248
A 4 A REZR{LIIOAXFAL
Tuwrs4, T4 NHEZ L » THI
GHzHEH s h s H ASiEBENA &
Azt atze B, AAEOREH
B ftE+ A NHEl (PBO4) (&
o TR HER 2 /s H A
Ak H EZEF © v (PBO-
si6) iEHIbD L v E LTRIF S
naEw)BEEVHEN LS
1=7e F7:, MR TN O
pHABAGEE L TH Y, MY
o L wEEE(E (pHi = 6.2~6.8)
&oTHBEs= M) 2L
Sh, SR ORE - BB RS
nanv,
NHEIO MW 6HE - RmiEL @
ETCEBIANEZEE V(2
ORI IEEIA & NHEIA 7 7 b
EEEN AMEEOIRE L Ao
CRETATEEImuEV IS
Thhb, 77 MIEBEHEAMH D
HHEEE (R AERL-HEET
Hh, LIFLIEAN4Y>DES
LRV EIZL-THIRRA
AT A, 29 Liw/4P0F
A4 #|2HH A NHEI O BTEIL#
R oL DA o He, Na® i
BEdH BV IETREIZ Cat IBEER K
A TGS, AHEICHFET A~
OFEFESB Y o7 HOBEEIZ
Br5ALHUMEENS D, EFIC
cAMP & kEEFE (AC) (& pH 214
NHELE@GIZFET A EIZL

ZrwAHr, 29 LERS

257



EsH EIENELLTORIAAFR—-F—

IGI FEEER NHET a!;ﬁiﬂks: BOBUETIVITETDAAZAL

EhTwas ", X NHEI®

A iz 8e
3 — i
:" E
D #ERCa* LNV
:%‘
= 1.
=
-_— 1.
o
b=}
£

Ca IFtE DR K/ H IV DEE(E

>

Z (T b 10088 . Ar—lsi—:

TeHEOLHHRTHEIZLA

C. IR NariBFEIL 11.9mM (WT) 205 17.1mM (Tg) & 1.5 112 L& (Null

point FEIZ & 1 M5E)

D LK. BN M Cot iBEEB LU Cat b 7 ¥ ¥ = ¥ FOIRIBIL,

LG Te B O.LARAIRR TN,
E. Tglilzsitd Co KFFHELCAEA >
(Lo WT4 & U TgHIROHTEIRE
T, NHE | m¥%HMRE (Te)

RMEL Tz, Ar—I/i— 20 ym

B NHE,zr&mm C #MEANaLAL |

2

BHEMEE F A4 v il L 2= {LE NHEI (A637-656) % LihH 3%
B RET S Tgv Y AL LEAS & CREOHEOWEEET
1| mme

B, NHEIEH | 20 Th 5 MARMEILO HO pH EEOREL |

7+ L CaMK I /HDAC #2BE O i 1%
cz iy 2L LMD S ERIZE
Ti2 HDAC (2 HEFMZ, WT TIEHAILC
(7rZ k'TE%:EH‘ |

; R

1 Tg
J* L |
AN | 2

] EE LD, BtEo ki - F iR
BEOAL LT RIEZFRAEL
| RS LBROLEH) ETY
FRRs e VIZLFSLTWwAT

‘ BEME AR S TV Do Bl R IE,
. | HiFIR kL E Y (ANP) ZEHE
R|=IAR[ITFLFN >

‘ SHEEMRER NI AV
7 (Tg) =7 ATHEHLNLLL
A, LEREELE L ULAE
NHE| DR ROEEFEED
R FloEhBEHSNBIE
% J:"" Huwm, LealL, <D
| 9wy RLETI} Eﬁﬂ
H&t%%a&ﬁw;f%w@
AR CEELS TSN,
NHE| OiFHALE D & DAL
K- LAEERF| ERITRAO
YN N ) BOY, F
NHE| it {bizfEn o L9
3 H AT E i&'&f‘zéﬁﬂ:c-
nNaohrirBehT e

-
!

IhbEHLNIITEID,
EECIIHCHEF A/ 2ER
L 2 iE (L8 NHEL (A637-

Merged

I. NHE1 &ivESE

NHE! (ZLplz BV T L EEL H ;J%dﬂ'ﬁﬁf%
n. erurlfrfrlﬁi FAMBAT S F—Y ALY
O, ErhlsiE s hpHiERERLAY, £
13 A HIAL P Na* il > #il2 51 0 R B 7
wlH#FE o Y EZANGEE, IE
o - P A 2L iC B v T NHEL D3
W FEEOEAEH 6N, 85612 NHEIOKN R
BIHEESD ifH Wt 5 &t h, NHEIAZ
DEEDEBL AT I -5 THAETHEIH
E{Hb" -,1_|3; NHE| K77 A TILLARE
- s o LIRS D Z EARE

N8

/..’ I\.. L"‘&;‘:

258

- 197 -

656) " FLAFERMICEERT
BTg v AR{EM LA, Tgw 7 ALHIIER
W~ B TILIEALEL (ROA) ., S5I2H5E
BOREOHEER L. $oL02— X85
A6, Telih Tl OMIEET % & ST EIRA
FOHLNECELEFICMML TV . 20L&
7t NHE| ift ki £ 2.0 Y EF) » ¥ OG5+ 4
HoALEESMCT A0 LR T R
THHE T2 A, Teh kLTI
pHiBL U NaiBEO LR E LIS, I #E - ot
A H7 12 84T A MR Car iIE ([Ca™)) A'EHEIC
winl Tw: (EOB-D). g [Ca*) LA
Na‘/Ca” %3 % & OBEEEM % 4 L 72 Na* K1
Ca* BRBILLALODEZZON S, [Ca¥iiTE



EQ@ NHE1EM{EICEZLBYET - IO#EEShIERAS 77

11, Nav/H- Zefilinedd © RAEIBET & BMEe L LTOER

71 H7 4 FIKTE# % HDAC

— DR LEENBIB LU
P NFAT DB M BTHBD L1
N T pHT 7io TgwW AL B I8
Ncmm%, — T b A #1- HDAC D5 B 17
7 [ FEEL N (HOE) . —

2 o ICaz‘]l T : . g ﬁ . -
CattiFrit @ 3 NFAT OFE LI E T8I TH
et @ D, ChOEXHIHET p8

calcineurin CaMiKll T ) i

pis— I n SR Ca*Zh7 R 1 DiFHELicL st DEEZ LN
sl i TR 4 oo SiLG NHEIBREI L
B $ITE (calpaine, caspase’ KDL % in vivo, in vitro DZEALIEH )
DX =D me fﬁ{ku;ﬂﬁﬁuﬂﬂ%ﬂ

285k SR 6 D Ca* BUH A L iz L 1)
WS TWDE I LD LMERTFOERLIKES Te
EWTETHBILAEZS, TglihTid[Ca)®
LRI AVET 2) »FF —FT (CaMK )
AEEL S, F4UT SRCa" K7 (SERCA) @
HHETFTHEFRART »287 (PLB) ©Y ¥
LB LU Car BBEF v RN OFEMEZEL, ¥FE
B90Z Car R TiEHELRICL D Ca A P T RO
*. BlEHSRALD Cat O ERIZE DT
MO Car AN+ 5 Z Edbhdh otz Telih
IZBTAZDLH)RSRCa" Ny FY) X FDEIL
(&, #lEsD 6 DFESRM L Carit AL £ bIZSR
D Car MBEFZTIERI L, RFEYICHEET N
CEFZOLRD, ERCe FOFLLTHOHLN
L0 E Rk, Tg KO HEHECHRIZBIT 2 H
TR BER LS [Ca* i A Vs b b b F
WALTHY, HEMHED Car MEEETIZLS
BT/ L NV TE LTV I L RR
shis

SHIZTgv Yy AT, Car&TEHLIRASL 7+
LS CaMKIB L AV =2—1) » (CN)
OERLZFEHESZOLNLE Shbdy 20 H
DOEHALIEENFN T i OEER#H K F HDAC £
& U NFATEBE O &b & /r L T (CN/NFAT #
BB £ U CaMK I /HDAC##8) LB ABIEF 5
BHEERTLIZEI MO TV A, HIREVWI L
(2, 7 v MEELHHM T NHEl *BREBR T 5 &

to#Re st bbb,
NHELGEHAEIZ E D GBBR - LA ELL I L
Hbhhot., FOAHALE LT, #IBAA Na
BE, Bl &5 BN CaiBEOEMAFEL, =
fuid, CaMKI$ L FCN ZiEME{ET 545 Tegds
BT p8FIcERtashTVA LD, EiC
CaMKI -HDAC# %/ L T-LIR KA AN 2
LEZOND, A, MM Ca» EEDMANIL
CaMKII =& 2 PLB® ') »BE{t, SERCA D
It/ LTSRO Cat REWMEYE, ZORYF
{774 —FnRe 2L &S L, L
Tt tEi16hs (HQ). 2O &I
NHEl @ik, #MEFREFZEEEELBER
LR EERREESEDL Car VTN EERT A
A ThiEVIMLWBRETIETL Y,

HHOIC

EfiL7:X 92, NHEWXFoEBEREHL
BEOHEEICHST o0, BENENE LTEHE Y
HIEBEN, BLFEDEChETHERY
AAEEIUBEFERATHBEATE 2, BEDS
ANHFA PO NHEMFE R LEBEDY o
EWHERENEL LT, LEREERNER
ELZk FERFMTRLATLLERLZRL
fBehTtwikvwy, ERENLEDIE, NHEX T2
gl Az it o T Na B HEST 54
T, R E v A CEELBEL L5 L
TLES kIR DPRLEVWIETHE, LIz

259

=198 —



